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Buoyant plumes from tall stacks usually produce their highest ground-level concentrations
(GLCs) in a convective boundary layer (CBL),
where turbulent downdrafts brixig elevated plume
sections to the surface. Our understanding of buoyant plume dispersal has been significantly advanced
by Willis and Deardorff's (1983, 1987) experiments
in a laboratory convection tank. Their studies
demonstrated the complex dispersion patterns and
the dependence of plume properties on the dimensionless buoyancy flux F. = Fb/(Uw;zi), where Fb
is the stack buoyancy flux, U is the mean wind
speed, w. is the convective velocity scale, and Zi
is the CBL depth. For F. = 0.03, the plume behaved similarly to a nonbuoyant plume after some
initial rise, but for F. = 0.11, the plume rose to the
CBL top, where it "lofted" or remained temporarily
and then gradually mixed downwards. Field observations around tall stacks suggested that the maximum hourly-averaged GLCs generally occur for the
lofting situation (e.g., Hanna and Paine, 1989).
In related experiments, Deardorff and Willis
(1984) investigated concentration fluctuations for
elevated sources and found large near-surface values

of the fluctuation intensity ac/C (i.e., ~ 1); here,
C is the ensemble-mean concentration and ac is the
root-mean-square (rms) concentration fluctuation.
The ac/C decreased significantly with increasing
distance along the plume centerline. Later experiments provided much needed information on the
probability distribution of the concentration (Deardorff and Willis, 1988).
While clearly revolutionary, these experiments
were limited by the measurement techniques and
the small sample sizes collected. For example,
in the highly-buoyant plume studies, only 4 to
9 repetitions of the concentration profiles were
obtained (Willis and Deardorff, 1987).
This
resulted in uncertainty in the C values near the
surface and underestimates of the lateral plume
spread ay (see later discussion).
The above limitations were overcome in recent convection tank experiments conducted at the
EPA Fluid Modeling Facility in North Carolina.
The main experimental objective was to obtain
statistically-reliable dispersion characteristics including C, ac, a11 , etc. for highly-buoyant plumes,
F. ~ 0.1. Since the concentration fluctuations were
known to be large, a key design feature was a means
for obtaining a sufficiently large number of measurements to ensure such reliability.
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2. EXPERIMENT DESCRIPTION
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The experimental arrangement was quite similar to that of Willis and Deardorff (1987). The convection tank was about 124 cm on a side, was filled

with water to a depth of 34 cm, and had an initial stratification aloft of 1°C/cm. The convection
was driven by an electrically-heated bottom surface
that produced a Zi ~ 20 cm and w. = 0.74 emfs at
the time of the measurements. A mean wind was
simulated by towing a model stack (height z 8 = 3
cm) along the tank floor at a speed U of 2.07 emfs.
The stack emitted a water - ethanol mixture to simulate the buoyancy, and the mixture contained a
small amount of Rhodamine dye, which fluoresced
when excited by laser light.
In an approach different from that of Willis and
Deardorff, a laser was mounted on a movable table
alongside the tank and towed at the stack speed
in order to illuminate a y - z (crosswind, vertical)
plane at a fixed distance x downstream of the
stack. Pictures of the fluorescent dye were taken
from a camera viewing this plane end-on; the light
intensity was digitized, stored, and subsequently
converted to concentration in y and z intervals of
0.2 cm. In each tow, 59 cross-sectional images
were digitally recorded (at 0.8 s intervals) as the
stack traversed the tank. The tow was repeated
6 - 7 times for a total of 354 - 413 realizations of
each cross section. This is an unprecedented data
volume.
Four experiments were performed each with a
different F. but the same effluent speed, U, and
CBL variables; the F. values were 0, 0.1, 0.2 and
0.4, with F. = 0 serving as a reference case. In
each experiment, 8 downwind cross sections were
sampled.

