
UNIVERSITY OF MINNESOTA 
ST. ANTHONY FALLS LABORATORY 
Engineering, Environmental and Geophysical Fluid Dynamics 

Project Report No. 432 

Gas Transfer at Gated Sill Structures 
In the Ohio River Valley 

by 

Alicia 1. Urban and Jolm S. Gulliver 
University ofMimlesota, St. Anthony Falls Laboratory 

with 

Kimberly F. Miller, U.S. Geological Survey, Charleston, West Virginia 
George P. Kincaid, U. S. Army Corps of Engineers, Huntington, West Virginia 

Prepared for 

U.S. ARMY CORPS OF ENGINEERS 
Huntington, District 

Huntington, West Virginia 

Contract No. DA/DACW69~97~P~1008 

January 1999 
Minneapolis, Minnesota 



     



UNIVERSITY OF MINNESOTA 
ST. ANTHONY FALLS LABORATORY 
Engineering, Environmental and Geophysical Fluid Dynamics 

Project Report No. 432 

Gas Transfer at Gated Sill Structures 
In the Ohio River Valley 

by 

Alicia L. Urban and John S. Gulliver 
University of Mimlesota, St. Anthony Falls Laboratory 

with 

Kimberly F. Miller, U.S. Geological Survey, Charleston, West Virginia 
George P. Kincaid, U. S. Army Corps of Engineers, Huntington, West Virginia 

Prepared for 

U.S. ARMY CORPS OF ENGINEERS 
Huntington, District 

Huntington, West Virginia 

Contract No .. DAiDACW69~97~P~ 1 008 

January 1999 
Minneapolis, Minnesota 



The University of Minnesota is committed to the policy that all persons shall have equal access to its 
programs, facilities, and employment without regard to race, religion, color, sex, national origin, handicap, 
age or veteran status. 

Prepared for: U.S. Anny Corps of Engineers, Huntington Distl'act 
Last Revised: 2/5/99 
Disk Locators: (Zip Disk #10\Reports;) 

c:\ Winword\docs\PR432cov .doc; PR432txt.doc 



Marmet Lock and Dam- June 24, 1998 





ABSTRACT 

The Ohio River V I;llley is one ,of the most heavi~y industrialized basins in the 
United States. As a result, the Ohio River, Monogahela, MusldngUln, Kanawha, and 
other tributaries often experience poor water quality. One measure of poor water quality 
is low dissolved oxygen concentrations during low flow periods. 

Most of the rivers in the Ohio River Valley have been transformed into navigable 
waterways through a series of locks and dams. The free flowing river is now a series of 
pools. Quiescent pools do not promote the transfer of oxygen into the water due to low 
turbulence levels. Fortunately, the hydraulic structures themselves may actually be a key 
componen~ in improving the water quality because of the high turbulence levels generated 
at these structures. The purpose of this study is to investigate the use of dam gates and 
hydropower installations for the addition of oxygen to the water. 

The amount of oxygen added to the water varies with the structural 
characteristics, gate opening, and hydraulic conditions. Analysis of the most recent data 
taken in 1998, along with data taleen in previous years, shows trends for oxygen transfer 
at gate sill structures. 

Gate tests indicate that a high tailwater submergence of the sill allows minimal 
oxygen transfer to occur until an unsubmerged hydraulic jUlUP forms. The transfer 
efficiency will increase until a maximUlU transfer is reached. Beyond this critical gate 
opening, the transfer efficiency will level out or may even decline. If the submergence on 
the sill is low, a hydraulic jUlnp can form at very low gate settings. In this case, the 
transfer efficiencies will increase to a maximUlU at the critical gate opening. After this 
gate setting is reached, the transfer efficiencies will level out or decline. 

Te:;ts were also perfonned on hydropower installations with the draft tube air vent 
opened. Analysis of all sites indicates that oxygen transfer is negligible due to 
insufficient suction head. The minimal retrofit scheme is not suitable for raising oxygen 
levels. A more detailed study of retrofit options is needed to raise oxygen levels through 
hydrotuI'bine venting, 

In conclusion, the gated sill structures show promise as a tool for improving water 
quality within the river system by raising oxygen levels, if operated under close-to
optimum hydraulic conditions for gate aeration. 
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I. INTRODUCTION 

The Ohio River Basin drains portions of ten states and includes the Allegheny, 
Monogahela, Muskingum, Kanawha, and Ohio rivers. It is a multi~purpose river system 
that supports navigation, hydropower production, water needs, and recreation. There are 
over 50 lock and dam structures that have been constructed by the U.S. Army Corps of 
Engineers on the Ohio River alone (Kissel, 1991). These structures provide navigation 
and control flooding. In addition, according to the Federal Energy Regulatory 
Commission (FERC), as of September 1988, there were 113 existing and potential 
hydropower projects in the basin (Kissel, 1991). 

Throughout the years, the industrialization and popUlation growth surrounding 
this river system has created water quality problems. "It is not uncommon to find zinc, 
copper, chlordane, PCBs, fecal coliform bacteria, and suspended solids in the river. In 
many areas, the river is not safe for swimming or other water contact SpoltS, the 
consumption of fish is discouraged, goals for drinking water are only partially achieved, 
and the Corps discourages boating near many of its facilities" (Kissel, 1991). Oxygen is 
depleted in the water column due to waste discharge, wastewater effluent, and urban 
runoff. 

Water quality can be improved by meeting the oxygen demands of the river. 
Current EPA water quality standards require a minimum dissolved oxygen level of 6.5 
mg/L in the Ohio River (Kissel, 1991). Since the river system has a high oxygen 
demand, this DO level is difficult to achieve continuously. 

Most of the rivers in the Ohio River Valley have been transformed into navigable 
waterways. The reservoirs between the navigation structures are relatively quiescent. 
Turbulence can speed aeration (or the transfer of oxygen between the atmosphere and 
water) and the hydraulic structures can provide much higher levels of turbulence. Water 
passed under the dam gates entrains air and disperses it as bubbles. The air bubbles 
greatly increase the amount of surface area available for transfer (Gulliver et at., 1990). 
In addition to gates adding oxygen to the water, properly vented hydroturbines can also 
increase oxygen levels. 

The goal of this study was to understand the oxygen transfer capability of gated 
sill structures in the Ohio River Valley. If the oxygen transfer processes are better 
understood at these structures, the least amount of water can be spilled with maximum 
oxygen transfer. This conserves water for lockages and hydropower production during 
low flow periods, while supplying the highest level of oxygen possible. In 1994, 1995, 
1996, and 1998, field tests were performed at selected gated sill structures along the Ohio 
(1994, 19,95, and 1996) and Kanawha Rivers (1998). Some structures also have 
hydropower installations, so tests were done to determine transfer across the turbines. 
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The data collection involved gathering both oxygen and in-situ methane data. . 
TIU'oughout the years of this study, the sample collection, sample analysis, and data 
evaluation procedures have improved. These improvements are evident due to the quality 
of methane and oxygen data collected on the most recent field expedition. This report 
will summarize the evolution of the teclmiques used to collect and analyze the samples. 
It will also explain the data analysis process. Finally, it will report results from all 
structures tested in 1998, as well as select structures from 1995 and all structures tested in 
1996. 
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II. PARTIES INVOLVED 

There were four parties involved in the study of gated sills in the Ohio River 
Valley: the U.S. Army Corps of Engineers Huntington District, American Electric Power, 
United States Geological Survey, and the University of Mhmesota. Each patty had a 
distinct role in the study, as described below. 

The Huntington District of the U.S. Army Corps of Engineers built, operates, and 
maintains the lock and dam structures in the Ohio River Valley. During testing, the 
Corps was in charge of operating the dam gates. They also monitored pool elevations to 
insure the continuation of navigation operations. 

Al~leriCatl Electric Power (AEP) operates the hydropower installations in the Ohio 
River Valley. During hydropower testing, AEP changed wicket gate settings and 
adjusted air venting settings. 

The United States Geological Survey performed satnple collection during testing. 
Crews on upstream and downstream boats collected water samples for methatle analysis; 
in addition, they measured dissolved oxygen concentrations, water temperature, pH, 
conductivity, and air pressure. 

The University of Minnesota was responsible for chemical and data at1alysis and 
reporting the results of the analysis. The chemical analysis of the samples was 
subcontracted to Summit Envirosolutions, Inc. in 1996 and 1998. The University of 
Minnesota was on-site in 1996 and 1998 to help oversee the entire testing process 
including gate operation, sample collection and handling, and sample analysis. 
University staff also took photos to document the testing. 
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III. SITE DESCRIPTIONS 

1995 Sites 
The sites to be included in this report include Willow Island and Racine Locks 

and Dams. Both of the sites are on the Ohio River. A map showing the organization of 
structures along the length of the Ohio River is in Appendix A. Cross~sectional, plan, 
and frontai views of these structures are also included in Appendix A. 

