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ABSTRACT

During March -1976, a plume survey field program was conducted
to determine the diffusion coefficients and turbulence parameters
associated with the GCOS effluent plume. Airborne measurements
were conducted under various meteorological conditions ranging

from stable inversions to neutral stability cases.

Five cases were selected for detailed analysis of plume geometry,
mass flux calculations, and turbulence characteristics. Comparisons
were made between observed plume structure and the Gaussian-
predicted profiles. Lateral and vertical plume spread was derived
for each case and compared with the Pasquill-Gifford stability
"classes. Significant comparisons were made between observed
diffusion estimates and the estimates of the standard deviations

of the horizontal and vertical wind components.



1. INTRODUCTIGON
In January 1976, Intera entered contract with the:-Alberta 0il

Sands Environmental Research Program to design and conduct a fietd pro-
gram, and to analyze specific data from that program. The field program
consisted of a three-week aerial gas-tracer sampling program in the

Athabasca 0il Sands area, using SO, emissfons from the G.C.0.5. plant as

2
a tracer.
This final report is submitted to the AOSERP Meteorology
and Air Quality Technical Research Committee as part of the terms of
the contract. This report presents a review of the terms of reference
of the contract, a description of the equipmént and experimental
techniques used during the field program, summaries of the data collected
and discussions of the results of the data analysis.
Pl TERMS OF REFERENCE
The terms of reference of the study as specified in the attach-
ment to the AQOSERP letter to INTERA dated January 19, 1976, are summarized
in the following.
1) . Design and conduct a three-week aerial gas tracer sampling pro-
gram using SO2 emissions from the G.C.0.S. plant as a tracer.
The instrumentation and aircraft proposed must determine statis-
tically reliable values of
- plume width, depth and cross-sectional areas,
- plume height above groundievel and downwind tra-
Jectory from source,
- three~dimensional concentration fields and flux
of 502 and various downwind location for mass
balance considerations, and
- associated turbulence levels,
2) Analyze the level of plume dispersion over complex terrain by
- presenting three-dimensional concentration profiles
and deriving their deviation from the Gaussian dis-
tributions of simple plume diffusion models, and
- deriving standard deviations of horizontal and vertical
distributions as functions of downwind distance, com-

paring of these values with the standard deviations



3)

h)

reported in the literature and correlating these
values with measured leveis of turbulence.
Determine the effects of topography on the plume trajectory by

comparing observed plume rise with that predicted by popular

.theoretica?/empirlcaf models,

Carry out other analysis as appropriate to extract maximum
amount of usable information from the data.
Make recommendations for improving subsequent aerial sampling

programs.



2. EQUIPMENT

The specific objectives of this study required the accurate
determination and recording of various meteorological state parameters,
atmospheric turbulence data, and effluent 802 plume characteristics.

The sensing and recording platforms for this field study were mounted

on a light twin-engine aircraft, a Cessna #11. The five-seat passenger

configuration was modified considerably to accommodate two standard

19" instrument racks and a technician's station. ThesaIFacks housed the
sensing and recording control units, and the primary power distribution

panel.

An external sampling panel was fabricated to mount the sampling
probes and intake lines. This panel served the dual role of aircraft
escape hatch and instrument mounting panel, which facilitated the in-
stallation of numerous instrument mounts without having to cut additional
holes in the skin of the aircraft. The panel supported the isckinetic

probes for the Sign-X S0, Analyzer, viewing ports for the COSPEC monitor,

and the E.G.&8G. Dew Poini Hygrometer.

The turbulence probe was mounted through the nose of the air-
craft, parallel to the longitudinal axis. This probe consisted of isolated
pitot and static pressure sources and fwo vanes. The vanes were ortho-
gonally-mounted pitch and vaw vanes. A sliding Instrument tray was installed
in the part nose compartment to house the pressure transducers and power
distribution panel for the probe system. 1t was desirable to reduce the
distance between the pressure sensbrs and signal tranducers as much as
possible, to prevent pressure surges fTrom developing along the lines.

2.1 AIR CHEMISTRY PACKAGE

The effective measurement of an effluent plume structure by an
airborne platform requires sensitive, accurate and fast-response samplers
that are relatively easy to operate in the air. The accuracy and sensi~-
tivity requirements are common to ahy sampling device. However, the
response characterisitics hecome critical whenever considering a mobile
sampling platform, The aircraft is normally operated at 60 m/sec (120 kts)
which places a considerable constraint on establishing plume boundaries
whenever using a slow-response instrument.

The aivr chemistry instrumentation used for the S0, measurements

2
wWas the Sign-X S0, Analyzer and the Barringer COSPEC Il Remote Sensing

2



Correlation Spectrometer. The Sign X system provides a continuous
measurement OF.502 concentration along a flight traverse. The COSPEC
system, on the other hand, provides an integral value along the optical
beam volume. For this study the COSPEC beam was sampling vertically
upward, so that the resultant signal would yield the total 802 burden
upward from the aircraft level.

The Sign X 802

conductivity of a sample of deionized water which dissolves all incoming

Analyzer continuousily measures the electro-

SO2 gases., Once the conductivity of this sample is measured, the 802
solution is converted back to deionized water, which is then recycled
through the flow system. The threshold sensitivity of the analyzer is
0.02 ppm, and the SO2 readings have an accuracy of +15% of the cali-
brated range. The time constant for the readings is 2.5 seconds, which
is adequate for aerial sampling. The operation of this analyzer is
shown schematically in Figure !

During the field study the output signal from the Sign X was
monitored on an MFE chart record as well as being digitized and recorded
with all the other sensor outputs., The visual display o SGZ concentra-
tion was used extensively by the crew to reference plume positioning and
maximum or centreline plume concentration along a traverse. The Sign X
system was laboratory calibrated before and after the field program.

The complementary air chemistry unit used for this study was
the Barringer Correlation Spectrometer (COSPEC 1l1). This system provides
an estimate of the total burden, or integral value, of 502 along an
optical beam. For the airborne installation, the optical beam was
directed vertiéaily, so that the output signal is an estimate of the
SO2 burden upward from the aircraft flight level.

As seen 1n Figure 2, the sensor contains twoe telescopes to
collect light from a distant source, a spectrometer for dispersing the
incoming light, and a correlator. The correlator provides a high contrast
reference spectrum for matching against the incoming spectra, in the
absorption bands of the target gas. The resulting light modulations are
detected by photo-multiplier tubes which produce a voltage output propor-
tional to the optical depth or burden of the gas under observation. The

unit contains a reference sample of the 502 gas which can be selected by
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the technician. Frequently during the flight traverses this reference
sample was selected in order to maintain an on-going field calibration.
Additionally, the unit was shop-calibrated prior to installation on the
aircraft.

The dynamic range of the COSPEC is from 1-]01+ ppm-m with a
threshoid of 6 ppm-m for an 8 second integration time. The response
time is as fast as | second, with selectable integrating time-steps up
- to 32 seconds. As with the out put signal from the Sign X, the signal
from the COSPEC was monitored on a chart record as well as recorded
via the data acquisition system.

INTERA originally proposed a second point SO2 sampler for
this study, a Thermo-Electron pulsed fluorescent analyzer (TECO-43). A
TECC system was graciously made available by the Alberta Department of
Environment during the field study. However, the response time of 2-4
minutes associated with that particular model of the TECO system pre-
cluded its application in an airborne mode, and it was not installed in
the aircraft.

A back up Sign X SO2 manitor was taken to the field study to
be available in event of malfunction of the principal Sign X monitor.
While it was not needed for the airborne system, it did serve as a tem-
porary replacement for an AES Sign X monitor that was damaged in transit
from Teronto.
2.2 AIRBORNE TURBULENCE PACKAGE

The measurement of turbulence is important in an assessment of
plume diffusion by turbulent mixing. It is possible to measure the total
amount of turbulent energy simply by measuring dissipation through the
measurement of band-limited high~frequency pitot pressures. However,
this fechnique of measuring turbulence levels is not advantageous if a
careful study of plume dispersion Is desired. In trying to relate ob-
served plume geometry to the turbulent mixing mechanisms, it is important
to know how the turbulent energy is distributed at the larger size scales
which dominate the mixing process. In addition terrain-induced vertical
mixing is difficult to document using just dissipaticn measurements.

The system used by Intera can resolve the actual gust velocities,

Once the gust velocities are available the statistics for the horizontal



and vertical components of turbulence can be examined separately. Direct
measurement of stability as a functlon of height can be made using Fiux
Richardson Numbers or Monin Obukhov Tength scales. Such stability
information is very beneficial in the interpretation of plume isopleths.

To measure the environmental gusts, it is necessary to deter-
mine the complete motion forces acting on an aircraft in flight, in
order to differentiate thuse wind components that are attributable to
aircraft motion from those due to the environmental gusts. The rates
of aircraft pitch, roll, and yvaw were measured by three mutually ortho-
gonal miniature gyroscopes aligned to the three axes of the aircraft. A
three-axis accelerometer is used to measure motions in the x, y, and z
directions. The gyros and accelerometers which together measure all
six possible modes of motion were mounted on a platform close to the
aircraft centre of gravity.

Pitch and vaw vanes were mountad on an instrument probe ex-
tended through the nose of the aircraft. The shaft from each vane drove
a miniature autosyn motor, which related a vane deflection to a phase
shift of the induced 400 hz signal. The output signal was fed to a de-
modulator unit which produced a BC voltage according to the amount of
phase shift between the vane-controlled 400 hz signal and a reference
400 hz signal.

Accurate static and dynamic pressures are required for the
gust calculations. As mentioned above, the static and dynamic ports
were mounted on the nose probe, outside the influence of the aircraft
itself, Pressure tines from the ports were directed to transducers
located at the base of the probe, in order to reduce the length of the
pressure lines.

The measurement of temperature and dew point permit determina-
tion of heat and water vapor fluxes and of stability. The Rosemount
Model 102U2U Total Temperature Probe is a fast-response platinum resis~-
tance element, and was mounted under the port wing. The E.G.&G. Dew Point
Hygrometer, also a fast-response system, was mounted on the instrument
panel. After compensation for the effects of dynamic heating, absolute
accuracies from these sensors are of the order of +0.5C° with relative

accuracies close to +0.1C°
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2.3 POSITION RECOVERY AND OTHER OBSERVATIONS

Position recovery for the aircraft flight profiles was ac~
complished by hand records of the starting and ending points of each
run. Visual land references were used to ensure superposition of the
stacked plume traverses.

It became evident during the field trip that a meteorologist/
observer was very beneficial to ensure optimum flight profiles and ade-
quate metecrclogical and plume geometry observations. Navigation proved

to be very difficult, so that neither pilot nor co-pilot/navigator had
sufficient time to observe the plume carefully.
2.4 AIRBORNE DATA ACQUISITION SYSTEM

The analog signals from the various sensors were directed to
the data acquisition system for subsequent recording. This system con-
sisted of the Signal Conditioning Unit (SCU), the Monitor Labs 9400 Data
lLogger, and the Cipher Incremental Tape Drive. Figure 3 shows a schematic
diagram of the Data Acquisition System.

The SCU included a bank of low pass filters desfgned to eliminate
any significant aliasing effects on the incoming signal. Subsequent to
the filters was a bank of amplifiers to provide good dynamic range.

After passing through the SCU, the signals were fed into the Monitor Labs
9400 Data Logger for digitization and formatting. The digital sampling
period for an entire cross-channel sequence plus time and the positions
of 10 sense switches was 0.6 seconds.

The digitized, formatted channel sequence was then directed to
the Cipher Incremental Tape Drive. This tape drive produced a 9-track,
800 bpi computer compatible tape in EBCDIC format for post-flight computer
processing.

Twe signals were monitored on an MFE chart recorder for in-
flight monitoring. These signals were from the Sign X SO2 Monitor and
the COSPEC ttl. The chart recorders were mounted for ease-of-access to

the technician, to permit hand annotations,
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3. EXPERIMENTAL PROCEDURES
The flight profiles used in this study consisted of two phases,

One phase examined the effluent S0, plume in a rigorous manner to deler-

mine the desired plume characterisiics. The other phase of the Tlight
profile investigated the characteristics of atmospheric turbulence
associated with the plume structure.

To make the greatest number of plume traverses in a given time,
short stacked traverses across the plume were flown downwind from the
plant. The turbulence runs, on the other hand, required a total of 30
minutes of data, preferably in uninterrupted blocks of about five minutes,
in order to obtain stable turbulent statistics. Thus two types of runs
were adopted. _

It was originally intended to conduct a series of vertically-
stacked rectangular patterns downwind from the 502 source for the plume
traverses. The proposed downwind distances were 0.5, 2, 5, and 10 miles
from the source. However, It was observed on several days that the plume
at 0.5 miles was still rising to its effective height. Furthermore, the
time required to compleéte two separate rectangular patterns, at all the
desired heights to encompass the plume, was appreaching 1.5 hours. With-
in such a length of time, the plume could undergo significant changes.

It was thus decided ih the field to routinely conduct only one rectan-
gular pattern for the SO2 plume-measurements. The downwind distances
were typically 2 and 5-8 miles from the source. This pattern could be
flown within 45 minutes, which is a reasonable time to assume steady=~
state conditions. On some occasions, when conditions warranted, another
series of stacked traverses was flown at a third downwind distance.

The cross-wind legs of the rectangular pattern were oriented
normal to the plume axis, as best determined by the flight crew, from
visual observations of the plume. Topographic maps (scale 1:50,000)
were marked for turning points and run numbers for the passes.

The order of the flight levels was mixed to avoid a fixed
incremental change. Thus, a typical sequence of altitudes might be
2500', 4000', 3000', 1500', 3500', and 2000' MSL, which would further

test the stationarity of the plume structure.



Typically an additional flight segment was flown, visually near centre-
line level, to ensure that the transects were normal or perpendicular
to the plume. This segment was Tlown at 45° to.the assumed plume axis.
The relative sizes of the plume cross-sections for the normal and 45°
traverses were compared in order to verify that the nermal traverses
were indeed perpendicular to the plume axis.

Turbulence measurements were made using 2Z-minute data segments.
This Tength of data permitted the use of the plume traverses as turbu-
lence runs. However, two or three 2-minute segments are not generatly con-
sidered valid for stable averages of turbulent parameters (see for example
Wyngaard (1973) page 140). Thus longer tuirbulence runs were flown to
provide at least a couple of levels of reliable turbulent statistics. A
typical turbuience run at one level lasted some twenty minutes and was
flown immediately before or after the 502 ptume runs.

The single dominant terrain feature in the vicinity of the
GCOS plant is the Athabasca River valley. The turbulence measurements
were designed Lo relate the plume diffusion coefficients with certain
turbdience characteristics, and, further, to evaluate the influence of
the topography on turbulence generation. Turbulence runs were gener-
ally flown parallel to the river valley. When the mean wind was from
the western quadrant, runs were made both upwind and downwind of the
valley at the same altitude. In this way the effect of the Athabascsa
River valley on the turbulence levels at typical plume center line
heights could be examined. On other days turbulence runs were flown
at two or more heights over the same ground track to examine the ver-
tical changes in the turbulence levels particularly as related to

stability consideration.

On case days with light winds, or winds parallel to the river~
bed, the aircraft was flown for turbulence runs parallel to, and at
the same altitude as the plume centreline.

In order to estimate the stationarity of the turbulence gener-
ation, the typical flight sequence consisted of a turbulence run after
the aircraft arrived at the SO2 plume source. Upon completion of this
phase the aircraft was flown in the plume sampiing mode, after which a
second turbulence sequence was made. The typical flight time, then,

was about 4 hours per case, as weather permitted.
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k. CASE STUDY ANALYSES
4, METHQODOLOGY U3IED IN THE ANALYSIS OF THE CASE STUDIES
L1 Criteria for the selection of the case studies

There were two major criteriag for the selectlon of the case
studies. The first was the requirement for relatively stationary meteor-
-ological conditions. The second was the completeness of the profiles.