0.1 to ,.., 3, although on average, the mean flux
Q. We believe that the variability is
caused by longitudinal velocity fluctuations and
by the convergence/divergence of the flow at the
boundaries, i.e., the exchange of fluid and scalar
from updrafts to downdrafts and vice versa at z 0
and Zi·
In each of the four experiments, the r averaged
over the 8 downwind distances was within 20% of
Q. As a correction to c, we multiplied the c in
all realizations by the inverse of the initial average
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3. RESULTS
We present salient features of the horizontal
scalar flux, plume spatial statistics, and concentration fields. We use convective scaling of dispersion wherein Zi and w. are the relevant turbulence
length and velocity scales (Willis and Deardorff,
1987). An appropriate dimensionless distance is
(1)
which is the ratio of travel time x/U to the
convective time scale Zi/w ••
The horizontal scalar flux r in each sampled
cross section was determined from

r

=I I

c(x,y,z)Udydz,

(2)

where c is the "instantaneous" concentration.
Figure la shows an example pseudo time-series
of the ratio r / Q, where Q is the source flux.
The above was constructed by arranging the
measurements from 7 tows in a time sequence
using the sampling interval (0.8 s). As can be
seen, there is a large variability in r /Q-from
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Fig. 1. a) Time series of plume horizontal
scalar flux, and b) mean scalar flux as a function of
dimensionless distance X.
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Fig. 3. Dimensionless crosswind dispersion as
a function of X.

flux ratio ('f /Q) for each experiment. Figure lb
presents the variation of the "corrected" Q with
X and demonstrates that it is within 10% of the
ideal value 1 at each X. The rms deviation (bars)
for F. = 0 (PPA series) shows that it is greatest
near the source and diminishes far downstream
due to the greater homogenization of the scalar; a
similar rms behavior is found for the other cases. In
contrast to the above, Willis and Deardorff (1987)
and Deardorff and Willis (1988) used a correction
to c that ranged from 1/3 to 3.
Figure 2 shows that the dimensionless mean
plume height z/zi varies systematically with both
F. and X. Note that for F.
0.1 and X < 2,
the buoyancy has a profound effect in increasing
z relative to the nonbuoyant case {PPA), but for
X ;?: 2, the z's for these two cases are quite
close. At X = 4, the z/ Zi for the two cases is
: : : : 0.6 instead of the expected 0.5 for a uniformlymixed plume below Zi· Our result is consistent
with the vertical profile of the crosswind-integrated
concentration (CWIC) for F. = 0, which exhibits
a well-mixed distribution for z/ Zi ~ 1.15. More
recent measurements show that the well-mixed
depth is perhaps 5 to 103 lower. Thus, there is
some uncertainty in the final equilibrium z values,
and this is under investigation.
Figure 3 presents new measurements (open
symbols) of the dimensionless crosswind dispersion

uy/zi as a function of X and displays several
features: 1) the uy/zi for F. = 0 to 0.2 is in
reasonable agreement with the mean uy/ Zi deduced
from field observations of buoyant plumes (hel!-vy
solid curve; Weil and Corio, 1985), 2) the new
data are more consistent with the field observations
than are the Deardorff and Willis (D & W, 1984)
results which are only 603 as large, and 3) the new
measurements show that u y is slightly enhanced
0.2, relative to the F.
0 and 0.1
for F.
cases, and clearly enhanced for F. = 0.4 as
suggested by field observations of highly-buoyant
plumes (F. > 0.1; Briggs, 1985). Briggs' expression
is uy/zi
a1F;1 3 x 2/ 3 with a 1
1.6. The
tank data show that this functional dependence is
followed (dashed line) but that the coefficient a 1
(= 0.47) is only 303 of the field value. This may
be partially explained by other effects (crosswind
shear, mesoscale variability, etc.) that are present
in the field but absent in the convection tank.
From the repeated cross section measurements,
we determined the spatial distributions of C, Uc,
and the CWIC CY = J~00 C(x, y, z)dy. Figure
4 gives an example of the dimensionless CWIC
CYUzi/Q as a function of z/zi and X for F. =
0.2. This clearly shows the maintenance of an
elevated maximum in CY above Zi and the CY
profile development within the mixed layer (z < Zi)
over the range X < 3. For X ;?: 3, the profile below