1996 Sites 
The sites studied in 1996 include Greenup, Markland, Meldahl, Belleville, 

Montgomery Island, and Smithland locks and dams. Descriptions and cross~sectional 
views of these structures are included in the report by Hettiarachchi et at. (1998). 

1998 Sites 
Samples were collected in West Virginia at Winfield, Marmet, and London locks 

and danls along the Kanawha River. These three structures are responsible for providing 
flood control and navigation for the river. The Kanawha is a tributary to the Ohio River 
at Point Pleasant, West Virginia. Along its 90 miles of navigable waterway, the Kanawha 
runs through the capital city of Charleston, and it is a key component of transport for 
materials from the chemical plants and coal chutes that line the riverbanks. In 1994, an 
estimated 22.3 million tons of commerce was moved along the Kanawha River. Some of 
these commodities included coal, petrochemicals, and other chemicals. 

All three sites include at least two locks, a dam with roller gates, and a 
hydropower installation. Winfield is 31.1 miles from the mouth of the river where it 
converges with the Ohio River. Marmet is at Mile 67.7 and London is at Mile 82.8. The 
three structures were built in the 1930's and are almost identical structurally. Winfield is 
slightly different than Marmet and London because of recent renovations. The dam at 
Winfield has six roller gates and a new tainter gate. The new tainter gate is north of the 
six original roller gates but is separated from the original gates by a wall that extends well 
beyond the length of the testing region. Five of the roller gates are a standard design 
while the sixth gate (farthest from the test gates) has a slightly modified design. Only the 
standard gates were used for testing, and the different gate design is of no concern to this 
study. A larger lock has been added north of the original dual locks, but the large 
separation distance would not allow it to affect the gate tests. 

Physically, Marmet and London are virtually identical structures. They both have 
five roller gates across the dam and the original dual locks. Besides the renovations at 
Winfield, there are only a few si1'Uctural differences between the sites. At Winfield, the 
downstream side of the sill is smooth while Marmet and London have stepped sills. In 
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addition, the stilling basins of Marmet and London are shorter than Winfield. For 
clarification, plan and cross~sectional views of each structure are given in Appendix A. 

The primary difference between the structures was the tailwater submergence of 
the gated. sill during testing. Tailwater submergence is a critical variable for air 
entraimnent, and it directly influences transfer efficiency. Table 1 a and Table 1 b give an 
overview of the hydraulic conditions during testing and the structural dimensions of each 
structure. 
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Table 1a. Site Data for Winfield, Marmet, and London Locks and Dams. 

Elevat;ons, lengths, and heights are in meters. Elevations given are above MSL. Gate information is for 
tested. 

Sill Elevation 1 171.91 179.22 
Stilling Basin Elev. 159.72 168.25 175.56 
Stilling Basin Length 21.34 18.29 18.39 
Baffle Block Height 0.91 0.91 0.91 
End Sill Height 1.22 1.22 1.22 
River Bed Elevation 160.32 167.03 174.353 
Sill 1.4 1.0 0.9 

Table lb. Site data for Winfield, Marmet, & London LID. 

Elevations, lengths, and heights are in feet. Elevations given are above MSL. Gate information isfor 
gates tested. 

Sill Elevation 540.0 564.0 588.0 
Stilling Basin Elevation 524.0 552.0 576.0 
Stilling Basin Length 70 60 60 
Baffle Block Height 3 3 3 
End Sill Height 4 4 4 
River Bed Elevation 526 548 572 
Sill Submergence 4.6 3.3 2.9 
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IV. EVOLUTION OF METHANE AS A TRACER 

The ahn of this study was to measure and further develop our understanding of 
oxygen transfer at gated sills. Water flowing at high velocity under dam gates becomes a 
highly turbulent jet when it encounters the tailwater pool. If the jet is exposed to the 
atmosphere, then air is entrained into the flow as bubbles. It is primarily these bubbles 
that transfer oxygen into the water. Each gate setting, along with the hydraulic 
conditions, produces a different amount of entrainment and oxygen transfer. To 
determine the oxygen transfer at a gate setting, upstream and downstream measurements 
are needed. 

Since oxygen is the compound of interest, dissolved oxygen (~O) measurements 
can be used to calculate transfer efficiency. Unfortunately, reliable DO measurements are 
difficult to obtain. When the DO level is close to saturation (within 2.5 mg/L), the 
uncertainty associated with the current measurement teclmique makes it difficult to 
accurately determine transfer efficiency (Gulliver and Wilhelms, 1992). In addition, 
reservoir stratification leads to uncertainty in the actual upstream concentration passing 
under the gate (Gulliver and Rindels, 1993). These two problems with oxygen 
measurements have led to the development of an alternative measurement tec1mique. 

A gas tracer is a volatile compound in the water (naturally or artificially injected) 
that can be measured and used to predict the transfer of another volatile compound. In 
this case, naturally occurring methane was used as a tracer to predict oxygen transfer. A 
tracer can be used for oxygen measurements because the ratio of desorption of the tracer 
gas and absorption rate of oxygen may be determined from the diffusion coefficient of the 
compound and knowledge of the fundamental transfer processes. The driving force for 
gas transfer is the partial pressure difference between the equilibrium partial pressure 
(determined by the atmospheric partial pressure) and concentration dissolved in the water 
column (Hibbs et ai., 1995). 

Using methane as a tracer, McDonald and Gulliver (1992) and Hibbs et at. (1995) 
took both methane and oxygen measurements at several low head hydraulic structures 
throughout Minnesota. These measurements proved that methane could be an effective 
tracer to determine oxygen transfer. Therefore, for these studies in the Ohio River 
Valley, both methane and oxygen measurements were taken. 
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Gate Testing 

View looking upstream at Mannet dam gates- June 24, 1998 

8 



v. GATE TESTING 

A. Operation of Gates 

From previous sampling experience, it was found that the zone of recirculation in 
the lower pool has an important influence on the downstream oxygen and methane 
measurements. If samples are collected in the recirculation or mixing zone, the 
measurements do not reflect the true transfer efficiency for a certain gate setting. Rather, 
the measured concentrations would be a mix of the water passing under the gate for the 
current setting and the water previously in the pool. 

Two physical modifications were made to the testing procedure to reduce the 
recirculation zone influence. All tests were conducted with the outer gate adjacent to the 
lock wall. Most of the previous field tests used an inner gate. Use of an ilmer gate set up 
two zones of recirculation and greatly increased the chance for sampling to occur in the 
mixing zone. By using an outer gate with a solid boundary along the length of the test 
region, the possibility of sampling in the mixing zone was reduced. If there was enough 
water available in the upper pool, the gate adjacent to the test gate was also opened to an 
identical height. This modification helped to increase the area where representative 
samples could be collected. If there was not enough water, the second gate was closed 
completely, and the outer gate was the only gate open. All other gates remained closed 
and hydropower production usually ceased during testing. Figure 1 shows a schematic of 
the test gates and sampling locations. 

The next modification in testing was the order of gate openings. The gate 
openings were chosen in a random mrumer. By jumping from a low gate opening to a 
high opening and back to an intermediate opening, two objectives were achieved. First, 
there was no bias introduced into the data by systematically opening the gates in an 
ascending or descending order. Next, by going fi:om a high gate opening to a lower gate 
opening, it allowed the upper pool to refill, and this expedited testing. Some gate 
openings were repeated for data verification. 

B. Sampling Procedure 

Prior to testing and after completion of all tests, upstream preliminary and post 
sample tests were performed. Water srunples were collected, and the Hydrolab probe was 
lowered to surface and bottom depths to record DO concentration, percent oxygen 
saturation, pH, and temperature. Surface and bottom readings were taken upstrerun of the 
main testing gate ruld three adjacent gates. These measurements helped determine ifthere 
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was significant oxygen stratification, methane stratification, or lateral variation in either 
methane or oxygen concentration. 

For each gate setting during the main body of tests, a minimum of four water 
samples was taken at each location. All samples were collected at mid~depth. Additional 
downstream samples were collected for some tests that had only one gate open. At 
London, some additional samples were taken from the downstream wing wall that 
bounded the test region. These samples were taken to verify data taken from the 
downstream boat. It was believed that these wall samples should be representative of the 
flow with no mixing zone influence. 

In addition to the samples collected for methane analysis, Hydrolab readings were 
taken at surface, mid, and bottom depths for each gate setting. 
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Figure 1: Schematic of testing gates and sampling locations. 



