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Abstract--The results of laboratory experiments of buoyant plumes in crossflows are presented. Specific 
comparisons are made of plume evolution for laminar and weakly turbulent crossflows for otherwise 
identical flow parameters to establish that plume dilution rates differ significantly even for weakly turbulent 
crossflows. Decaying, grid-generated turbulence constituted the flow field of the weakly turbulent crossflow. 
Measurements comprised analyses of flow visualization, hot-film anemometry and conductivity probe data. 
Plume thicknesses and widths are found to be greater for turbulent crossflows, although they both grow as 
x 2/3 for laminar and turbulent crossflows. The effect of turbulence in the crossflow is to increase entrain- 
ment and dilution with the consequence of lower plume trajectories. It is found, relative to the values; of 
dilution for buoyant plumes in a laminar crossflow, that dilutions of plumes in a weakly turbulent crossflow 
(with kinetic energy dissipation rates two orders of magnitude smaller than internal plume dissipation ra~Ees) 
were greater by 33%. Trajectories can be predicted by an integral model with a modified fl, the entrainment 
coefficient, which relates the ratio of dissipation rates within and outside the plume. 

Key word index: Atmospheric dispersion, laboratory modelling, integral plume models, plumes in cross- 
flows, turbulence. 

1. INTRODUCTION 

Although numerous laboratory experimental studies 
have been conducted on buoyant plumes in cross- 
flows, these experiments have been conducted prim- 
arily for laminar crossflows. Therefore, at present, the 
effects of external turbulence on the evolution of 
a buoyant plume in a crossflow are poorly understood 
(List, 1982; Schatzmann et al., 1993; List and Duggan, 
1994). The purpose of the present study is to examine, 
experimentally, the effects of a turbulent crossflow on 
the dynamics of a rising buoyant plume: comparison 
of the results of buoyant plumes in laminar crossflows, 
for otherwise identical flow parameters, discriminates 
the effects of turbulence. More specifically, an object- 
ive is to show that even for the weak perturbation of 
decaying, grid-generated turbulence there can be 
a large increase in dilution relative to the case of 
a buoyant plume in a laminar crossflow. In Section 
2 we discuss buoyancy and momentum length scales, 
and briefly describe a simple integral plume model 
with whose predictions we compare our experimental 
results. The experimental apparatus is described in 
Section 3. Section 4 is the discussion of the results and 
is followed by the conclusions in Section 5. The focus 
of the present paper is to report the results of mean 
density measurements. A companion paper (Huq and 
Stewart, 1995) describes the analyses of density fluctu- 

ations for the flow fields of buoyant plumes in laminar 
and turbulent crossflows. 

2. INTEGRAL PLUME MODEL ANALYSIS AND LENGTH 
SCALES 

The principal factors governing the dynamics of 
buoyant plumes are buoyancy, drag and entrainment. 
Buoyancy causes the plume to rise; drag between the 
plume and its surroundings and crossflow distorts the 
geometry of the cross-section of the plume; entrain- 
ment of ambient fluid into the plume dilutes concen- 
tration and buoyancy. Numerous models have been 
developed to describe the dynamics of buoyant 
plumes. Principally, the focus has been to predict the 
evolution of the trajectory of the centerline of the 
buoyant plume. Following Morton et al. (1956), en- 
trainment and drag coefficients are utilized in overall 
or integral balance equations for the conservation of 
mass, momentum and energy. The consensus of the 
model predictions of Fan (1967), Hoult e:r al. (1969), 
Ooms (1972), Hirst (1972), Hanna (1975), Briggs 
(1975), and Schatzmann (1979) is that sufficiently far 
downstream the plume centerline elevation zc in- 
creases as the 2/3 power of the downwind distance x, 
and the plume radius R increases linearly with 
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centerl ine elevation. These findings have been con- 
firmed by field and labora tory  experiments (e.g. Slaw- 
son and  Csanady,  1971; Manins ,  1979; Alton et al., 
1993). 

