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ABSTRACT

An accelerated field measurements program was conducted to quantify
atmospheric diffusion within a deep, steep-walled canyon in rough, moun-
tainous terrain. Two principle objectives were pursued...impaction of
plumes upon elevated terrain, and diffusion of gases within the canyon
versus diffusion over flat, open terrain. 0i1 fog flow visualizations
provided qualitative information; quantitative diffusion measurements
were obtained using sulfur-hexafluoride gas with analysis by highly -
sensitive gas phase coulometric techniques. Eleven 45 to 60 minute
gaseous tracer releases were conducted.

Stability category related differences in canyon diffusion versus
flat terrain diffusion were found. Daytime lapse conditions showed
little difference. Neutral stability tests showed five times greater
dilution for canyon axial concentrations; strong inversion tests resulted
in canyon plume centerline dilutions fifteen times greater than calcu-
lations using parameters derived for flat terrain. Plume effluents
frequently impacted against elevated terrain. One hour total integrated
concentrations measured on the canyon floor and walls compared to one
minute axial concentrations collected away from the terrain showed
peak-to-average concentration ratios of 1.5 to 3.

Enhanced mechanical turbulence associated with gradient windflows
near the mountain tops, density flows originating in side canyons, and
turbulent wakes from pronounced terrain irregularities within the canyon
are believed to be some of the additional physical mechanisms affecting
plume dilutions in Huntington Canyon.

The present results should be relevant, at least qualitatively,
to similar deep, steep-walled canyons. They should not be applied in-
discriminantly to sites with less extreme topography. Additional
measurements are needed at sites in less rugged terrain.




Diffusion in a Canyon within Rough Mountainous Terrain1

G. E. Start
C. R. Dickson
L. L. Wendell
Air Resources Laboratories
National Oceanic and Atmospheric Administration
Idaho Falls, Idaho
I. Introduction

During the past few decades considerable effort has been expended on
theoretical and empirical field measurement programs to understand and
quantitize the rate of dilution of airborne effluents. Most:-of this ef-
fort has been concentrated on atmospheric flows occuring over physically-
flat or simple underlying ground surfaces and has been summarized by Slade
(1968). This knowledge has been applied at distances of a few kilometers
and time durations of a few hours with general success.

However, the need to assess the role of the atmosphere during dis-
persion of airborne effluents within a confined region such asqa deep,
steep-walled canyon has given rise to a number of fundamental concerns.
There was and is a need to assess the environmental impact within this type
of physical setting. Since the data and understandings are primarily
limited to flat terrain, what are the rational alternatives for an evaluation
in rough terrain? First, the simple, flatland models could be utilized as
they exist. Second, for elevated effluent releases, the material could be
assumed to flow horizontally until it impacts against the steeply-rising
terrain, after which the effluent could be visualized as flowing along and

bounded on the Tower side by the underlying terrain. Third, under other

1Research carried out under the joint sponsorship of the Atomic Energy
Commission (Division of Reactor Development and Technology) and the
National Oceanic and Atmospheric Administration.
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situations the elevated effluents might be envisioned as flowing up-and-
over or out-and-around prominent physical features with minimal contact
with the actual terrain surfaces. Many additional possibilities probably
could be cited. From the existing state of knowledge it would be nearly
impossible to rigorously determine defendable quantitative estimates of
effluent concentrations. An alternative would be to develop estimates
which would 1ikely define upper bounds upon the highest concentrations
expected through use of joint-frequency statistics, simple flat-terrain
model(s), and a terrain impaction assumption. This alternative was chosen
for an atmospheric diffusion model developed by the Air Resources Laboratory
(ARL) in the meteorological report (Van der Hoven, et al, 1972) to the
Department of the Interior as a part of their "Southwest Energy Study."

A very similar model has been applied by the Environmental Protection
Agency as a basis for estimating the extent of pollution abatement actions
necessary in the matter of smelters and fossil-fueled plants in the south-
western United States. These models have been criticized as being unduly
conservative. A critical assumption in the models was the impingement of
the elevated plume centerline upon higher terrain under certain conditions.
It was postulated that the impingement model represented the worst credible
condition with regard to downwind surface pollutant concentrations and that
modification towards enhanced dilution required new and substantive measured
data. Also, current Atomic Energy Commission Reguiatory practice assumes
that an elevated plume centerline travels horizontally and impinges upon
higher terrain. Concentrations are then calculated from "flat terrain"
diffusion models. It was felt that changes in the dilution calculations

for sources within a confined region as compared to calculations for flat
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terrain sources could be warranted. Calculations for facilities having
stack releases in deep valleys in mountainous terrain would be particularly
affected. Intuitively, most air pollution meteorologists would suspect
that the rough terrain would produce greater mechanical overturning and
mixing in the atmosphere with a resultant more rapid rate of effluent di-
lution (Hinds, 1967). Conversely, one could postulate separation of within-
canyon-fiow from above-canyon-flow (DeMarrais, 1968). This result could
produce a volumetric dilution within the confines of the canyon or possibly
a narrow plume filament or ribbon which could either flow around and/or
over terrain, or impact (at essentially centerline value) into the elevated
terrain. Almost any intermediate situation could be envisioned. No basis
existed to resolve which of these physical effects should be incorporated
to yield an appropriate dilution model nor to what quantitative extent they
should be utilized.