Hydropower Testing 

Picture showing two-inch diameter, removable standpipe on top of turbine romer case 
located behind the turbine shaft. The valve at the bottom was opened and closed to 

compare oxygen and methane transfer efficiency with and without draft tube venting. 
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VI. HYDROPOWER TESTING 

Besides dam gates, properly retrofit hydroturbines can add dissolved oxygen to 
water. In 1995 and 1996, some structures had hydropower installations. For details on 
hydropower testing during 1996, the reader is referred to Hettiarachchi, et al. 1998. In 
1998, all thTee structures on the Kanawha River had hydropower installations. The 
turbine casings were fit with a two~inch diameter removable standpipe above the turbine 
runner. This standpipe had an adjustable valve that controlled air venting. The purpose 
of these tests was to determine how effective auto~venting was for oxygen or methane 
transfer at different wicket gate settings. 

Test Conditions 

To insure isolation of transfer across a particular hydropower installation, only 
one hydropower turbine was operated during testing. Dam gates near the hydropower 
facility were also closed. These steps were taken to help prevent sampling water that had 
not passed through the test hydroturbine. 

Samples were collected upstream and downstream of the turbine in operation. A 
minimum of 4 water samples was collected at mid~depth of each location, and Hydrolab 
data was also collected simultaneously. Upstream sample collection was relatively easy 
for these tests. Service bridges span the upstream hydropower installation about 5 feet 
(1.5 m) ahead of the intake screens. Bridge railings provided a convenient and stationary 
location to set up the sampling stations. Downstream sample collection was performed 
from a boat positioned downstream of where the hydropower boil discharged. 

A wicket gate setting was selected for each test; this setting ranged from 35~80% 
open. Wicket gate settings were staggered to eliminate any bias introduced by testing in a 
strictly as~ending or descending order. The second adjustment was air venting. For tests 
"with air venting," the standpipe valve was fully opened. For tests with "no air venting," 
the standpipe valve was fully closed. Once a wicket gate setting was selected, the tests 
with air injection and without air injection were done consecutively. Sufficient time 
between tests allowed any influence of the previous test to pass tlll"ough the system. 
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Sample Handling 
& 

Analysis 

Picture showing interior of Summit Envirosolutions van. The portable gas 
chromatograph and computer system made on-site analysis possible. This greatly 

enhanced the quality of data collected during 1996 and 1998. 
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VII. SAMPLE HANDLING AND ANALYSIS 

Proper handling and quick turnaround time in analysis are necessary to maximize 
the quality of data and catch potential problems. Proper handling includes keeping the 
samples in a controlled environment and not exposing them to extreme temperature or 
pressure changes. Quick analysis helps to insure that the data obtained is consistent with 
the actual methane concentrations in the field. High variability in the data may be a result 
of the field sampling 01' sample analysis teclmique. Quick analysis allows the opportunity 
to make improvements and reduce unacceptable variability in the data. 

A. 1994 and 1995 Analysis 

In 1994, trial field samples were collected at one structure and air-mailed to the 
University of Minnesota for analysis. The delay in analysis and exposure to pressure and 
temperatme changes proved detrimental to the quality of data. In 1995, several structures 
were tested along the Ohio River. Willow Island was the first structure to be tested. 
Samples collected at Willow Island were immediately taken to a local laboratory for 
analysis with reasonable results. Unfortunately, for all other structmes, the samples were 
not analyzed until after all structures had been tested. The few weeks of delay in analysis 
produced unrealistic results with unacceptable uncertainty. See Gate Test Results for 
details. 

B. 1996 Analysis 

In 1996, Summit Envirosolutions was contracted for on-site analysis. The mobile 
lab set-up allowed samples to be analyzed within a few hours of testing and limited 
exposme to extreme temperatme or pressme changes. As a result, the quality of data 
improved greatly. The sample handling and analysis procedures for 1996 are described in 
Hettiarachchi et al. (1998). 
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C. 1998 Handling and Analysis 

In 1998, Summit Envirosolutions was again contracted for on~site analysis. All 
samples collected during both gate and hydropower testing were handled in an identical 
maImer. Each sample collected was injected with 0.5 ml of formaldehyde to stop any 
biological reactions from affecting the methane concentration. The samples were then 
capped with Tef1on~coated septa and caps and stored upside down to prevent any methane 
from escaping the bottle. The samples were collected from the boats periodically and 
given to Summit Envirosolutions for on~site analysis. All samples were then analyzed 
within 8 hours of collection as described by Hettiarachchi, et al. 1998. 

The gas chromatograph data was entered into a database within 12 hours after 
testing was complete. If the gas chromatograph values of a bottle were not relatively 
consistent, a sample re~rUn was requested. Re~run samples were typically analyzed 24 
hours after the original sample collection. It was discovered that the methane 
concentration of the rerun samples was typically 30~50% less than the original sample. 
Since the samples were stored upside-down, methane escaping through the cap is 
unlikely. It is believed that the Kanawha River has unusually high bacteria levels that 
were not killed by 0.5 ml of formaldehyde. Methane degradation was not a problem in 
MiImesota rivers where a quality assurance test found no degradation over time with 0.5 
ml of formaldehyde. After the problem was discovered, 1 ml of formaldehyde was used. 
No sample re-runs containing only 0.5 ml of formaldehyde were used in the data analysis. 
If the Kanawha River samples had been sent to an outside laboratory for analysis, there is 
a good chance that the high bacterial levels still present with 0.5 ml of formaldehyde 
would have completely degraded the methane, and all collection efforts would have been 
wasted. 
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D. Baseline Disturbances 

The initial step in data analysis involved checking the gas c1u'omatograph data. 
Any severe disturbances in the baseline falsely increased the area count and consequently 
led to higher methane concentration for a particular bottle. For example, in a group of 
bottles, one of the bottles had significant baseline disturbance while the other bottles had 
relatively smooth baselines. Although there is some natural scatter in the data, the 
methane concentration of the bottle with baseline disturbance was noticeably separated 
ftom the other concentrations. Each chromatograph was checked, and those injections or 
entire bottles with severe baseline disturbance were eliminated from the data set. 
Baseline problems were minimized in all later sample analysis by slowing down the rate 
of injection into the chromatograph and increasing the frequency of column baking. It is 
believed that the colunm was degraded, and unfortunately, no backup column was 
available. 
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Data Analysis 

Unlike some of the debris floating in the Kanawha River, the data collected makes sense. 
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VIII. DATAANALYSIS 

Transfer efficiency is a measure of how well a hydraulic structure saturates the 
water with a gas (Games on 1957). It is expressed as: 

E = Cd -Cu 
Cs -Cu 

(1) 

where Cd and Cll are the measured gas concentrations downstream and upstream., 
respectively, and Cs is the saturation concentration in water at equilibdum with the 
atnwsphere. Saturation concentration can be estim.ated from published values with 
adjustment for temperature and pressure. There is a low concentration of methane in the 
atmosphere, and the saturation concentration is approximately 0.05 ~g/L. 

Since the saturation concentration of methane is small, the transfer efficiency can 
be estimated as: 

E s: Cu -Cd 
Cu 

The calculation of upstream and downstream concentrations is discussed below. 

A. Calculation of Upstream and Downstream Concentrations 

(2) 

There were at least four samples collected at each location for each gate opening. 
When analyzed, five gas chromatograph injections were taken from each sample. An 
injection was converted to a methane concentration by the following equation (Thene and 
Gulliver 1990): 

C = C (RT + VIIS J 
HS MH V w 

C == concentration of methane in water prior to creation of headspace 

CBS := concentration of methane in headspace 

R:= universal gas constant 0.08206[_L_. a_t_m_J 
gmole .0K 

T := water temperature 

M := molar mass of methane 

H:= Henry's Law constant for methane 
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VIIS := volume of head space in sample bottle 

V w := volume of water in sample bottle (after creation of headspace) 

Once the concentration of each injection was determined, outlying concentrations 
were identified. Elimination of outliers is discussed in Appendix D. All concentrations 
for a certain gate opening and location were used to determine an average methane 
concentration. Uncertainty in this concentration is also discussed in Appendix D. 

Upstream variability in methane concentrations across the gate is a concern, 
especially with only one sample boat. The samples collected may not be truly 
representative of the average concentration passing under the gate - they may be higher 
or lower. To capture the spatial variability, the average upstream methane concentrations 
were plotted over time (Figure 2). A linear regression was performed, and the best 
estimate of upstream methane concentration for a particular time predicted by the 
regression was used. 

The average downstream methane concentrations were used. It is believed that 
high turbulence levels downstream of the gates eliminated any spatial variability within 
the jet. As long as the sample boat was not in the mixing zone (Figure 1), an average 
across the gates was obtained. 