By the nature of the data collection procedure, stationary
conditions were required. in order to he ahle to determine concentration
" isopleths, mass flux and plume geometry all the traverses had to be
assumed to be describing the same plume. For example, the rapid visual
changes in the plume structure during the flight of March 14 precluded
that day. The early morning inversion casés had to he completed before
the mixing height rose high enough to begin fumigation.

Thé flight profiles and the data set neéded to be complete in
order to obtain reliable plume interpretations. This criteria precluded
days..in which there were serious _instrument malfunctions or in which
poor visibility led to large variations in the ground track of the
stacked traverses.

The five case studies which were chosen provide a fairly rep-

resentative range of meteorological conditions for early March period.

L,1.2 Isopleth analysis

On the individual plume traverses, the 802 concentrations were
sampled as a function of time and recorded along with the turbulence data
on magnetic tape. The data were calibrated and normalized and the 502
concentrations were printed and plotted by the computer.  From these
traverses (the complete set is included in the appendices) the intercepts
of 502 concentration levels could be determined as a function of distance
along the traverse. The corresponding intercepts at each flight level
were then joined to form the [sopleths. On most days, there was little
ambiguity; however in well mixed cases, some subjective judgment had to
be used. The intercepts along each flight level are the data; all inter-

polations are subjective.
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h.r.3 Determingtion of plume geometyy and mass flux

The center lihe trajectory was determined from observer notes
in the field and from photographs of the plume taken during the flights.
The horizontal plume dispersion coefficient, Gy, was computed for each
traverse on the basis of the area under the 302 concentration curve.

For a Gaussian distribution, minus and plus one standard deviation

occur at distances such that the accumulated fractions of the total area
under the curve are 0.159 and 0.841 respectively. The Qy values were
computed using the same area criteria. This procedure meant that the
observed concentrations were being compared with a Gaussian distribution
of the same area. Often the Gy values are computed in terms of the
second moment of the distribution. However this latter method puts
extra weighting on secondary peaks removed from the main peak: At the
GCOS site there were many minor sources of S0, such that secondary

peaks were common particularly well downwind of the source. |In such a
sitpat?on the use of a second moment technique leads to very large Uy
values; whereas the area technique minimized the effects of small dis-
placed peaks.

The vertical plume dispersion coefficients, Gé, were computed
by assuming that each traverse was representative of the layer from mid-
way to the flight ltevel above to midway to the one below. The upper
and lower limits were estimated from observer field notes and phbtographs.
The o values were then computed by the area method described above for
the Uy values.

The mass flux was calculated from the horizontally integrated
concentrations along each traverse with the same layer representation as
for a_- The mean wind speed, U, was obtained from the tethersonde data
as provided by Dr. R. Mickle of AES, Downsview. It is interesting to

-note that even the 10-minute averages of the tethersonde wind speeds
showed considerable change from 10-minute block to 10-minute hlock. The
large degree of variability in meteorclogical parameters at the typicai
heights of the plume center line is not unexpected from both theoretical
and previous experimental results. This variability means that winds
obtained by theodolite from free rising ballcens are not adeguate for

mass flux computations.
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hot.h Plume rise formulations

Atmospheric dispersion of a gas plume is most easily discussed
as two separate aspects: (1) the plume rise relative to the mean motion
of the air because of buoyancy and initial vertical momentum and (2)
diffusion because of turbulence in the air. Briggs (1969} discusses
plume rise in this manner and indicates that although in reality these
aspects occur simultaneously, they are generally assumed not to inter-
act. In this discussion only the aspect of plume rise is reviewed,

When a less dense plume is emitted into the atmosphere it has
momentum and buoyancy. The momentum, which generates mechanical tur-
bulence because of the velocity shear between the emitted gases and the
air, causes mixing with the ambient air. This mixing, termed entrainment,
dilutes the plume and in turn diminishes its momentum and buoyancy. Once
the initial vertical velocity is eliminated, the plume acquires the hori-
zontal momentum of the entrained air. However, the plume can continue
to rise because of residual buoyancy. The duration of these buovyancy
effects is dependent on the rate of dilution and the stability of the
atmosphere. 1f the atmosphere is well mixed it is said to be neutral
or adiabatic with a negative temperature gradient of 0.9806 per 100 m.
This adiabatic lapse rate is indicative of the rate air adiabatically
cools because of expansion as the ambient atmospheric pressure decreases.
Thus a plume rising through adjabatic air, entraining ambient air of
constant potential temperature as it ascends, is quickly diluted losing
buoyancy and momentum to reach a state of equilibrium. In contrast, if the
lapse rate is less than adiabatic (ie. stable), the air entrained in the
plume will have negative buoyancy causing the plume to sink to a lower
altitude until equilibrium is attained. The buoyancy of a plume increases
as it rises if the temperature lapse rate is greater than adiabatic, which
in turn accentuates the plume rise.

The various parameters integral to the assessment of plume rise
are given a detailed discussion by Briggs (1969) and will not be repeated
here. However the farmulations or models to be used in the comparative
analysis with the observed plume rises will be tisted. Of the various
models available, the following were selected primarily because of their

extensive usage.
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Briggs

TVA (1972)

Bosanquet, Carey and Hol ton
Hol tand
ds of TVA (1972), and Holland are empirical derivations

based from published source data while those of Briggs and Bosanguet et al

are theoretical developments with the Briggs method being verified by data.

In addition the Bri

ggs model recognizes the dependency of plume rise on

downwind distance when downwind distances are less than that corresponding

to the final rise.

The others estimate ultimate or maximum height only.

Momentum rise is not considered separately by Briggs and TVA (1972) because

of its negligible contributions. In summary the equations making up these

models are as follows.

1) Bri
a)

b)

c)

2)  TVA

ggs model

Unstable or neutral conditions
ah =16 F'73 3.5 x#y2/3 y!
wherein A

x* = 147778 when Fesomts™

x* = 34F2/> when Fassmts™3

and the downwind distance to the final rise

|}

given by Xf = 3,5X*

Stable windy conditions
Ah = 2.4 GE—)}/3

Us
Stable calm conditions
th = 5.0 F'/% 57378
wﬁere T n

S =g A9

Ta AZ
and the downwind distance to the final
rise given by Xf = ﬁUSFI/z
{1972) model
s =173 73 g
wheyein

E = exp (64 20
AZ
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3) Bosanquet, Carey and Halton
a) Unstable and neﬁtral conditiong
momentum rise is
Ahv = Athax(] ~ 0.8 Ah )

ymax
X
wherein
e 27
. £
and buoyanqy rtse is
bhy = 1:94 g Qg ATy 2
w1y
wherein
Z=-1.7 + 4.5 Log X
X = 0.08 xU (Q]‘\IS)'”2
b} Stable conditions 7
A = 1.9% g Q'},AT]Z.(}og'erb.g"'— 2)
v, ’
wherein
s =% (q VS)']/2 (0.43(1, 12 - 0.28 v, Ty)
- gAB g AT,

AZ
giving a total plume rise of
Ah = 0.75 (AhV + Ahb)

4)  Holland model
Ah = (1.5 Vod + 1.102 F) U
wherein
Ah

U = wind speed, m/sec

-1

plume rise, m

g = acceleration due to gravity, m/sec2

>
o]
e
e
N
il

lapse rate of potential temperature °¢/m

downwind distance from stack, m

s
i

<z
Tt

- stack exit velocity, m/sec

d = stack diameter, m

stack exit temperature, °K

—
n
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T = ambient temperature, °K

AT = T_ -~ T, °K
S a

Tl = temperature at which the stack gas density is
equivalent to that of air, °K
Te - T

[
'
£

F=2.05 v, 4 AT/TS, 't /sec3

Q= 0.785 v 0¥ T /T, n/sec

X, Xf, $, E. X, and J defined as above

For each case analyzed emission data provided by Great Canadian
0i1 Sands Limited were reduced to generate average stack exit temperature
and flow rate. These data are summarized in the Appendix 6. Ambient
temperature, wind speed and temperature gradient were abstracted from
the tethered balloon data collected by the Atmospheric Environment Service.
Generally there was more than one set of data ovér the plume survey period
which was averaged for the layer of the atmosphere between stack top and
observed plume tops. For those cases where one of the meteorological
parameters varied significantly during the survey separate calculations
were made. The observed effective stack heights were derived from the
center line or maximum sulphur dioxide concentration as measured by the
analyzer mounted in the aircraft. Photographs taken by the aircraft

complemented this analysis.

1.5 Analysis procedures for and interpretation of the turbulence data

The turbulence data were analysed in Z-minute data segments to
avoid any serious drift probiems with the gyros. The data segments
correspond to a distance of about 7 km (4.3 miles) and so are long enough
to resolve eddies that would influence the plume.

The turbulence system measures the wind with respect to a moving
platform (the aircraft) whose motion is measured. Hence it is possible
to resolve the environmental gust velocities by computer reduction of the
data. The same basic technique has been used by several groups around
the world to obtain turbulence datg and is well accepted in the meteoro-

logical literature (see, for example, McBean and MacPherson (1976),
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Donelan and Miyake (1973)).

It is interesting to note that since the air speed of the
aircraft was typically 20 times faster than the wind speed, a 2~minute
aircraft data segmenf was equivalent to a 40-minute gfbund based observa-
tion. Even so, there were major averaging problems due to the inherent
increase in intermittency of turbulence with Ilncreasing height; so'thaf
. several 2minute data segments were usually required for a reliable
averaged turbulent quantity. Where a sufficient number of data segments
were available, the standard deviation of the mean vaiﬁe was calculated.

There was g problem with unreliable pitot pressure values in
several of the case studies. |t was decided that these data, when question-
able, would not be used. In such cases, only the vertical and transverse
turhulent components but not the longitudinal component (with respect to
the aircraft) were computed. Theré were usually sufficient runs parallel
and perpendicular to the wind direction so.that all three turbulent com-
ponents could be estimated. Frequently there were more crosswind turbu-
lence runs than a?qng-wind rﬁns and so the Iongit#dinal environmental
gusts (transverse gusts with respect to the aircraft) were better defined.
The momentum stress is largely in the longitudinal-vertical plane and so
the estimates of the momentum stress were probably not seriously degraded.
The standard deviations of the lateral wind component would be more
seriously affected. However the assumption of equi-partition of energy
in the two horizontal directions is a reasonable approximation and so
the average standard deviations of the horizontal wind components denoted
by the subscript '"UH'" was often used in place of v, - On the March 12 case
study, reliable pitot pressure were gvailabie and the data validated these
approximations.

It is important to recognize some of the differences in the
turbulent quantities presented. The standard deviations of the wind com-
ponents are very frequently used to relate plume dispersion coefficients
to turbulence {for example Pasquill (1971) and Draxler (1976)). However,
there are two important considerations to keep in mind when interpreting
such data.

Firstly, the standard deyiations are.sensitive to all velocity
changes whether turbulent or laminar. For example, wave motion would

contribute to the standard deviations of the wind components but would
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have very little turbulent mixing effect since the existence of the
waves indicates the presence of stable layers. The same contribution

to the standard deviations from truly turbulent eddies would cause
significantly more mixing. In any region of irregular topography, the
use of the standard deviations must be carefully examined. In one of
the case studies, turbulence runs on hoth sides of thé Athabasca River
failed to show statistically significant differences which suggests that
the use of standard deviations in the Athabasca oil sands area is most
prohably valid,

The second consideration is whether the horizontal wind com=
ponents have a low frequency fall-off. The length of the turbulence
runs was probably long enough to givé stable ¢, and g, values which
are insensitive to the exact length of the run. Calculations using
60~second, 90-second ahd 120-second data segments showed no significant

differences.

The momentum fllxes are W'U’ and W'V' (where the primes indicate

fluctuating quantities, the overbar is a time average, and U, V
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conventions and nomenclature). These quantities are an indi
the amount of smaller scale turbulent energy. In a mixed surface boundary
layer W'U' is negative indicating transfer of momentum toward the
ground; that is, the wind feels the effects of the ground drag. |If "'
and WV' are near zero then there is very little mechanical turbulence.
If WIUT is positive then there may be a low level jet. Obtaining a stable
average value for the momentum flux requires a lot of data because of
intermittency (see for example Wyngaard (1973)). Thus only the values
from heights with at least five 2-minute segments can be considered
representative.

The heat flux, W'T' is a measure of the local thermal stability.
If the heat flux is positive then heat is maving upward and so the air
mass is unstable, It is important to realize that even in very unstable
conditions, the temperature profile above the near surface laver is
adisbatic and hence indistinguishghle from a neutral case,

The stability of an air mass [s often defined in terms of the
ratio of the mechanical to convective energy; the exact forms may be

Richardson Numbers, Flux Richardson Numbers, Monin Obukhov Lengths or
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some other less frequently used parameters. The advantages of the
above forms compared to Pasquili-Gifford stghility classes is that the
ahove forms are continuous variables that can be directly measured as
opposed to somewhat subjective classes. The Monin-Obukhoy stahility
formulation has the widest use in the literature and so was often used
in the discussions of the case studies. Stability is determined by the
value. of Z/L where Z is height abové ground and L Is the Monin-Qbukhov
Length defined as

L=-~U"T

Kg Wi

where

U, is the friction Ve]ocity:_U*2 = ((U'W’)Z o+ (V’W'lzli/z
follewing McBean and MacPherson (1976)

T s the absolute temperature

g is acceleration due to gravity

K is von Karman's constant, (0.4]
A negative Z/L value 1s unstable; a positive value is stable. In some
cases turbulent levels were so small that reliable values for Z/L could
not be calculated. In such cases, it was clear that the suppression of
turbu]encé in the presence of a wind could only rise from very stable
conditions.

5.1.6 Use of the Cospec Data

Because of low sun angle, the signal-to-noise ratio for the
Cospec data was very poor. The Automatic Bain Compensaticn value for the
Cospec was very often at & level of 8.5 ta 9 which indicates unreliable
data. However, the Cospec data were used to check the calibration of the
Sign X and the degree of veering of the plume for isopleth and mass flux
analysis. The method to determine the amount of 802 in the layer between
stacked traverses from Cospec data involves the difference between two
poorly defined large values to obtain a smaller value. Data quality was
not considered good encugh to follow such a procedure and so routine com-
puter analysis was not done on the Cospec data. The use of the Cospec in
subsequent field trips is still considered valuabie, but an improved sig-

nal-to-noise ratio is essential.
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4.2 CASE STUDY FOR THE FLIGHT OF MARCH 10, 1976 {(1415-1705)

4.2.1 General meteorology and visugl plume description

The visual plume was moving south along the west bank of the
Athabasca River with very little meandering; (see Figure 4 ). There
were obvious capping inversion effects with cleatr air above the visual
plume. A concentration of visual plume was noted near the capping
inversion but fumigation to the ground was also visible. There was
some layering near the top of the visual plume.

Low level emissions from the GCOS site were seen to be flow-
ing horthward down the valley, almost directly opposed to the main
plume. These visual observatidns were confirmed by the data from the
AES tethersonde. The tethersonde wind records showed a southerly wind
near the surface vgqring through a westerly wind to a northerly wind
by 200 meters (640 feet) above ground. The wind speed was | to 2 m/sec
(3 to 6 ft/sec) under a clear sky.

4.2.2 Flight profiles

A race track pattern was set up with stacked crosswind traverses
at 1.6 km (1 mile) and 14.6 km (9 miles) (see Figure 4 and Table 1).
Run 11 was flown at approximately 45° to the plume axis as a orthogonai-
ity check. Run 12 was flown for a stationarity check. It also served
as a check on any instrumental response effects. A series of stacked
traverses were then flown at 6.4 km (4 miles) downwind. Then turbulence

runs were made parallel to the river on the west side.

4,2,3 Isopleths and selected traverses

Figure 5 shows the isopleths of SO2 concentrations at 1.6 km
(1 mite) and 14.6 km (9 miles). As discussed in Section 4.1, the iso-
pleths were sketched in from the crosswind traverses indicated on the
isopleth diagram. Normalized plots of the 302 concentration for every
traverse are indicated in the Appendix.