We use the simple integral model  of Davidson 
(1989) which is also described by Alton et al. (1993). 
This model  conta ins  the empirical coefficients fl and  
//W- fl is an en t ra inment  cons tant  tha t  describes the 
turbulent  growth of the plume, and  fix is a trajectory 
cons tan t  tha t  describes a combina t ion  of the effects of 
en t ra inment  and drag on the trajectory of the plume 
centerline, fl and fiT are  related as fix = (1 + f ) t / z f l  
with f an empirical factor. The typical value of the 
empirical factor f i s  taken as 1.3 together  with values 
of fl = 0.4 and fit = 0.6 (Briggs, 1975; Davidson,  
1989). 

In the coordinate  system shown in Fig. 1, the 
simple integral model  predicts the height z~(x) of the 
mean  plume centerl ine and the mean  plume radius 
R(x)  as the following functions of distance, x, down-  
s tream of the plume source: 

L/J~\  1 - 3 / 1  2 ) ( ~ ) 3 1 1 1 ' 3  No fl + . t  

R(x)  = RB + fizz(x) (2) 

In these expressions the buoyancy  and m o m e n t u m  
length scales are given in terms of the source condi-  
t ions as 

wsR29 ' 
IB - 0 3  ( 3 )  

lu =gs~ 

and the vir tual plume source radius is 

(4) 

(5) 
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in which U is the mean  ambien t  fluid speed, R~ is the 
plume source radius, ws is the mean  vertical speed of 
the plume effluents at the source, Ps is the density of 
the plume at the source, Pa is the ambient  fluid den- 
sity, and 9' is the reduced gravity of the plume at the 
s o u r c e .  

We use the buoyancy  length scale IB in the presenta-  
t ion of experimental  results. Note  that  equat ion (1) 
shows that  for small values of x, where m o m e n t u m  
effects dominate ,  Ze~X 1/3, and for larger values of 
x (i.e. x > IB) when buoyancy dominates ,  Zc ~ x v3, 

3. EXPERIMENTAL APPARATUS 

Experiments were conducted in a plexiglass recircutating 
water tunnel that is 400 cm long, 40 cm deep and 25 cm wide. 
The flow in the tunnel is driven by centrifugal pumps from 
storage reservoirs. There is a free surface at the top of the 
water tunnel which allows the introduction of probes. Mesh 
screens, located upstream of the measurement section, re- 
duce background turbulence to w'/(2 = 0.3%, where w' is the 
root-mean-square vertical velocity fluctuation and 0 is the 
mean velocity of the flow. Mean velocities are uniform aside 
from boundary layers at the bottom and side walls which 
grew to 1.5 cm at the downstream end of the tunnel. Mean 
velocities in the water tunnel were either 7.8 or 8.3 cm s- 1. 

The plume source is a brass pipe with an internal diameter 
q~ = 0.36 cm. The exit of the source pipe is located 2.5 cm 
below the free surface. Flow through the source pipe is 
driven by a pump and monitored by a flowmeter. Source exit 
velocities, ws, vary from 16 to 30 cm s-1 so that the source 
exit Reynolds number w/p/v varies from approximately 600 
to 1000 where v is the kinematic viscosity. Plume downwash 
in the lee of the source, which occurs when the value of the 
ratio w.,/(J is below 1.5 (Snyder, 1981; Arya and Lape, 1990), 
is avoided as presently 2 < w~/CJ < 3.8. Buoyancy is gener- 
ated by adding brine to the storage reservoir of the plume 
source. The range of density difference A)6 is approximately 
15 71 kgm -3 so that the range of Aft/,6 varies between 
0.0143 and 0.0658: the Froude number F = (wj9'4)t ~/2 var- 
ied between 3.3 < F < 13.9. Thus, values of the experimental 
parameters are similar to the previous studies of plumes 
in a laminar crossflow of Manins (1979) and Alton et al. 
(1993). 
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Fig. 1. Flow configuration and coordinate system. Removable turbulence generating grid is located 71d or 
8.1M upstream of source (M and d are the grid mesh spacing and diameter of source, respectively). 
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Table 1. Values of experimental parameters 
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C w. Q p~ B M IB lM 
(cms-') (cms - l)  (cm3s-1) (gcm-3) A/0/10 (cm4s -3) (cm4s -2) (cm) (cm) F 