Oxygen measurements were obtained both upstream and downstream at the same 
time water samples were collected. The Hydrolab probe measured dissolved oxygen 
concentration and percent saturation at surface, mid, and bottom depths for each gate 
setting. All three measurements were used to obtain an average at each location for each 
test. 

B. Oxygen Transfer Efficiency 

It is difficult to directly determine oxygen transfer efficiency for several reasons. 
As discussed earlier, accurate measurements are difficult to obtain with current analysis 
techniques when oxygen concentrations are close to saturation. In addition, vertical 
oxygen stratification also Cl'eates problems with oxygen measurements. It is impossible 
to determine what levels in the reservoir the water passing under the gate comes from; 
therefore, an accurate average upstream concentration is hard to calculate. 

The last difficulty with oxygen measurements is the tailwater effect on the 
bubbles. As bubbles are pulled deep into the plunge pool, they experience an increased 
hydrostatic pl'essure. This increased pressure on the bubble forces additional gas from the 
bubble to be dissolved in the water, leading to potential supersaturation of the water. 
Since the saturation concentration is elevated because of the tailwater effect, calculation 
of transfer efficiency is no longer straightforward. 
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The increased saturation concentration will be expressed as an effective 
saturation, Cw Hibbs and Gulliver (1997) define an effective depth as the depth of water 
required to exert a hydrostatic pressure that will result in the effective saturation 
concentration. The pressure on the bubble is defined as: 

or 

Pbubble :::: P + 1 deff :::: Cse P . C 
s 

deff :::: P (Cse -1) 
1 Cs 

(4) 

(5) 

where P is atmospheric pressure, 1 is the specific weight of water, and deff is the effective 
depth. 

The definition of transfer efficiency must now be modified to account for the 
effective saturation. 

E _ Cd -Cu 
°2 - Cse -Cu 

(6) 

In the field, upstream and downstream oxygen measurements are measured as percent 
saturation (Xu and Xd, respectively). To utilize these measurements of percent saturation, 
the transfer efficiency can be modified by dividing through by the saturation 
concentration. 

E - Xd -Xu 
° -

2 100 Cse _ X 
C u 

s 

Further, Equation 5 can be substituted for Cse : 
Cs 

E _ Xd-Xu 

°2 - (1 ) 100 P deff +1 -X;u 

B.lo Determining Effective Depth 

(7) 

(8) 

The last step before oxygen transfer efficiency can be determined is to find the 
effective depth. Two methods are used for determining effective depth. The first method 
is an index method that combines the methane transfer efficiency with upstream and 
downstream oxygen measurements. The effective depth calculation through the indexed 
method is. sensitive to measurement uncertainties, and accurate measurements of both 
methane and oxygen concentrations are required. The second method is a physically 
based method developed by Hettiarachchi, et al. (1998). This method relies strictly on 
structural geometry and flow conditions. 
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Once an effective depth is determined for certain flow and tailwater conditions, it 
can be used to predict downstream oxygen concentrations for a given upstream 
concentration. The derivation of an accurate physically based model is preferred because 
it can predict concentrations for a range of flow and tailwater conditions without relying 
on field measurements. Both methods will be presented and the results of each method 
will be cOlupared. 

B. 2. Index Method to Determine Effective Depth 

Gulliver, et al. (1990) developed a relationship to index gas transfer at hydraulic 
structures. The relationship allows determination of transfer efficiency for a desired 
compound (in this case, oxygen) by using transfer efficiency of another compound 
(methane) in combination with compound properties. The relationship is given as: 

(9) 

where E02 (CH4) is oxygen transfer efficiency indexed to methane at an index temperature 

(20DC) and ECH4 is methane transfer efficiency 

The parameter J; is as follows: 

(10) 

~ is a temperature correction to 20DC given by the following equation: 

(11) 

where T is temperature in degrees Celsius. If no temperature correction is required, ~=fg, 
where fg relates the transfer of both compounds through the diffusivities of each 
compound: 

(12) 

where DCH4 is the diffusivity of methane in water andDo2 is the diffusivity of oxygen in 

water. 

Thene and Gulliver (1990) did a literature search, and determined a mean 
diffusivity for methane in water at 20DC of 1.69 x 10"9 m2/s. The diffusivity of oxygen in 
water at 20DC was given by Goldstick and Fatt (1970) as 2.18 x 10"9 m2/s. Therefore, the 
fg used was 0.880. From these relationships, the transfer efficiency of methane was used 
to determine indexed transfer efficiency for oxygen. 
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The indexed transfer efficiency can be substituted for transfer efficiency of oxygen: 

(13) 

This equation can be solved and simplified for effective depth to determine: 

(14) 

Again, Xu and Xd are the measured upstream and downstream oxygen concentrations, 
respectively. The Hydrolab probe took these measurements at each gate setting as the 
water samples were collected. The uncertainty in effective depth is discussed in 
AppendixD. 
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B.3. Physically Based Effective Depth Calculation 

A detailed description of the development of the physically based effective depth 
model for gated sills is given by Hettiarachchi, et at. (1998). The concepts will be 
reviewed here briefly. 

The model for determining effective depth is based on structural and flow 
parameters in combination with tailwater conditions. Hibbs and Gulliver (1997) 
developed a model for prediction of effective depth at spillways using known submerged 
jet development parameters. The model for gated sills was modified by Hettiarachchi, et 
at. (1998) because the flow pattern for water entering a plunge pool at a gated sill is best 
approximated as a surface jet, as illustrated in Figure 3. 

Once a bubble swarm in the high velocity surface jet develops in the stilling basin, 
it does not remain stationary. As the swarm travels downstream, gas transfer is 
continuously occurring. The effective depth changes as the bubble plume moves 
downstream. However, for calculation purposes, the changing effective depth is 
expressed as a bulk average effective depth. 

The flow rate governs how far the jet-influenced bubble plume travels 
downstream. At low flow, the bubble plume will be contained within the stilling basin. 
At higher flows, the plume will extend into the downstream river reach. It is important to 
understand how far the plume travels because the centroid of the bubble swarm changes 
with location, and the centroid of the bubbles in the jet directly determines the effective 
depth. The centroid for the stilling basin, taken about the water surface, is determined as: 

C A)Cent) + A2Cent2 ent := -------'------"---"-----"--

A) +A2 
(15) 

where Cent)=(2/3)d), Cent2=d)+(1I3)d2, A1=Ld/2, A2=Ld/2, d)=TWD-(y)+d), and 
d2=d+Y)-Yb' The variables are defined in Figure 3. 

Hettiarachchi, et at. (1998) assmned a uniform distribution throughout the 
downstream river reach. Upon further investigation, the influence of the surface jet is not 
as intense in this downstream region compared to the stilling basin. Therefore, the rise of 
velocity of the bubbles in the plume plays a more important role. Use of a tTiangular 
distribution of bubbles (vertex at chatmel bottom and base at the water surface) has 
provided a better fit of the data. The centroid with this distribution is as follows: 

)13 Cent3 :=-
3 
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The use of a bulk average effective depth requires an understanding of the 
location of the bubble plume. Geldert, et al. (1998) developed a weighted mean effective 

depth depending on how far the plume travels. They devised a factor f3 ~J/2 that 

indicates the length of the bubble swarm depending on flow conditions and physical 
characteristics of the stilling basin. The effective distance (XJ/2) is defined as the distance 
at which the air concentration in the flow is half of the original concentration. 

-q 
XJ12 = -In(O.5) 

v/, 
(17) 

where q is the specific discharge and Vl' is the bubble rise velocity (0.25 m/s). ~ is a fitted 
coefficient determined to be 2.2 by Geldert, and L is the length of the stilling basin. Once 

the f3 ~1/2 factor is determined, the mean effective depth can be calculated as: 

d,.. ~ Cent ( exp(J Ji fm)) + Cent, ( 1- exp(1 Ji f112)) when fJ f"2 ;, 1 (18) 

and 

f3 X l12 
defJ = Cent when L < 1 (19) 

The effective depths were determined from this physically based model 
with fitted coefficients and compared with effective depths found using the index method. 
The comparison of both methods is made after the gate test results are presented. 
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Gate Test Results 

View of roller gate discharging downstream. The large amount of turbulence generated 
results in a high level of air entrainment. 
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IX. GATE TEST RESULTS 

A. 1995 Results 

In 1995, there were several sites tested along the Ohio River. Willow Island was 
the first site tested. The results of the methane data seen in Figure 4 are reasonable. The 
sudden increase in transfer efficiency around 4 feet (1.22m) gate opening is indicative of 
a hydraulic jump. 

