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1. INTRODUCTICY
The discharge of effluent into the
atmosphare Trom industrial stacks has received

much attention over the last half cen-ury. More
intense interest has developed since the promul-
gation of the Clean Air Act whereby concentration
levels of certain pollutants are reguliated.

The primary method recommended for
meeting air-quality standards at the present time
is control or recovery of the pollutant of con-

cern. In general, this control is expensive and
not ravored by industry. A less expensive method
is the utilization of optimum stack design so as

to minimize ground-level concentrations. The

The design or modification of an
industrial stack may be optimized so it can meet
ambient air quality standards by employing numeri-
cal and/or experimental techniques. Petersen et
al. (1975) described a method consisting of num-
erical and full-scale field measurements to ar—
rive at the optimum stack height for a smelter
complex. The basic drawbacks to full-scale
measurement studies are 1) many of the variables
of importance are difficult to control and
measure and 2) the studies are very expensive.

The standard numerical methods
employed include plume-risze predictions using
equations such as are outlined in Briggs (1975)
or Hoult et al. (1969). The concentration pat—
terns are then estimated using the Gaussian model
as described in Turner {1969).

The basic drawback to physically
ume-rise models is the method employed to
ystem of governing equaticns. Typical-
e

93017

1975; Hoult et al., 1969; Rajasekaramurthy, 1968;
and Fan, 1967). Most of the theoretical inveshi-
gators have assumed that the ambient flow is a
steady, horizontal laminar cross wind with no var-
iation of temperature or wind with altitude.
Rajasckaremurthy (1968) and Murthy (1970) did in-
clude in their numerical analysis a power-law wind
profile while Briggs (1975) and Hewett et al. (1970)
allow for vertical temperature variations in a
stable atmosphere.

A logical alternative to full-scale
measurements is to employ physical modeling in a
wind tunnel to simulate the desired flow condition.
A scale model of a stack and surrounding topography
or roughness, positioned in a long test section
wind tunnel, would allow for measurements of plume
rise and dispersion in a turbulent cross flow with
vertically varying temperature and wind speed
(Cermak, 1971; Synder, 1972).

Humerous investigations of plume
transport and dispersion have been conducted in
wind tunnels over a limited range of simulated
plant operating conditions. In most of the studies
similarity between atmospheric motion in the wind
tunnel was relaxed to some degree. Typically the
Reynolds number cannot be maintaired in the proto-
type and model. Golden, as cited by Halitsky (1963)
found that concentration patterns were invariant
in the wake and at the surface of the building for
certain Reynolds numbers while Weil (1942) found
that plume trajectories were invariant as long as
the plume was turbulent at the stack exit. Another
dimensionless parameter which is occasionally re-
laxed in the wind tunnel is the density ratio
(ps -pa)/pg. To date there is no extensive experi-
mental research on the dependence of plume rise
and dispersion on the density ratio.

The purpcse of this study is to
determine the effect of stack-gas emission temper-~
ature and velocity on the trajectory and
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Neutral thermal stratification and
ground-level inversions were simulated in %he
Colorado Jtaue Jniversity (CSY) meteorological
wind tunnel {M4T). A 1:300 scale model of a *O S n
stack was pL ed in the wind tunnel. ise
w25 assessed by photographing a visual
of the plume. The concunuration ca*ferns were
determinad by traversing the plume at various
locations and measuring the concentrations of
tracer gas (He) released “rom the stack. While
the exit velocity and temperature varied during
the study, the volume of gas flow remained a con-
stant for all tests. A summary of the test scen-
aric follows:

Test 3cenario

Stack-Gas

Exit Speed
(m/s)

Reference
Wind Speed

Richardson ot
Te T
X) (n/s)

Humber

2, b, 3, 16 12.5, 30, €0

120, 2ko
30, 60

365, 338,
i B
422 12.5, 30, 60

366, 388, 3.0 120, 240

422

Incluied in this report are a
complete description of similarity requiremen*s
for wind-tunnel modeling, the experimental pro-
gram, the results and conclusions. A compar iuon
o7 the coserved plume-rise with the Hoult et al.
(1969) and Briggs (1975) equation is given. The
maxirum centerline concentrations are compared
with those predicted using the Gaussian model
(Turner; 1969).

