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INTRODUCTION 

Hydraulic structures have an impact on the amount of dissolved gases 
in a river system, even though the water is in contact with the structure for 
a short time. While water is flowing over a spillway bubbles become 
entrained into the water thus creating more surface area for gas transfer. 
Because of this, the same gas transfer that normally would require several 
miles in a river can occur at a hydraulic structure (Rindels and Gulliver, 
1986). 

Physics of gas transfer 

Several concepts have been proposed to describe the interfacial transfer 
of gases. One of the most accepted is Dobbins (1955) "surface renewal and 
penetration" or llfilm-penetration" theory. Dobbins combined Danckwerts' 
(1951) theory of surface renewal and the molecular diffusion concepts of the 
the "thin film" theory (Lewis and Whitman (1924)). This theory postulates 
that a "thin film" of water elements at the air-water interface will absorb 
gas through molecular diffusion until they are swept away from the surface 
and replaced by elements from below. Thus, the rate of mass transfer at 
the air-water interface depends upon the rate of surface renewal and the 
rate of molecular diffusion through the thin film at the interface. 

The application of the above theory to the gas transfer process leads 
to a first-order process in which the rate of change of the gas concentration 
in the water is linearly dependent on the ambient concentration. 
Mathematically the flux of any dissolved chemical across the air-water 
interface is given by the equation: 

F = K (Cal H - Cw) (1) 

where F = flux I unit surface area, K = transfer coefficient, Ca= 
concentration in the air, Cw = concentration of the dissolved chemical in 
water, and H ;::: Henry's law constant, an equilibrium constant. Ca I H is 
often called the saturation concentration, Cs. The transfer coefficient is 
given by the equation: 

(2) 

Where Kg is the gas film coefficient, representing transport in the air, KL is 

the liquid film coefficient, representing transport in the water. For 
, compounds of high volatility, such as those considered herein, K ~ KL. 

If we assume the coefficient KL remains constant over a hydraulic 

structure, then Eq. 1 may be integrated to give the deficit ratio, r 

(3) 
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, . . 
Cd = Concentration downstream of the structure 
Cu = Concentration upstream of the structure 
t = residence time of the bubbles 
.a :::: specific surface area (ratiO of total bubble surface area and total 

surface volume) 
Cs = 0 for most chemicals, except nitrogen, oxygen, and carbon 

dioxide, that have significant air concentrations. 

The terms Os - Cu and Cli - Cd are often referred to as concentration 
deficits. A more convenient form of Eq 3 is. as a transfer efficiency, E 

1 Cd C u 

E::::l- r .=C s - e u (4) 

A transfer efficiency of 1.0 means the full transfer up to the saturation 
value has occurred at the structure. No transfer would correspond to E ;::: 
0.0. Efforts to predict gas transfer at hydraulic structures have not been 
highly successful to date. Most studies deal are for a particular structure 
and are not applicable to other sites. Thus, the most reliable means of 
determining the transfer efficiency is to measure it. 

Measurement Techniques 

Many times interest lies in the transfer of oxygen from the atmosphere 
to the water. Therefore it seems logical to use oxygen for measurement. 
However there are some problems associated with dissolved oxygen 
measurements. If the dissolved oxygen level is clos~ to saturation the 
uncertainty associated with the measurements affects the overall uncertainty 
of gas transfer. Also, if the reservoir is stratified it is difficult to predict 
withdrawal from the various layers with the required precision. 

In light of these problems associated with measuring dissolved oxygen 
another method, known as the tracer technique, has been developed. The 
basis of the tracer technique is that the absorption of oxygen into the water 
and the de~orption of the tracer are equivalent. The tracer gas transfer is 
related to oxygen transfer through results of laboratory experiments. 

Tsivoglou (1967) measured gas transfer along a river reach by injecting 
radioactive krypton-85 into a river and measuring its concentration along 
the river reach. Rathbun, Shultz, and Stephens (1975) modified Tsivoglou's 
method to avoid the problems associated with using radioactive substances. 
They used ethylene and propane as tracer gases. The assumptions used 
were similar to those of Tsivoglou with changes made for the desorption rate 
coefficients for ethylene and propane. Sulfur Hexaflouride can be used as a 
tracer gas. SF 6 is ideal to be used as a tracer gas as it is biologically and 
chemically non-reactive and quantities of 10-16 M are detectable with a GC 
equipped with an ECD. 

Thene (1988) developed a headspace measurement technique and found 
measurable amounts of methane while using propane as a tracer gas. This 
discovery holds promise for use of methane as a tracer gas. Methane is 
produced in the bottom sediments as a byproduct of the anaerobic 
decomposition of organic material. No costly injection of gases, and the 
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uncertainty associated with them, is needed. In addition, methane 
concentrations can be measured using the headsJ?ace technique as described 
by Thene (1988) and Thene and Gulliver (1989). This technique requires 
only the equipment found in most GC laboratories. 

Objective 

This study was conducted to determine the gas transfer characteristics 
of the Anoka Dam on the Rum River and to test methane and sulfur 
hexaflouride as tracer gases for measurement of gas transfer at hydraulic 
structures. Dissolved oxygen measurements were also taken to measure the 
oxygen transfer directly. 

DESCRIPTION OF STRUCTURE 

The Rum River Dam is located on the Rum River in the City of 
Anoka, approximately 500 ft. upstream from the Main Street Bridge. Shown 
in Figure 1, the dam consists of an Amburson type cross-section (hollow) 
11.4 ft. high and 236 ft. long with a 20 ft. wide tainter gate spillway on 
the east bank. This structure is shown in cross-section in Figure 2. 