Secondary emissions cause an apparently broad plume particular-
ly at low levels. A layering observed at the top of the inversion may
explain the isolated peak at 14.6 km (9 miles).

Figure 6 is a plot of the normaiized SO2 concentrations for
run 5 near the center tine at 1.6 km (I mile). It can be seen that there

is excellent agreement with a Gaussian distribution.
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TABLE | Run information for flight of March 10, 1976 (1415~1705)
RUN TIME ALTITUDE  DOWNWIND o MAX  INTEGRATED FLIGHT
HUMBER (m-MSL)  DISTANCE  (f) CONC.  CONC. DIR.
(MST) (km) (ppm) (ppm-m}  (From-to)
+20 S 0.3 +100 +0.02. .. 450
1 1431 - 1435 1220 1.6 3350  0.06 210 W - E
2 hhy - 1448 1220 14.5 5640 0.11 700 E - W
3 1453 - 1457 760 1.6 3420  0.26 510 W - E
4 1500 - 1505 760 14.5 3710 0.1 610 E - W
5 1508 - 1512 910 1.6 790  0.60 1100 W~ E
6 1516 - 1521  9l0 14,5 %* 0.11 % E - W
7 1525 - 1528 490 1.6 0.10 W - E
8 1533 - 1537 490 9.7 * 0.08 % E ~ W
9 1550 - 1544  98p 1.6 920 0.83 1440 W - E
10 1548 - 1553 980 14.5 2300 0.25 480 E - W
11 1555 - 1600 980 - 2030 0.32 890 SW-NE
P2 1602 -~ 1606 980 1.6 1130 0.73 1300 E - W
13 1610 - 1616 910 6.4 4010  0.30 1130 W - E
1L 1618 « 1622 760 6.4 3580 0.20 770 E - W
15 1624 -~ 1628 760 6.4 2840 0.27 840° W - E
16 1630 - 1633 460 6.4 % 0.27 * E ~ W
17 1638 ~ 164L 760 - T T T N - S
i8 1645 - 1651 760 ~ T T T S - N
19 1652 - 1658 760 - T T T N -5

- fiight not perpendicular to plume (i.e. not crosswind)
% Tncomplete sectioning of plume so that reliable values not available
T turbuience run
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14.5 km (9 mi.)

ALTITUDE (MSL) CONTOUR LEVELS

m, ft, ppm
i T e
122014000 05 - h)
| ) 078 075 ’
a8013200 .10
910 +3000 Q
05
760 4-2600 125
.15 !
L1795
1T GCOS Stack
.20
4 3 2 1 Plume 1 2 3 mi,
East L .Y T - —— 4 NP Y- ek e e b ennenl WESL
7 6 5 4 3 2 1 ¢ 1 2 3 4 5 6 kni,

1.6 km. (1 mi.)
CONTGUR LEVELS
12204 4000 . ppm
.05
980 43200
910+ 3000 .10
7604-2500 .15
. .2
a0 1800 : - )
-+ GCOS Stack 4
N ]
.8
4 3 2 1 Plume 1 2 mi
East R — i . L, —— } S — -l " Wast
7 6 5 4 3 2 1 € 1 2 3 a km
FIGURE & 50, Concentration lIsopleths for March 10, 1876

(1515-1705 MST). Transects were flown downwind
of GCOS Stack at 1.6 km. {1 mi.) and 14.5 km. {2 mi.).
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of March 10, 1976 {1415-1705).
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Figures 7 and 8 are.similar normalized plots of S0_ concentra-

tions for runs 14 and. 15 hoth at a height of 760 m MSL (25002ft MSC) at
6.4 km (4 miles) downwind of GCOS. These runs were. flown in opposite
directions and indicate the repeatability of the minor peaks. Note

how the minor peaks result in a much greater lateral standard deviation
(Gy) than wouid.result.with,onfy the main.plume. The multtiple peaks
are presumably from the multiple sources at GCOS and are visible to a
greater or lesser extent on.all the lower level traverses.

b.2.4 Plume geometry and mass flux

Table 2 summarizes the plume geometry and mass flux. Both mass
flux estimates a = 40% too low. The wind speed used in the computation
was 1.2 m/sec (2.7 mph); both the mass fluxes and the comparison of ob-
served and theoretical plume rise estimates (discussed below) indicate
that 1.8 m/sec is the correct wind speed. The tethersonde's maximum
height on this day was 450 m AGL or approximately 700 m MSL (2300 ft MSL).
Thus the wind speed estimate had to be extrapolated some 300 m (1000 ft)
to plume center line.

Figures 9, 10, and 11 show the observed values of Gy, 9>
and normalized concentrations compared to the empirical curves derived
by Pasquill and Gifford (see Turner 1969). The curves for the axial
concentrations were computed using the Pasquill-Gifford formulation
without a virtual source for reasons outlined in Appendix 7. The
observed o, values are much larger than predicted but this effect may
be due to the effect of multiple sources. Note that from 1.6 km to
6.4 km (1 mile to 4 miles) the slope of the change is paraliel to the
Pasquill-Gifford curves. By 16.4 km (9 miles) the observed o, is
closer to the predicted values, indicating, perhaps, that at the GCOS
site can be treated as a single source by that distance downwind.

The observed g_ values agree much more closely to Pasquill-
Gifford values and indicate a C or D stability. The larger value of o,
at 1.6 km (1 mile) may reflect the efforts of lower level fugitive
emissions.

The normalized axial center iine concentrations suggest B
or C stability. The departure of the observed values from the Pasquill-

Gifford values will be discussed in the next chapter.
Also included in Table 2 are plume sigma values non-dimensional-

ized by turbulence values. These wiil be discussed below.
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Plume geometry and mass flux as function of downwind

TABLE 2 distance from source for flight of March 10, 1976
DOWNW IND NORM. o v SO, mass ¢, U ¢ iU
: Z ycl 2 - s
DISTACE €L CONC flux ow X oun X
X xU QH [metric tons
k] [10—6m—2] [m] [m] per hour]
+20 4100

i.6 0.91 170 1025 6.0 0.20 0.45
6.4 * * Lolo * * 0.44
14,5 0.29 290 2300 6.1 0.037 0.11

Q

insufficient data for reliable estimate
is the average output for the power house stack: " 9.4 metric tons/hour
(9.3 long tons/hour) (data are courtesy of GCOS)

U areestimated from the tethersonde data as 1.2 m/sec (2.7 mph) (data are

X

502

g

X

g
yel 'y

courtesy of Dr., R. Mickle, AES, Downsview, Ontario); this value of wind
speed is suspect since it must be extrapolated 300 m (1000 ft) to reach
center line ,

is concentration. in terms of mass of $0., per unit volume

mass flux was calculated assuming the layer centered at 1220 m extended
to 1280 m

value at center line

downwind distance
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Figure 11. Comparison of observed normalized centerline concentrations

with Pasquill-Gifford predictions for the flight of March 10,
1976 (1415-1705 MST).
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4,.2.5 A comparison of observed and calculated plume rise

The observed effective stack heights for three downwind dis-
tances are presented in Figure 12. [t is evident from this figure that
the plume attained its final rise of 610 m (2000 feet) at the first set
of traverses located 1.6 km (I mile) from the source.

Table 3 presents a comparison of ohserved and calculated plume
rise. Because of doubt as to the wind speed two are presented in the
table. In general aill formulations give higher than observed plume rises.
The predictions of the Bosanquet and Holland equations appear more correct
than those estimated using Briggs and TVA (1972) for the conditions of
March 10, 1976, (1415-1705). In all calculations it was necessary to
assume a neutral atmosphere when in fact a neutral layer was capped by
a lofted inversion at 1220 m MSL (4000 feet MSL). Preliminary cal-
culations based on Briggs (1969) suggest the plume should not penetrate
the inversion. Hence the Briggs and TVA (1972) plume rises are optimis=
tic because of the deficiency common to all formulations of failing to
recognize a changing temperature gradient while the apparent correctness

of the other two formulas is coincidental.

h.2.6 Turbulence levels related to piume structure

Table 4 summarizes the turbulence data for the afternoon flight
of March 10. As discussed in Section 4.1, the turbulence analysis was
accomplished using Z-minute data segments a time over which the drift of
the motion sensors was insignificant. Due to a malfunction of the pitot
sensor, only the vertical and transverse wind components could be mea-
sured on each turbulence segment. Thus crosswind runs provided data
for the vertical along wind components. The standard deviations of the
wind components (dw, Gu, and GV) represent the variation over all wave-
lengths whether strictly turbulent or not. The terms W'U', W'V', and
Wirr generally represent actual turbulence-induced transport of momentum
and heat.

From Table 4, it can be seen that there is very little vertical
variation in the amount of energy in the vertical or horizontal wind
field. However the vertical wind component has only about half as much

energy as in the horizontal component. This measurement reflects the



_35 -

[ET~ MSL)

ALTITUDE

4000 W
- 1000
3000 1
DOWNWIND 2
DISTANCE  {km} =
=
G0 16
[¥¥]
2000 ==~ L3 6.4 g
O—-—Ly WS =
L 500 T
HEIGHT Of GCOS MAIN STACK
1000
GROUND LEVEL AT GCOS SITE
T 1 1 L] 13 L} .
C.2 04 0.6 0.8 1.0 1.2 1.4

CONCENTRATION [ ppm )
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Observed and calculated plume rises for the powerhouse

TABLE 3 stack for the flight of March 10, 1976 e
DOVNWIND PLUME RISE WINDSPEED RATIO CALCULATED TO OBSERVED
DISTANCE OBSERVED (m/sec.) VALUES OF uAh BRIGGS TVA(1972)
(km) ( m) BOSANQUET HOLLAND
FORMULAT TONS
250 L ORULATION 4
1.6 610 1.5 2.33 1.76 1.5, 1.14
6.4 * - :
14,5 610
1.6 610 2.0 1.74 1.31 1.05 0.86
6.4 *
14.5 610 .

reliable estimate not availabie

limitation on vertical size scale due both to stability effects and the
presence of the ground, In the horizontal, large scale sizes can exist.

The heat .flux W'T' shows a change with height. Although the
statistics are rather weak, there is a strong indication that there is
positive {upwards) heat flux at low levé]s becoming negative at upper
levels. This behaviour would be expected for fumigation (Qnstabie
conditions) at ltower levels, with a capping inversion at upper levels.

One commonly used measure of stability is the Monin-Obukhov
tength, L, relating mechanical to convective turbﬁlence normalized by
the height of the measurement, Z.

At 460 m MSL (1600 ft MSL), Z/L = -1.0 indicating slight
instabitity. At 980 m MSL (3200 ft MSL), Z/L = +10 indicating very
stable conditions. At intermediate levels near plume center line (760
mor 2500 ft), Z/L - 0 indicating neutral stability. Clearly, the
appropriate Pasquill-Gifford stability class will depend upon the effec-
tive stack height of the plume.



Summary of turhulence data for the flight of March
TABLE -4 1o, 1976 o o

HEIGHT  NUMBER T w Ty ay VT WY T W
OF RUNS
[m [m/sec] fm/sec] [m/sec] Im/ o I/ ldeg c-
MSL} «L // SEC] SEC] m/sec]
1220 Lo 0.71 1.5 % 0.21 * ~0.015
980 L2 0.65 1.7 3.9 Q.31 -0.37 . -0.004
(0.1) (0.015)
10 5 1 0.87 2.1 2.4 -0.23 1.37 -0.015
’ (0.10) (0.4) (0.15) 0 06 (8,831
60 3 8 0.67 1.29 1.3 0.03 -0. -0.
! (0.06) (0.07) (0.09) ' (0.006)
490 3 0 0.72 2.5 * -0.13 #0020

The bracketed values underneath some average quantities are standard

deviations of those values - _ .

// number of runs parallel to the mean wind which yielded values
for ¢ and v'w! _

! aumbef of crosswind runs giving values for 9, and U'W

On a hot summer's day, a typical heat flux, WTT, is 0.2 [deg
C -m/sec] (Davison (1973)); so that the heat flux observed here is only
about 10% of a typical summer heat flux.

In Table 2, the plume sigma values v, and Gy were non-dimension-
alized by the corresponding standard deviations of the wind components
and the time available for diffusion to take place X/U, where X is
downwind distance and U is the mean wind speed. The non~dimensionalized
a, values decreased with distance.  This effect may be due tb the cappihg
inversion limiting continued vertical diffusion. The non-dimensional fzed
o, values at 1.6 and 6.4 km (1 and & miles) are equal indicating a linear
relationship between the turbulence and the diffusion. However at 14.5
km (8 miles) a drop-off has occurred indicating that the linear relation-
ship does not continue indefinitely. These tentative suggestions will be
amplified in the next chapter where the results of all the individual

case studies can be brought together.
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L. 3 CASE STUDY FOR THE FLIGHT OF MARCH 11, 1976 (0750-1050)

L.3.1 General meteorology and visual plumne description

When the plume was first approached at 0810, the plume was
oriented directly to the east with very little vertical veering and not
much rise; the plume center line was at approximately 2000' MSL; (see
Figure 13 for the center line trajectory). Several miles downwind, (on
the east side of the Athabasca River Valley) there was wide lateral
dispersion with the visual plume fililing-in creek valleys.

By 0930 the visual plume structure was changing with 1imited
fumigation close to the stack. The upper boundary of the plume showed
capping inversion effects with some layering.

The tethersonde profile at 0920 to 0944 showed a strong inver-
sion up to 120 m (400 ft) AGL, then a neutral layer up to about 210 m
(690 ft) AGL, then a weakly stable layer up to about 300 m (980 ft AGL).
Since the tethersonde was operating in the river valley, the top of the
strong surface inversion was at the height of the top of the stack.

Thus the plume encountered a neutral layer topped by a weak stable layer.
By the time of the tethersonde profile at 1054 to 1115, the surface-based
inversion had disappeared.

The wind speed profile at 0920 had a strong shear with a 2 m/sec
(6.4 ft/sec) wind near the surface becoming a 10 m/sec (32 ft/sec) wind
at 200 m (640 ft) AGL. The wind speed was starting to decrease above
250 m {820 ft) AGL suggesting that there was a low level jet just above
the inversion. The second profile starting at 1054 showed a mean wind
speed gradually increasing with height to about 4 m/sec (13 ft/sec) near
the center line height of 610 m MSL (2000 ft) or 365 m AGL ({1200 ft)
from the tethersonde site. This slower wind speed after some mixing had
taken place suggests that the high winds detected earlier was indeed a

thin low level jet.

4.3.2 Flight profiles

A race track pattern was flown with stacked crosswind traverses
at 1.6 km (1 mite) and 6.4 km (4 miles) as shown in Figure 13 and Table
A series of stacked traverses were then flown at 3.2 km (2 miles)

downwind; it was considered that would provide better repeatability
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TABLE 5 Run information for flight of March 11, 1976 (0750~1050)
RUN TIME ALTITUDE  DOWNWIND o MAX  INTEGRATED FLIGHT
NUMBER (m-MSL) DISTANCE  (#) CONC. CONC. DIR.
(MST) {(km) (ppm)  (ppm-m} (From-to)
+20 +0.3 +100  +0.02 +50
1 0817 - 0819 610 1.6 2310  0.220 333 S - N
2. 0821 - 0824 610 6.4 1175 0.418 714 N-S
3 0828 - 0832 910 1.6 2859 * 0.093 * 473 =* S - N
4 - 0834 - 0836 880 6.4 1686 0.058 127 + N -8
5 0810 - 0843 460 1.6 1147  0.632 962 - . § - N
6 0845 - 0848 L4eo 6.4 3283 0.082 280 + N -5
7 0851 ~ 0854 670 1.6 3927  0.044 202 S - N
8 0858 - 0902 670 6.4 1639  0.403 868 N -8
9 0904 - 0907 670 3.2 1421 0.359 511 S - N
10 0910 ~ 0912 460 3.2 2110 0.218 434 N -8
R 0915 - 0918 610 3.2 892  1.069 1502 S - N
12 0924 - 0928 610 ~ 2006  0.469 1463 NW-SE
13 0931 - 0946 610 8.0 T T T S - N
14 0948 - 1002 610 ‘8.0 T T T N -5
15 1007 - 1020 1220 8.0 T T T S - N
16 1022 - 1034 1220 8.0 T T T N - 8§

T Turhulence run
- Plume was traversed at an angle for an orientation check
* Incomplete traverse resulting in unreliable values for
plume sigma and concentration values
+ Small part of plume was missed, so that integrated con-

centration values were increased by 10%
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than 1.6 kms (] mile) since there would be more time to smooth aut
longitudinal variation in the plume. Following an angular traverse (run
12}, a series of turbulence runs were made at 610 m MSL and 1220 m MSL
{2000 feet and 4000 feet).