These unique, rough-terrain and canyon effects had to be observed and
quantitatively measured and compared with the much more numerous flat or
open-terrain model experiments. Huntington Canyon, Utah, provided an
excellent setting in which to perform an initial field measurement program.
In addition, an existing 183 m chimney at the power plant construction site
provided a valuable point of opportunity for.the study of elevated, within-
canyon effluent releases.

As a beginning point consider a single, continuous point source and
its widely utilized Gaussian diffusion equation. At the plume axis or

centerline for a given distance downwind from the source

1

mo, .o
y Z
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where

x = effluent concentration gm"3
Q = effluent source strength g sec_]
U = mean windspeed m sec”!

o, = standard deviation of effluent concentration in crosswind direction
m

o_ = standard deviation of effluent concentration in vertical direction
m

Relationships between the standard deviation of effluent concentration (o

]

oz) as a function of distance and measured meteorological parameters are
given in several places (Pasquill, 1961; Slade, 1968; Yanskey, et al 1966;
Turner, 1969 and many others). These relationships are based upon field
observations collected at a number of flat terrain locations. The results,
however, are generally quite similar. The most widely used diffusion
categorization scheme is that developed by Pasquill (1961) and shown in
table 1. The resulting Oy and a, values as a function of distance,
(Gifford, 1961) are shown in figures 1 and 2. With arguments of season of
year and time of day (solar insolation factor), wind speed, and cloud
cover, a determination of the stability results. The precision of this
objective scheme (and several other potential schemes) is subject to
considerable case-to-case variability. However, since this scheme is
basically the practice incorporated in environmental impact evaluations,

it provides a fair reference against which the actual observations may

be compared.

The scope of the Huntington Canyon field measurement program had to be

carefully restricted due to the pressure of time and resource limitations.




Table 1. Meteorological Categories
A. Extremely unstable conditions
B. Moderately unstable conditions
C. Slightly unstable conditions

D. Neutral conditions
E. Slightly stable conditions
F. Moderately stable conditions

Surface wind Daytime insolation

Nighttime conditions
Thin overcast

speed, or > 4/8 cloudi- <3/8 cloudi-
m/sec Strong Moderate Slight ness ness
<2 A A-B B
2 A-B B C E F
4 B B-C C D E
6 C C-D D D D
>6 C D D D D
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Two principle objectives were selected to receive the primary emphasis.
First, and fundamental to the application of the ARL Southwest Energy
Study concentration model, was the investigation of the validity of plume
impaction upon elevated terrain. Second, and of equal importance, was the
measurement of gaseous tracer concentrations within the canyon. These
tracer concentration measurements were needed both within the canyon, but far
from the canyon walls, and at numerous points along the walls and floor. As
a result of these measurements, two important facets of dilution within the
canyon could be examined. The mid-canyon measurements were expected to show
the rate of tracer dilution versus downwind distance within the canyon (and
allow comparisons with the expected rates of dilution over flat or open
terrain) and to show any difference between canyon surface and plume center-
Tine or mid canyon concentrations (quantify impaction behavior).

It was not intended to treat the area of mountain meteorology in any
depth. Defant (1951), Thyer (1962), DeMarrais (1968), etc, have reported
on specific studies of meteorology in mountainous terrain and tﬁe reader
is referred to their work. Extensive supporting meteorological data were
desirable, but priorities prohibited an extensive program. Wind and temper-
ature data sufficient to describe diffusion classes were collected to docu-

ment conditions during the actual tracer measurement cases.

II. Methods and Instrumentation

Wind and temperature instrumentation for the Huntington Canyon study
consisted of an array of sensitive .anemometer-wind vane stations located
throughout the canyon, and aspirated resistance thermometers placed at

various levels on the 183-m stack.
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The six wind stations up canyon from the stack (Little Bear, bottom;
Little Bear, top; Trail, bottom; Trail, top: Bear Creek, and Wild Horse;
see figure 4), consisted of 3-m towers upon which were placed battery-
powered Climet Tow threshold cups and vanes. Our calibration showed re-

liable response beginning at 0.2 m sec'1.

Springwound strip-chart recorders
were used to record the data. The stations on the canyon floor were
located in open meadows near the canyon centerline. Locations for those
on the rim were chosen in areas free from timber-induced eddies, toward
the tip of protrusions from the canyon wall.

Bendix model 126 aerovane transmitters were used to instrument the
top of the 183-m stack, the 9.1-m tower down the canyon from the stack
at Orchard, and on the 3-m tower on the rising bench at Deer Creek. These
data were.recorded on the Bendix-Friez strip chart recorders, from which
the datawere read, coded, and processed.