A hydraulic jump dissipates the excess kinetic energy of the flow ·at 
the tainter gate spillway. A free overfall is used for the fixed crest 
spillway. 

GAS TRANSFER MEASUREMENTS 

Samples were collected upstream and downstream of the tainter gate 
spillway on the east bank on March 22, 1989. Sampling locations are shown 
in Figure 1. The water temperature was 10C. There was approximately 8" 
of ice cover at the upstream location. The downstream sampling site was 
ice free. There are two important consequences produced by the ice 
formation: large upstream dissolved oxygen deficits and ease of sampling. 
Large upstream oxygen deficits occur because the ice cover minimizes 
photosynthesis and surface transfer while there is a net loss of dissolved 
oxygen due to respiration. There is usually no ice cover on the spillway, 
and the time of water passage across the hydraulic structure is very short. 
Thus dissolved oxygen concentration may be used to directly determine 
oxygen transfer. 'The ice formation also provides an excellent staging area 
from which samples could be taken. This allowed samples to be taken 
immediately above and below the spillway with relative safety. 

1. Dissolved Oxygen 

Dissolved oxygen water samples were taken in a dissolved oxygen 
sampler as described in Standard Methods (1980) using the mid-winter 
sampling technique developed by Rindels and Gulliver (1986). Eight samples 
were taken upstream and four samples taken downstream. All samples were 
taken at mid-depth. Samples were analyzed for dissolved oxygen using the 
Modified Winkler Method (Standard Methods (1980)). These samples were 
analyzed on March 22, 1989. 
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2. Methane 

Methane samples were taken in the same locations as the dissolved 
oxygen samples. Samples were gathered in a dissolved gas sampler as 
described by Thene (1988) and Thene and Gulliver (1989). Methane 
samples were taken at 4 ft and 9 ft depths upstream. This was done to see 
if methane was stratified in the reservoir. All downstream samples were 
taken at a depth of 5.5 ft. Four samples were gathered at each depth 
upstream and eight samples were taken downstream. 0.5 mL of 37% 
formaldehyde solution was added to stop bacterial action. 

Samples were brought to the Oivil and Mineral Engineering building at 
the University of Minnesota for analysis on March 22, 1989. Samples were 
transported upside down to prevent leakage through bubble formation due to 
temperature change. A 10 mL headspace was then created by inserting a 3 
inch needle open· to the air to the bottom of the sample and injecting 10 
mL of nitrogen gas just underneath the septa thus forcing water out through 
the large needle. Samples were then shaken for 1 minute to distribute the 
formaldehyde solution throughout the sample. 

These samples were then analyzed on April 21, 1989. The delay in 
analysis was due to the difficulty in finding a column that would separate 
oxygen and methane. The column selected' was a 4 ft. long 5A 60/80 
molecular sieve. The gas chromatograph used was a Hewlett Packard 5890A 
equipped with a flame ionization detector, a strip chart recorder and an 
electronic integrator. The injection port temperature was 25000 while the 
FID was kept at 30000. . The oven was kept isothermal at 90 00 and the 
carrier gas was nitrogen (the sa .. me grade as the. nitrog. en used to create the 
headspace in the samples) at 20 mL/min. The air flow was 450 mL/min 
and the hydrogen flow was at 30 mL/min. Under these conditions, the 
column was able to separate methane from any flame imbalance caused by 
oxygen in the sample. A typical chromatogram is given in Fig. 3. 

Concentration computations are similar to those as described by Thene 
(1988) and Thene and Gulliver (1989). The saturation concentration for 
methane is calculated from an equation given by Young, et al (1985). 
Thene found during calibration of propane the mass injected plotted against 
area counts response was linearly related. However, the calibration plot of 
methane standard injected vs. GO response is not linear but it does go 
through the origin. Therefore, the mass of each sample injection is found 
by interpolation using area counts response of the injection of sample 
headspace compared to area counts of known masses of methane. 
Concentration in the syringe is found by dividing the mass injected by the 
volume of sample headspace injected. The headspace concentration is then 
related to the water concentration by a headspace correction factor. Six 
injections from each bottle were taken and averaged to obtain a 
concentration of the bottle. 

Not all samples gathered on March 22 were analyzed on April 21 as 
some samples were used to develop the laboratory technique. Transfer 
efficiency was converted to oxygen at 200C using procedures outlined in 
Gulliver, et al (1989). This procedure is used to compare gas transfer 
experiments of two compounds. Given the diffusivities of the two gases and 
a temperature, a relationship can be derived describing the gas transfer 
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characteristics of a hydraulic structure. 

3. Sulfur Hexaflouride 

Two SF 6 doses were prepared at the St. Anthony Falls Hydraulic 
Laboratory. These doses were prepared by degassing a volume of water and 
then exposing the water to gaseous SF 6. Rhodamine - WT dye was also 
added to the doses for use as a conservative tracer. The dose samples were 
dropped to the bottom of the river at the upstream sampling location and 
broken with a remote detonator. Downstream samples were taken at a 
depth of 5.5 ft., and were taken when the dye reached a peak concentration 
as measured with a fluorimeter. Eight samples, four from each run, were 
taken downstream at the downstream sampling location. It took 
approximately 3 minutes from breakage of the bottles to peak dye 
concentration. Six upstream samples, three from each sample bottle, were 
taken from the dose bottles. Three background samples were taken 
downstream to check insitu levels of SF6. Sample vials used were similar as 
those used for the methane analysis. These samples were taken to the CME 
building where a 10 mL nitrogen headspace was created in the same manner 
as was done with the methane samples except no formaldehyde was added. 
These samples were taken to the U.S.C.O.E. Waterways Experiment Station 
in Vicksburg, MS for analysis. 