By 0930, there appeared to be visually more fumigation than

at the time of the beginning of the fllight.

£.3.3 isopleths and selected traverses

The isopteths of SO2 concentrations for the traverses at 6.4
km (4 miles) and 3.2 km (2 miles) are shown in Figure 14 . Although the
response time of the Sign X SO2 sampler was quite adeqguate to resoclve
the plume, there was an additional problem of purging the system after
very large concentrations were encountered. The extension of the plume
toward the north at 3.2 km {2 miles) at center line height is partially
instrumental. Figurel5 is a normalized 502 concentration plot for run
11 at center line height at 3.2 km (2 miles), which had a maximum 50,
count of over 1 ppm. A slow recovery of the sensor after the high con-
centrations is evident. Figurel16 is a similar plot for run 8 at 6.4
km (4 miles) downwind at 670 m (2200 ft). The wider plume (see Table5 )
and the lower concentration {a maximum of 0.40 ppm) resulted in a more
symmetric cross-section with an apparently real second peak. The sloping
of the isopleths toward the north at low levels at 6.4 km (4 miles) was
noted in the log sheets and can be attributed to the effects of wind
veering with hefght. The complete set of normalized 802 concentration

plots is included in the Appendix.

.3,k Plume geometry and mass flux

Table 6 summarizes the plume geometry and mass flux for the
morning flight of March 11. The mass flux estimates were consistent at
3.2 and 6.4 kms (2 and 4 miles): the value at 1.6 km (1 mile) is suspect
since the plume center line was missed.

Figures 17, 18, and 19 show the observed values of Oy, a, and
normalized concentrations compared to the Pasquill-Gifford curves. The
observed oy values are again several times larger than predicted. The
effect of multiple sources gives the plume much greater spread. The
a, values indicate € to D stability {slightly unstable tc neutral); whereas the

normalized concentrations agree most closely with C stability (slightly unstable).
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11 at an altitude of 610 m

downwind distance of 3.2 km. {2 miles) on the flight

of March 11, 1976 (0750-1050).
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8 at an altitude of 670 m.

downwind distance of 6.4 km. {4 miles) on the flight

of March 11, 1976 (0750-1050).
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Plume geometry and mass flux as functions of downwind distance

TABLE 6 AL,fEET the source for the flight of March 11, 132§u£9259:1q5923
DOWNW I ND NORM. o v SO, mass o U ¢ U
DI STANCE cL cone ° yel 2 E e
¥ 4 flux o X UUHX
XxuQ [metric tons W
[kmj [10_6m—2] {m] [m] per hour]
+0. ] +20 . +100
1.6 2.03 C 77 1150 6.8 0.36 1.89
3.2 3.59 84 890 10.7 0.19 0.73
6.4 1.40 103 1180 9.7 g.12 0.49

is the mean wind measured by the tethersonde (4.0 m/sec)
W value used was the mean "w for all heights ({0.54)
UH  value used was the weighted mean of "u and v for all heights (1.52 m/sec)
is the mass flux of 502 being emitted; during this run Q = 10.9
metric tons per hour
At 1.6 km probably missed CL which would be around 1800'.
The result of this missing of the peak, is that the mean flux
and the normalized centerline concentration are underestimated.

a Qc

f
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The non-dimensionalized plume sigme values in Table 6 will

be discussed below with the turbulence data.

4,.3.5 A comparison of observed and calcuiayed plume rise

Figure 20 depicts the effective stack height at three downwind
distances. Unlike the first case, the plume still appears to be as-
cending at 1.6 km (5280 feet) downwind from the source reaching equili-
brium by 3.2 km (10560 feet). Briggs suggests this should occur at 1.8
km (5900 feet) for -a neutral atmosphere.

Table 7 compares calcuiated and observed plume rise using this
product of plume rise and wind speed. This approach recognizes the

inverse dependence of plume rise on wind speed. Because the

wind velocity changed significantly during the survey two are presented.
These wind velocities appear to bridge the observed rise for three of
the formulas with only that of Holland departing significantly.

Guildberg {1975) observed that the TVYA (1972) model performs
best for high wind speeds which appears to be the case here. The under-
estimating by the Holland formulation seems to support observations
attributed to Stiemke by Briggs (1969) that the formula works best when
results are multiplied by a factor of 2.92.

The capping inversion at 300 m (980 feet AGL) may or may not
have influenced the plume rise during the survey. If the wind speed were

to be refined, the models seem to support (19 to 26 ft/sec).

4.3.6 Turbulence levels related to plume structure

Table 8 summarizes the turbulence data for the morning flight
of March 11. Included in Table 8 are the standard deviations of the mean
values wherever sufficient data were available for a meaningful error
estimate.

Unlike the March 10 afternoon case, there is little change in
the standard deviations of the velocities with height. However the
vertical component is about 1/3 to 1/2 of the horizontal component.

The heat flux estimates are small and close to zero. The
momentum flux is also very small. The positive value at 1220 m (4000 ft)
may indicate an upward transport of momentum from a decaying low lTevel

jet. Because of the near-zero values for the turbulent fluxes reliable



_50_

{ FT-MSL)

ALTITUDE

4600 -
DOWNWIND
DISTANCE  {km}
O— 1.6 F 1000
E-——0 3.2
3000
H—— b4
: @
AN =
\ P
. 2
>
T T — w
2000 - ————q =
e =
. - =
- _ L 500 %
& g
HEIGHT OF GCOB MAIN STACK
1000 1 GROUND LEVEL AT GCOS SITE
1 T T T T H
0.2 0.4 0.6 0.8 1.0 1.2 1.4
CONCENTRATION  {ppm }
FIGURE 20 Maximum SO, concentrations alang each travej

as a function of alttitude for the flight

of March 11, 1976 (0750-1050 MST}.

Se



- S‘l -

Observed and calculated plume rises for the powerhouse stack

TABLE 7 for the flight of March 11, 1976 (0750-1050). = o
DOWNWIND PLLUME RISE WINDSPEED RATIO CALCULATED TO OBSERVED
DISTANCE OBSERVED (m/sec.) © OVALUES OF uih BRIGGS TVA{1972)

(kin) ( m) BOSANQUET HOLLAND

: . RMULAT | ONS

R IR Attt AT S

1.6 % 6.0 1.53 1.12 0.97 0.77

3.2 244

6.4 244

1.6 * 10.0 0.92 . 0.67 0.46 0.46

3.2 244

6.4 244

reltable estimate not available

Monin-0Obukhov stabilities cannot be calculated from their ratio. It is

sufficient to say that regardiess of the actual stability, the amount of
energy in both mechanical and convective turbulence is very small.

In Table 6 the plume sigma values ozand Gy were non-dimension-
alized by the corresponding standard deviations of the wind components
and the diffustion time. In both the horizontal and vertical directions,
the non-dimensionalized plume spread decreased with increasing distance
from the source. For the case of normalized Gy, the presence of multiple
sources may have had some effect but probably not much since the Oy value
used was the value at the center line height where there was no obvious
evidence of secondary peaks. Also the delay in the purging of the
instrument may have increased the Gy values at thé closer distances. A
more detailed discussion of the non-dimensionalized plume sigmas appears

in the next chapter.
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11, 1976 (5750—1050)

TABLE 8 Summary of turbulence data for the flight of March
HEIGHT  NUMBER 7w 9y Ty WIOT WY W
OF RUNS
[m [m/sec_} . [m/sec] [m/sac] [m/ 5. [m/ [deg C-
MSL] i3 //_ & - sec] sec) sec]
1220 0 10 0.41 1.58 0.26 0.006
(0.08) (0.3) {0.18) (0.01)
910 1 2 0.54 0.96 3 0.04 ~-0.1 0.054
670 0 3 0.45 .90 #* 0.07 * 0.027
610 1 14 0.57 1.68 1 ~0.03 0.1 -0.009
‘ (0.06) (0.2) (0.15) (0.015)
460 0 3 0.50 1.24 % -0.08 -0.004
//

insufficient data for reliable estimate
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4 CASE STUDY FOR FLIGHT OF MARCH 11, 1976 (1250-1655)

h.oh General meteorclogy and visual plume description

In the afternoon the plume was much higher than in the morning
flight, 1200 m MSL (4000 ft) compared to 600 m {2000 ft). The plume was
still directed basically toward the east as shown in Figure 21 . The
sky was almost cloudless near the start of the flight except for a bank
of stratiform cloud on the western horizon. Although there were no
visual capping effects, there was not a rapid vertical dispersion and the
flights were generally fairly smooth except at lower levels. By 1400,
high clouds were beginning to move in along with some strato-cumulus.

The tethersonde profile, which began at 1242, indicated a
slightly stable temperature profile to 500 m {1650 ft) AGL or 744 m
(2440 ft) MSL. The average wind speed at 400 to 500 m AGL was 2.8 m/sec
(9.2 ft/sec).

Loh, 2 Flight profiles

At first a series of turbulence runs were made on the east side
of the Athabasca River at 1220 m and 610 m (L4000 ft and 2000 ft) MSL.
Then a series of stacked traverses in a race track pattern were Tlown at
3.2 km {2 miles) and 8 km (5 miles) downwind from GCOS. A third set of
traverses were then made at 16.1 km (10 miles) followed by a series of

turbulence runs on both sides of the river valley at 610 m {2000 ft).

44,3 Isopleths and selected traverses

Figure 22 shows the isopleths of 302 concentration at the
three downwind distances flown.

The secondary peaks at 8 km (5 miles) downwind are presumably
due to secondary sources at GC0S. Perhaps these sources had not yet
mixed high enough to bhe detected on the lowest run at 3.2 km {2 miles)..

The shifting of the maximum concentration toward the north
at 3.2 km (2 miltes) is an effect which was noted by the airborne observer
and can be attributed to the wind veering with height. The anvil=-shaped
top of the isopleth contours at 3.2 km {2 miles) suggests an elevated
inversion limiting vertical mixing.

The maximum SO, concentrationdetected was in run 11 at 910 m

2
(3000 ft) MSE at 3.2 km (2 miles). The normalized concentrations for
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._55 -

TABLE 9 Run information for f}:ght of March ]], ]976 (1250" ]655)~
RUN TIME ALTITUDE  DOWNWIND @ MAX  INTEGRATED FLIGHT
HUMBER (m-MSL)  DISTANCE () CONC. ~ CONC. DIR.
(MST) (k) (ppm)  (ppm-m)  (From-to)
+20 , +(. 3 +100 . +0. 02 +50
1 1306 - 1318 1220 8.0 T T T S - N
2 1319 - 1331 1220 © 8.0 T T T N - S
30 1334 - 1346 610 8.0 T T T S - N
4 1348 - 1355 610 8.0 T T T N-S
5 1359 - 1401 610 3.2 1820 0.19 580 + N -5
6 1404 - 1407 610 8.0 2230 0.20 770 + S - N
7 1412 - 1418 1070 3.2 2920 0.14 190 N -5
8 1417 - 1420 1070 8.0 2250 0.08 310 S - N
9 1424 - 1426 1370 3.2 3430 0.08 120 N - S
10 1428 - 1430 1370 8.0 2480 0.06 220 S - N
11 1433 - 1436 910 3.2 1540 0.26 430 N - §
12 1438 - 1Ll 310 8.0 1900 0.4 460 S - N
13 1445 - 1448 460 3.2 2230 0.09 230 N -S
Th 1450 ~ 1453 560 8.0 2010 0.16 560 S - N
15 1457 - 1501 610 .- 3210 0.08 500 NE -SW
16 1512 - 1516 - 760 16.1 * 0.25 % S - N
17 1518 - 1522 550 T 16,1 3140 0.11 410 N - §
18 1524 - 1527 910 16. 1 0.12 S - N
19 1529 - 1533 310 16.1 3720 *% 0.12 600 ** N - S
20 1543 - 1556 610 8.0 T T T S - N
21 1557 - 1612 610 8.0 T T T N - S
22 1618 ~ 1627 610 8.0 T T T S - N
23 1628 - 1640 610 8.0 T T T N - $

T turbulence run

- plume was traversed at an angle for a check on orientation of traverses
with respect to plume axis

* incomplete traverse resulted in unreliable values for plume sigma and
integrated concentration

* run 18 was incomplete at the northern end; run 19, at the southern end;
sigma values and integrated concentration were estimated from a composite
of runs 18 and 19.

+ small part of plume was missed; so that integrated concentration values
were increased by 10%
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FIGURE 22 S0, Concentration lsopleths for March 11, 1976
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16 km. {10 mi.).
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run 11 are shown in Figure 23 . The plume appears to be more peaked than
the Gaussian of the same area; a minor secondary peak is visible near
the end of the run (south end}. MNote that there are no obvious instru-
mental purging prohlems stch as encountered in the morning flight dis-
cussed previously.

Figure 24 shows the normalized concentrations for run 6 at 8
km (5 miles) at a height of 610 m (2000 ft) MSL. The secondary peaks
are evident and contribute to a much greater lateral standard deviation

than would he generated by the main plume itself.

L Plume geometry and mass flux

Table 10 summarizes the plume geometry and mass Tlux for the
afternocn flight of March 11. The mass fluxes agreed to within about
25% with the source strength as provided by GCOS. The wide spacing of the
flight levels needed to capture the limits of the plume meant that
vertical resolution within the plume was fairly limited; hence the mass
flux estimates are not as reliable as the estimates for the morning case,.

Figures 25, 26, and 27 show the cbserved vaiues of Uy, o, and
normalized concentrations compared to the Pasquilli-Gifford curves. As
with the other case studies, the cy values are consistently larger than
predicted. However, the Uz values fall about the slightly unstable (c)
curve. The normalized concentrations do not decrease with distance as
expected. Presumably this result is due to a fairly narrow high con-
centration core which was missed at the closer distances. Figure 8 of
the maximum concentrations as a function of height suggests that the
center line may be clese to 750 m (2500 ft) MSL.

The non=-dimensionalized plume sigma values witl be discussed

below with the turbulence data.

L.4.5 A comparison of observed and predicted plume rise

The observed effective stack leights for the afternocon survey
of March 11, 1976, are presented in Figure 28 . Because of the vertical
spread of the plume and attempts to make measurements at three downwind
distances the plume center line depicted by the maximum concentration
was not captured at two of the three locations. This explains the

apparent descent of the plume with distance from the source.
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Observed horizontal dispersion coefficient
compared to Pasquill-Gifford curves for the
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Plume geometry and mass flux as functions of downwind
distance from the source for the fllght of March 11,

TABLE 10 - 1976 {1250-1655) o o
DOWNWIND NORM, © g SO, mass UEU ¢ U
DISTANCE cL conc ° vel 2 Lo
flux o} X g ,X
X — =1 : wel UH
XU Q [metric tons
[kim] [1o m } [m] [m] per hour}
+0.1 +20 4100
3.2 0.77 . 306 1540 8.8 0.2k 0.81
8.0 0.59 339 2230 12.9 0.11 0.47
16. 1 0.74 383 * * 0.06 %

reliable estimate not available
Q= sum of SO, emmissions as supplied by GCOS = 10.2 metric tons per hour
U= mean wind“speed as measured by the AES tethersonde at 400 to 500 m
(1300 to 1650 ft.) AGL : 2.8 m/sec (9.2 ft./sec.)