Another site tested was Racine Lock and Dam. The methane results are shown in 
Figure 5. The results are unrealistic because transfer efficiency cannot be negative. In 
addition, the uncertainty is larger than the transfer efficiency. Unfortunately, all 
remaining data tested in 1995 exhibited trends similar to Racine. The data used to 
develop tllese chalis is given in Appendix B. 

The discussion of the difference between the data set of Willow Island and the 
other structures can be found in the Sample Handling and Analysis section. 

B. 1996 Results 

In 1996, there were six structmes analyzed along the Ohio River. Gate tests were 
performed at Greenup, Markland, Meldahl, Montgomery Island, McAlpine, and 
Smithland locks and dams. For these results, the reader is referred to Hettiarachchi, et al. 
1998. 

C. 1998 Results 

Gate tests were performed at three lock and dam structures on the Kanawha River: 
Winfield, "Marmet and London Locks and Dams. Table 1 provides a summary of the 
hydraulic conditions for the tests performed. 

C.l Winfield Gate Tests 

The Winfield gate tests, shown in Figure 6, indicate an increase of methane 
transfer efficiency to a gate opening of 2.5 feet (0.76 m). At higher gate openings, there 
is a decrease in transfer efficiency. At all gate tests, an unsubmerged hydraulic jump 
formed. The peak of transfer efficiency can be considered the critical balance between 
depth of flow and air entrainment. The decrease in transfer efficiency beyond the peak 
may be a result of the additional water depth reducing the quantity of air entrained per 
unit volume into the flow. 
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C.2 Marmet Gate Tests 

The Marmet gate data, as seen in Figure 7, follows a similar increase and level 
pattern as Winfield gate data. However, this pattern is somewhat obscured. About four 
hours before gate tests could begin, all gates were closed to build the upstream pool. 
Prior to this, only a single gate was open about 0.5 feet. Water was limited; so most tests 
were performed with only a single gate open. 

If a line is used to connect the methane transfer efficiency data for tests performed 
one hour after testing began, the pattern of increase and level can be seen more clearly. It 
can be hypothesized that the stagnant water previously in the upstream pool had 
significant spatial variation in methane concentration and influenced the water sampled 
during the first hour of testing. In addition, the initial flows were not strong enough or 
run long enough to flush out the water previously in the pools. It was not until over one 
hour of testing had passed that the system had been sufficiently flushed. Data taken after 
this time displays the trend seen repeatedly at gated sill structures in the Ohio River 
Valley. 

C.3 London Gate Tests 

At first glance, the data in Figure 8 for London Gate Tests may seem illogical. 
However, if the transfer efficiencies at 1 foot (0.30 m) and higher are isolated, the pattern 
of increasing methane transfer efficiencies is clear. There was only a 2.5 foot (0.76 m) 
tailwater submergence on the sill. This low submergence allowed for the high transfer 
efficiencies seen during these tests. An unsubmerged hydraulic jump OCCUlTed at all gate 
settings tested. 

At 0.5 foot (0.15 m) gate openings, extremely high transfer efficiencies occun-ed. 
The tailwater condition was at the elevation where a rooster tail developed on at least one 
(if not all) of the tests at 0.5 feet (0.15 m). Hydraulic conditions that allow for the 
formation of a rooster tail produce a spray of water that skips along the water surface. 
This action results in individual water droplets contacting the air and boosting transfer 
efficiency. Formation of rooster tails does not typically occur, and the transfer 
efficiencies should be considered extraordinary. 
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D. Discussion of Gate Tests 

The data for all gate tests completed fall into two categories but indicate similar 
trends. The first category of tests occurred at Willow Island and during most gate tests in 
1996. Sublnergence on the gate would not allow a free hydraulic jump to form at low 
gate openings. At these low settings, there was minimal transfer. Once an unsubmerged 
jump was able to form, the transfer efficiency experienced a noticeable increase. Beyond 
this point, the transfer efficiencies declined or remained steady. 

In 1998, the submergence on the gate was small enough to allow an unsubmerged 
hydraulic jump to form at even the lowest gate settings. The transfer efficiencies were 
higher than those seen in 1996, but they still exhibit a similar trend. The transfer 
efficiencies increase with gate opening until the critical gate opening is reached. As in 
the first case, the transfer efficiency declines or levels off as the gate openings are 
increased beyond the critical point. Sometimes the hydraulic conditions allow the 
formation of a rooster tail. This condition does not occur frequently, and the 
extraordinary transfer efficiencies that occur as a result of this phenomenon are not 
considered typical. 

Table 2 shows the importance of sill submergence on transfer efficiency, The 
maximum transfer efficiency for each structure under the test conditions, sill 
submergence, and gate opening for maximum transfer efficiency is given. For most 
structures' tested, a correlation between sill submergence and maximum transfer 
efficiency can be seen. As the sill submergence increases, the maximum transfer 
efficiency decreases. A relationship can also be seen between sill submergence and gate 
opening required to achieve that the maximum transfer efficiency. As the submergence 
increases, a larger gate opening is required. 
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· Table 2a. Importance of Sill Submergence on Transfer Efficiency 

Sill Gate Opening for Maximum 

Structure Submergence Maximum Transfer Transfer 
(m) Efficiency (m) Efficiency 

London LID 0.88 0.50 0.79 

Montgomery LID ~0.60 1.50 0.72 

Marmet LID 1.09 2.50 0.52 

Winfield LID 1.41 2.50 0.48 

Markland LID 1,60 4.00 0.476 

MeldahlLlD 2.00 3.00 0.34 

Greenup LID 1.90 3.00 0.33 

Smithland LID 4.00 2.00 0.15 

Table 2b. Importance of Sill Submergence on Transfer Efficiency 

Sill Gate Opening for Maximum 

Structure Submergence Maximum Transfer Transfer 
(ft) Efficiency (ft) Efficiency 

London LID 2.9 0.50 0.79 

Montgomery LID -2.0 1.50 0.72 

Marmet LID 3.6 2.50 0.52 

Winfield LID 4.6 2.50 0.48 

Markland LID 5.2 4.00 0.476 

MeldahlLiD 6.6 3.00 0.34 

Greenup LID 6.2 3.00 0.33 

Smithland LID 13.1 2.00 0.15 
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E. Confirmation of Physically Based Effective Depth Model 

Besides the study done with low flow by Gulliver, et al. (1997), it has been 
difficult to confi1111 how well the physically based model predicts effective depth. 
Accurate methane and oxygen measurements are needed to calculate effective depth 
based on the index method. Large uncertainties in either set of measurements due to 
vertical or lateral stratification leads to even greater uncertainty in effective depth. 
Uncertainty in effective depth for the index method is determined in Appendix D. Since 
the physi9ally based predicted effective depth is not based on measurements, no 
uncertainty in effective depth can be calculated. 

Figures 9~ 11 show effective depth calculations versus gate opening for gate tests 
at Winfield, Marmet, and London. The graphs show effective depth using both the index 
method of Eq. 14 and the physically based model of Eq. 18 or 19. Although not all 
points are captured within the uncertainty of the index method, the graphs show that the 
physically based model does a reasonable job ofpl'edicting effective depth. 
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-----_. --------

Hydropower Results 

Gail Dingess-McClaim of American Electric Power assisted in making wicket gate 
changes and adjusting air venting for hydropower testing. 
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X. HYDROPOWER RESULTS 

A. 1996 Results 

Hydropower tests were performed at G-reenup, Markland, and McAlpine locks and 
dams. Hettiarachchi, et ai. 1998 determined that the hydropower data collected at these 
facilities exhibited no clear trend. Regardless of the position of the vacuum release valve, 
transfer efficiencies were minimal. 

B. 1998 Results 

Transfer efficiency and uncertainty were calculated for each test. Transfer 
efficiency versus gate opening was plotted in Figures 12~14. Data used to develop the 
graphs ca~l be found in Appendix B. 

The data shows no clear pattern to indicate that the air-venting setup used in this 
study is effective for aerating the water. The transfer efficiencies were small, and the 
values were both positive and negative. Negative transfer efficiencies are not realistic 
and are a result of measurement uncertainty. The air venting setup does not significantly 
boost dissolved oxygen levels, and any increase in transfer efficiency is not 
distinguishable from the uncertainty in the current sample analysis teclll1ique. In the 
majority of tests, the uncertainty in transfer efficiency is greater than the transfer 
efficiency itself. 

C. Discussion Of Hydropower Results 

The hydropower tests performed in 1996 and 1998 show similar results. 
American Electric Power operators have reported what the data indicates. The tailwater 
elevation and wicket gate setting have a strong influence on the amount of air drawn into 
the turbine. At low tailwater levels and small wicket gate openings, the pressure in the 
turbine is low, so it creates a vacuum that draws air into the turbine. Even at low 
tailwater levels, when the wicket gates are opened further, water fills the turbine casing 
and increases the pressure. Therefore, no air is drawn into the turbine. At higher 
tailwater levels, the pressure in the turbine is also high so that no air is drawn into the 
turbine. 