Three aspirated type A bulb resistance thermometers were placed on
the power plant stack at the 183-, 92- and 3-m levels. Aircraft temper-
ature soundings were also taken on a routine basis every morning and
afternoon during the test period. A Cessna 206 using a fast response
resistance.thermometer and a strip-chart recorder took soundings from near
stack-top height up through 3400 m MSL.

A visual track of the approximate tracer plume position was pro-
vided by a smoke generator which emitted an intensely dense cloud of
white smoke for as Tong as desired. The unit consisted of a portable gas
turbine in which high grade fog oil was burned. The unit could be easily

transported to various release points in the canyon.
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Photographic coverage of the experiments provided valuable plume
positioning, and a means of evaluating the significance of the helicopter
samples. During the actual testing, four 35 mm cameras were positioned at
various sampling locations in the canyon, and Ektachrome slide photographs
taken of the sampling helicopter and plume. Time synchronization among
the cameras, helicopter and release was achieved by means of portable radio
sets which used a repeater positioned atop the 183-m stack. Airborne
pictures were also taken from the helicopter. An Airflex 16 mm movie camera
using ECO (Ektachrome commercial) film, a Nikon-F using high speed Ekta-
chrome, and a 4x5 Linhof, were used at various times in the helicopter.

Volumetric sampling of the tracer plume was carried out using heli-
copter-borne and surface-based samplers which pumped a known volume of
plume gas into inert saran bags. Careful attention was given to recording
the beginning and ending sampling times so that tracer cbncentrations
could Tater be normalized.

The Bell H-1 helicopter carried a battery powered air sampling pump
built by Unico Environmental Instruments, Incorporated. The pump drew short-
term samples through a 28-m length of hose which hung in the air beneath the
helicopter. The hose assured that the sampled air was not unnaturally di-
Tuted by the helicopter rotor turbulence; previously conducted research
has shown that beyond 21 m below the rotors the free air is undisturbed by
the downwash.

Portable radio units were used by personnel at samplers on the canyon
wall to assist in vectoring the helicopter to center-plume positions.

The ground-based volumetric samplers were similar to metal suitcases

which contained a battery pack powering a calibrated air pump. The pump
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drew ambient air from outside the box into a saran sample bag for the
duration of each test run. Imhediate]y after each test run the saran bags
were collected and analyzed in a mobile gas analysis laboratory at the
test site. Several samples were drawn from each bag and inserted into an
electron capture gas chromatography system which had been custom-built to
our specifications. SF6 separation was accomplished using 5A molecular
sieve, 80-100 mesh, columns. The electron capture detectors used 15 mCi
Ni-63 sources.

To facilitate quick sample analysis the chromatograph system was
assembled with two columns and detectors in parallel; two samples could
be run simultaneously. Data were graphically displayed using dual pen
Hewlett-Packard strip-chart recorders. The saran bag volumes were deter-
mined using a wet test meter so that the pumping rates of the calibrated
ground samplers could be checked and also so that the dilution of the
samples could be taken into account in the concentration calculations.
After analysis and volumetric determination the saran bags were purged

with ultra-high purity nitrogen in preparation for reuse.

ITI. Results

A. Canyon Dispersiaon

The gaseous tracer measurement program was separated into two main
parts....elevated releases from the top of the 183-m stack during lapse
to neutral stability conditions, and releases from the canyon wall or
floor during strong inversion stabilities. Eleven releases of SF6 were
made. Helicopter collected plume center samples were unavailable for

tests 4 and 9. During test 4 the oil fog system failed and plume center-




- 12 -

Tine positions could not be visually located. During test 9 the heli-
copter was inoperative. Teéts 1 to 6 were elevated releases from the top
of the 183-m stack. Tests 7 to 11 were conducted from a release point
nearly 10 km up-canyon from the plant construction site. The dates, times,
durations of release, sky conditions, mean wind speeds, atmospheric
stability categories, and amounts of SF6 released are listed in table 2.
Table 3 lists the W1nd directions and speeds as recorded by three main
wind stations and the wind speed at 10 m above the ground (for use in
determining appropriéte stability categories) during the eleven SF6
tracer tests. Figure 3 illustrates the location of Huntington Canyon
and gives some perspective on its size and relation to other major topo-
graphical features in the area. (Height contours are labeled as feet
above mean sea level.)

Figure 4 illustrates the general shape and topography of Huntington
Canyon. The Tocations of the 183-m stack and the two up-canyon release
points (near Little Bear Canyon, about 10 km up-canyon from the plant)
are shown by small triangles. The nine wind station Tocations were also
indicated. The basic region of interest extended from the orchard site
(about 1% km down-canyon from the plant) to Little Bear nearly ten km
up-canyon. Sizable "feeder" or side-canyons are evident. The locations
used for canyon wall and floor gas samples are in figure 5, along with
the names of the principle feeder canyons and ridges. Release points
are depicted as small triangles and sampling points as small boxes; dots
within boxes indicate individual samplers. The names of the sampler

strings are listed along side of the box symbols. To emphasize the
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terrain features of Huntington Canyon, several cross-sections have been
prepared. Figure 6 provides the horizontal Tocations of these cross-
sections. During tracer releases from the 183-m stack, samplers were
operated along the cross canyon arcs shown in figure 7. Figure 8 depicts
the same type of cross-sections for releases from the Little Bear up-
canyon sites (tests 7 to 11).