Tahle 11 summarizes a comparison of calculated and ohserved
plume rises for a wind speed of 2.0 m/sec. Two stahility classifications
were investigated because of the near neutral conditions and the dramatic
effect stability has on some of the plume rise models. Agreement with
the observed value is improved substantially by assuming a slightly
stable condition (0.2°C/100m). The Briggs method overestimates slightly
whereas the others are substantially higher.

44,6  Turbulence levels related to plume structdre

Table 12 summariées the turbulence data for the afternoon flight
of March 11. Included in Table 12 are the standard deviations of the mean
values wherever sufficient data were available for a meaningful error
estimate.

Of special interest is the decrease in the values of T and
o, With increasing height. Above about 1000 m (3300 ft) MSL, the stan-
dard deviation of the vertical velocity is very similar to the values
found at all heights in the morning height. Below this level the
standard deviation, o is about twice as large. Thus the amount of
energy in the vertical wind component is about four times larger below
1000 m (3300 ft) MSL than above. A similar change although not quite

as sharp appears for horizontal wind standard deviation.
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Observed and calculated plume rise for the powerhouse stack
TABLE 11 for the flight of March 11, 1976 (1250 - 1655).

DOWHW [ ND PLUME RiISE WINDSPEED " RATI0 CALCULATED TO OBSERVED
DISTANCE OBSERVED (m/sec.) VALUES OF uAh BRIGGS TVA{1972)
{km) ( m) BOSANQUET HOLLAND
+50 FORMULAT 1 ONS
L o - 1 2 3 L
Slightly Stable
3.2 * 2.0 1.10 1.84 1.55 1.50
8.0 %
16. 1 Loo
Neutral :
3.2 * 2.0 3.80 2.80 1.70 2.00
8.0 w ‘
16.1 L0oo

L
¥

reliable estimate not available

The momentum fluxes at 610 and 1220 m (2000 and L4000 fr) MSL
also show change with height. At the lower level, there is a clear
negative momentum flux indicating that the wind at this level is in-
fluenced by the surface drag. However at 1220 m (LOOO ft) MSL, the
momentum flux is near zero.

The heat flux does not show such strong changes with height.
However a near-zero heat flux at 610 m becomes a negative heat flux at
1220 m indicating stable conditions at the higher level.

Thus, the standard deviation of the wind components and the
turbulent fluxes all indicate a weakly mixed layer up to an altitude
of about 1000 m (3000 ft) MSL which was topped by a stable layer.

Turbulence runs were made at 610 m (2000 ft) MSL on the east
side of the Athbasca River before and after the plume traverses and on
the west side of the river after the plume traverses. The turbulent

statistics for these three groups are compared in Table 12.
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Summary of turbulence data for the flight of March

TABLE 12 . 11, 1976 (1250-1655)
HE4GHT  NUMBER Sw %y % WTuT ?JT'\I? W
OF RUNS . _
Im [nfsec] = Im/sec] [m/sec] [m/ 2 [m/ , [deg C-m
MSL] 1 7 _ : sec) sec) sac]
1370 2 0] 0.54 0.9 0.11 ¥ 0.018
1220 10 0] 0.65 1.32 * 0.05 * -0.040
(0.10) (0.13} (0.09) (0.03)
1070 2 0 0.57 1.4 ' 0.43 0.012
910 2 2 1.21 1.8 2.1 -0.27 0.10 0.030
760 ] 0 P.26 2.2 -1.28 * 0.033
610 28" 3 1.10 1.66 2.8 -0.36 -0.85 0.000
(0.03) {0.20)} (0.07) {0.006)
550 1 0 1.17 2.3 -0.21 -0.033
460 2 0 1.07 2.8 0.24 & 0.030
A 7 1.01 1.24 -0.30 * 0.034
(0.08) (0.1) {0.07) (0.01)
B 11 1.12 1.83 -0.32 * ~-0.002
{(0.05) (0.3) (0,13) (0.01)
C 8 1.07 1.74 * -0.55 * -0.017
(0.06) (0.10) (0.1} (0.013)
* reliable estimate not available
+ standard deviations of the mean values are shown underneath inbrackets
A runs 3 and 4 at 610 m (2000 ft.) MSL near start of flight on the east
(downwind) side of river valley
B runs 20 and 21 at 610 m (2000 ft.) MSL near end of flight on the east
{downwind) side of river valley
C runs 22 and 23 at 610 m (2000 ft.) MSL near end of flight on the west
{upwind) side of river valley
1 number of crosswind runs
// number of along-wind runs
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A comparison of groups A and B, in Table 12 represents a station-
arity check. There appears to he an incregse of the standard deviations
of the wind components hy 10 or 20 per cent with a decrease in heat flux.
The increase in cloudiness through the flight can account for the de-
creased heat flux.

A comparison of groups B and C, in Table 12, is a check on the
effect of the river valley on the turbulence. $%ince the downwind runs
of Group B were about 8 km (5 miles) from the river and the flight level
was about 300 m (1000 ft) above the ground, theré was sufficient dis-
tance for the boundary layer at the flight level to become at least
partially modified by the river valley effects(see, for example, Blom
and Wartena (1969)). For this case study there are no changes in the
averaged turbulent gquantities which can be considered statiStically
significant.' it is quite possible that changes in the averaged tur-
bulent quantities existed at lower levels and perhaps further downwind.
However, the river valley effects were not important for the mixing of
the main plume effluent within 8 km (5 miles) of the source.

In Table 10 the plume sigma values were neon~dimensionalized by
the corresponding standard deviations of the wind and the diffusion
time. As with the previous case studies examined the non-dimensional
plume spread decreased with distance. Further discussion with the

results of all the case studies is included in Chapter 5.
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4.5 CASE STUDY FOR THE FLIGHT OF MARCH 12, 1976 (1420-1650)

4.5.1 General meteorology and visual plume description

When the GCOS site was approached at 1430, the plume was seen
to be heading southeast over the Steepbank River with obvious garden-
hoising or meandering, (see Figure 29). There was a heavy altocumulus
cloud cover over about 9/10 of the sky with a scattered cumulus layer
having bases of 1680 m (5500 ft) MSL. A cumulus cloud was noted directly
over the maximum plume rise ahout 1 km (0.6 mile) downwind from the
stack. On a run at 1580 m {5200 ft) MSL, 4.8 km (3 miles) downwind
from the stack, the aircraft was just below cloud base and the main plume
was clearly seen to feed directly inte the cloud.

The tethersonde profile to 500 m (1640 ft) AGL indicated a
stightly stable layer. The wind profiles showed considerable differences
for profiles commencing at 1431 and at 1623. The mean wind speed over
100 minutes from 1440 to 1620 was 2.6 m/sec (8.5 ft/sec). The standard

deviation of the 10-minute average wind speeds was 0.8 m/sec (2.6 ft/sec).

: | I g -
4.5.2 Fiight profiies

A turbulence run was flown on the way to GCOS from McMurray at
a height of 910 m (3000 ft) MSL. Then a race track pattern was set up
at downwind distances of 4.8 km (3 miles) and 11.3 km (7 miles). After
runs 2 and 3 were flown, the orientation of the race track was shifted
to be more nearly perpendicular to the plume. A final set of turbulence
runs at 1220 m (4000 ft) MSL completed the flight profiles. Figure 29
and Table 13 show the layout and details of the flight profiles.

k. 5.3 Isopleths and selected traverses

The isopleths of the 502 concentrations for the traverses at
4.8 km (3 miles) and 11.3 km (7 miles) are shown in Figure 30 . As can
be seen from the isopleths, there were isolated areas of 502 which could
not be reliably interpolated to other altitudes. Of particular interest
was run & at 760 m (2500 ft) at 4.8 km (3 miles) along which there was
no area of high 502 concentrations. A similar flight tevel with very
low SO, concentrations was run 5 at 1220 m (5000 ft) MSL at 11.3 km (7

2
miles) downwind.
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TABLE 13 Run information for flight of March 12, 1976 PH (|ﬁ20—1650Lm?
RUN TIME ALTITUDE  DOWNWIND o MAX  INTEGRATED FLIGHT
HUMBER (m-MSL)  DISTANCE  (f) CONC.  CONC. DIR.
{MST) (km} (pom}  (ppm-m) (From-to)
+20 40.3 k100 +0.02 430
] 1430 - 1440 910 4.8 T T T - 8-N
2 Thd2 - 1445 1220 . 3.2 2490 0.155 458 NW-SE
3 1446 - 1450 1220 8.9 3430 0.077 234 SE-NW
4 1452 - 1455 1220 4.8 3160 0.149 360 N -5
5 1457 - 1500 1220 11.3 3660 0.058 196 S - N
6 1503 - 1507 760 4.8 * 0.09% * N - S
7 1509 - 1511 760 11.3 3330 0.099 333+ S - N
8 1515 - 1519 1070 4.8 % 0.160 * N -5
9 1521 - 1524 1070 11.3 3840 0.093 407 S ~ N
10 1528 - 1531 910 5.8 2130 0.194 528 N - S
1] 1533 - 1537 910 11.3 M M M 5 - N
12 1541 - 1544 670 4.8 2820 0.133 5th + N~-S
13 1546 - 1550 670 11.3 4010  0.122 367 S - N
14 1533 - 1559 (580 4.8 1470 0.098 191 N - S
15 1601 - 1603 1580 11.3 2370 0.101 200 S - N
16 1605 - 1614 1220 11.3 T T T S - N
17 1616 - 1633 1220 2.4 T T T NW-SE

incomplete traverse resulted in unreliable value

T Turbulence run

+ integrated concentration was increased by 10% due to the missing
of the edge of the plume

M data missing due to system malfunction
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FIGURE 30 S0, Concentration lsopleths for March 12, 1976
{1820-1650). Transects were flown downwind of
GCOS stack at 11.3 km. (7 mi.) and 4.8 km. {3 mi.).
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Figure 31 shows the normalized $0_ concentyation on run 10 at a
height of 910 m {3000 feet) at 4.8 km (3 miles) downwind.. The multiple
peak structure is clear. The large variabjlity in the wind field men-
tioned earlier may account for the lgrge instantaneous fluctuation de-
tected by the airborne sensor.

The normalized 502 concentrations for run 15 at 1580 m (5200
ft) MSL at 11.3 km (7 miles) downwind from the source are shown in
Figure 32. |t isclear that the high concentration represents a real
peak and not a noise spike. The Tour points on Figure 32 above 0.075 ppm
represent a distance of 0.4 standard deviations or 950 m (3100 ft.).

L. 5. 4 Plume geometry and mass flux

Table 14 summarizes the plume geometry and mass flux for the
afterncon flight of March 12. |In spite of uncertainty as to the represen-
tativeness of individual traverses to the long term average concentrations,

the mass fluxes agree quite closely with the emission data.

The observed Oy’ g, and normalized concentration values in
Table 14 were compared with the Pasquill-Gifford curves in Fiaure 33,
34, and 35. The Oy values are three or four times larger than pre-
dicted. The g, values are close to the slightly unstable (C) curves;
whereas the normalized concentrations at the axial center line fall between
B and € stabilities. The above differences between the observed values
and the Pasquill-Gifford values are similar to those in the previous

case studies examined above.

4.5.5 A comparison of observed and calculated plume rise

Figure 36 illustrates the vertical concentration profiles at
two downwind distances as taken from a series of stacked traverses.
Only those traverses pertaining to the downwind distance of 4.8 km in-
dicate a possible center line at 915 m (3000 feet) MSL. However field
notes and photographs of the plume on this day suggest the plume rise
(ie. center line) was in the order of 1677 m (5500 feet} MSL. This
discrepancy has not been resolved to date.

Tabie 15 compares the calculated and cbserved plume rises for
the measurements taken on this day. An average wind of 2.6 m/sec accom-

panying neutral conditions was utilized in the analysis. Because of the
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Plume geometry and mass flux for the flight

TABLE 14 of March 12, 1976 (1420 - 1650) . _
DOWNW | ND NORM, o o SO. mass o U ¢ U
DISTANCE cL cone yel z Z_ Y
X o flux OWX OUHX
XU Q [metric tons
[km] [IOMBm_Z] [m] [m] per hour]
+0.1 +20 +100
5.8 0.47 - 246 2130 12.3 0.19 0.73
11.3 0.30 488 3840 9.7 0.16 0.56
Q = sum of 502 emissions = 10.1 metric tons per hour {courtesy of GCOS)
U = mean wind speed at plume center line height = 2.6 m/sec (8.9 ft/sec)

{courtesy of AES)
i the standard deviation of the horizontal wind component =
(o, + 0 )/Z

unresolved nature of the observyed piume'rise two Possible values are
tabulated. Although the wind speed and the stability classification
are reasonably defined which of the plume rise models best fits the

data is indeterminable.

h,5?6 Turbulence levels related to plumé structure

The turbulence data are summarized in Table 16. Only at 1220
m (4000 feet) MSL were there sufficient runs for meaningful estimates
of the standard deviations of the mean turbulent guantities. On this
day, the pitot system functioned, properly permitting simultaneous
three-dimensional turbulence measurements and so there was no need to
classify the runs according to whether they were crosswind or alengwind.
There is no significant difference between , and o, indicating that the
energy distribution between the horizontal wind components was roughly
equal, validating approximations made on other case days.

The heat flux estimates showed considerable variations between
the two-minute data segments at 1220 m (4000 feet). Even the sign of the

heat flux is not certain.


http:possib.le
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Observed and calculgted plume rise for the powerhouse

TABLE 15 stack for the flight Marbh 12, 13767(1h20~]550)

DOWNWIND PLUME RISE WINDSPEED RATI0 CALCULATED TO OBSERVED

DISTANCE OBSERVED (m/sec.) VALUES OF uAh BRIGGS TVA{1972)
(km) ( m) . BOSANQUET HOLLAND

L +5 | Fomzdum"rlogs y
3.2 * 2.6 1.63 1.23 0.93 0.80
.8 550

8.9

11,3 -

3.9 . 2.6 0.68 0.52  0.39 0.34
L.8 -

8.9 *

11.3 1310

reliable estimate not available

The momentum flux at 1220 m (4000 feet) was negative indicating

that the effect of surface drag was being felt at 1220 m (4000 feet) MSL,

and thus that the mixed boundary layer extended to at least that altitude.

Leles Fel3 CALTHIUCY

+

This result is in agreement with the irregular nature of the 502 con-~
centration which suggested considerable mixing.

The very small heat flux means that the turbulence was mechani-
cal and not convective. This conclusion is supported by the presence of
a fairly heavy overcast which would suppress surface heating and hence
the convective energy supply. The stability would be close to neutral
(C stability) which is what the o, values indicated on the Pasquill-
Gifford curves. The Pasquili-Gifford curves for the normalized concen-
trations at center line, shown in Figure 35, tended to overestimate the
actual concentrations.

The non-dimensionalized plume spreads in both the lateral and
vertical directions were presented in Table 14 There was a decrease

with distance similar to previous case studies.
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of March 12, 1976 (1420-1650).
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flight of March 12, 1976 (1420-1650)
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FIGURE 33 Observed horizontal dispersion coefficients
compared to Pasquill-Gifford curves for the
flight of March 12, 1976 (1420-1650 MST).
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Figure 35. Comparison of observed normalized centerline concentrations
with Pasquill-Gifford predictions for the flight of March 12,
1976 (1420-1650 MST).
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FIGURE 36 Maximum SO, concentrations along each travers

shown as a function of altitude for the
flight of March 12, 1976 (1420-1650 MST).
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Summary of turbulence data for March 12,

1.02 1.19 i.52  =-0.012

TABLY 16 1976 (1420-1650)
HEIGHT  HUMBER 9w ®v Oy Wile WIVE W
OF RUNS '
"] [n/sec] [m/sec] [m/sec] Im/ [m/ [deg €~ m/
. : ‘lsgg]_l sec] sec]
1580 3 0.95 }.01 1.62 ~0.236 0.758 0.082
* 1220 12 0.71 1.88 .42 -0.26 0.03 0.006
(0.07) (0.5).  (0.1)  (0.2) (0.1) (0.015)
1070 3 0.85 0.88 1.85  -0.01 ~0.257 -0.00]
910 1 1.13 1.81 1.37° 1.37 -0.402  0.133
760 2 0.92 1.39 1.53 -0.06 ~0%183  0.000
670 3 -0.472  0.038

The standard deviations of the mean values at 1220 m (4000 feet) MSL
are shown beneath the corresponding mean value. The other altitudes

do not have sufficient data to define similar meaningful standard
deviations,
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4.6 CASE STUDY FOR THE FLIGHT OF MARCH 15, 1976 (0740-0940)

b.6.) General meteorology and visual plume description

In this early morning case, there were clear skies with fairly
steady winds from the northeast. The plume was very narrow horizontally
and very thin in the vertical at the beginning of the flight. The cen-
ter line trajectory is shown in Figure 37. By ahout 0830 the plume
showed a definite spreading towards the south; the northern side of the
plume boundary was much sharper. At 0840, the plume showed a definite
layering effect with clear air between the layers. The main plume
effluent was now below and further to the south than a residual laver.