Regardless of wicket gate or inj ection settings, the data indicates that the vacuum 
release valve should not be used for aeration. It does not produce a clear or measurable 
increase in transfer efficiency. A more detailed study of auto-venting with baffles on the 
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rulliler hub, air inj ection through blowers, etc. should be performed before aeration 
tlU'ough the hydropower facility can be considered a feasible option for improving water 
quality. 

44 



I' 
I 

I! 
il 
I 

I 

,I 

~ :1 

1.00 

i; 

0.80 

O.SO 

i 

i 

~ 0.40 
t: 
CD 
"5 
~ 
W 
~ 

~ '* 0.20 t: 
VI til 

~ 
CD 

: I t: 
, til 
I ..c:: 

-a> 
2 0.00 

-0.20 

-0.40 

-o.SO 

Vo 

• 
20% 

Methane Transfer Efficiency VS. Gate Opening 
Winfield Hydropower Tests-S/23/98 

=~ 

n 
40% 60% ~ 

Wicket Gate Opening (%) 

8 ~o 

Figure 12: Methane Transfer Efficiency vs. Gate Opening for Winfield Hydropower Tests 

+ Air Venting 

II1II No Air Venting 

% 10 ), 



'! 

Ii 
1.00 

0.80 

0.60 

>. 
0 0.40 c 
CD 

g 
lli 
~ 
rJ) 0.20 c 

..j:::.. ~ 
0\ CD 

c 
ctl 
.c 
CD 0.00 2 

Yo 10% 

! ! 

-0.20 --- _._------

-0.40 

-0.60 

20% 30% 

-

Methane Transfer Efficiency VS. Gate Opening 
Marmet Hydropower Tests-6!25!98 

~~ 

II 
40% 50% 60% ~ 

• 

Wicket Gate Opening (%) 

71 fa 

Figure 13: Methane Transfer Efficiency VS. Gate Opening for Marmet Hydropower Tests 

8(% 
i~ 

% 9(' 

• Air Venting 

aNa Air Venting 



1.00 

0.80 

O.SO 

>. g 0.40 
CD 
(3 

m .... 
..j::>.. 

'* -l c 0.20 
f! 
I-

CD 
c 
cG 

.r= 
16 0.00 
:2 

0 

-0.20 

-0.40 

-O.SO 

0/'0 20% 

---_._----------------_._--

F 

I~ 

I 

Methane Transfer Efficiency vs. Gate Opening 
London Hydropower Tests-S/27/98 

40% 
I 

SO% 

Wicket Gate Opening (%) 

, 

.1 

8~% 

Figure 14: Methane Transfer .Efficiency vs. Gate Opening for London Hydropower Tests 

10 ,% 

• Air Venting 

.NoAirVenting 



XI. CONCLUSIONS 

From the gate tests performed in 1996 and 1998, some conclusions on 
measurement teclmiques can be reached. It is important to measure both oxygen and 
naturally occurring methane. When oxygen values are close to saturation, it can be 
difficult to obtain reliable measurements. Methane serves as an effective tracer for 
oxygen transfer efficiency. 

It is clear that there is a correlation between tailwater submergence of the sill and 
maximum transfer efficiency. At low submergence, higher transfer efficiencies are 
obtained with smaller gate openings. As the submergence increases, the ITlaximum 
transfer efficiency decreases and the peak efficiency is achieved at a higher gate opening. 

Under high submergence, the transfer efficiency will remain minimal until an , 
unsubmerged hydraulic jump forms. After this point, the transfer efficiency will range 
from 30-50 percent. Under low submergence, an unsubmerged hydraulic jump can form 
at the lowest gate settings. The transfer efficiency will range from 35-65 percent. At low 
submergence, the conditions may permit the formation of a rooster tail; in this case, the 
transfer efficiency can be up to 80%. 

The use of the vacuum release valve for aeration at the hydropower facilities was 
not successful. The two factors that are imp0l1ant for the venting of air are tailwater 
elevation and wicket gate opening. Low tail water elevation and small wicket gate 
openings are needed for low pressure in the turbine runner case. The low pressure in the 
case draws air into the turbine. Under the condition of high tailwater or lower tailwater 
and higher wicket gate openings, the pressure in the turbine rUlmer case is too high to 
allow the intake of air. Any increase in oxygen concenimtion was negligible, regardless 
of valve position. Fut1her study of alternate teclmiques should be done before the 
hydropower facility can be considered a feasible option for aeration. 
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ApPENDIX B - METHANE 

DATA FOR GATE AND 
HYDROPOWER TESTS 



Title; Willow Island Gates 
Date: 8/29/95 

Methane Transfer 
Time Gate Cu Cd Umu Umd Transfer Efficiency 

Opening Efficiency Uncertainty 
{ft~ {HgIL) . {HgIL) 

11:53 0.5 7.72 7.27 0.49 0.18 0.06 0.07 
12:25 1.0 7.49 6.43 0.21 0.20 0.14 0.04 
13:01 1.5 7.23 6;62 0.19 0.06 0.09 0.03 
15:35 2.0 7.89 6.11 0.18 0.28 0.23 0.04 
11:20 2.0 6.99 6.49 0.31 0.61 0.07 0.10 
12:05 3.0 6.36 6.39 0.33 0.57 MO.01 0.10 
12:38 3.5 5.47 4.48 0.19 0.31 0.18 0.06 
14:23 4.5 8.35 4.74 0.15 0.14 0.43 0.02 
14:57 5.0 9.35 5.22 0.19 0.03 0.44 0.01 
15:49 4.0 9.24 5.16 0.61 0.19 0.44 0.04 

Table B~l-Methane Transfer Efficiency data for 1995 Gate.Tests 
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THle; Wlnflel~ Gate$ 
Dale; 6122198 

Time 

10:54 

11:30 

G~te 

Opening 
(ft) 

11:54 GI"1 
02"1 

12;20 Gl") 
G2=3 

12:50 G 1 "),5 
02=),5 

13;25 Gl=2,5 
G2=2.5 

13:55 01"5 
G2=5 

15:25 01"4,5 
G2=4,5 

Gate 1 
Gate 

Opening 
(ft) 
2 

4 

3 

3,5 

2,5 

4,5 

Title: Marmet Gates 
Date: 6124198 

Time 

12;00 

12120 

12:45 

13:14 

13:40 

14:10 

14:40 

15;10 

15:30 

Gate 
Opening 

(ft) 
Gl,,) 
G2=) 
Gl=3 
G2=O 
Gl=2 
02=0 
01"2 
02=2 
01".5 
02",5 
01"1,5 
02"1.5 
01"3 
02=0 
01~ 

02=0 
01"2,5 
02=0 

Gate 1 
Gate 

Opening 
(1'1) 

2 

2 

0,5 

1.5 

3 

4 

2,5 

Title; London Gates 
Date; 6/26/98 

Time 

8;16 

8:37 

Gate 
Opening 

(1'1) 
01=0,5 
02=0,5 
01=2,0 
02"2,0 

8:56 01=1.0 
02=1,0 

9;11 01=1,5 
02"1,5 

9:40 01=3,0 
02"0,0 

11:33 01=4,0 
G2=0,0 

11 :45 01 =2.5 
02"0,0 

12:15 01=0,5 
G2=0.5 

(rooster) 
12:42 01=0.5 

02=0,5 

Gate I 
Gate 

Opening 
(1'1) 
0,5 

2 

1,5 

3 

4 

2,5 

0,5 

0,5 

Cp Cd 

5,774 3,703 

5,903 ),626 

5,990 ),630 

6,083 3.468 

6,)91 

6,317 ),278 

6.425 4.232 

6,749 4,014 

CP Cd 

3,243 1,262 

3,169 2,025 

3,077 1.997 

2,969 1.536 

2,873 2,165 

2,762 1.676 

2,651 '1,210 

2.540 1.191 

2.466 1,176 

Cu Cd 

2,601 1.124 

2.655 1.547 

2,705 1.410 

2,718 

2,819 1.239 

3,113 1.112 

3,144 1.458 

3.222 0.863 

3,292 0.703 

Up'tr!l1lm Upstream pOWIIBtream 
Measurement Samplh!g Measurement 
Uncertainty Uncertainty Uncertainty 