r

.0 THEORETICAL CONSIDERATIONS
1

fhel

Simulation cf Atmespheric Motion

The basic equations governing
atmospheric motion (conservation of mass, momen-—
tum and energy) are given in Cermak (1971)
Snyder {1972). They conclude that for exact

similarity, the non-dirensional quantities in the
governing equations and boundary conditions must
be the same in the wind tunnel and for the corres-
ponding atmospheric flow. The complete set of
requirements rfor "exact similarity is
1) Undistorted geometry
2) Egual Rossby number: Ro = u /(L 0 )
o' oo
3) Equal gross Richardson number:
a g
AR
Ri = =
Tu "

L) Equal Reynolls number: Re =

2 o
5) Equal Prandtl number: Pr = (v o C_ )/k
o"o’P [o]
o )
6)  Taual Eckert number: e = u S/[C. (A7) ]
) 1 o /[ p b )o
o
7) Similar surfuce~boundary conditions
3) Simiiar spprosca- acteristics

Al the : requirements cannot
be simultaneously satlsxied in the wind tunnel and
atmcsphere. Strict equality of Re, Te and Re in
model and prototype is not essential to cbiain a
good approximation of boundary-layer characteris
in {lcws of common occurrence (Cermak; 1971, 197k
The parameter whict +0 this study

h is most relevent
will now be discussed.

For simulating thermally stratified
conditions, equality or the Richardson number be-

t“ween mocel and prototype is required. The bulk
Richardson number is defined by
hJ z 2
i : \—
. _ T Az
Rlb = = E .
au
Az
Hence, if Ri the following relaticn results
AT 16
(7—' = 300(7—)
Az fn B
2.2 Similation of fource Characteristics

The Froude number, Tr, for the stack-
gas is delined by
uc‘
Fr = =
v gyD
where
O —
¥y = a s
°s
Although Fr does not specifically avpear in the

list of similarity parameters, it is the recipro-
cal of Richardson number saouared. Dimenszional
analysis reveals that the parameter vy is also im-
portant for simulating plume motion. Thus, if Fr
and vy are set equal for model and rrototype, the
following relation between model and pretotype
velocity is obtained

the

Since D /D
o’ "o

(u ) =

To properly scale the stack-
ee

the zappreaching wind
ratico R = u_/u_ is se
s’ h
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Table 1 Range of Operating Conditions

for Wind-Tunnel Tests

Farameter Prototvoe Model
Stack height (h) 60,80 ’ 0.2n
Volumetrir Emission Rate (V) 320 a'/s 2 x 107t
Ambient Tempersture (T 293% 293%
Wind Speed at Stack Height (i) 216 afs 0.12 - 0.92 n/s
Stack Exit Velocity (u) 12.5-210 w/s 0.72 - 13.9 /s
Stack Eaut Temperature (1)) 386 - 222% 295 %¢
Stack Diameter (0 5.7 - i.3m 1.93 - 0.43 cm
Velocity Ratio (R; 0.94 - 120 0.54 - 120
Froude \umber (Fr} 3 - 150 3 - 150
Density Ratis ry) 0.20 - 0.31 0.20 - 0.31
Stack Reynolds Number (Res‘, 5.0 x 10541‘).7 ‘106 960 -~ 3300
Richardson Number (Ri) 0 - 0.57 0 - 0.57

2.4 Plume Rice Predictions

The observed plume rise in the wind-
turnel was compared with the models of Briggs
(1975) and Hewett et al. (1970). Both models are
nearly identical when the initial momentum flux
is small compared to the buoyanecy flux.