The results of the SF6 sampling program are shown in figures 9,
10, 11 and 14. Aerial samples of about 1-min duration, taken by heli-
copter in the plume center as visualized by simultaneous smoke emission,
are depicted as circles with an inscribed cross. No aerial samples were
taken during tests 4 and 9. Surface-level samples on canyon walls and
floor were collected over about one hour periods and are shown by the
letter 'x'. Figure 9-a through f are for the six releases from the 183-m
stack during lapse and neutral conditions. In each plot of figure 9 the
ordinate values were wind speed normalized relative axial concentrations,
with units of m‘2. The wind speeds used in computing normalized relative
concentrations were determined from oil fog arrival times reported by
several field observers at varied distances downwind of the source point.
These speeds represent the effective displacing wind (through a consider-
able vertical depth) and were the best available estimates. The solid
Tine represents the expected open-terrain or flat-land values for the
Pasquill stability categories as determined by the criteria in table 1.
Figure 10 shows helicopter and ground data and only helicopter data,
respectively, from class D tests (2, 3, 5, and 6). The dashed line in

figure 10-b is the least-squares first order curve fitting of these
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data points. This same Tine is entered on figure 9-d, since no plume
center samples were available. In every stack release case the canyon
floor and wall samples were of lower concentrations than the corresponding
helicopter obtained (plume center) sample concentrations. The centerline
concentrations were more dilute than concentrations expected over flat
terrain.

During the course of the SF6 measurement program it became apparent
that at this time of year it was highly unlikely that concentration measure-
ments up-canyon (to the northwest) could be obtained during inversion con-
ditions when tracer releases were made from the top of the 183-m stack.
Flows at night were down-canyon and carried the plume southeastward where
it entered the broad main valley to the east, away from the mountains and
the elevated terrain. Up-canyon flows were occurring during daytime
lapse conditions.

Because dilution during inversion conditions and terrain impaction
of plume centerline concentrations were the critical points to be examined,
the test procedures were altered following test 6. A prominent, elevated
point, jutting out into the canyon was found about 10 km up-canyon from
the plant site (Little Bear, top) for use as a new release location; its
position is shown in figure 4. The height above the canyon floor was
about 168 m, nearly the same as the physical stack height at the plant
site. This release Tocation was adopted in the expectation that a nar-
row, filament or ribbon-1ike piume could develop during down-canyon, in-
version flows. During the first 3 km down canyon from this release point
the canyon was fairly straight and the walls were moderately smooth with-

out major side or feeder canyons. Beyond 3 km the canyon underwent a
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number of minor bends and several sizable feeder canyons entered from
each side. It was in this region that observations of plume impaction
were anticipated.

Figure 11-a through e contains the data points collected from up-
canyon releases during strong inversion conditions. The solid Tline in
each plot represents the expected Pasquill class F, open-terrain relative
centerline concentrations versus downwind distance. Measurements have
been plotted with the same symbolism used for the stack releases (tests
1-6) shown by figures 9 and 10.

Test 7 results, shown in figure 11-a, were for a morning release
from Little Bear, top. The test 7 plumes flowed away from the elevated
release point (on the canyon wall) with seeming little influence from
the ground surface. However, a narrow plume filament failed to materi-
alize. Instead, the plume was transported upward along the shaded can-
yon wall toward the mountain tops while moving down-canyon within the
basic wind flow. Figure 12 shows this plume from an aerial vantage about
4 km down-canyon.

If enhanced mechanical turbulence in the higher regions of the
canyon were responsible for the transport upward along the shaded canyon
wall, the next alternative was to release from the very bottom. There,
if anywhere, the plume was expected to be isolated from turbulent
effects near the mountain tops. Tests 8 to 11 (figure 11-b through e)
were conducted with the same canyon floor release point.

Two changes were evident for tests 7-11. First the differences
between expected Pasquill, flat-terrain and observed centerline con-

centrations were greater for these cases than for the observed stack
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~ 24 -

105

O/N« 1A

- A = H I
ol e R RS R S
= I i Il ] n i)
+ s H | | I 1
o H ¥ H — HH
-
© % L - L Y
| <€ \ T+ U
— Lt ! | o
+ N - - s —ul
. . - = I 5
0o i H H i HH
- ¥ . ] 11 =
. 4 14 | 1] (L] ~
MmO
™~ < \ N Lt
! < o
~ | b >
v . <
~0
1) T - eu
o [ - o
[52] FR. 188
w < [ ]|
=) n
no _
]
- ,m‘ 1.
f u
o
@ G n © ~ @ o
& & <) 5 b b =)
O/N+1IXA
0
—— Q
= m fnm 1572 ot
0 um ] A
= in
u L]
=+ 111
— ] -
[IRe)) NEane)]
10 L =
e SEN =
oL HH 1NN w&m Ll
— m
My v w
~0 %
~ < i m
O+~ z
—_N o
~ | owm
MM . paibuis
1K [
—~ 0
0
* <
]
no 10}
u |
— i
__"_ i ;_ .
| I o
u © ~ 1] o
b 5 o) b )