8.3 30 3.14 1.015 0 . 0 1 4 3  43.99 95.54 0 . 0 7 6 9  1 .1776 13.36 
8.3 21 2.20 1.015 0.0143 30.79 46.81 0 . 0 5 3 9  0.8243 9.34 
8.3 25 2.62 1.015 0.0143 36.66 66.34 0 .0641  0 .9814  11.13 
8.3 30 3.14 1.034 0 . 0 3 2 4  99.77 97.32 0 . 1 7 4 5  1.1886 8.86 
78 21 2.20 1.071 0 .065 8  141.89 49.40 0 .2 9 9 0  0.9011 4.36 
78 30 3.14 1.071 0 .0658  202.71 100.81  0 . 4 2 7 2  1.2872 6.22 
7.8 16 1.67 1.071 0 .065 8  108.11 28.67 0 .2 2 7 8  0.6865 3.32 
7.8 30 3.14 1.014 0 . 0 1 3 3  41.00 95.44 0 .0 8 6 4  1 .2525 13.84 
8.3 20 2.09 1.016 0 . 0 1 5 5  31.80 42.50 0 .0 5 5 6  0.7855 8.55 

Note that p, the ambient density, is 1.0005 gcm -3. F = (w~/y'~b) 1!2 where ,q' = (A~/tS),q. M = { t~/fi)Qw.~. 
B = q'Q. Q = w~(o2/4. 

Values of the experimental parameters of the crossflow 
velocity U, the source exit velocity ws, the source volume flux 
Q and density Ps, the density ratio Ap/p, the buoyancy flux 
B = Qg', the momentum flux M = (~s/~)Qws, the buoyancy 
and momentum length scales l B and 1M are given in Table 1. 

To generate turbulence in the crossflow a turbulence 
generating grid could be introduced into the tunnel when 
desired. The bi-plane grid comprises square plexiglass rods 
with sides of length d = 0.64 cm arranged in a mesh of 
spacing M - 3.2 cm Thus, the value of mesh spacing to rod 
size is M / d =  5. The grid is located 26 cm upstream of the 
plume source pipe exit. Experiments are conducted with and 
without ambient turbulence in the crossflow; this is achieved 
by either running the tunnel with or without the grid, respect- 
ively. Values of the mesh Reynolds number RM = UM/v  
were approximately 2700 for the experiments. 

Two component (u, w) turbulent velocity measurements 
are obtained with a quartz-coated cylindrical x-film probe 
(Type TSI 1241-20W) operated at 2% overheat by an 
ANI003 anemometer unit. To correct for the small length 
(0.20 cm) to diameter (0.015 cm) ratio of the x-film probes 
yaw corrections with k -  0.35 are applied (Lawson and 
Britter, 1983). 

An aspirating conductivity probe is used to measure the 
density field. This probe, which has a spatial resolution of 
0.04 cm and a frequency response of 70 Hz, is driven in an 
AC bridge at 1 kHz. The x-film and conductivity probe are 
calibrated prior to each experiment in a nozzle and constant 
salinity baths, respectively. Data from the hot films and 
conductivity probes are recorded for 30 s, which had been 
ascertained to be sufficient for stable mean and rms intensity 
levels, and processed by an A-D interface and computer. 
Errors in the values of u' and w', the root-mean-square values 
of turbulent velocities, are typically 5%. 

Red fluorescent Rhodamine dye is added to the plume 
source reservoir to visualize the flow. In addition to elevation 
views (x z plane), a 45 overhead mirror provides plan views 
(x -y plane) of the plume. A grid of 30 × 10 cm is marked on 
the bottom and side of the tunnel to facilitate scaling from 
slides and photographs. 