For a rise limited by stable
stratification, Briggs (1975) gives the following
equation for the equili:
plunme.

sr(e.25) | 3 /=
2 = |2l <1 v /5
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se of the plume prior to bending-over is

"
1 F” |13
2 = -
2:2 ua J
where
-1

3, = 1/3 + R

3l /3

82 = 0.5

Hewett ot al. (1970) gives the following
equation Tor the equilibrium height of a bent-

w

N 2 2 ) .
wnere he assumes g <<F"~ and the momentum do
ated region of rise is small. Prior to reaching
Z the equations utilized are

€q
2,1/3
2 {15 4
2 ( b 1/3 VX ) x> x
z u c
28 a
and
_ R 1/2 1/2
2 = Trem) ( rOR) X < X
where
2 3
- (252)2( g, (fo™a
c 37 =R\ 273
« = 0,15
3.0 EXPERIMENTAL PROGRAM
3.1 Meteorological Wind-Tunnel

The Colorado 3tate University
meteorclogical wind-tunnel {MWT) was used for this
study. This wind-tunnel, espeically Jesigned to
study atmospheric flow phenomena--Cermak (1958),
Plate and Cermak (19A3), incorporates spacia
features such as an adjustable ceiling, a rotating
turntable, temperature-contrclled boundary wallis,
and a long test secticn to permit adequate repro-
duction of micrometeorclogical tehavior. Mean
wind speeds of 0.96 to 39.6 n/s in the MWT can be
cbtainezd. Boundary-layer thicknesses up to 1.2 m
can be dsveloped “naturally' over the downstrean
6.1 m of the MWT test section. Thermal
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The power-plant stack was simulated
by constructing a 1:3C0 model. To simulate var-
ious exit wvelocities while maintaining a constant

five nozzles were constructed for
vositioning on top of the model stack. The rele-
vant stack parameters are summarized in Table 1.

Meterad quantities of gas were allcowed
to “low Trom the model stack. Felium {the tracer)
and cocmpre the appropriate
rroportion to simulate ‘he densities associated
.0typ2 exit temperatures of 366, 388 and
im0
£
£

ssed air wers mixed 3
-
5

h22°%K, Fischer-Porter flow-meter settings were
ted erature, and mclecular
t el

3.3 Techrniques

Smoke was used %o define plume
behavior from the model stack. The smoke was pro-
duced by passing the air mixture through a con-
tairer of titanium tetrachloride located cutside
the wind-tunnel and transported through the tun-
nel wall By means of a tygon tube terminating at
the stack inlet.

illuminated with arc-
lamp beams and a visible record was obtained oy
means of pictures taken with a Speed Graphic cam—
era. Additicnal still pictures were obtained
with a Hasselblad camera. Stills were taken with

amera sr=ed of one second to identify mean
lume boundaries. A series of 16mm color motion
iztures were also taken with a Bolex motion-
izture camera.

The color slides of the plume
to idenvify the plume
To determine the center-

o a dded screen; after which, the center—
iline coordinates were key-punchei for subsequent
analysis. Using trigonometric relasions, the
pnoti-coordinates were corrected for optical dis-
tor: litsky (1961).

3.4 Gas-Trazer Technigues

conditions were obtaired,
alr o predstermined conceniration was released
rfrom the model stacik at the quired rate to sim-

. e flow rate of the
olled by a pressure

regulator at the supply oylinder out
nenitored by a Fisher-Porter precisi

et of a thermal-
h (7C3C). A L0 m

b rass e em ID) was mounted
raversing mechanicm in the wind-tunnel.
: bingz 1 Lhe prcbe and the TCGC.
mpiing Trobe at 10, L41 and
dewnwind of tr . ch downwind pos
horicontinl traverses through the plume were
at ne2igrts above the tunnel flcoor.
The horizontal traverse cpeed was approxim tely
4.7 em/min. This traverse speed was determined
by experimentation to be slow enough to prevant
smoothing of the peak values.