15:11-15:40 MST

CLASS D STACK RELEASE

TEST# 4 3/20/73

14-10:03 MST

CLASS D STACK RELEASE

TEST# 3 3/20/73 09:

n
_ [=)
] 11 7 -
\ + U
\ o
T ] n ! o — L
. [T] s I =
nm 1 M Ll
I T I =
i ek
7 AR 3
AR 1] >
o
ild I o
-4 ——
1 T [m]
1N 11
1 o
n
o
o+ n © o™
b o =Y 5
D/0x1M
n
o
|
4 -
\ =+ U
\ o
] H —
T I ; L
[ N =
7] e # z
I, £l
w
1% |1 b S
Jiam E 3 z
B <
9
Il own
j 4 =)
|8
n
o
@ o
)i 1
(o=} o

10:26-11

CLASS D STACK RELEASE

TEST# 68 3/22/73 09:44-10:40 MST

10 MST

TEST# 5 3/21/73

CLASS D STACK RELEASE

1078

n
_ _ =)
T ] -
> N
o
] i -
. [ tu
1] b
v HH L
\ O
i A1 | i Z
153} o 1=
L own
u )
i ] n Y-
il
Bl [
] ~ ] [+ B
s b b )
D/Ns1A
n
o — . (=)
(A S
/ + B
1l o m
Ho T
T I i L
IR - 1 IR =
/
L
7 i ] || Q
% P 3 Z
L™
L] | |l o
- aam ] H o
. N [
i
_ a
| o
gl o
pe
b

program for lapse and neutral
® - Aerial samples, x - Canyon

ing

Results of SFg tracer gas sampl
stability categories (B and D).

wall and floor samples.

Figure 9.



KI*U/Q

KI1#0/Q

- 25 -

CLASS D HELICOPTER AND GROUND
TESTS 2,3,5 AND B

1072 pmr EEas e
“\
N
N
10‘3—_\
B
\N
107 === et
B N
5 % ‘\
107
\\‘
ID_S : \ £H
ik Baciii :
1077 _IX
1078 = Emsecss = =
-9
10 IOa 103 R 10"' 105
DISTANCE (METERS)
CLASS D HELICOPRPTER
TESTS 2,3,5, AND 6
1078 =
N~
\\
1073 == a ==
h
B s
]0‘“* S e =2z |
%t‘\\
. LAY
1077 e =
: —
! N
1076 et
- N
107 e H =Sz
1O et eseni————cc==:|
-9
ETT 103 10* 10°

DISTANCE (METERS)

Figure 10a. Helicopter and ground
samples. D stability;
Tests 2, 3, 5, 6.

Figure 10b. Helicopter samples only.
D stability; Tests 2,
3, 5, 6.

8 - Aerial samples

X - Canyon wall and floor sampies




105

1%
(METERS)

17:50-18:23 MST

CLASS F CANYON FLOOR RELEASE

17:45-18:33 MST

T rHirh
NN

i 3
A Y 100 0 0 35 3

Tt

T
1

T
T
B SO O SO S A

ol

103
b DISTANCE

3
L TEET

CLASS F CANYON FLOOR RELEASE

TEST#10 4/5/73

1t
) -
| R
AR S 00 O
I NREE

1
I

T
]

TEST# 8 4/4/73

1078

-9
10795z
1o
1073

- 26 -

105

—
1

J41

) 20000 0 Ay ot o 0 |

1

T
1
)i

T
Tt
1TTY

105

T LTTH

1

]

1g*
(METERS)

1
!

o i 0 0 4

D D S 0 O 0 B §

T
1

103
DISTANCE

d

06

/N« 1M

10"5’10a
® - Aerial samples, x - Canyon wall and

105

T

i o
) o

st o i §

T

IR RN
ISR ERNE]

P 1IT

¥
T
I

10 MST

i
3
1

[

104
(METERS)

18]

*_1)(1 Kl B,

T

[N

5

y i oy s x |

I EESE)|
U A |
) s '8 |
I EsEn |

T
1
I

104
10%

IR
IRERS|

(METERS)
(METERS)

LT THT

R
s w0 B 8 5

e N

103
DISTANCE

I

Results of SFg tracer gas sampling program for inversion conditions,

(Stability category F).

floor samples.