SF6 analysis was done from May 10-25, 1989 on a Hewlett-Packard 
HP5840 gas chromatograph equipped with an electron capture device, a strip 
chart recorder and an electronic integrator. The column used was a 6 ft. 
long 5A 80/100 molecular sieve. The oven temperature was held isothermal 
at 40 0C, the injector port temperature was 1000C, the ECD was at 3000C 
and the carrier gas was nitrogen which was flowing at 29.6 mL/min. 

Concentration of SF 6 in the sample was calculated in the same manner 
as the methane calculations except no mass of SF 6 is found. Concentration 
in the headspace is given as area count response divided by volume injected. 
A headspace correction factor relates the headspace concentration to the 
water concentration. As with the methane samples, six injections from each 
headspace were taken and then averaged to obtain a average for the bottle. 
The upstream samples had to be diluted as an injection of an undiluted 
sample overloaded the GC. A typical chromatagram is shown in Figure 3. 

The amount of rhodamine dye in each sample bottle was found with a 
fluorimeter. The fluorimeter used was a Turner-Design Model 10. A 
continuous reading was used in the field and a single sample reading was 
used in the laboratory. The dye readings were then averaged to arrive at a 
dye reading upstream and downstream for each run. As with the SF6 
samples, the upstream dye samples had to be diluted in order to be 
measured. 

As the SF6 was not well mixed at the structure an additional term is 
added to the calculation of transfer efficiency. 

E = 1 r d (5) 
r u 
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where E ;::: transfer efficiency 
rd = ratio of SF 6 concentration to rhodamine dye in downstream sample 
tu ;::: ratio of SF6 concentration to rhodamine dye in upstream sample 

The two doses prepared had different concentrations of SF6 and 
rhodamine dye which resulted in different downstream concentrations also. 
To account for varying dose concentrations, the overall transfer efficiency 
was the average of the two runs. 

The critical volume relationship developed by Kyosai, et al (1981) was 
used in place of a diffusivity relationship in converting the efficiencies from 
SFa at l 0 C to 02 at 200 C. Critical volumes were found in Reid (1975). 
Analysis of the background samples gave a signal at the same time as the 
SFa. However this response was' negligible when compared to the SF 6 

response and is not included in the analysis. 

4. Uncertainty Analysis 

Inadvertently, measurement uncertainty occurs due to the accuracy of 
the instruments, the repeatability of the measurements, or operator error. 
The total uncertainty of any measurement is a combination of precision 
uncertainty, or the repeatability of the measurements and bias uncertainty, 
o.r. the possible error that. WaUl. d effect each measurement in the same 
manner \ Abernathy, et al 1985). Therefore, . 

U = (W2 + B2)1/2 (6) 
E E· E 

where U ;::: 
E 

total uncertainty in the measurement 

WE;::: precision uncertainty in the measurement 

BE ;::: bias uncertainty in the measurement 

All uncertainties will be quoted to the 95% confidence interval. 
that of 20 measurements, 19 should be within this interval. 

A. Dissolved Oxygen Uncertainty 

This means 

Rindels and Gulliver (1989) attempted to quantify all significant 
measurement uncertainties in the D.O. procedures, such as the chemical 
titrant purity or the buret a.ccur .. acy.. D ... et.ai.ls of the unc.ertaintJ. .. analysis. for 
dissolved oxygen can be found in Rindels and Gulliver t 1989). The 
saturation concentration used was estimat~d using the atmospheric pressure, 
measured before and after sampling at the St.' Anthony Falls Hydraulic 
Laboratory barometer and the water temperature measured at the site. 
Since the saturation value is a function of water quality, the value used has 
been estimated to be 98% of the saturation value of distilled water with an 
uncertainty of 2%. This estimate has been documented in detail by Rindels 
and Gulliver (1989). Uncertainty analysis results for the dissolved oxygen 
measurements are shown in Table 2. 

B. Methane Uncertainty 

Uncertainty in the methane concentrations comes from four sources. 
Precision uncertainty in the measurement, precision uncertainty due to the 
headspace correction factor, uncertainty due to Henry's law constant, and 
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uncertainty due to the calibration. The most important factor of these is 
precision uncertainty. In Table 1 the precision uncertainty in each sample 
is shown. Overall methane uncertainty analysis are shown in Table 2. It 
can be seen the bias due to Henry's law is insignificant, The details of 
methane uncertainty are found in Appendix A, 

C. SFa Uncertainty 

Uncertainty in the SFa analysis is due to a number of factors including 
precision uncertainty in concentration of SF a, bias in dilution of SF6, bias in 
the headspace correction factor, bias due to Henry's law, and due to dilution 
of rhodemine dye. As with the methane analysis, precision uncertainty is 
the largest factor with bias due to Henry's law constant being insignificant. 
Uncertainty results are shown in Table 3. More details of the SFa 
uncertainty analysis are given in Appendix A. 