4. RESULTS AND DISCUSSION 

4.1. F low visualization 

Figure 2 shows typical plan ( x - y  plane) and elev- 
ation ( x - z  plane) views of a plume discharging into 
a laminar crossflow. The plan view of Fig. 2a shows 
that the plume is approximately symmetrical about  
the y = 0 axis with the angle of spread being approx- 
imately 6 .  The scale of convolutions of the visible 

Plan 

It' F ~r r ~ T 

• I ,I I I i . a - . - . - . . - . . a  

Elevation 

Fig. 2, Visualization of a buoyant plume in a laminar cross- 
flow showing plan (x -y  plane) and elevation Ix z plane) 
views; the crosses indicate the location of a grid of 30 cm in 
the x direction, and 10 cm in the y and z directions. The value 

of the buoyancy length scale la = 0.054 cm, see Table 1. 

boundary grows with distance x. For  example, at 
x = 50 cm, typical convolutions were 1 cm in size; at 
x = 100 cm, convolutions were 3 cm. For  this experi- 
ment the value of the length scale 1B = 0.054 cm. 
Figure 2b shows that the plume descends naonotoni- 
cally. The appearance of the structure of ~Lhe upper 
and lower boundaries of the plume differs in that  the 
upper boundary appears to be much less convoluted. 
Note  that this is also the case for chimney discharges 
to the atmospheric boundary  layer with, of course, top 
and bot tom boundaries and the z coordinate axis 
reversed (Scorer, 1978, Fig. 10.7.2). The scale of the 
convolutions of the visible boundary in the x z plane 
also grows with distance (e.g. at x = 50 cm), and verti- 
cal convolutions at the underside of the plume are 
typically 2 cm in size; by x = 100 crn, vertical convo- 

lutions grow to 3 cm. 
Figure 3 shows plan and elevation views for 

a plume discharging into a turbulent crossflow for 
flow parameters  identical to Fig. 2. An effect of the 
presence of (external) turbulence in the crossflow is to 
increase average widths of the plume (e.g. in Fig. 2a at 
x = 100 cm, average width Ay = 9.5 cm without ex- 
ternal turbulence). In comparison,  Fig. 3a shows that  
the width at x =  100cm is l l . 5 c m  with external 
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Fig. 3. Visualization of a buoyant plume in a turbulent 
crossflow. The symbols are the same as in Fig, 2. 

1B = 0.054 cm. 

turbulence. Second, the scale of the convolutions of 
the visible boundary is larger than those without 
a turbulent crossflow; in Fig. 2a at x = 100 cm the 
scale of convolutions is typically 3 cm, whereas with 
external turbulence they are approximately 4.5 cm in 
size. Visually the plumes appear similar in the x y 
plane up to x = 50 cm, but farther downstream the 
convolutions are greater in scale for the case of the 
turbulent crossflow. 

The effect of turbulence present in the crossflow is 
most manifest in the visualization of Fig. 3b. Here the 
plume is clearly more broken up than in Fig. 2b. This 
is so for the majority of the plume trajectory. A third 
effect of (external) turbulence in the crossflow is to 
increase the vertical extent of the plume (e.g, with 
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turbulence at x = 5 0 c m ,  A z = 5 . 5 c m  and at 
x = 100 cm, Az = 6.9 cm, this compares with laminar 
crossflow values of Az = 4.0 and 6.2 cm at x = 50 and 
100 cm, respectively). 

4.2. Plume geometry 

Detailed measurements are obtained using best-fit 
lines drawn through the visual edges of the plume on 
enlargements of the visualizations. The results, which 
are presented in Figs 4 7, describe the evolutions of 
the centerline trajectory z~, the thickness Az, the width 
Ay, and the aspect ratio Ay/Az  of the plume. 