Um U. Um 

0,130 0,703 0,167 

0.184 0,703 0,295 

0.150 0,703 0.215 

0,128 0,703 0,125 

0,092 0,703 0,140 

0,165 0,703 0,121 

0,126 0,703 0,117 

0,070 0,703 0,174 

Upstr!l1lm Upstr!l1lm PowIIBtream 
Measurement Sampling Measurement 
Unoertalnty Uncertainty UnoertaInty 

Um Us Um 

0,190 0.507 0,109 

0,097 0,507 0,147 

0,101 0,507 0,122 

0.199 0.507 0,134 

0.079 0.507 0.192 

0.039 0.507 0.168 

0,112 0,507 0,042 

0,039 0.507 0.098 

0,068 0.507 0,086 

Upstream Upstream Downstream 
Measurement Sampling Measurement 
Uncertainty Uncertainty Unoertalnty 

Um Us Um 

O.DlS 0.158 0,083 

0.068 0,158 0.D35 

0,095 0,158 0,088 

0,027 0,158 0,036 

0.040 0,158 0.079 

0,098 0,158 0,043 

0.156 0,158 0.069 

0.136 0,158 0.050 

0.086 0.158 0.049 

Umu 

0,714 

0,726 

0,718 

0,714 

0,709 

0,722 

0,714 

0,706 

Umu 

0,542 

0,516 

0,517 

0.545 

0.513 

0.509 

0.519 

0.509 

0.512 

Umu 

0,158 

0,172 

0,184 

0.160 

0.163 

0,186 

0,222 

0.208 

0.180 

0,167 

0,295 

0.215 

0,125 

0,140 

0,121 

0,117 

0,174 

Umd 

0,109 

0,147 

Transfer Transfer 
Efficlenoy Effiolency 

Uncertainty 

o,m 0,084 

0,)86 0.091 

0,)94 0,081 

0,430 0.070 

0.438 0.068 

0.481 0,062 

0,341 oms 

0.405 0,067 

Transfer Transfer 
Efficlenoy Efficiency 

Uncertainty 

0,611 0,073 

0,361 0,114 

0,122 0.351 0.116 

0.134 0.483 0.105 

0,192 O~247 0,150 

0.168 . 0,393 0,127 

0.042 0.544 0,091 

0,098 0.531 0.102 

0,086 0.523 0.105 

Umd 
Transfer Transfer 

Efficlenoy EfficIency 
Uncertainty 

0.083 0.568 0,041 

0,0)5 0.417 0,040 

0.088 0,479 0.048 

0.036 0.439 0.036 

0.079 0.560 0,038 

0,043 0,643 0.025 

0.069 0.536 0.039 

0.050 0.732 0,023 

0.049 0,786 0.019 

Table B-2 - Methane Transfer Efficiency data for i 998 Gate Tests 
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Title: Winfield Hydropower 
Date; 6f23f98 

Upstream Upstream Downstream 
Air Measurement Sampling Measurement Transfer Transfer 

Time Gate Injection Cu Cd Uncertainty Uncertainty Uncertainty Umu Umd Efficiency Efficiency 
Opening Um Us Um Uncertainty 

10:10 0.35 No 5.415 4.829 0.100 0.681 0.103 0.688 0.103 0.108 0.115 
10:38 0.35 Yes 5.769 5.848 0.094 0.681 0.000 0.687 0.000 ·0.014 0.121 
11:08 0,45 No 5.572 5.546 0.000 0.681 0.188 0.681 0.188 0.005 0.126 
11 :37 0.45 Yes 5.839 5.885 0.143 0.681 0.191 0.696 0.191 ·0.008 0.124 
12:05 0.55 No 6.320 5.908 0.155 0.681 0.103 0.698 0.103 0.065 0.105 
12:30 0.55 Yes 6.387 6.114 0.097 0.681 0.000 0.688 0.000 0.043 0.103 
12:58 0.7 No 5.876 6.174 0.069 0.681 0.000 0.684 0.000 .0.051 0.122 
13:22 0.7 Yes 5.635 5.621 0.116 0.681 0.143 0.691 0.143 0.003 0.125 
13:54 0.8 No 5.947 6.225 0.057 0.681 0.000 0.683 0.000 ·0.047 0.120 
14:18 0.8 Yes 5.878 5.787 0.000 0.681 0.000 0.681 0.000 0.015 0.114 

Title: Mllrmet Hydropower 
Date: 6/25/98 

Upstream Upstream Downstream 
Air Measurement Sampling Measurement Transfer Transfer 

Time Gate Injection Cu Cd Uncertainty Uncertainty Uncertainty Umu Umd Efficiency Efficiency 
Opening Um Us Um Uncertainty 

8:38 0.35 Yes 2.759 2.949 0.119 0.500 0.087 0.514 0.087 ·0.069 0.202 
9:44 0.7 Yes 3.367 2.983 0.137 0.500 0.095 0.518 0.095 0.114 0.139 
10:13 0.7 No 3.056 3.245 0.049 0.500 0.097 0.502 0.097 -0.062 0.177 
10:43 0.8 Yes 2.726 3.240 0.098 0.500 0.098 0.509 0.098 ·0. I 88 0.225 
11:14 0.8 No 3.024 3.294 0.091 0.500 0.141 0.508 0.141 -0.089 0.189 
11:45 0.35 Yes 3.178 3.110 0.105 0.500 0.083 0.511 0.083 0.022 0.159 
12:15 0.35 No 3.149 3.480 0.070 0.500 0.115 0.505 0.115 -0.105 0.181 
12:45 0.55 No 3.386 3.447 0.086 0.500 0.111 0.507 0.111 -0.018 0.156 
9:06 0.35 No 2.583 0.145 0.145 

Title: London Hydropower 
Date: 6/27/98 

Upstream Sampling Downstream 
Air Measurement Uncertainty Measurement Transfer Transfer 

Time Gate Injection Cu Cd Uncertainty Us Uncertainty Umu Umd Efficiency Efficiency 
Opening Um Um Uncertainty 

7:55 0.35 Yes 3.189 2.875 0.081 0.536 0.086 0.543 0.086 0.099 0.156 
8:23 0.35 No 3.417 2.794 0.048 0.536 0.112 0.539 0.112 0.182 0.133 
8:51 0.45 Yes 3.038 2.848 0.055 0.536 0.067 0.539 0.067 0.063 0.168 
9:22 0.45 No 2.880 2.960 0.097 0.536 0.134 0.545 0.134 ·0.028 0.200 
9:50 0.7 Yes 3.026 2.619 0.061 0.536 0.085 0.540 0.085 0.135 0.157 
10:18 0.7 No 2.569 2.508 0.129 0.536 0.049 0.552 0.049 0.024 0.211 
10:47 0.8 Yes 2.539 2.601 0.039 0.536 0.117 0.538 0.117 -0.025 0.222 
11:13 0.8 No 3.1 11 2.647 0.100 0.536 0.111 0.546 0.1 11 0.149 0.153 
11:50 0.35 Yes 2.318 2.053 0.037 0.536 0.118 0.538 0.118 0.115 0.212 
12:16 0.35 No 2.413 2.501 0.136 0.536 0.092 0.553 0.092 -0.037 0.241 

Table B-3 - Methane Transfer Efficiency data for 1998 Hydropower Tests 
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ApPENDIX C - OXYGEN DATA 

FOR GATE AND 

HYDROPOWER TESTS 



Title: Winfield Gates 
Date: 6/22/98 

Gate 1 Effective Average Average Oxygen Uncertainty 
Time Gate Depth DO DO Transfer in Oxygen 

Opening deff % Saturation % Saturation Efficiency Transfer 
!ft2 {ft2 VI~stream Downstream Efficienc~ 

10:54 2 6,31 92,07 112,70 0,771 0,033 
11:30 4 6.14 93,03 110,95 0,708 0,039 
11:54 1 6,73 92.43 109,73 0.626 0.024 
12:20 3 6,16 92.23 112,50 0,775 0,025 
12:50 3,S 6.15 92.60 112,37 0,768 0.027 
13:25 2,5 6,21 91,93 111.03 0.718 0.027 
13:55 5 6.17 92,60 111.20 0,721 0,237 
15:25 4,S 6.15 92,47 124.40 1.234 0.161 

Title: Marmet Gates 
Date: 6/24/98 

Gate 1 Effective Average Average Oxygen Uncertainty 
Time Gate Depth DO DO Transfer in Oxygen 

Opening deff % Saturation % Saturation Efficiency Transfer 
{ft2 {ft2 UEstream Downstream Efficienc~ 