Fig. 2.
versus X.
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Fig. 4. Vertical profiles of c11uZi/Q versus X.
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Fig. 6. Dimensionless ground-level concentration versus X.
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Fig. 5. Surface value of C'YU Zi/Q as a function
of X.
Zi is essentially uniform but with a magnitude less
than the well-mixed value, CYUzi/Q = 1. For
X > 4, we expect that the elevated maximum CY
would diminish and the CWIC in the mixed layer
would increase due to entrainment of the plume
aloft. The maintenance of the elevated maximum
near its initial height (z/zi ~ 1.1) differs from
the Willis and Deardorff (1987) observations, which

showed the maximum CY first to overshoot Zi and
then to remain at or below Zi as X increased.
The dimensionless CWIC near the surface (Fig.
5) shows that the addition of buoyancy significantly
reduces the CWIC near the source (X < 2) by
comparison to the nonbuoyant case (PPA). For
X ~ 2, the moderately-buoyant case (F. = 0.1,
PPH) follows the nonbuoyant case rather well as
alsp found for z/zi. Further systematic reductions
in the CWIC result as F.. increases from 0.1 to
0.4, a trend also found by Willis and Deardorff
(W & D, 1987). However, as seen in Fig. 5, their
results are lower than ours, especially for F.. > 0.1.
This may be due to insufficient repetitions in their
experiments as suggested by their paper.
For dispersion applications, the quantity of
most interest is the surface concentration which
is displayed in dimensionless form in Fig. 6;
the concentration is along y
0 and z / Zi =
0.05.
Again, we observe that the buoyancy
has a dramatic effect in reducing the near-source
concentrations. The concentrations for F.. = 0 and
0.1 are approximately the same for X > 2.5 due to
the plume becoming vertically well-mixed and to
the similarity in their u11 values (Fig. 3).
Figure 7 shows the near-surface values of <rc/C
(along y = 0) as a function of X and F.. At
X = 0.5, the data clearly demonstrate a systematic
increase in <rc/C with F., a result not previously
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Fig. 8. Dimensionless ground-level concentration distribution for laboratory and field data.
0

.i,........_.........._........+'-'""'-"-1.........-'+'........+'-'""'-"-i........'""+'........-+

0

.5

1.5

2

2.5

3

3.5

4

4.5

x
Fig. 7. Concentration fluctuation intensity at
the surface versus X.
attained. This behavior is due to the increasingly
elevated plume centerlines for the more buoyant
releases (Fig. 2), and hence to a more intermittent
plume at the surface. Although there is a significant
variation with F. at short range, the uc/C exhibits
a more gradual variation with X for X > 1.5 and
collapses to a nearly universal distribution. This
is attributed to the greater homogenization of the
plume within the mixed layer as X increases.
To test the laboratory results, we compared
the centerline GLCs (i.e., along y = 0) with
field observations· downwind of the Kincaid power
plant. The plant had a 187-m stack and emitted
an SF 6 tracer during an intensive field program
(Hanna and Paine, 1989). The data used here are
the maximum 1-hr SF6 GLCs on crosswind arcs,
which ranged from 1.2 to 30 km downwind. The
meteorological variables had the following values:
1124 m $ Zi $ 1750 m, 2.4 m/s $ U $ 4.5 m/s,
and 2.0 m/s $ w. $ 2.6 m/s.
Figure 8 compares the dimensionless GLC
CU zf / Q from the laboratory and field, where
the field values of z8 /zi and F. are close to
their laboratory counterparts of 0.15 and 0.1,
respectively.
We believe that the agreement
between the two data sets is quite good considering
the vast difference in scale and the absence of
extraneous effects (mesoscale variability, etc.) in
the convection tank. Figure 8 also presents a

model result based on a vertically well-mixed scalar
distribution with CUzrJQ = 1/[(27r) 112 uy/zi]i we
have adopted uy/zi '= 0.56X/(1+0.7X) 112 (Weil
and Corio, 1985). This modeled GLC (dashed line)
is an adequate fit for X > 5. Note that for X $ 4,
nearly all of the field observations are within ±uc
of the laboratory C, and the field data variability
is greatest in this region as the laboratory data
suggest.
4.

CONCLUDING REMARKS

New convection tank experiments on buoyant plume dispersion have been performed with
F. ranging from 0 to 0.4.
The main objective of obtaining statistically-reliable dispersion characteristics-C, Uc, uy, etc.-was fulfilled.
Some results (e.g., the surface CWIC) showed
.trends similar to those found earlier by Willis and
Deardorff (1987), but our results also exhibited
some notable differences from and advancements
over the earlier data. For example, the new data
showed the: 1) u y agreement with field data and
enhancement due to plume buoyancy for F. > 0.1,
2) surface C and uc/C variation with X, and 3)
agreement between the centerline GLC distribution
and field observations. This new experimental data
base will be of considerable value in future model
development efforts. Further experiments over a
greater range of z8 /zi and for other F. values also
would be of much benefit.
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