The centerline of the plume is defined as being 
midway between the visual edges of  the plume; this 
method of establishing the centerline is the geometric 
method of Alton et al. (1993). Figure 4 shows that the 
centerline, z~, of the plume descends monotonically 
with distance x. Close to the source for distances up to 
x/ ln~30,  where the influence of the source mo- 
mentum and geometry are significant, the trajectory 
evolves as z c ~ x  L'3 in accord with equation (1). The 
effect of external turbulence on the mean trajectory is 
negligible for distances less than x/lB ~ 30. 

For larger distances x/In > 30, the laminar cross- 
flow data approximately follow a zc ~ x 2/3 evolution. 
This is in accord with equation (1) when x ~ 1M, and is 
also in agreement with the lab and field data of 
Manins (1979) and Weil (1988). Despite the scatter, 
Fig. 4 shows that external turbulence causes a small 
but significant decrease in plume centerline trajectory 
for x/IB > 30. The centerline trajectories for a turbu- 
lent crossflow also follow an approximate zc ~ X  2 / 3  

evolution but with smaller values of zc of about lOz/IB 
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Q ~ m / 
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Fig. 4. Vertical rise of center of plume as a function of downwind distance with and without turbulence 
generating grid (i.e. turbulent and laminar crossflows). Indicated are 1/3 and 2/3 power-law slopes, and the 

best-fit line of Well (1988) for various data. 
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at x/IB = 200, and 40z/IB at x/IB = 1000. That  the 
trajectories are higher for a laminar crossflow suggests 
that an effect of external turbulence is to enhance 
entrainment and dilution; this is demonstrated to be 
the case in Section 4.4. Also shown in Fig. 4 is the 
best-fit line of Well (1988) for various lab and field 
experimental data for "~he evolution of z~; the best-fit 
line also follows a z¢,,~ x 2/s evolution and is in good 
agreement with the present data for larger distances 
x/IB > 30. 

Figure 5 shows that with or without external turbu- 
lence A z ~ x  2/3 for x/IB > 30. For  x/la < 30 there are 

negligible differences, but for x/IB > 30 the plume 
thicknesses are greater with external turbulence; e.g. 
at x/IB = 200, Az/IR = 42 and 29 with and without 
external turbulence, and at x/lH = 1000, Az/IB = 130 
and 92 with and without external turbulence. The 
present data for plume thickness Az are in good agree- 
ment with the best-fit line for Az data of Manins 
(1979) as is shown in Fig. 5. 

Figure 6 Shows that Ay also grows as X 2 / 3 ,  The 
effect of external turbulence is to increase widths rela- 
tive to the laminar crossflow case. For  example, at 
x/ln = 200, Ay/lB = 40 and 33 with and without 
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Fig. 5. Evolution of plume thickness with downwind distance for both turbulent and laminar crossflows. 
Indicated is a 2/3 power-law slope. 
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Fig. 6. Evolution of plume width with downwind distance for both turbulent and laminar crossflows. 
Indicated is a 2/3 power-law slope. 
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external turbulence, and at x/ IB = 1000, Ay/ IB  = 143 
and 120 with and without external turbulence. Evi- 
dently the effect of a turbulent crossflow on plume 
dimensions is similar as regards height and width in 
that the magnitudes of changes, and the manner of the 
evolution with distance x, are similar. That the quant- 
ities Ay and Az evolve similarly suggests that the 
structure of the flow field evolves in a self-similar 
manner. 

It is possible to evaluate the evolution of the aspect 
ratio (or ellipticity) of the plume by calculating the 
ratio of the width to height Ay/Az at various values of 
the longitudinal distance x. The results presented in 
Fig. 7 show that the aspect ratio of the plumes evolve 
with distance. At the source exit the aspect ratio is 
unity; the interaction of the discharge with the cross- 
flow distorts plume geometry and leads to a double 
vortex structure with axial vorticity that is kidney- 
shaped (Sykes et  al., 1986; Needham et  al., 1988; 
Coelho and Hunt, 1989). Thus, in the vicinity of the 
plume source exit the aspect ratio is quickly distorted 
from an initially circular cross-section. Figure 7 shows 
that the aspect ratio changes slowly for large distances 
beyond x/ lR > 600. 