The tethersonde was profiling throughout the time of the flight
with two complete profiltes showing littie difference. The temperature
profiles indicated several hard inversions up to 500 m (1640 feet} AGL
or 745 m (2440 feet) MSL. The wind profiles showed light variable winds
to a height of about 300 m (980 feet) AGL topped by a layer of increasing
wind speed to a speed of 5 m/sec (16 ft/sec) at 450 m {1480 feet) and

then a slight decrease. The plume center line was close to 350 m (1150

o

feet) AGL, and so was in the layer of strong vertical shear of the wind

speed.

h.6.2 Flight profiles

A race track pattern was set up at 3.2 km (2 miles) and 8.0
km (5 miles) as shown in Figure 37 and Table17 . Since the plume had a
very limited vertical extent, the vertical resolution of the profiles
was good. Runs 8 and 9 were flown at the same altitude and distance
downwind but in opposite directions to check for repeatability and any
instrumental response problems. Following the plume traverses, turbulence
runs were made at 610 m (2000 feet) MSL parallel to the river valley on the

west side and then crosswind.

4.6.3 Isopleths and selected traverses

The isopleths of S0, concentration are shown in Figure 38. The

2
concentrations measured in this case study were much larger than any of

the other case studies and correspondingly the lateral plume standard devi-

ations oy were much smaller than any others.



A -

Fort
Mackay
3!

(\
N

Steepbank

"

Athabasca
River

A
& Fort

s a\McMurray

7 K/L .
———
‘“"‘""\_:'\
Milce % TIPS WU ¢ e MoMurray \
K

€12 R SRS T D R O V) Alrport
Athabosca o I3

River
=
Figure 37 Flight profile for Mar. 15, 1976 (0740-0940). Solid lines
denote numbered runs and dashed lines denote interconnecting
legs. Plume centerline for 0840 is superimposed,



- 84 -

TARLE 17 Run information for flight of March 15, 1976 AM_(0740-0940} _
RUN TIME ALTITUDE DOWNW I ND g MAX INTEGRATED  FLIGHT
HUMBER (m-MSL)  DISTANCE () CcONC.  CONC. DIR.
(HST) (kan) (ppm)  (ppm-m) (From-to)
+20 . +0.3 +100 +0.02 +50
1 0800 - 0802 610 3.2 302 5.43 3730 NW-SE
2 0803 - 0805 610 - 8.0 Los 4,08 3580 SE-NW
3 08¢67 -~ 0809 460 3.2 + + + NW-SE
4 0811 - 0813 460 8.0 + + + SE-NW
5 0815 - 0816 760 3.2 + + + NW-SE
6 0820 - 0821 760 8.0 M M M SE~-NW
7 0823 - 0825 550 3.2 387 2.26 1550 NW-SE
8 0828 - 0830 550 8.0 473 6.12 6350 SE-NW
9 0831 ~ 0833 550 8.0 500 6.0] 6030 NW-SE
10 0836 - 0838 520 3.2 2041 2.62 2890 SE~NW
11 0840 - 0842 520 8.0 1184 2.04 4740 NW-SE
12 0844 - 0846 670 3.2 518 2.34 1860 SE-NW
13 0848 - 0850 670 8.0 1514 0.24 270 NW-SE
14 0854 - 0901 610 - T T T S - N
i5 0902 - 0912 610 .- T T T N - 8§
13 0914 - 0920 610 9.7 T T T SE~NW
17 0925 - 0929 610 8.0 T T T NW-SE
T Turbulence run
+ NO SO, detected on these traverses
M  data ?ost due to system malfunction

run not crosswind
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8 km. (5 mi.)
ALTITUDE {(MSL) CONTOUR LEVELS
) 0.05 ppm
m, ft.
0.50
1.0
760 4 2500 2.0
670 - 2200 4.0
€10 + 2000
55 1800 6.0
52 1700
460 -} 1500
GCOS Stack
3.2 km. {2 mi.)
0.05
0.5
760-- 2500 o 1.0
670-1- 2200 ‘ 2.0
810} 2000
550 1800 S 4.0
520+4-1700 ... [ _ _ o R——
460 -+ 1500 5.0
4 GCOS Stack
3 1 PLUME 1 mi
5.5. T L oy 1 1 Y L 1 } P | p —~ NW
5 4 3 2 1 -] 1 ‘2 km.
FIGURE 38 Concentration lsopleths for March 15,

SO

1996 (0740-0940). Transects were flown
“downwind of GCOS stack at 3.2 km. (2 mi.)
and 8 km. (5 mi.).
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There was evidence of multiple sources at Lo m (1500 feet)
MSL. The effluent from all the stacks could be visuglly seen to rise
almost straight up before. reaching the layer with strong wind shear.
Figure 39 shows the normaIEZed'SO2 concentrations for run 11 at 520 m
(1700 feet) MSL at 8 km (5 miles) downwind. The presence of the
secondary sources can he seen on this run even though considerable mix-
ing has taken place.

Runs 8 and 9 shown in Figures 40 and 41 are of particular
interest for repeatahility and instrumental checks. Some instrumental
response problem due to purging after the very high concentrations (6
pprt) is evident. Nevertheless, the concentrations appear to have a
slightly more peaked distribution than Gaussian. The o values, the
maximum concentrations and the integrated concentrations for runs 8

and 9 as shown in Table 17are in excellent agreement; the repeatability

of the above traverse statistics is 95% or better.

L.6.4 Plume geometry and mass flux

i e oy peng ol e~ | il PR,
Table 18 summa mass UxX aata. Figure

42 shows the maximum concentrations along each traverse as a function of
height. The plume center line can be seen to be about 610 m (2000 feet)
MSL at 3.2 km {2 miles) and then dropping to about 550 m (1800 feet) MSL
by 8.0 km (5 miles}. As mentioned above this altitude is in a laver 'of
high wind shear in the vertical. From the tethersonde profiles the mean
wind speed at 550 m (1800 feet) MSL is 1.7 m/sec and at 610 m (2000 ft)
MSL is 2.9 m/sec. The question then arises as to whether the wind

speed at a given altitude over the river valley is a representative wind
speed for the same MSL altitude some 11 km (8 miles) further downwind
where the ground elevation is about 100 m (330 feet) higher. Furthermore
-the height of the center line is not known accurately enough to obtain a
good wind speed estimate for accurate mass flux computation: A wind
speed of 2.3 m/sec (7.4 ft/sec) (the average of the wind speeds at 550
and 6?0.m (1800 and 2000 ft} MSL gives SO2 mass fluxes of 11.9 and 11.3
metric tons per hour at 3.2 and 8.0 km (2 and 5 miles) respectively in
excellent agreement with the emission value of 11.6 metric tons per hour.
Such close agreement is somewhat fortuitous considering the very large
vertical wind shear and the uncertainty in the exact plume center line

height.
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FIGURE 42 Maximum 50, concentrations along each traverse
shown as a function of altitude for the
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Plume geometry and mass flux as functions of down-

wind distance from the source for the flight of ,
TABLE 18  __ March 151976 {0740 - QShO)
DOWNW IND NORM., © g S0, mass a U g U
D|STANCE cL cone F yel 2 I -
X 0 flux g X OUHX
W Q [metric tons
[km] [10H6md2} fm] {m] " per hour]
+0.1 +20 +100 '
3.2 10.7 116 302 13.2 0.26- 0.20
8.0 12.0 100 472 12.6 0.09 0.12

U is the mean wind speed at plume center line height as measured by
the tethersonde (U = 2.5 m/sec (8.2 ft/sec))

Q is the sum of 502 emissions as supplied by GCOS = 11.6 metric tons
/hr.

X downwind distance

¥ centre line concentration of 502 (mass volume)

The comparisons of the ohserved values of Qy, i and normatlized
center line concentrations with. the Pasquill=Gifford curves are shown
in Figures 43, &4, and 45. Unlike all the previous case studies the
values of oy fall along the curves. Presumably the combhination of the
very weak winds at low levels, the lack of directional shear in the ver-
tical and the very limited vertical nixing gave rise to a plume geometry
af center line which resemhled g single-source plume. The center
line concentrations suggest D or E stability. Note that the center
line concentration was highest at 8 km (5 miles) suggesting that the plume

center line was very narrow and was probably missed at 3.2 km {2 miles).

4.6.5 A comparison of observed and calculated plume rise

Vertical concentration profiles based on surveys of March 15,
1976, (0740 - 0940) are presented in Figure 42, The profile at 3.2 km
downwind suggests an initial over-shoot to 610 m (2000 feet} MSL while
the profile at.8.0 km indicates a levelling off at 550 m (1800 feet) MSL.
As alluded to earlier in the discussion of this case, the layer of high
shear between these altitudes probébly contributed to the effective stack

height attained.
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' Observed and calculated plume rise for the powerhouse
TABLE 19 _stack for

or the flight of March 15, 1976 (0740-0940)

DOWNWIND PLUME RESE WINDSPEED RATIO CALCULATED TO OBSERVED
DISTANCE OBSERVED (m/sec.) VALUES OF uAh BRIGGS TVA(1972)

(km) . ( ) BOSANGQUET HOLLAND

+50 FORMULATIONS

e B L 1 2 3 K

3.2 240 ).8 0.81 0.79 1.56 2.70

8.0

180 , - 1.08 1.03 2.09 3.60

Table 19 summarizes a comparison of observed and calculated
plume rises for this day. The average wind speed and temperature gra-
dient between the top of the stack and the effective stack height used
in plume rise calculations were 1.8 m/sec and 2.5 °C/100 meters respec-
tively. These data were abstracked from the tethered balloon measure-
ments. Over the lTower half of the plume rise a very strong inversion
was evident approaching 10°C/100 meters.

The March 15, 1976, case was the only moderately stable case
(A0/8Z = 0.025°C/m) of the Fivé analyzed. It is evident that the Briggs
and TVA (1972) formulations give very satisfactory estimates whereas
the other two overestimate significantly. The overestimating of the
Holland models for stable conditions is consistent with observations
made by Turner (1970) and attributed to Holland by Briggs (1969).
However Briggs' (1971) subsequently showed that the Holland model under-
estimates during these conditions! In this latter study Briggs found

the Bosanguet model to overestimate plume rise.
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b.6.6 Turbulence Tevels related to plume structure

The summary of turbulence data is presented in Tahle 20, The
horizontal wind standard deyiations are.all of comparahle size and have
a mean of 1.2 m/sec; the vertical wind standard deviation s ahout 30% as
large,

The momentum flux U'W' has a net positive value if all runs
are averaged. However two large positive values at 460 and 550 m (1500
feet and 1800 feet) MSL dominate the contributions. Both tethersonde
profiles showed a low level jet with a maximum speed of 2.2 m/sec (7.2
feet/sec) centered at 445 m (1460 feet) MSL which might explain the
presence of occasional, large positive momentum flux values at these
altitudes. Within the strong wind shear layer above 550 m (1800 feet)
MSL, the momentum flux was very small indicating virtually no mechanical

“turbulence. The visual observations of layering near the top of the
visual plume confirms that very little vertical mixing was taking place.

The heat flux is close to zero particularly at the higher
tevels indicating virtualiy no cenvective turbulence.

Because of the lack of turbulent fluxes, the . values are
very likely due to laminar wave flow which would induce very little if
any mixing but which would cause an apparent spreading of the time-
averaged plume for an Eulerian observor.

The non-dimensionalized plume spreads presented earlier in
Table 18 can now be interpreted. o, does not have a linear spread, but
rather is approximately constant with increasing diffusion time. The
use of o, asa non-dimensionalizing parameter may not be appropriate
untess laminar and turbulent contributions to g, can be separated. The
increase of Uy is less than linear with diffusion time. The magnitudes
of these non-dimensionalized plume sigma values will be compared with

other case studies in the following chapter.
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Summary of turbulence data for flight of March 15,

TABLE 20 1976 {0750~0940)
HETGHT NUMBER U w Oy v WUY Wiy WiT?
OF RUNS

[m Imfsec] = [m/sec] [m/sec] [m/ , Im/ [deg C- m/

MSL] 1 // : 7 o sec] sec] sec]
L60 2 ! 0. 45 2.27 2.9 0.29  0.53 0.03
520 2 0 0.15 0.72 * 0.00 # 0.00
550 3 1 0.35 0.88 2.45 0.3 =0.65 0.02

+610 5 | 0.35 1.22 Q.25 0.00 0.00
670 2 Q 0.50 0.53 % 0.02 -0.0]
all 1k 3 0.35 1.29 1.87 0.072 -0.04 0.006

{

+

insufficient data for reliahle estimate
1 number of crosswind runs
// number along-wind runs

the seven two-minute segments from runs 14 and
for o W'T'; these seven segments had SN of 0,
-0.00f

15 were included
95 and a W'U' of
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5. DISCUSSION OF THE CASE STUDY RESULTS

&

5.1 A COMPARISON OF PLUME GEOMETRY WITH PASQUILL-GIFFQRD RESULTS

For each of the case studies examined in the previous chapter,
the observed values of ¢ , 7, and normalized center line concentrations
were compared to the Pasquill-Gifford curves as presented by Turner. in
Table 21 each case study is briefly described and g Pasquili-Gifford
stability class assigned is shown. In Figures Lé , 47 , and 48 all of
the case study values are compared with the Pasquillnﬁiffnrd curves.

The Uy values can he seen to be significantly larger than
predicted. The presence of multiple sources can partly explain the
discrepancy, since the muitiple peaks result in much larger Uy values than
would result from just the main plume. Note that if second order moments
had been used for the plume standard deviation calculation rather than the
adopted method which kept the area constant, the discrepancy would have
been much larger. The case of the morning of March 15 is of particular
interest. The lack of low level directional shear may have been very
important in keeping the oy values smaii. if that interpretation is
correct, then the characteristics of the wind profile may be very impor-
tant. Note that the slope of the observed points for each stability
class is close to the slopes of the Pasquili-Gifford curves.

The g, values also separate Fair?y well according to stability
class. However the observed o, values do not increase with distance as
quickly as predicted. Undoubtedly this result is due to the presence of
elevated inversions. The assignment of a single stability class for a
boundary layer comprising of several different stabilities in the verti-
cal is not appropriate.

The normalized center line concentrations tend to be lower than
predicted. This result is consistent with the Oy values since the Gy val-
ues are larger than predicted. The concentrations scatter fairly widely
along the predicted curve. Thissatter can probably be attributed to
the difficulty in obtaining a reliable maximum concentration particularty
for stable conditions when the concentration gradients in the vertical
are large. The concentrations do not decrease with increasing distance
as quickly as predicted; again, this result is consistent, since the o,

values did not increase with distance as quickly as predicted.
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TABLE 21 The assigned Pasquili~Gifford stability classes (or
each of the case studies.