RESULTS 

Due to the ice cover there was a sufficient dissolved oxygen deficit and 
therefore dissolved oxygen concentrations may be used to determine oxygen 
transfer. Individual sample results are shown in Table 1. D,O. 
measurements resulted in a transfer efficiency of 0.676 with an uncertainty 
of 0.034 at 100. Converted to 20 00 the transfer efficiency was 0.834 with 
an uncertainty of 0.028. Overall results are tabulated in Table 2. 

The methane results gave a transfer efficiency of 0.502 with an 
uncertainty of 0.065. Individual sample results are shown in Table 1. 
Converted to oxygen at 20 0C the transfer efficiency was 0.714 with an 
uncertainty of 0.067. Overall results are given in Table 2. Some probable 
sources of the difference between the methane results and the oxygen results 
are discussed below. 

For sulfur hexaflouride the results showed an E of 0.355 with an 
uncertainty of 0.068. Individual sample results are given in Table 1. 
Converted to oxygen at 20 0C the transfer efficiency was 0.614 with an 
uncertainty of 0.088. Results are shown in Table 2. 

DISCUSSION 

With the methane samples, it is believed nO error is introduced due to 
the injection of formalin as a preservative. Subsequent analysis has shown 
that 40 mL samples injected with 0.5 mL of formaldehyde exhibit no 
degradation of methane with time. 

One objective of this exercise was to see if measurable levels of SF6 
could be detected downstream of a structure. In this regard this experiment 
was a success as there was ample SF6 measured by the GC in the 
downstream samples. An un quantified potential source of error could be the 
time gap between gathering and analysis. There was eight weeks between 
gathering and analysis and this might have been enough time for the 
rhodamine dye in the downstream sample time to degrade. Rhodamine dye 
can be degraded through light as well as through biological action. It is 
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thought that only the downstream samples would decay as they were opaque 
(thus light could decay samples) and the upstream samples were very dark 
and would not pass light. If this did happen rhod would be smaller, thus 
raising rd and decreasing E. It was calculated that only 10.7% of the 
rhodamine in the downstream samples would have to decay for the methane 
results and the SF 6 results to match. One way to minimize this problem is 
to analyze the samples as fast as possible after gathering and if this can't 
be done, the samples should be stored in a dark container so as to not let 
in light. 

The indexing equation given by Gulliver, et al may be one source of 
error. The equation has not been verified for methane or SF6 at 100. To 
convert the SF6 results to O2 at 2000 the critical volume relationship of 
Kyosai (1981) was used. This relationship may not hold for chemicals with 
high critical volumes, such as SF 6 (critical volume:::: 198.8 cm3). 

The major difference between the oxygen and the tracer measurements 
is likely due to the pressure difference that bubbles undergo in the stilling 
basin. As a bubble gets dragged under the surface and gets deeper into the 
stilling basin the hydrostatic pressure increases, raising the saturation 
concentration of the water in contact with the bubble. Thus the measured 
oxygen transfer efficiency using Os at atmospheric pressure is higher than 
the actual efficiency. Assuming the methane results were correct, a 
"corrected" mean saturation concentration for D,O. of 14.73 mg/l was 
calculated, compared to 13.58 mg/l at atmospheric pressure. This saturation 
concentration would occur at only 2.77 ft. of depth. The depth in the 
stilling basin was 11 ft. 

A check was performed to verify that methane would not enter into a 
bubble at a significant rate and affect the gas transfer rate. As a bubble 
becomes entrained into the flow it contains no methane as there is very 
little methane in the atmosphere, i.e., Os :::: 0 for methane. Just prior to 
leaving the stilling basin, the same bubble will have gained methane from 
the surrounding water, which is assumed to be insignificant. As there is 
methane in the bubble, the driving force of the gas transfer is less than 
what it was when the bubble first entered the flow, or Os is no longer zero. 

Ervine and Elsway (1975) studied the rate of air entrainment caused 
by a rectangular jet impinging on a free surface. They found the following 
relationship: 

where Qa is the discharge of entrained air, Qw is the discharge of water b 
is the width of the jet (20' at this site), p is the perimeter of the jet (for 
our purposes the length of jet exposed to the surface or 20' was used), h is 
the fall height, t is the thickness of the jet, v is the velocity at impact and 
Vo is the minimum velocity needed to entrain air. The minimum velocity 
to entrain air was found by Ervine and Elsway to be 1.1 m/s. 

To determine if the amount of methane in a bubble is significant the 
mass flow rate of methane from the water is calculated as: 
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(8) 

where Cm ::::: concentration of methane in a bubble 
Qw ::::: water flowrate 
Qa = air entrainment rate, from Ervine and Elsway 
Cu = concentration of methane in water upstream 
Cd = concentration of methane in water downstream 

From the above equation, Om ::::: 10.3 p,g/l. This would be the methane 
concentration in a bubble downstream. 

The saturation concentration of a bubble downstream can be found 
from the ideal gas law and the relationship that 1 gram~mole of an ideal 
gas at DoC and 760 mm Hg will occupy 22.414 liters. The concentration of 
methane is then: 

1 gm mole 

22.414 1 
(9) 

Multiplying both sides by the molecular weight of methane will give a 
concentration in grams/liter. The concentration is then corrected to the 
partial pressure of methane in a bubble which is found by Henry's Law. 
The equation for the saturation concentration of methane is then 

where 

C - M pIg mo I e (10) 
sm - CH4p 2 2 . 41 4 c m 3 

Csm ::::: saturation concentration of methane in a bubble 
MCH4 = molar mass of methane 

p = partial pressure of methane found from Henry's law 
P = total pressure 

At 10C and assuming Cw ;:::: 8.1pg/1 (the downstream water concentration of 
methane) then Csm ::::: 145.6 ftg/l. As Csm is an order of magnitude greater 
than em it is assumed that concentration change of bubbles in the flow does 
not significantly affect transfer efficiency. 