4.3. T u r b u l e n c e  a nd  d i s s ipa t ion  ra tes  

A turbulent crossflow is generated by locating the 
turbulence generating grid in the crossflow upstream 
of the plume source exit. The resulting turbulence is 
thus decaying, grid-generated turbulence. The evolu- 
tion of the turbulent velocity field downstream of the 
grid is shown in Fig. 8. For decaying, grid-generated 
turbulence both u' and w' decay with distance from 
the grid, and the decay is well approximated by the 
empirical formula 

(u~//U) 2 = Ai  - -  C , i = 1 , 2  ( 6 )  

where U'l = u', u~ = w'. The values of the constants 
for the present data are A1 = 0.035 for u', A2 = 0.027 
for w', C = 3, N = 1.1. Thus, the anisotropy ratio 
w ' / u '  =0.88, a value which is characteristic of 
decaying, grid-generated turbulence (Bradshaw, 
1971). 

For grid-generated turbulence the rate of dissipa- 
tion of turbulent kinetic energy, eA, is found from 
EA = -- a2 (d /d t ) (u ' 2 )~  --  a2 t ~ ( d / d x ) ( u  '2) and, using 
the above constants and differentiating (6), eA is given 
by 

~A(x) = 0.058 M \ M  - 3 (7) 

To calculate the dissipation rate in the plume it is 
necessary to determine the velocity of the plume. 
Using the relation between distance and time, x = Ut,  
we obtain the mean vertical speed W ( x )  of the plume 
centerline as a function of downstream distance x by 
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Fig. 7. Evolution of the aspect ratio with downwind dis- 
tance for laminar crossflows. The curve is developed from 

best-fit lines to laminar crossflow data of Figs 5 and 6. 

1 0  ~ 

I 0 - j  

I::0 

& 

" ~ 1 0  ~ 

l a i B  . . . .  _e u ' 

! + ÷ ÷ ÷ 4  W' 

t - .  

4 

1 0  I 

External (Grid-generated} Turbulence  

10 ....... '10 
( , / M  - ~) 

Fig. 8. Decay of turbulent velocity fluctuations u', w' for 
turbulence generating gr~d. Decay curves are of the form 

(ui/O) z = A ( x / M  - 3)-Lt, see equation (6). 

differentiating equation ( 1 ) :  

dz~ dz~ 
W (x) = ~-~ = 0 d x  

= G[~(l.x + l~)]/[zo(x) +-~l 2. (8) 

Following the dimensional arguments of Briggs (1975, 
1984) we obtain an estimate of the mean turbulent 
dissipation rate ~e(x) of the plume turbulence as 
a function of x: 

e , ( x )  = a W  3 ( x ) / R ( x )  (9) 

where the constant a = 1.5 [the standard value, but in 
any case should be some 0(1) value]. 

Comparisons of the dissipation rates of plume tur- 
bulence [given by equation (9)], and the dissipation 
rates of the external grid-generated turbulence [given 
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Fig. 9. Longitudinal/downwind evolution of nondimen- 
sionat dissipation rates for turbulence generating grid, and 
typical cases of internally generated plume turbulence given 

by equations (9) and (7). 

by equation (7)] are shown in Fig. 9 for various 
plumes. (Note that the dissipation rates for the grid 
and plume have been nondimensionalized by M/U 3, 
and the abscissa by M.) Data are shown only for 
representative experiments in order to illustrate 
trends of increasing dissipation rates, ep, with increas- 
ing discharge velocity, w~, and buoyancy difference, 
Ap. For all the experiments shown in Fig. 9 the inter- 
nally generated plume dissipation rates are about two 
orders of magnitude greater at a given value of x; this 
is because the turbulence grid is located far upstream 
of the plume source exit (see Section 3). Thus, the 

relative magnitude of the perturbation of the 
turbulence in the crossflow may be considered to be 
weak. 