RN

S e

IS

|
a

CLASS F CANYON WALL RELEASE

CLASS F CANYON FLOOR RELEASE

TEST# 9 4/5/73 06:58-07:58 MST

TEST#7 4/4/73 07:25-08:

1072
1073 =
Lot

1079

! 0-6

O/0=s 1M

4/6/73 06:28-07:03 MST
CLASS F CANYON FLOOR RELEASE

103 -
DISTANCE

103
DISTANCE

111
11}
11T
11T

=+

e

c

TEST#1 1

102
Figure 11.

-9

1077
1078
10
103 2



- 27 -

1011 fog plume being carried upward‘along thé“dhwﬁlcanyoh éhaded
‘wall. (Test 7, 4/4/73, 0740 MST - 8400 ft Tooking North). -
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releases during lapse and neutral conditions. Second, the he]iéopter
1-min centerline concentrations and the 1-hr canyon wall and floor con-
centrations were more nearly equal, as opposed tp results from tests 1
through 6.

Some test 11 canyon wall and floor data (figyre 11-e) at first
seemed to be contradictory because values exceeded the class F flat
terrain curve. Upon closer examination there was no discrepancy. " Ac-
cording to other estimation schemes (Yanskey, op.cit.) much if not all
of each stable test case fell into a "G" category. Tests 7-11 were
denoted class F in table 2 since the Pasquill classifications in table 1
ended with the class F category and a generally accepted curve for
class G was not available. The test 11 concentration data at short
travel distanceé approached values expected for a projected G stability
curve (see Yanskey, op.cit., fig. 3-4).

The test 11 samples obtained at short distances using the helicopter
were believed to be collected away from the plume axis; consequently they
were expected to be less than the actué1 axial concentrations.* The first
downwind sampling points along the canyon floor (640 and 1250 m) seemed
consistently to provide concentrations more dilute than expected from an
extrapolation back towards the source of a stright-line (subjective)
fitting of data points at the longer distances. A minor S-like off-set

of the canyon axis between the source and the first sampling point may

*There was a very practical reason. The helicopter could not be safely
flown within the dense smoke close to the source. At those distances
samples were of necessity collected near the upper plume boundary; a
significant gradient of concentration must have still existed in the
vertical during this particular case.
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have produced a subtle but systematic effect on concentrations measured
there. A similar off-set existed near 1250 m down-canyon.

Since the canyon wall and the plume "center" expected concentrations
were nearly the same, it was concluded that a volumetric dilution process
(i.e., turbulent mixing producing a nearly uniform concentration) occurred
along the bottom of the canyon. Were no other information available,
this conclusion would be only hypothesis. 011 fog visualizations and
photography during these same SF6.tests clearly showed this process.
Figure 13 was reproduced from one of the aerial photographs of oil fog
dispersion to illustrate this volumetric spread of effluent within the
lower canyon. Other diluting mechanisms were operative as well. These
mechanisms will be disucssed in a later portion of the text.

A plot of the relative concentrations from test 9 (fixed samplers
in the canyon only) is given in figure 11-c. Test 9 was an early
morning release, similar to test 11; the canyon bottom concentrations
tended to be slightly greater for the early morning releases than for
evening releases. The two test 9 samples collected nearest the source
again showed enhanced dilution compared to more distant values. Figure
14 shows a composite of the tracer samples for tests 8, 10, and 11, all
of which were released from the canyon floor under inversion conditions.
Figure 14-a shows the combined helicopter and ground samples while
figure 14-b shows the helicopter samples alone.

The results of measured plume center concentrations versus expected
centerline concentrations over flat terrain during similar meteorological

conditions are summarized in table 4. The test-by-test comparisons have
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Figure 13. 011 fog visualization of volumetric dilution of airborne
effluent within the lower part of Huntington Canyon during
evening inversion conditions. (Test 10, 4/5/73, 1836 MST -
7400 ft.) )
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been Tisted in the upper part of the table. Perhaps of most significance
is the summary by stability categories at the bottom. Only little dif-
ference was apparent for the Tapse conditions. During neutral stabilities
the average expected to observed canyon plume center concentration ratio
was 5. For class F conditions the ratio was about 15. Test 7 resulted
in even greater dilution than canyon floor releases when compared to ex-
pected flatland plume center concentrations. However, since test 7 was
a single test performed under unique conditions, it is probably advisable
to place little emphasis on its results; SF6 helicopter samples from this
test may not have been suitably within the plume. Therefore a value of
15 for canyon bottom releases is probably most appropriate until more
data are collected.
B. Plume Impaction on Elevated Terrain

The second major item investigated was the question of plume impaction
on elevated terrain. Unquestionably, the plume impacted against the ter-
rain, but the concept of impaction must be applied with certain qualifi-
cations.

1. A coherent, narrow or filament-like plume axis is improbable
within the transporting winds of a steep-walled, deep canyon
such as Huntington Canyon.

2. Plume segments from elevated sources dispersed laterally (some-
what T1ike a horizontal analogy to looping) and when they approached
elevated terrain could be expected to produce transient effluent
concentration levels for a few minutes which approached center-
Tine concentration levels. For longer time averagings (approxi-
mately an hour) the canyon wall and floor samples averaged at
least 1% to 3 times more dilute than 1-min centerline concen-
trations. This range of values agreed well with peak-to-average
air concentratian findings of many researchers (Slade, 1968).