More measurements should be made to investigate the effect of 
discharge on the effective saturation concentration of D.O. in a tailwater. 
At this site measurements could be taken at a variety of gate openings, thus 
changing the flow. The additional momentum of the higher discharges 
would allow the bubbles to get deeper in the stilling basin thus enhancing 
D.O. transfer but not tracer gas transfer. In addition, simultaneous tracer 
and D.O. measurements could be performed at other structures to determine 
the dependence of the transfer efficiency difference on tailwater depth. 

More measurements could also be taken in a lab to check the indexing 
relationship of Gulliver, et al to methane and SF6• Simultaneous 
measurements of D.O., methane and SF6 would be taken and efficiencies 
compared. 
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CONCLUSIONS 

The field test were quite successful. Methane was present in quantities 
that could be measured, and the methane transfer efficiency results are 
believed to be accurate to +/~ 0.067. The in~itu technique proved to be 
relatively simple, requiring little field equipment. 

The dosage of sulfur hexaflouride was too strong for this structure. 
By diluting samples, however, the concentrations could be reduced to the 
point where they could be analyzed by a GC equipped with an electron 
capture device. One problem is that the samples were exposed to light for 
three weeks before analysis, which may have reduced the rhodamine dye 
concentration. This is the likely cause for the difference noted between the 
methane and the sulfur hexaflouride efficiencies, when adjusted to a common 
base. Another possible reason may be due to the use of critical volumes to 
estimate the diffusivity ratio of the gases, which may not be accurate for 
heavier gases such as sulfur hexaflouride. 

A major difficulty was also discovered in the application of tracers to 
oxygen transfer at structures. A tailwater of 11 ft. caused a significant 
difference in the transfer efficiencies, because of the higher saturation 
concentration of oxygen at higher pressures of the tailwater. This 11 ft. 
tailwater depth is not uncommon for hydraulic structures. This problem 
should be investigated further, with additional measurements at this 
structure and at other structures with different tailwater depths. 
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APPENDIX A. Uncertainty Analysis 

Methane Uncertainty 

The uncertainty analysis for methane is similar to that as described by 
Thene (1988) and Thene and Gulliver (1989). Thene examined the possible 
errors in his experiment due the bias in the syringe, Henry's Law, and 
standard gas along with the precision uncertainty associated with the 
experiment. He concluded if one syringe is used throughout an experiment 
there is no need to consider the syringe bias. In addition, transfer efficiency 
is independent of the standard gas concentration as long as the mass versus 
area counts is described by a linear line through the origin. He defined the 
uncertainty in the transfer efficiency due the precision uncertainty in samples 
as: 

WE; ~ [~ Wcur + [-~ WCdr 
Cu Cu 

(1) 

where W EP~ uncertainty in transfer efficiency due to precision uncertainty 

in the samples 
Cd = concentration downstream 
Cu = concentration upstream 
WCd = precision uncertainty in downstream samples 
WCu ~ precision uncertainty in upstream samples 

Uncertainty of the upstream and downstream samples is found two 
ways. and the larger value is used in computing precision uncertainty in 
equation 1. Uncertainty in the upstream samples can be found by 

WC~ ~ 1 ~u Wc.2 
--...... i.=l 1 nu:.! 

(2) 

Where nu = number of bottles upstream 

WCi ~ uncertainty in individual bottle = (J t(n-l) I nO. 5 

(J' = standard deviation of concentration in bottle i 
n = number of samples in bottle 
t(n-l) ~ student t-score 

Another way uncertainty of upstream concentration is found is by 
treating the bottle averages as a group and finding their uncertianty. This 
method doesn't assume the bottle averages are similar as is the case with 
equation 2. The equation is given as 

WCu = (J' t(n-1) / (nu)O'5 

Where (J' ~ standard deviation of bottle averages 
n = number of bottle upstream 
t(n-l) = student t-score 
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Calculations are similar for finding uncertainty in downstream samples. 
The larger of the uncertainties is used to compute uncertainty in transfer 
efficiency via equation 1. 

Thene defined a headspace correction factor as: 

RCF ~ [~m T R + ~:l 
where RCF ~ headspace correction factor 

R = universal gas constant 
T = temperature 
Mm ~ molar mass of methane. 
R = Henry's law constant 
VR = volume of headspace in the sample 
Vw ~ volume of water in the sample 

(4) 

This factor converts a gas phase concentration to an original dissolved 
concentration. The the uncertainty in the transfer efficiency due the bias in 
the headspace correction factor is: 

W 2 ~ [_ Cd 0 . 0 1 Cu]2 + [1 O. 0 1. Cd] \5) 
RCF ~ (n u ) 0·5 ~ (n d) 0 ·5 

where W HCF ~ uncertainty due to headspace correction factor 

nd = number of downstream samples 
nu ~ number of upstream samples 

As with the computations, an exception to Thene's method is a 
different equation used to compute the saturation concentration of methane. 
Young, et al (1985) gave a standard error in Os equal to 0.5% for 36 

points. The 95% confidence interval will then be 0.5(t(35))/((36))0'5= 
0.17%. The bias in E due to H is given by: 