FLIGHY METEOROLOGICAL DESCRIPTION ASSEGNED STABILITY
March 10 neutral at centerline height, D
(1415-1705) stable above and unstable below
March 11 very little turbulence with stable F
(0750-1050) near-surface layer
March 11 mixed up to center line height, stable D
(1250-1655) above
March 12 well mixed boundary layer with D
(1470-1650) mechanical turbulence and no heat flux
March 15 very stable layers with strong F
(0740-0940) wind shear at 300 m. AGL; very

little turbulence

The observed discrepancies between the Pasquill-Gifford curves
for UZ and the observed values are hot inconsistent with other exper-
imental results. A summary of experimental results presented by Slade
(1968, pg. 131) indicates that especially under stable conditions the
Pasquill-Gifford curves tend to overestimate the measure of o, with dis-
tance. The occurrence of a similar suppression of vertical dispersion
for the neutral case for these AOSERP results probably is a result of
elevated stable layers occurring for winter conditions at high tatitudes.
Similar elevated stable layers are probably less frequent at lower

latitudes or during warmer seasons of the year.
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5.2 THE EFFECTS OF TOPOGRAPHY ON DISPERSION

Enhancement of turbulence production by topography would be
expected to appear in increased vertical and horizontal dispersion,
since turbulence is inherently three-dimensional.

The increased Gy values were very much larger than predicted
by the Pasquill-Gifford curves but much of this discrepancy may be due
to the effects of multipie sources.

The g, values, however, should be largely independent of this
multiple source effect. The fact that the observed o values did not
increase with distance as quickly as predicted was attributed to the
effects of elevated inversions. However, in addition, the a, values
are consistently larger than the Pasquiti-Gifford values for the appro-
priate stability c¢lasses. At downwind distances of less than 5 km, the
limiting effects on the growth of o, due to elevated inversions can
probably be considered to be small., Thus much of the enhanced vertical
mixing at these closer distances (typically a factor of two to three)
can be attributed to enhanced turbulence production due to topography.
For the very stable case of March 15, there was very little turbulence
at plume height and so topographical effects were probably small. However,
the lack of a directional wind shear from near the surface to plume
height meant that, for this case study alone, there was no horizontal
separation of the plumes from different sources; so that the observed
g, values may not be appropriate for comparison with the Pasquill-Gifford
values.

The normalized axial center-line concentrations {see again
Figure 48) also indicate a much lower concentration than predicted.

At less than 5 km any question regarding the suitability of the assump-
tion of no virtual source in the computation of the theoretical curves

is unimportant. The observed center-line concentrationsat less than 5 km
are typically 5 to 10 times less than predicted. This discrepancy com-
bined with the o, discrepancy and mass continuity requirements suggests
that a factor of 2 or 3 in the Uy discrepancies can be attributed to
enhanced mixing due to turbulence. The fact that the a and Oy dis-
crepancies attributable to turbulent mixing are apgroximately equal

gives further support to the idea of enhanced three-dimensional

turbulent mixing.
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A distinction between effective andractual values of Uy and
o, needs to be emphasized. The computation of the amount of the oy dis-
crepancy attributable to enhanced turbulence by the method in the pre-
vious paragraph assumes that the Gaussian model is appropriate. The
effective values of oy and o, are the values needed to match the
Gaussian prediction to the observed 502 concentration. The difference
betweeﬁ the effective and observed 0; values has been attributed
principally to the effects of multiple sources; although the non =
Gaussian behaviour of the plume may also have a significant effect
in the discrepancies.,

The Athabasca River Valley itself is probably not responsible
for the enhanced mixing of the plume within the first 5 or 10 km down-
wind from the stack., As discussed in detail in the case study of March
11 (1250 - 1655) (Section 4.4), there were no statistically significant
differences in the various averaged turbulence quantities upwind and
downwind (about 8 km (5 miles)) of the river at typical plume heights
{300 m or 1000 ft. AGL). Presumably the fiow Separates at the edges
of the valley; so that the effect of the valley topography is not large
compared to background turbulence levels as far as the main plume is
concerned. The valley has very great effects, however, on the low

tevel wind field and low level emmissions as visually noted almost

every morning.
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5.3 SUMMARY OF PLUME RiSE DATA

Figure 49 summarizes, the ratios of calculated to observed plume
rise for the five cases analyzed. An initial gssessment of these data
suggests the methods of Briggs, TVA (1972) and Bosanquet et al give a
similar range of results whereas Holland is considerahly more incon-
sistent. Eliminating those cases where the rise was through a non-
uniform temperature gradient or considerable doubt of the observed
values exists, tends to improve the consistency of the predictions by
Briggs and TVA (1972). |In contrast the results of the other two tech-
nigues is noted to deteriorate. The Briggs model appears to best predict
low wind speed cases particularly if accompanied by stable atmospheric
conditions. For the one moderately high wind speed case the TVA (1972)
model performs best. The Bosanquet et al and Holland formulations
severely overestimated the plume rise for the stable case. In general
these observations are consistent with those found in the literature
(Briggs (1971), Guldberg (1975) and Moses and Kraimer (1972)).
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5.4 The relationship hetween the standard deviation of the plume
digpersion and the turhulent stptistics

The Pasquill-Gifford curves relating plume dispersion to
stability are empirical curves designed for gently rolling countryside.
No account is made for non-homogeneous and non-stationary conditions or
for the effects of topography and meso-scale meteorology. Although the
Pasquili-Gifford curves are often very useful it is desirable to relate
the plume dispersion to the turbulence actually causing the dispersion.
Then if the turbulence can he properly parameterized in terms of readily
available meteorological data, plume dispérsion formulations will be
more accurate and less site specific.

The theory of turbulent diffusion was largely developed by
Taylor who developed an expression relating particle displacements to

the auto correlation function for homogeneous, stationary turbulence

Py s (7" (5.1)
y * 20, [)LR(}’}(I}J?’
where T is the diffusion time and where R is the Lagrangian auto-
correlation function of the appropriate velocity component. A similar
equation- relates o, to o . For large dispersion times, T, equation
(5.1) reduces to

o-f}z c 2et i T (5.2)

where tL is the Lagrangian fintegral time scale given by

¢ [MR(ﬁ"’f (5.3)

According to Taylor's theory (and to Pasquill's formulation if
L
we take fI = 1}, a plot of Oy /O versus T? should yield straight lines

L
with a slope (2 t, }° where t is the horizontal lateral integral time

Ly Ly
scale. Figure 50 shows that the data supports Taylor's theory. |If the
curves are forced to go through. the origin, then the power law dependence

of the form .

0; /ag,= of (5.4)

where o and n are constants, yields an average value of n = 0.46. This

observed value is clearly very close to Taylor's prediction of 0.5. The
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maximum value of n is 0.69 for the March 12 case; the minimum is 0.36
for the March 10 case. ©Note that to compensate for the effect of a
more rapid spread of the plume at short dispersion times, the arigin in
Figure 50 should be shifted up the ordinate scale. The computed power
law constants, n, would then be stightly smaller.

The average lateral integral time scale computed from equation
(5.2) and the observed data is about 130 seconds. However, because of
the complications of multiple sources and the effects of wind shear on the
vertical, the calculation of the integral time scales from (5.2) may not
be valid. Although the curves on Figure 50 generally indicate an
increasing time scale for more turbulent situations as expected, the
increased slope and hence longer time scale for March 11 AM compared to
March 10 is puzzling. A comparison with directly measured integral time
scales would resolve the uncertainty and perhaps determine the other
controlling parameters.

A similar analysis can be done for the vertical plume spread
(see Figure 51). Some care is necessary In interpreting Figure 51.
Taylor's theory i1s applicable only for homogeneous turbulence and is
not applicable where there are limits to the vertical growth either
in the form of elevated inversions or the surface. Referring to Table 21,
we can see that most of the case studies are under meteorological con-
ditions which limit the applicability of Taylor's theory. The effects
of the initial plume interaction with the environmental air and the
more rapid initial spread is more obvious in Figure 51 than in Figure 50.
The actual shift of the effective origin up the ordinate is roughly
the same but represents a much larger fraction of the vertical spread.
The data for March 15 is associated with large experimental errors due
to a very thin plume and very low turbulence levels. The March 12 data
suggests a more rapid vertical spread than T%; however this effect
may be due to the presence of multiple plumes (see again the isopleths
for the March 12 case). The other case studies are not inconsistent
with a T1§ diffusion rate. However, a more complex expression with

allowances for stable layers aloft is desirable.
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An approach to the problem of relating turbulence to observed
plume sigma values has recently been developed by Draxler (1976). Draxler
did not calculate or estimate integral time scales, tL; rather he defined
a time T1 corresponding to the diffusion time required for f1 to drop to
0.5. This approach forced all his data sets to cross at f, = 0.5 as
well as at the origin: f1 =1 at T = 0. Draxler then determined the
values of F1 and fz using his values of Ty. Basically Draxler had an
eguation with two unmeasured quantities and he proceeded to arbitrarily
define one of them. He determined an empirical relationship between oy
and o valid for his data set but not necessarily related to either

Lagrangian integral time scales or Pasquill's universal functions, f]

and FZ'
l+ is instructive to consider the form of the Lagrangian

intearal time scales from the known characteristics of turbulent spectra.

Since the autocorreiation function and the power spectral density are
Fourier transforms of one another, the extensive literature on spectral
shapes can be utilized. I1f a spectral gap exisis between the turbulence
and the targer scale eddies, then the integral time scale is well defined.
At a lag of i/n1 seconds, the autocorrelation coefficient will be approx-

imately equal to the integral from n, to the low frequency limit, n

normatized by the total area (see Fi;ure 52). It is well known tha% the
Eulerian spectral sha?e near the surface scales along the frequency

axis according to n2/U, where 2 is height and U is the mean wind speed.
For the Lagrangian spectral shape 2 scaling with 2 in the mixed boundary
layer is expected. Hence in a mixed boundary laver, the Lagrangian
integral time scale will certainly vary with height. Under stable con-
ditions the small scale turbulence near the surface still scales along
the frequency axis as nZ/U but the total area under the curves is greatly
decreased due to a lack of low frequency contributions (see for example
Kaimal et. al. (1972). Thus the Lagrangian integral time scale can be
expected to vary both with height and stability. Attempts to develop
relationships between the plume dispersion coefficients and turbulence
fTevels should consider the variations of the integral time scales within

the plume environment,
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5.5 A recommended procedure for relating turbulence and plume
dispersion -

There is a very promising approach to the problem of relating
turbulence and plume dispersion, an approach which is possible using the
type of data available from this study.

The main requirement is to be able to measure the integral
time scale. Although the Lagrangian time scale is virtually impossible
to measure at the Athabasca oll sands site, the Eulerian time scale could
be measured and then related to the Lagrangian with confidence.

The turbulence data from the aircraft could provide the auto-
correlations and spectral analysis could give confidence as to the re-
tiabitity of the values and whether or not spectral gaps exist. Even if
spectral gaps do not exist and the definttion of the wind standard de-
viations becomes arbitrary, a low frequency cut-off could be set by the

size scale which can influence the plume within about 10 km of the source.

With the measurement of the wind component standard deviations,
the plume sigma values and the integral time scales as functions of
height, the forms of Pasqu?l]‘s universal functions could ‘be determined.

There would still be the problems of differentiating laminar
and fully turbulent contributions to the standard deviations of the wind
components and of how to preperly analyse cases in which the plume
encounters very different stabilities with height or in which conditions
are non-homogeneous or non=-stationary. However the data set avaitable
would be more complete than any other large-scale diffusion studies at

an industrial site.
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6. CONCLUS I QNS

The experimental design and the equipment used in this study
were Fully adequate to provide the data necessary for the accomplishment
of the goals of the plume survey program. From the analysis and interpre-
tation of the data, several specific conclusions can be made.

The observed values of the lateral plume dispersion cecefficent,
oy, ware several times larger than the Pasquill-Gifford values largely
due to the presence of multiple sources.

The observed values of the vertical plume dispersion coefficient,
Ué, were of similar magnitude to the Pasquill—GiFford“YQIyes but incrgased
more slowly with increasing downwind distance. This behavior was attrib-
uted to increasingly stable conditions aloft which are not accounted for in
the predicted values.

_ The normalized center line concentrations, XU Q_] were consistent
with the oy and g, values; they were smaller than the Pasquill-Gifford
values and decreased more slowly with increasing downwind distances.

The SO2 mass flux could be calculated by transverse and then
vertical integration of the 50, plume traverse data to a typical accuracy
of 10 to 20%. There were two major sources of error: wuncertainty of the
appropriate wind speed whenever the tethersonde did not reach effective
stack height, and lack of good vertical resolution by the stacked traverses.

The center line trajectory can be determined reascnably well
from observer field notes and photoaraphs,

The center line height is difficult to obtain reliably, unless
there is good vertical resolution by the stacked traverses or else
good photography conditions (usually only for stable conditions}. On
days in which there is a well mixed boundary layer, the vertical distance
over which traverses are required is quite large. Thus only two downwind
distances can usually be flown before stationarity prohlems develop.

The observed values of plume rise were compared with the values
from the following formulations: Briggs, TYA (1972), Bosanquet et al and
Holland. The ratios of observed to theore%ical are consistent with those
found in the literature. The Briggs model is best for low wind speeds
especially in stablé conditions. The TVA modél ts best for the moderate

wind speed case,
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A single stability class is seldom adequate to describe the
boundary layers observed.

All of the case studies showed that the transverse plume spread
o, /OuH, varied with T2

is predicted by Taylor's classical mixing theory for homogeneous tur-

where T is the dispersion time. This behaviour

bulence. However the implied values of the Lagrangian integral time
scales do not scale with stability as expected. Careful autocorre-
lation and spectral analysis is needed to obtain independent estimates
of the time scales to resolve the problem.

The vertical plume spread(s-/c" showed much scatter. Although
much of the data was not inconsistent with a diffusion rate of T a
more complex formulation than Taylor's theory is clearly requnred.

As predicted‘by several theoretical studies, the averaging
time required for stable turbulent estimates is quite large. Even though
the aircraft provides about twenty times as much data as a stationary
platform, turbulence runs in addition to the plume traverses are necessary.

Under neutral, mixed conditions and light-to-moderate winds
from the west (the case study of March 11, 1976 (1250-1655}), there was
little effect by the Athabasca River valley topography on the turbulent
statistics at typical plume heights. The effects at lower levels and
under other meteorological conditions is not yet known.

The results of this study were derived from the five case
studies available from the March 1976 field study which met the meteo-
rological and data quality criteria set out earlier. Although the
results are considered accurate, they should not be interpreted as
being representative of the whole range of meteorological conditions,

These results are considered to be a late winter case, not a spring case.
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7. RECOMMENDAT | ONS

Based upon the experience gained during the March 1976 field
study and the results of the subsequent data ana]ysis, specific recom-
mendations are presented below. These are meant for consideration for

possib]e future field programs:
7.1 POSITION RECQVERY

Accurate navigation using visual flight positioning is very
difficult, particularly on the east side of thé Athabasca River. It is
recommended that position recovery instrﬁmentation be used on subseguent
field trips. Such a positioning system should be highly reliable without

the need for frequent technical maintenance.
7.2 STATIONARITY PROBLEMS

The main plume from GCOS generally has a high effective stack
height and so the vertical depth over which stacked traverses are
required is large. |t Is recommended that in order to avoid significant
changes in the plume structure, the number of downwind distance for the
stacked traverses be kept to two. It is béttér to have increased vertical

resolution than another downwind distance.
7.3 COORDINATION BETWEEN THE TETHERSONDE AND AIRCRAFT OPERATIONS

There is a need for better communication and coordination be-
tween the tethered balloon and aircraft operations. Specifically it is
recommended that a tethersonde profile be made immediately before and
after the aerial survey. During the actual survey the tethersonde should
be kept at effective stack height as radioed to the tethersonde ground
site by the airborne observors. Depending upon meteoralegical conditions
additional tethersonde profiles might be adyantageous.

It is recognized that the tethersonde may have other research
objectives which may conflict with the above operational suggestions. |If

such s the case then better real-time communication is even more desirable.
7.4 AIRCRAFT OPERATIONAL BASE

It is recommended that the McMurray airport be used as the
operational base for the aircraft for subseguent field programs. Although

the Mildred Lake alr strip is more convenient to ADSERP field camp, there



..]17-

are operational requirements which make McMurray a much superior base,
Whenever there is frost on the wings or control surfaces, this frost
must be removed prior to take-off. This requirement could result in
long delays for argiane that is left unhangered at Mildred Lake espe-
cially if wet snow has fallen and sUbSEquentiy frozen.