4.4. Mean density measurements 

Vertical transects of the mean density # through the 
plume centerline (i.e. y/lB = 0) are shown in Fig. 10. 
Note that mean concentration # is nondimen- 
sionalized by the initial density difference at the 
source A#0. Data are presented for three longitudinal 
locations (x/lB = 177, 354 and 531) for both cases of 
plumes with and without external grid-generated tur- 
bulence. Figure 10 shows that (1) maximum concen- 
trations ~/At3o decrease with increasing distance, 
(2) the z coordinate of the location of the peak con- 
centration increases with distance x (i.e. the plume 
descends), (3) the mean concentrations without the 
grid are consistently greater than with the grid (i,e. the 
external turbulence enhances mixing), and (4) the 
z coordinate of the maximum concentration is greater 
for the case without external turbulence (i.e. the plume 
travels greater vertical distances for laminar (:ross- 
flow). These trends are in accord with the results from 
flow visualization of Sections 4.1 and 4.2. 

A plot of the evolution of centerline dilution 
(A~o/#MAX) developed from the data of Fig. 10 for 
locations of maximum concentration is shown in 
Fig. 11. This is a striking illustration of the effects of 
external turbulence. It is clear that centerline dilutions 
are greater for the case of the plume with a turbulent 
crossflow. The weak perturbation of decaying grid- 
generated turbulence in the crossflow causes signifi- 
cant increases in the dilution; for a given value of x/lB 
there is approximately 33% greater dilution. A second 

20 

40 

i~ 60 

80 

100 

120 

0 

A T u r b u l e n t  • Grid,  x / Ib=531 

i I i I 

0.01 0.02 0.03 0.04 0.05 

Fig. 10. Vertical profiles of mean density at plume centerline (i.e. y=  0) for buoyant plume for both 
laminar and turbulent crossflows. The value of buoyancy length scale IB = 0.055 cm. 
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Fig. 12. Transverse section (y z plane) at x/lB = 260 of mean density field for laminar crossflow with 
lB = 0.077 cm. Note that only data for values of y ~> 0 were obtained; data for negative values of y were 

generated by reflection. 

point  to note  is the eventual  large dilutions ( > 50) for 
plumes in l aminar  and  turbulent  crossflows. 

Con tours  of nondimens iona l  mean density p/A#o 
in the y-z  plane are shown in Fig. 12. (The flow is into 
the sheet.) Contours  are developed from high-resolu- 
t ion mapp ing  with data  points  at every 6z/IB and 
6y/IB. Note  that  only data  for positive y values are 
co l l ec ted- -da ta  for negative y values are a ma themat -  
ical reflection and  are only shown to help interpreta-  
tion. Similar to the data  of Alton et al. (1993), it is 

evident tha t  the s tructure of the plume comprises two 
relatively high-densi ty cores. Second, the contours  are 
not  circular, but  ra ther  are approximate ly  elliptical 
with a major  to minor  axis rat io of about  three. Note  
that  the aspect ratio of width to height (Ay/Az) of the 
fi/A#o = 0.01 con tour  is abou t  1.0 in accord with the 
visualization data  of Fig. 7 for x/lB = 260. Third, note  
tha t  the contours  are generally inclined at 6 -7  ° to the 
vertical axis. In contrast ,  for a similar flow configura- 
t ion but  wi thout  buoyancy  forces Huq  and D h a n a k  
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(1995) find that" concentration contours are not in- 
clined. Finally, the contours are not uniformly spaced; 
the greater density of contours indicates that density 
gradients are greater at the top of the plume (i.e. 
smaller values of z/IB). 