B 2 = [ Cd B _ Be dJ 2 

EH C~ CU ~ 
(6) 

To find the uncertainty in E due to uncertainty in the calibration six 
volumes of standard were injected six times. The mass of methane in each 
sample was calculated as well as the mean the area count and the 
uncertainty associated with the area count response. Mass of methane in 
the syringe is determined by interpolation using area count of an injection 
compared to area counts of a known mass of methane. As an example, if 
the area count of an injection fell between the second and third area count 
responses of the standard then the mass of methane in the syringe is; 

M ~ M(2) + [ AC-AC ( 2) 1 (M(3)-(M2)) (7) 
AC ( 3 ) -AC ( 2 ) 

where M = mass of methane in syringe 
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M(2) = mass of methane in standard volume 2 
AC(2) = area count response in standard volume 2 
M(3) ::; mass of methane in standard volume 3 
AC(3) = area count response of standard volume 3 
AC = area count response of sample injection 

Uncertainty in the mass of methane injected is then: 

where W M = uncertainty in mass of ,methane injected 

W M(2) = uncertainty in the standard calibration = U AO M(2)j mean AC 

W M(3) = uncertainty in the standard calibration = U AO M(3)j mean AC 

U AO ::; uncertainty of area count responses in calibration 

Concentration in the syringe is given by: 

o ::; M 
SYR ----

V INJ 

(9) 

Then uncertainty in concentration is given by: 

W = 8C W _ 1 WM 
o 8M M =V'-I-N-J 

(10) 

The concentration of methane in the sample is given by: 

(11) 

so the uncertainty in Ow due to uncertainty in calibration is: 

W = 80 w W = ROF Wc (12) 
Cw 8C C 

·HS 

The concentrations for each bottle are averaged. The uncertainty in the 
mean concentration due to calibration uncertainty is: 

1 ninj 
W - ~ W 

CAL - --'TT"2 1:::1 Ci n 
(13) 

i n j 

Then the mean concentrations for each bottle were averaged to get a mean 
concentration upstream and downstream. The uncertainty In Cu due to 
calibration uncertainty is: 
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(14) 

Similarly for the downstream samples. Uncertainty in E due due calibration 
uncertainty is given by: 

2 

WCAL ~ [~u WCd]' + [~: WCu r 
To summarize, the following uncertainties are calculated: 

UE = Overall uncertainty in E 

W EP = Precision uncertainty in the measurement 

(15) 

(16) 

W RCF = Precision uncertainty in the the headspace correction factor 

BEB: = Uncertainty due to bias in Henry's Law Constant 

W CAL = Uncertainty due to uncertainty in calibration. 

In Table 1 the precision uncertainty in each sample is shown. Overall 
methane uncertainty analysis results are shown in Table 2. 

B. SF 6 Uncertainty 

Precision Uncertainty 

With the SF6 samples an r value was found for each injection. The r 

values were averaged to get an average Ii for each bottle. These averaged 
r values were then used to find an average r, ru and rd, upstream and 
downstream for each run. To calculate the precision uncertainty of SF 6 

concentration the standard error, s, was calculated for each bottle: 

2 1 n. -
S 1 ;:::: --.-_,,-- }jl (r i,j - r i) 2 

n i-I j=l 

(17) 

This standard error was then adjusted to a 95% confidence interval 
using the student's t score: 

Wri ;:::: t ( n i-I) s i (18) 
(n)O.5 

Next the mean r values for each bottle were averaged to get a mean r 
value upstream and downstream for each run: 
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1 nu_ 
ru ;::: }J r i 

n u i::1 

The uncertainty in the averaged concentration is then: 

W 2 _ 
ru 

1 nu 
}J W 2 

- Ii n 2 10:1 
u 

(19) 

(20) 

This is analogous to what was done to find preclSlon uncertainty in 
the methane samples. This uncertainty value is then compared to the 
uncertainty of the average bottle values computed as: 

Wru := (J t(nu ~ 1) I (nu)O.5 (21) 

Where Wru ;::: uncertainty in the upstream samples 

(J ;::: standard deviation of Xi. 
nu := number of bottles upstream 
t(nu - 1) = student t-score 

The larger of the two values for upstream r uncertainty (Wru) is used 
to find the precision uncertainty. Calculations for the uncertainty in the 
downstream samples are similar. 

or 

Precision uncertainty is found for each run by: 

2 

WEI = 

W 2 = [-1 W ]2+[ r d W ]2 
El - rd 7Y ru 

r u r u 

Calculations are similar for the second run. 
uncertainty is found by: 

(22) 

Overall precision 

W- 2 = [BE W ] 2 + [BE W ] 2 (23) 
EP BE 1 El BE 2 E2 

or w- 2 _ [ 1 W ] 2+[ 1 W ] 2 
EP - "2 El "2 E2 

Rhodamine Dye Dilution Uncertainty 

To measure the dye in solution in the upstream bottles the sample 
was diluted. The sample was diluted three times, 10mL of sample was 
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added to one liter of clear water, then 10mL of this solution was added to 
another liter of clear water, and finally 5mL of this solution was added to 
5mL of clear water. Ru is calculated as: 

Cu ru = ~~ __ ~ __ __ 
rhou Drho 

where Cu := upstream concentration of SFe 
rhou ::::: concentration of rhodamine dye 
Drho ::::: dilution factor for rhodamine dye 