3. During the uniform mixing within the lower confines of the canyon
under inversion conditions, there was 1ittle difference between
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peak-to-average (1-min centerline to 1-hr samples) concentrations.
However, the ratio of expected flat-terrain to observed concen-
trations were larger in these stable cases than in the unstable
and neutral stack releases.
Figure 13 illustrates volumetric dilution and its type of terrain im-
paction. An example of transient impaction of plume segments from the
183-m stack has been shawn in figure 15. Many occurrences of this behavior
were observed and photographed.
C. Mechanisms for Enhanced Canyon Dilution
The application of simple mountain meteorological concepts to the
estimation of diffusion in mountainous terrain should be done only with
great care. It appeared in this study (Huntington Canyon) that canyon
winds seldom behave 1ike air flows described by simple models of density
air flow. Instead, the air was in a highly disrupted turbulent state--
a state in which air flows may have really averaged to be as described in
simple mountain-valley circulations, but with an enhanced turbulent state.
Mechanical turbulence generated by the rough terrain of the mountain-
canyon environment, and not evident over flat terrain in similar stability
-conditions, is believed to be the mechanism producing enhanced dilution
of airborne effluents within Huntington Canyon. Three physical mechanisms
are offered as the instigators of enhanced mechanical turbulence. First,
the mountain tops are visualized as a very rough surface around which
considerable turbulence is generated, some of which penetrates downward
into the canyons. A schematic illustration of this effect is given in
figure 16 where the downward transport of momentum is related to the cross-

canyon flow component. Figure 12 shows a plume released from an elevated

point along the canyon wall and illustrates how it would be expected to
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develop while slowly moving down-canyon within the total air flow.

The second postulated process is illustrated in figure 17. Down-
slope density flows can be visualized to proceed from the bottom of a
side or feeder canyon out into the main canyon. Where the main canyon
is moderately narrow, the flow from the feeder canyon could rise up the
opposite slope due to a momentum type of overshoot. This flow, when
coupled with downslope density flows along the walls of the main canyon,
could be envisioned as generating pulses of helical-like circulations.
The frequency and time persistence of such circulations were not meas-
ured. However, this effect was expected to be more clearly observed
during strong temperature inversions and with minimal downward momentum
transport from the mountain tops, i.e., when other effects were less
likely to mask it. 0i1 fog visualizations showed effects of this type;
field observers noted them in their observation logs. Figure 18 shows
this type circulation. The camera point was 2.4 km downcanyon from the
surface release point. The elevated filaments of oil fog can be seen
extending part way across the canyon while the bulk of the plume is
near the canyon wall on the right-hand side of figure 18. At times,
small portions of the plume were dashed against the canyon where they
were shattered into smaller fragments. Figures 19-a and 19-b show a
two-part sequence in which a wave-like mass of oil-fog filled air is
forced against the canyon wall and disperses in a manner akin to an
ocean wave breaking against a shoreline cliff. This particular sequence
covered a minute time span. Other slides later showed a continued dis-

persion of the wave remnants.
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Table 4. Calculated vs observed plume center concentrations.

Time x% Mean
Test # Date Begin _End  Stability (msec™!) Ratio*

1 3/16/73 1051 1142 B 4.3 1.4
2 3/19/73 1541 1624 D 4.5 4.4
3 3/20/73 0914 1003 D 2.4 3.7
5 3/21/73 1026 1110 D 5.3 5.6
6 3/22/73 0944 1040 D 3.8 7.5
7 4/4/73 0725 0810 F 2.9 29.3
8 4/4/73 1745 1833 F 1.8 14.8
10 4/5/73 1750 1823 F 3.2 18.9
1 4/6/73 0628 0703 F 3.0 1.8

Summary of Stability Categories

Class Ratio
B 1.4
D 5.3
F 18.7 A1l cases

29.3 Elevated case (Test #7)
15.2 Canyon bottom cases

* The Mean Ratio is XT/Xobserved where X7 is the expected value of
x calculated according to Turner (1969).

** Speeds calculated from observations of movements of oil fog plumes
at several downwind locations.
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Plume segment impaction upon elevated terrain during lapse
conditions. Source - top of 183-m smokestack. (3/1/73 -

0950 MST - 8700 ft.)

Figure 15.
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—_— GRADIENT FLOW -—
fed T e XY

Figure 16. Schematic illustration of mountain top influences upon
the gradient Tevel flow component and the downward
transporting of gradient flow momentum.

Figure 17. Schematic illustration of circulations triggered by
slope density flows and air drainage from a side
feeder canyon.
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Figure 18. 0il-fog visualization of lower canyon helical-like
circulations. (4/5/73, 0712 MST - from canyon floor

2.4 km down-canyon from the release.)
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Figure 19a. Wave-Tike mass of oil-fog filled air forming on plume
from a canyon bottom release. (Test 11, 4/6/73,
0637 MST - 7700 ft.)