12:00 1 4.72 100.73 108.83 0,607 0.012 
12:20 3 6,23 100.33 106.35 0,330 0.102 
12:45 2 5.67 101.03 107.60 0.413 0.053 
13:14 2 5'.81 100.77 107.40 00400 0.082 
13:40 O.S .4.49 ' 101.47 102.55 0,091 0.137 
14:10 1.5 5.30 99.93 108.00 0.508 0.037 
14:40 3 6.09 100.43 106.00 0.314 0.129 
15:10 4 6.36 100.27 105.90 0.301 0.032 
15:30 2.5 6.02 100.27 106.60 0.358 0.046 

Title: London Gates 
Date: 6/26/98 

Gate 1 Effective Average Average Oxygen Uncertainty 
Time Gate Depth DO DO Transfer in Oxygen 

Opening deff % Saturation % Saturation Efficiency Transfer 
{ft2 ~ft2 UEstream Downstream Efficienc~ 

8:16 0.5 4.37 102.93 102.35 ·0.057 0.040 
8:37 2 S.65 102.47 107.50 0.348 0.044 
8:56 1 4.31 103.86 108.65 0.529 0,041 
9:11 1.5 5,15 103.63 107.95 0.366 0,056 
9:40 3 5,97 104.83 106,90 0.158 0,024 
11:33 4 6.30 104,10 109.60 0.372 0.399 
11:45 2.5 5.74 105.10 108,20 0.257 0.244 
12:15 0.5 4.29 106,63 105.40 ·0.198 0.574 
12:42 0.5 4,29 108,30 105.50 ~0.614 2.712 

Table C~l- Oxygen Transfer Efficiency data for 1998 Gate Tests 
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ApPENDIX D - ELIMINATION 
OF OUTLIERS & 

UNCERTAINTY ANALYSIS 





Uncertainty Analysis 

Elimination of Outliers 

Before the uncertainty analysis could be performed, the bottles for each gate 
setting at a specific time and location (upstream 01' downstream) were grouped together. 
Then, the outliers were eliminated fr0111 each data set. An outlier can be defined as "an 
observatio~l (or subset of observations) which appears to be inconsistent with the 
remainder of that set of data" (Barnett, et at. 1994). 

Outliers are often difficult to identify because it is unclear as to what constitutes 
"inconsistent." Some methods rely on the average and standard deviation to determine 
outliers. However, a single outlier can have a dramatic effect on both of these 
parameters. This effect can lead one to falsely believe that no outliers are present. To 
alleviate this problem, a robust method developed by Rousseeuw uses the median and 
deviation from the median (Wadsworth 1990). The method is robust because it can 
handle several outliers in a data set. Overall, this method was easy to apply to this type 
of data. 

There were typically five gas chromatograph injections per bottle. All 
concentrations in a particular set were grouped together in ascending order, and the 
median, T, was determined. Next, the absolute deviation of each concentration from the 
median was calculated, and the median of these absolute deviations (MAD) was 
calculated. The estimator of scale is as follows: 

S = 1,483 median j=l,,,.,n Ix j - TI (20) 

The 1,483 correction factor is used to make the estimator consistent with the usual scale 
parameter, IT, of a normal distribution. The estimator of location and scale were used to 
determine a z-score for each concentration. 

x· -T 
z. =-'-, S (21) 

Any concentration that has a I Zj I greater than 2.5 will be deemed an outlier. This 
corresponds to a 98.7% confidence interval in a normal distribution. 

Rousseeuw points out that if the mean was used for T and the standard deviation 
was used for S, outliers would probably not be eliminated for two reasons. First, one 
subtracts a location estimate T that has moved toward the outlier, and one divides by a 
scale estimate S, which has exploded. Both problems are corrected by using the sample 
median for T and the MAD equation for S. 
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Measurement Uncertainty 

Measurement uncertainty is an expression of the uncertainty associated with the 
gas chromatograph values for each gate opening and location. Each sample bottle had 
five gas chromatograph injections. Theoretically, the gas chromatograph response for 
each injection should be nearly identical. However, there is some variation between the 
responses. It can be hypothesized that this variation is due to instrument or operator 
error. 

A minimum of four bottles was collected at each gate opening and location. Since 
the same conditions existed while each sample was collected, one m,ight expect similar 
gas chromatograph responses for all bottles. The difference between bottles can be 
attributed to different parcels of water being sampled and variation in the natural system. 
In order to capture these injectionAo~injection and bottle~to~bottle differences, all 20 
injections (minus outliers) were used to calculate a measurement uncertainty. 

The equation to calculate measurement uncertainty is as follows: 

(22) 

where Um is the uncertainty in the four bottle mean concentration, tn•1 is the Student t~ 
score to the 95% confidence interval, an is the standard deviation of all injections, and n 
is the number of injections (n=20). 

Sampling Uncertainty 

Since the gates are 100 ft (30.48 m) wide, it can be difficult to determine a 
representative upstream methane concentration for the water flowing under the gate. 
With any natural system, there can be horizontal and vertical variation. In an effort to 
characterize the variability in methane concentration across the gate, the average 
upstream concentrations sampled over time are translated to spatial variation across the 
gate. This sampling uncertainty is found by graphing the average upstream methane 
concentrations over time. A trendline is then drawn tlu'ough the data. The standard error 
from a linear regression will represent the spatial variation for the samples collected. 
Therefore, the sampling uncertainty is as follows: 

(23) 

where Se is the standard error from the regression analysis and n is the number of 
upstream samples. 

Due to intense mixing, it will be assumed that the downstream water is an average 
representation of all water flowing under the gate. This is probably a valid assumption 
because the intense turbulence would not allow water to remain stratified across the gate. 
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As long as downstream samples are taken within the jet core, sampling uncertainty 
should not be a concern. 

Combined Methane Uncertainty 

Upstream measurement and sampling uncertainty can be combined as given by 
Abernathy et al. 1985: 

2 2 2 
U1II11 = U1II + U,\. (24) 

with Umu as total upstream methane uncertainty, Um as measurement uncertainty, and 
Us as sampling uncertainty. 

Downstream methane uncertainty is simply: 

(25) 

composed only of measurement uncertainty. 

Uncertainty in Methane Transfer Efficiency 

The uncertainty in methane transfer efficiency is the result of uncertainty in the 
components that comprise transfer efficiency~ upstream and downstream methane 
concentration. Following the procedure presented by Abernathy, et al. (1985): 

( J2 ( )2 2 Cd -1 
U ECH4 = -2 U1II11 + C Umd 

CIt " 
(26) 

Again, Umu and Umd are the upstreanl and downstream methane uncertainties, 
respectively. 

Uncertainty in Oxygen Measurements 

There were typically 3 oxygen measurements taken by the Hydrolab for each gate 
setting and location. The uncertainty in the average of the three measurements is: 

where 1n.l is the Student t~score to the 95% confidence interval, an is the standard 
deviation <?f all measurements, and n is the number of measurements (n=3). 



Uncertainty in Indexed Oxygen Transfer Efficiency 

It should be recalled that the equation for indexed oxygen transfer efficiency is as 
follows: 

E02 (CH4) :=l-(l-EcH)l/f/ 

The only component that would contribute uncertainty is the methane transfer efficiency. 
Therefore, the uncertainty in indexed oxygen transfer efficiency is determined to be: 

U - ~(1- E )(Y,-I)U 
E02 - fi CH4 CH4 

1 

Uncertainty in Effective Depth from Index Method 

Effective depth from the index method was: 

deft:= p~m (~; -1) 
Cse 1 (x -X J where -:=- d .. 1/ +X 
Cs 100 E02(CH4 ) 1/ 

The uncel1ainty is a function ofPatm, y, and Cse . It has been determined by (Thene, et al. 
Cs 

1990) that uncertainty in Palm and yare negligible compared to uncel1ainty in Cse . So, 
Cs 

u2 _ [a(deft ) u ]2 
deJf - a(Cse / Cs)' CselCs 

The uncertainty in Cse is a result ofXd, Xu, and Eo2(cH4)' This uncel1ainty is as follows: 
Cs 

U2 :=[a(cse / Cs). U r ]2 +[a(cse / Cs). U r ]2 +[a(cse / Cs) . U, ]2 
CselCs ax Xd ax XI/ aE E02 

d U ~ 

where Uxu and UXd are the measurement uncel1ainty in upstream and downstream oxygen 
measurements, E02 is the oxygen transfer efficiency indexed to methane, and UE02 is 
uncertainty associated with the oxygen transfer efficiency indexed to methane. 

After the calculus is complete, the uncel1ainty in Cse is: 
Cs 
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[ ( J ]2 [( J ]2 [( J]2 2 1 1 1 -1 1 Xu - X d 
U = - -·U + - -+1·U + - ·u 

CselCs 100 E02 Xd 100 E02 XII 100 E~2 E02 

Substituting in for uncertainty in effective depth, we detennine: 
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