Then the bias in ru due to the dilution is: 

Bru ::::: Br u B 
BD rho Drho 

(24) 

(25) 

The syringe accuracy for the dilution is specified to 1%. Thus, 
assuming a 1% bias in each dilution and multiplying by the number of 
dilutions then: 

Bru;:: C u 0.01 D (3) - 0.03 ru 
rhou D2 

Propagating to get a bias in E, then 

BE BE := ____ Bru 
Bru 

(26) 

The downstream samples need not be considered as only the upstream 
samples were diluted. Therefore, 

Calculations are similar to arrive at BE2, Overall bias in E due to 

dilution of rhodamine dye is found by 

[ BE B ] 2 [BE B ] 2 
B'E2:= BE 1 El + BE 2 E2 (28) 

Which leads to: 

[ 1 B]2 [1 B ]2 "2 El + "2 E2 (29) 

SFe Dilution Uncertainty 

To measure the concentration of SFe In the upstream sample the 
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samples were diluted also. Thus, 

AC .[_R T + VB] 
Cu ;::= V· M s H Vw D 

SYR 

where Cu := concentration of SFe in upstream sample 
AC := area counts 
V SYR :::: volume of syringe 

VH := volume of headspace in sample 

V w := volume of water in sample 

T := temperature 
R := universal gas ratio 
Ms := molar mass of SF a 

H := Henry's Law Constant 
D :::: dilution factor 

(30) 

A 40 mL bottle was filled with distilled water and a large needle was 
inserted to the bottom of the vial. N 2 gas was fed into the vial just 
underneath the septum until all the water was removed from the vial. The 
same vial was used for each sample. This procedure resulted in the vial 
containing N2 gas with no SFa present. A 10p,L volume from the headspace 
of the sample was then introduced into the vial. Six 10J..tL samples were 
then injected into the GC from this vial. It was determined that the 
volume of the vial was 37.97 mL. This was done by weighing the vial full 
of water and weighing the vial empty and dividing by the density of water. 
The dilution factor was then: 

D := V y i a 1 :::: 3 7 . 9 7 mL :::: 3796.7 (31) 
Vinj 10 p,L 

Bias in the dilution factor is due to bias in the volume of the vial and 
in bias in the syringe. Volume of the vial is given as: 

Vy := WtFULL - WtEMPTY (32) 
p 

Density of water is given from an equation by Gebhardt and Mollendorf 
(1977), 

p :::: 999.9726 (1-9.29x10-al T-277.029 I 1-896 (33) 

where p is the density of water (giL) and T is the temperature of water 
(K). The value for density is accurate to within 0.00035%. It is assumed 
that negligible uncertainty is introduced by use of this equation. The bias 
in volume of the vial is then: ' 

Bv2 == (BWtFULL - BWtEMPTy)2 p-2 (34) 

The scale used was accurate to 0.05 grams. Using the above, By - 0.10 
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ml. Bias in the syringe is given to be 1% of the total volume of the 
syringe or 0.1 fil. Then bias in the dilution factor is: 

BD 2 ;:::. Bvial + BSYR [ 8D ]2 [8D ]2 
8V v ial 8V SYR 

(35) 

BD :=: 39.3 ~ O.OlOD 

Propagating the bias in C, 

Be:=: 8CBn::::: AC [l,{-~ + VH lo.OlOD (36) 
8D V S YR Ms H Vw 

or Be:::::O.OlO C 

To arrive at the bias in r due to a bias in C, 

B ::::: 8 r B ::::: 1 0.010 C (37) 
Iu 8C C I h 0 u 

B ::::: Iu 0.010 ru 

As with the rhodamine dye, there is no error in the downstream 
samples as only the upstream samples were diluted. Arriving at the bias in 
Ei, 

B ;::: BE 1 B 
El 8 I u 1 Iul 

I d 1 
2 r u 1 

B ;::: r d 1 0.010 
El --

r u 1 

0.010 rul (38) 

Calculations are similar for the second run. Overall bias in E due to 
dilution of SF6 is performed by equation 27. 

[ 1 B]2 [1 B ]2 '2 El + '2 E2 

Fluorimeter Bias 

To find the bias in E due to a bias in the fluorimeter the transfer 
efficiency is rewritten as: 

E:::::l-[::J (39) 
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and therefore (40) 

The. bias in rd/ru = 0.. so that the bias due to the fluorimeter does not 
effect the transfer efficiency. ;',' 

Bias due to Headspace Correction Factor 

Another bias that occurs is due to the headspace correction factor. 
This term converts the concentration in the headspace to a dissolved 
concentration in the water. The headspace correction factor is defined as: 

[ R T VH] 
RCF ;::: Ms H + Vw ( 41) 

The analysis is similar to Thene (1988) and Thene and Gulliver (1989). 
Using an uncertainty of two times the smallest division of the scale and 
assuming negligible uncertainty from the density term, the uncertainty in the 
concentration of SF6, W C' ;::: 0.018 C. Propagating the uncertainty to r: 

W ;::: ar w 
r ac C 

(42) 

or 1 W;::: . 0.018 C = 0.018 r 
r rho 

So the uncertainty in E will be: 

Calculations are similar for the second run. Overall uncertainty due to 
uncertainty in the headspace correction factor is found via equation 31: 

2 

WHCF == 

Henry's Law Constant Bias 

[ 1 W J2 [1 W J2 '2 El + '2 E2 (44) 

As with the methane uncertainty analysis, there is an uncertainty 
associated with Henry's Law Constant. This analysis is similar to that done 
for the methane only this is done for SFe• 

Wilhelm,et al gave a standard error in Os of 0.53% for 15 points. 