Figure 19b. Shattered remnants of earlier wave after being dashed
against canyon wall. (Test 11, 4/6/73, 0638 MST -
7700 ft.)
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The third process contributing to enhanced dilutions is a type of
wake turbulence. The wake turbulence is the smallest scale process of
the three postulated mechanisms. As air flows within the canyon it must
of necessity flow over and around protruding cliffs and abutments, and
partially across indentations and shallow, steep-floored draws up the
side walls of the main canyon. The concept of flow around a canyon-
wall obstacle and the turbulent wake effects are schematically shown
in figure 20. The wake region extends downwind from the obstacle and
contains a region of reduced wind speed and enhanced turbulence often
termed a cavity. If down-slope density flowsvere dominant (i.e., sTope
cooling effect), 1ittle 0i1 fog might be expected within these draws;
they perhaps would be zones of clean air which were draining down from
heights above the o0il fog plume. Quite the opposite was observed.
Figure 21 is a typical photograph showing filaments or fingers of oil
fog extending up the canyon walls, particularly within the shallow,
steep draws where they were least expected. Some of the classical
concepts of valley or canyon slope density‘f1ows}héed additional in-
vestigations; observations in Huntington Canyon haVé sﬁggested that
there may be some important exceptions to the simple models.

Investigations by Davidson (1963) and wind tunnel modeling by
Halitsky, Magoney, and Halpern (1965) described wake turbulence effects
and wind variabilities in the lee of mountain ridges. While the terrain
for their investigations was Tess rugged than the Wasatch Plateau/
Huntington Canyon setting, they found similar enhanced turbulence and
wind variabilities corresponding to the mountain top turbulence and

wake effects presented in this paper.
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Figure 20a.

Schematic view of the type of terrain capable of affecting
the wake turbulence illustrated in figure 20b. This same
terrain is depicted in figure 20b with arrows added to show
the type of secondary air flow caused by such protrusions
into the primary flow of the canyon.
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Figure 20b. Schematic illustration of turbulent wake effects caused by
obstacles protruding into the primary flow pattern.
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Figure 21. Plume filaments drawn up on the canyon side walls within
shallow, steep-floored draws. (4/11/73, 0654 MST -
7540 ft.)
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IV. Summary and Conclusions

The results of this study apply, strictly speaking, to Huntington
Canyon. They should be applicable to similar deep, steep-walled canyons.
Intuitively, diffusion within regions of less rugged terrain should occur
at rates bounded by rates for flat, open terrain and the findings for
Huntington Canyon.

The rates of dilution of airborne gases are different within a deep,
steep-walled canyon from rates of diffusion over flat, open terrain under
similar stability conditions. The differences vary with changes in the
well-known Pasquill stability categories. During moderate to strong
temperature lapse the difference is minimal. During neutral stabilities
canyon dilutions are about 5 times greater than for "standard" flat-
terrain curves; during strong inversions stabilities gases average 15 times
more dilute than calculated from the standard curves.

These more dilute concentrations impact frequently against elevated
terrain. During lapse conditions transient impactions (a few minutes)
may occur at any given point. The longer term (approximately one hour)
total integrated concentrations collected at fixed locations on the canyon
walls and floor averaged 1% to 3 times more dilute than concentrations
expected from one minute aerial plume centerline samples. These Tower
concentration ratios are consistent with time variations of peak-to-

average concentrations reported by other wresearchers.

producing greater effluent dilution within Huntington Canyon. Three factors
oree feed
are suggested as the plausible sources of this enhanced mechanical turb-

ulence. They are turbulence generated near the mountain tops and the upper




- 45 -

confines of the canyon, airflows originating within side canyons, and wake
effects of airflows over and around canyon topographic variations.

No sampling was done under extreme stagnation conditions--none was
intended during such periods. Instead, testing was done during typical
canyon conditions and these findings were compared to what would custom-
arily be calculated. Such a result would point up what systematic dif-
ferences may occur between the two.

Stagnation on the synoptic scale is not expected to be the worst
condition for canyon diffusion since strong diurnal wind cycles would
develop. The worst situation at Huntington Canyon may be synoptic block-
ing of one half of the diurnal cycle; but even then, gradient winds would
probably affect the type of momentum transfer illustrated in figure 16,
inducing mechanical turbulence and dilution of the effluent within the
canyon.

Before proper modeling adaptations may be applied over a broad range
of topographic and meteorological situations additional investigations
should be conducted using intermediate topographic settings. A more
comprehensive meteorological measurement program is recommended along
with a continuation of single or multiple gaseous tracer measurements,
0il fog visualizations, and balloon trajectory studies. While general-
izing changes in rates of diffusion with changes in topography, the
relative contributions of synoptic or gradient flows near the mountain
tops, the feeder canyons, and within-canyon wake-producing topographic

variations should be resolved.
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Enhanced mechanical turbulence associated with gradient windflows
near the mountain tops, density flows originating in side canyons, and
turbulent wakes from pronounced terrain irregularities within the canyon
are believed to be some of the additional physical mechanisms affecting
plume dilutions in Huntington Canyon.

The present results should be relevant, at least qualitatively, to
similar deep, steep-walled canyons. They should not be applied indis-
criminantly to sites with less extreme topography. Additional measure-

ments are needed at sites in less rugged terrain.
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