Fuel is only available at McMurray and so the aircraft must fly
to McMurray every.day in any case. A heated hangar is of real value to
enable preflight and post-flight instruméntation validation checks.

The availahility of an aircraft mechanic is a definite advantage to
staying at McMurray. The above logistical and opérationai advantages
are partially offset by increased costs and isolation from the rest of
the investigators at the AQSERP field camp. However, in balance, it is
recomméndéd that the aircraft be stationed at McMurray except possibly
durfng a warm-weather Fié!d trip. Major projéct réview meetings could
be held évéry second or third evening at thé AQSERP camp., The airborne

scientist could commute to these meetings by vehicle.
7.5 TIMING QF SUBSEQUENT FIELD TRIPS

An expanded data base is needed to ensure representative
results. A careful review of the pollution climatb)ogy is necessary for
the selection of the critical time periods but some comments now are
appropriate. Field studies during very cold weather in mid-winter are
feasible but there are serious operational problems which require a
reasonable lead time for adequate preparation. 1t is suggested that mid-
spring be considered a priority time sincé végetation is no longer dormant
and yet the sun angle is still low enough to geneirate extended limited-

mixing cases.
7.6 RECOMMENDED APPLEICATION OF THE DATA BANK

It is recommended that the objective of the plume dispersion
field studies be to relate the ohserved dispersion to the turbulence
structure and secondly to relate the ohservyed turbulence to the mean
meteorological conditions. Such a formulation should be the hasis of a
numerical simulation of the plume dispersion for the AOSERP study area.
The obsérvéd'dispersion'cannot be well represented by simple Gaussian-

type models.
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APPENDIX 1 222 TRAVERSES FOR MARCH 10 (1415-1705)

This appendix contains the normalized SOZ traverses for the

flight of March 10, 1976 (1415-1705). The run information table for this

flight is reproduted for convenience in interpreting each traverse.
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TABLE Run information for fiight of March 10, 1976 (1415-1705)
RUN TIME ALTITUDE  DOWNWIND o MAX  [NTEGRATED FLIGHT
NUMBER (m-MsL) DISTANCE () CoONC. CONC. DIR.
(MST) (km) (ppm}  (ppm-m} (From-to)
~ 4200 .. #0.3 4100 | 40.02... +50
| 1531 - 1435 1220 1.6 3350 0.06 210 W - E
2 1h41 - TAES 1220 14.5 5640 0.11 700 E - W
3 1453 - 1457 760 1.6 3420 0.26 510 W - E
i 1500 - 1505 760 “14.5 3710 0.1) 610 E ~ W
5 1508 - 1512 910 1.6 790  0.60 1100 W~ E
6 1516 - 1521 910 15,5 * 0.11 * E - W
7 1525 - 1528  49p 1.6 * 0.10 E W - E
8 1533 - 1537 hap 9.7 * 0,08 * E-W
9 1540 - 1544 980 1.6 920  0.83 1440 W - E
10 1548 - 1553 980 14.5 2300 0.25 480 E - W
1 1555 - 1600 980 - 2030  0.32 830 SW-NE
12 1602 - 1606 980 1.6 1130 0.73 1300 E - W
13 1610 - 1616 910 6.4 4010  0.30 1130 W - E
4 1618 -~ 1622 760 6.4 3580 0.20 770 E - W
15 1624 - 1628 760 6.4 2840 0.27 8ho- W - E
16 1630 - 1633 460 - 6.4 & 0.27 X E - W
V7 1638 - 1644 760 - T T T N -S
18 1645 - 1651 760 - T T T 5 - N
19 1652 - 1658 760 - T T T N - S

- flight not perpendicular to plume (i.e. not crosswind)
% imcomplete sectioning of plume so that reliable values not available
T turbulence run
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APPENDIX 2 §22 TRAVERSES FOR MARCH 11, 1976 AM (0750-1050)

Thfs appendix contains the normalized 502 traverses for the

flight of March 11 AM, 1976 (0750-1050). The run information table for

this flight is reproduced for convenience in intefpreting each traverse.



- }38 -

TABLE _ _Run information for flight of March 11, 1976 {(0750-1050) =
RUN TIME ALT|TUDE  DOWNWIND o MAX  INTEGRATED FLIGHT
MUMBER (m-M5L)  DISTANCE (A} CONC.  CONC. DIR.
(MST) - (km) (ppm)  (ppm-m)} (From-to)
#2000 .0 40,3 100 +0.02. . +50
] 0817 - 0819 610 1.6 2310 0.220 333 S - N
2. 0821 - 0824 610 _ B.h 1176 0.418 714 N - S
3 0828 - 0832 910 i.6 2859 % 0.093 & 473 =% S - N
A 0834 - 0836 880 6.4 1686  0.058 127 + N - S
5 0810 - 0843 460 1.6 . 1147  0.632 962 S - N
6 0845 - 0848 46p 6.4 3283  0.082 280 + N -S
7 0851 - 085k 670 1.6 3927 0.04h 202 S - N
8 0858 - 0902 670 6.4 1639  0.403 868 N -§
9 0904 - 0907 670 3.2 1421 0.359 511 S - N
10 0910 - 0912 460 3.2 2110 0.218 434 N -§S
11 0915 ~ 0918 610 3.2 892  1.069 1502 S - N
12 0924 - 0928 610 - 2006  0.469 1463 NW-SE
13 0931 ~ 0946 610 8.0 T T T S - N
14 0848 - 1002 610 8.0 T T T N - S
15 1007 ~ 1020 1220 8.0 T T T S - N
16 1022 - 1034 1220 8.0 T T T N - §

T Turbulence run ‘
- Plume was traversed at an angle for an orientation check
" Incomplete traverse resulting in unreliable values for
plume sigma and concentration values
+ Small part of plume was rnissed, so that integrated con-

centration values were increased by 10%
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APPENDIX 3 §92 TRAVERSES FOR MARCH 11 PM, 1976 (1250-1655)

This appendix contains the normalized 502 traverses for the
flight of March 11 PM, 1976 (1250-1655). The run information table for

this flight is reproduced for convenience in interpreting each traverse.



TABLE Run information for '£ !I_ght of__l*iarch ]], ]97_6 (1250 : 1655)-'
RUN TIME ALTITUDE  DOWNWIND o MAX  INTEGRATED FLIGHT

NUMBER (m-MSL) DISTANCE (). CONC. CONC. DIR.

(MST) {(km} (ppm)  (ppm-m) (From-to)
C 420, C+0.3 04100, 4+0.02. .. 450

1 1306 - 1318 1220 8.0 T T T S - N
2 1319 - 1331 1220 " 8.0 T T T N -5
3 1334 - 1346 610 8.0 T T T S - N
L 1348 = 1355 610 8.0 T T T N -5
5 1359 - 1401 610 3.2 1820 0.19 580 + N -S
6 1404 ~ 1ho7y 610 8.0 2230 0.20 770 + S - N
7 1412 - 1418 1070 3.2 2920 0.4 190 N -5
8 1417 - th20 1070 8.0 2250 0.08 310 S - N
9 1424 - 1426 1370 3.2 3430 0.08 120 N - S
10 1428 - 1430 1370 8.0 2480 0.06 220 S - N
11 1433 - 1436 310 3.2 1540 0.26 430 N -5
12 1438 - 1441 910 8.0 1900 0.14 460 § - N
13 1hh5 - 1448 héo 3.2 2230 0.09 230 N - S
14 1450 - 1453 560 8.0 2010 0.16 560 S - N
15 1457 - 1501 610 - 3210 0.08 400 NE-SW
16 1512 - 1516 760 16.1 * 0.25 % S - N
17 1518 ~ 1522 550 16.1 3140 0.11 410 N -5
18 1524 - 1527 - 910 16.1 0.12 S - N
19 1529 - 1533 910 16.1 3720 0.12 600 % N - S
20 1543 - 1556 610 3.0 T T T S - N
2] 1557 - 1612 610 8.0 T T T N - 5§
22 1618 - 1627 610 8.0 T T T S - N
23 1628 - 1640 610 8.0 T T T N -5

T turbulence run

plume was traversed at an agle for a check on orientation of traverses
with respect to plume axis

* incomplete traverse resulted

integrated concentration

in unreliahble values for plume sigma and

% run 18 was incomplete at the northern end; run 19, at the southern end

sigma values and integrated conceniration were estimated from a composite

of runs 18 and

small part of plume was missed;

19.

were increased by 10%

so that integrated concentration values
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APPENDIX 4 §92 TRAVERSES FOR MARCH 12, 1976 PM (1420-1650)

This appendix contains the normalized 502 traverses for the

flight of March 12, 1976 PM {1420-1650). The run information table for

this flight is reproduced for convenience in interpreting each traverse.
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IABLE Run information for flight of March 12, 1976 PM (1420-1650) _
RUN TIME ALTITUDE  DOWHWIND o MAX  INTEGRAITED  FLIGHT
HUMBER (m-MsL) DISTANCE  {f) CONC. CONE. DIR.
(15T) (km) (ppm) (ppm-m) {From-to)
w20 . 0.3 thO - +0.02 130 _
] 1430 - 1hho 310 L.8 T T T 5 -N
2 Vhh2 - 1hhs 1220 3.2 2490  0.155 458 NW-SE
3 IhhE - Th50 1220 8.9 3530 0.077 234 SE-NW
i 1h52 - 1455 1220 4.8 3166 0.149 360 N - S
5 1457 < 1500 1220 11.3 3660  0.058 196 S - N
6 1503 - 1507 760 4.8 * 0.094 X N - S
7 1509 - 1511 760 11.3 3330 0.099 .333 + S - N
8 1515 - 1519 1070 4.8 % 0.160 * N - §
9 1521 - 1524 1070 11.3 3840 0.093 407 S - N
10 1528 ~ 1531 910 4.8 2130 0.19%4 528 N - S
i1 1533 - 1537 910 11.3 Mo M M S - N
12 1541 - 1544 670 4.8 2820 0.133 514 + N - §
13 1546 ~ 1550 670 11.3 4Lolo  0.122 367 S - N
L4 1533 ~ 1559 1580 4.8 1470 0.098 191 N - S
15 1601 - 1603 1580 11.3 2370  0.101 200 S - N
16 1605 - 1614 1220 11.3 T T T S - N
2.4 T T T NW-SE

b/ 1616 - 1633 1220

incompiete traverse resulted in unreliable value

T Turbulence run

+ integrated concentration was increased by 10% due to the missing
of the edge of the plume

M data missing due to system malfunction
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APPENDIX 5 SO_ TRAVERSES FOR MARCH 15, 1976 AM (0740-0940).
L

This appendix contains the normalized SO2 traverses for the

flight of March 15, 1976 AM {(0740-0940). The run information table for

this flight is reproduced for convenience in interpreting each traverse.
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TABILE Run information for fiight of Maych 15, 1976 AM (0740-0340) _ _
RUN TIME ALTITUDE DOWNY [ ND g MAX INTEGRATED  FLIGHT
B R (m-MSL)  DISTANCE (M) CONC.  CONWC. DIR.
(S T) (ten) (Ppm) (ppm—m) (From-to)
+20 . . +0.3 . +100 . +0.02 . 450
i 0800 - 0802 610 3.2 302 5.43 3730 NW-SE
2 0803 - 0805 610 - 8.0 405 4. 08 3580 SE~NW
3 0807 - 0809 b60 3.2 + + + NW-SE
4 0811 - 0813 L6o 8.0 + + + SE-NW
5 0815 - 0816 760 3.2 + + + NW-~SE
6 0820 - 0821 760 8.0 M M M SE-NW
A 0823 - 0825 550 3.2 387 2.26 1550 NW-SE
8 0828 - 0830 550 8.0 473 6.12 6350 SE-NW
9 0831 ~ 0833 550 8.0 500 6.01 6030 NW-SE
10 0836 - 0838 520 3.2 204 2.62 2890 SE-NW
11 0840 - 0842 520 8.0 1184 2.04 4740 NW-SE
12 084L - 0846 670 3.2 518 2.34 1860 SE-NW
13 0848 ~ 0850 670 8.0 1514 0.24 270 NW-SE
14 0854 - 0901 610 = T T T. S - N
15 0902 - 09iz2 610 - T T T N~-S
16 0914 - 0520 610 9.7 T T T SE-NW
17 0925 - 0929 610 8.0 T T T NW-SE
T Turbulence run
+ NO SO, detected on these traverses
M data %ost due to system malfunction

run not crosswind
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APPENDIX 6  EMISSION CHARACTERISTICS FROM GCOS PLANT

Emission characteristics used to calculate the plume rise
were provided by Great Canadian 0il Sands Limited for the period of

the field program. These are summarized for the two main stacks.

i} Incinerator stack

height 107 m

diameter 1.8 m

altitude of stack top 366 m MgL

exit temperature 603 £ 7°¢C

exit velocity 16.6 2.1 m/sec

ii) Powerhouse stack

height 107 m
diameter 5.8 m

altitude of stack top 366 m MSL
exit temperature 280 + 18%¢

exit velocity 20.1 £ 1.2 m/sec
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APPENDIX 7  THE APPROPRIATE GAUSSIAN EQUATION FOR
NORMALIZED AXIAL CENTER LINE COMCENTRATION

The observed normalized center line concentrations of 502
were compared with the predictions of a Gaussian model using dispersion
coefficients commonly referred to as the Pasquili-Gifford coefficients.
The time-averaged concentration field in the Gaussian model is given by

(see for example, Pasquill (1971)):

I(x,q.z)ﬁ = 1 ‘}xp - ja&j] .
z mag L2
2
exp - H-Z)z 4 @Ap - /H*Z) (A-1)
2@1 202

where ¢ is the source strength and H the height of the source. The
above formulations assumes complete ''reflection' of the plume from the
ground; the second term in the square brackets is a virtual source
required to simutate the complete reflection at the surface.

Using the above model, the axial center line concentrations

are given by

X (=, G,H)f( . 1 I+ eap -4 4
Q 210 O 20"

(A~2)

Again, the second term in the square bracket simulates the complete
reflection at the surface. Physically, it is clear that for downwind
distances for which GZ is less than or of a similar size to H, the
effects of reflection of the plume at the surface cannot have a signi-
ficant effect at plume center line. For large downwind distances, the

second term due to the virtual source approaches unity.

If no virtual source is assumed, then the predicted concen-

tration field at axial center line is given by

X (@t,O,H) ET 4

¢ L 2T T,

(A-3)
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On physical grounds, it is clear that equation (A-3) is more appropri-
ate than (A-2) for axial center line concentrations at downwind
distances where o, is similar in size to or smaller than the effective
plume height, or equivalently until the plume is well mixed in the
vertical.

The Pasquill-Gifford o_ values appropriate for the stability
classes and downwind distances flow were always over a factor of two
less than the observed effective stack height (see Table 22). The
observed 7, values, however, were generally a factor of two or three
larger than the Pasquill-Gifford values. But even for these larger
a, values, equation (A-3) without a virtual source is the appropriate
equation for comparison of the observed axial concentrations to Gaussian

predictions.

TABLE 22 A comparison of the effective stack heights with
the Pasquili-Gifford a, values

Case Study Assigned Observed Pasquill-Gifford
Stability Effective o_ value for
Class Stack Height 16 km downwind
(Table 21) {m) {m)
March 10 D 720 180
March 11 AM E 350 160
March 11 PM D 510 180
March 12 D 660 (1310) 180
March 15 F 310 56
- C 7‘ 90
* B 2300

no case studies had these stabilities; however the comparison of
the Pasquill~Gifford g, values for unstable cases with observed stack
heights for the neutral and stable cases is useful.

the non-bracketted value for the observed effective stack height
on March 12 is for a downwind distance of 4.8 km; the bracketted
value is for 11.3 km.
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