The 95% confidence interval is then 0.53 (t(14))/(15)O'5 ;::: 0.29%. Then the 
bias in the concentration due to His: 
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0.0029 H (45) 

Then to propagate the bias to r: 

B := ar B _ 
r 8C C 

(46) 

This bias is of unknown sign but is assumed to be of the same direction in 
the upstream and downstream concentration, thus the biases can be added 
algebraically. The biases in the upstream and downstream average 
concentrations are the average of the' individual biases. 

Then to convert bias in E due to H: 

B 2 = [ r d Br _ B r dJ 2 
El ~ u ----

r u r u 

Calculations are similar for the second run. Overall bias in E due to H is 
given by equation 38. 

2 [1 B]2 [1 B ]2 
BH = 2" El + 2" E2 

To summarize the following are calculated: 

W EP = due to precision uncertainty 

BDr = due to a bias in dilution of rhodemine dye 

BDSF6 = due to bias in dilution of SF6 , 

BRCF := due to a bias in the headspace correction factor 

BR = due to bias in Henry Law Constant 

Thus the total uncertainty in E, UE is: 

U - (W 2 B 2 B 2 B 2 B 2) 1/2 
E - EP + Dr + DSF6 + RCF + R 

These are shown in Table 3. 
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Bottle Number 

16 
64 
12 
55 
48 
30 
57 
18 

Bottle Number 

402 
403 
395 
397 
399 
404 
401 
406 
394 
50 
60 
57 

TABLE 1 Individual sample results 

Concentration 
jJg/l 
16.65 
15.81 
15.03 
14.78 
7.20 
8.74 
7.95 
8,48 

Methane 
Uncertainty 

/kg/l 
1.65 
0,41 
0.44 
0.58 
0.48 
0.37 
0,46 
0.25 

Dissolved Oxygen 
Concentration Comments 

mg/l 
7.40 
7.46 
7.39 
7,44 
7.33 
7.46 
7.40 
7.59 
11.57 
11.56 
11.59 
11.58 

Upstream 
Upstream 
Upstream 
Upstream 
Upstream 
Upstream 
Upstream 
Upstream 
Downstream 
Downstream 
Downstream 
Downstream 

Comments 

Upstream 4ft depth 
Upstream 4ft depth 
Upstream 4ft depth 
Upstream 9ft depth 
Downstream 5.5ft depth 
Downstream 5.5ft depth 
Downstream 5.5ft depth 
Downstream 5.5ft depth 

Saturation concentration at 10C := 13.58 mg/l 

Sulfur Hexaflouride 

Bottle No BF6 fluorimeter r value Uncertainty 
cone reading 

8 I-A 3.60xlOB 5.10xl06 70.65 1.09 Up run 1 
Sl-B 3.33xl0B 5.00xl06 66.66 1.36 Up run 1 
Sl-C 3.44xlOB 5.20X10 6 66.31 2.07 Up run 1 
A1-1 8080 220.0 36.73 2.59 Dwn run1 
Al-2 9938 225.0 44.17 2.85 Dwn run1 
Al-3 11432 245.0 46.66 0.50 Dwn run1 
A 1-4 10425 245.0 42.55 1.25 Dwn runi 
82-A 3.27x10B 4.30x10 6 75.98 2.04 Up run 2 
S2-B 3,46xl0B 4.30xl06 82.37 2.71 Up IUn 2 
82-C 3.24xlOB 4.30xl0 6 75.26 3.78 Up run 2 
A2-1 15593 335.0 53.46 4.04 Dwn run2 
A2-2 14704 310.0 47,43 2.54 Dwn run2 
A2-3 16719 315.0 53.08 2.27 Dwn run2 
A2-4 16990 330.0 51.49 2.19 Dwn run2 
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TABLE 2 

D.O. METHANE SF6 
Upstream 
Concentration 7.41 mg/l 16.25 /-Itg/l 

Downstream 
Concentration 11.58 mg/l 8.10 /-Itg/l 

Saturation Concentration 13.58 mg/l 

Transfer Efficiency 0.686 0.502 0.355 

Total Uncertainty in E 0.034 0.065 0.068 

Precision Uncertainty 0.0645 0.066 

Uncertainty due to headspace 
correction factor 0.00352 0.0089 

Bias due to Henry's Law 0.00001 0.000051 
in headspace analysis 

Uncertainty due to calibration 0.00137 

Deficit Ratio 3.09 2.01 1.55 

Transfer Efficiency 0.834 0.714 0.614 
(converted to O2 at 200 0) 

Uncertainty 0.028 0.067 0.088 
(converted to O2 at 20 0C) 
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TABLE 3 SF 6 Results 

Overall E 0.355 

Run 1 E 0.371 

Run 2 E 0.338 

Total Uncertainty in E 0.068 

Precision Uncertainty 0.066 

Bias due to SF 6 dilution 0.00457 

Bias due to Rhodamine dilution 0.014 

Bias due to HSO 0.0089 

Bias due to Henry's Law 0.000051 

Defici t Ratio 1.55 

Transfer Efficiency 
(converted to O2 at 200 0) 

0.614 

Uncertainty 0.088 
(converted to O2 at 200 0) 
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Figure 3. Samples of two chromatagrams 