Concentrations of the tracer
were detsrmined by using the TCGC. The TC
medified so “hat continuous sample analysis was
possible. The flow rate througn the TCGC was
maintained at 2.5 ce/min and the carrier gas was
ambilent air.

gas (He)
3 3

no

CGC were transformsd into a heiium concentration
using the relation

™

x(ppm) = Clppn/avs) E{mvs)

where C was determined from the daily calibrations
ith 100 percent helium.

The values of the concentration
parameter initially <determined apply to the model
and it is desirable %o express these values in
terms of the field. The simplest and most
straightforward procedure is %o make this trans-
formaticn using the scaling factor of the model.
Since

im _— BOOm!p,

one can write

Xy -5 . Xu 5
i (m ) = > —*E ! (m_ ) .
Q D 300 Q il
3.5 Velocity and Temperature Mszasurements

A het-wire velocity probe was

positioned upwind of the stack, a height of 0.2 m
to set and monitor tunnel-flow conditions. This
probe has a range capatility of 0.03 %o 5.1 m/s.
The same probe was used to measure velocity pro-
files at the stack locavion. The probe was at-

tached to a vertically traversing carriage and
average velocitizs (60 sec) were obtained at in-
cremental altitudes. The powerflaw expcnents for
the stable cases were 0.27 and 0.83.

The temperature conditons in the
wini-tunnel were set using & rack of twelve
thermistors (positioned at incremental altitudes)
placed upwind of the stack. The rack was taken
out o the tunnel once the desired conditiocn
3tabilized.
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2ata. That is because the 3riggs equations do
not the momentum flux term, F.. The
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. lux is constant. the
momennum flux ferm can contribute significantly
to fthe rise as is evident from Fig. 1 and should
be considered in many cases. It is surprising
that the 3riggs and Hewett equations agree as
well as they 2o, since in the development of the
models wniform fiow is assumed.

Further analysis of the data revealed
that the Hoult et al. (1269} and Hswett {(1970;
entrainment coefficient » varied with R and Tr
over a range from 0.1 to 1.0. On the other hand
8 did nct vary significantly and averaged 0.7 for
Ri equal to 0 and 0.57

The model concentration data were
analyzed to obtain peak centerline concentrations
for each downwind distance and atmospheric con-
dition studied. To quantitatively assess the
dependence of maximum centerline concentration on
exit temperature and exit veloecity, the dilution
(xua/Q> was plotted versus downwind and trajectory
distance. The velocity, uy, is at the height of
the maximum conceniration and was calculated from
the measured velocity power-law relation. The
trajectory distance {the centerline travel dis-
tance) %o each downwind position was computed
from the experimentally measured plume trajsctories.

o
£
o
[
=
o
o

Pigure 2 shows the plun
versus dewnwind distance for Ri = 5 Y .
ni R =2,1, 5.1, 10.2, 20.2 and 40.7. A1l 4di
icn walues fell below the Pasquill E curve but
aprear to apprecach the curve beyond G0Om.

e ent from the figure is the decrease in dilu-
1 increasing R. This decrease is due to
ased travel distance to each dowmwind
2s R increases.

o
0.57, =0
0.

If piume & otted versus
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In this Tigire the dilu £all along a
straight line and scatt Pasquill E

advantage o te

increase
a givan
decroase as R increases.

5.9 SUMMARY

The results of the wind-tunnel ftests
of piume rise and dispersion under stadle surati-
fication can Te summarized as follows:

1) The generaliz
for statle conditi
ment with the wind-tunnel re
fied Hewett equations.

2} Increasing the mcomentum
a viable strategy for enhancing plume r
decreasing the maxirmum centerline concen
at downwind lcocaticns.

3) Wind-tunnel piume
dilution (yx1,/9) when plotted ver
i

distance falls along the equivalent Pasgul
curves.

4) The Bri
compare well (average er
even when strong wind she

s and Hewett zauzticn
r of approximately 10
+
¥

exists.
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Figure 1. Comparison of predicted and
observed plume rise for
Ri = 0.31, vy = 0.245 and
W, = 2.0 n/s.
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Figure 3. Plume dilution versus
trajectory d4i

Ri = 0.57.