4.5. Comparison of trajectory with predictions of  
inteoral model 

The best-fit lines for both laminar and turbulent 
crossflow data describing the evolution of the trans- 
verse dimension of the plume are shown in Fig. 13. 
Best-fit lines are shown for Az, Ay and R, where Az is 
the plume thickness, Ay the plume width, and 
R = (AxAy/~) ~/2 the equivalent radius of the plume. 
The data show that the evolution of the transverse 
scale of the plume is linear, in agreement with equa- 
tion (2). Values of the entrainment coefficient /3 are 
determined from the slopes of the best-fit lines of 
Fig. 13. The measured values offl for Az, Ay and R are 
similar; differences in the values of fl reflect the depar- 
ture from a circular cross-section of the buoyant 
plume. (Recall that Fig. 7 showed that the value of the 
aspect ratio was greater than 1.0.) The values of/3 are 
in agreement with values obtained in previous studies; 
for example, Alton et al. (1993) found/3 = 0.408 and 
/3T = 0.608 for their (equivalent radius) data of 
a buoyant plume in a laminar crossflow. 

Values of/3 = 0.39 and 0.61, corresponding to best 
fit slopes to equivalent radius data R for laminar and 
turbulent crossflows, are used to find best fits to the 
data of the longitudinal centerline evolution z~. The 
centerline trajectories of all the plume experiments 
together with predictions of the integral plume model 
of equation (1) for the buoyancy-dominated regime 

(x ~ /M) are plotted in Fig. 14. For the physical scales 
typical of laboratory experiments, the length, zp, of 
the flow development zone (or potential core) in the 
vicinity of the source is a significant fraction of the 
measured trajectory heights. To allow for the fact that 
the potential core length zpc is a significant fraction of 
the measured trajectory heights, the data of Fig. 13 
include a correction for the potential core length. 
Following Fan (1967) and Alton et al. (1993), the 
potential core length is given empirically by 

Zp~ = 12.4R~ exp( - 3.30/w~). (10) 

And the total plume rise is corrected by adding zoo to 
the rise predicted by equation (1). Comparison of the 
experimental data for the case of the laminar cross- 
flow shows that the agreement with corrected integral 
model predictions with fl = 0.39, fir = 0.55 is good to 
within 20% over two decades of values of x/IB. The 
data for the case of a turbulent crossflow also show 
agreement with corrected predictions to within 20% 
albeit with values of/3 = 0.61, fit = 0.86. These values 
of combinations offl and fix indicate a value off  = 1.0 
for the empirical factor f which relates fl and fir as 
fix = (1 +f)l/Zfl. This value o f f =  1.0 is in approxim- 
ate accord with the previous estimate of f =  1.2 of 
Alton et al. (1993). Note that the value of f is not 
dependent on whether the crossflow is laminar or 
turbulent in our experiment. 

For the turbulent crossflow the increase in the value 
of fl reflects greater entrainment rates and dilution. 
The increased dilutions arising from the presence of 
turbulence in the crossflow can be modeled by 
a modified entrainment coefficient fl'. As a measure of 
the relative strengths of internally generated plume 
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Fig. 13. Evolution of plume transverse scale with height. Best-fit lines are shown for the plume thickness 
Az, the plume width Ay and an equivalent plume radius R = (AzAy/n) ~/2. Best-fit lines for both laminar and 
turbulent crossflow cases are shown. The values of fl corresponding to slopes of best-fit lines are indicated. 
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Fig. 14. Comparison of all experimental data of plume 
centerline trajectory with integral model [-equation (1)]. In- 
dicated are values of coefficients /~ and /~T for predictions 

using equation (1) for laminar and turbulent crossflows. 

and tu rbulen t  crossflows. The experiments show that  
ano the r  effect of a turbulent  crossflow is lower plume 
trajectories. For  example, at  a distance of lO00x/lt+ 

from the plume source, trajectories are lower by 
40z+/ln. Plume depths  and  widths are found to evolve 
as x 213 for large values of x/ l , ;  it is also found that  
turbulence in the crossflow increases plume depths  
and widths. 

P lume trajectories are predicted to within 20% 
by adopt ing  reasonable  values for /~. the entrain-  
ment  coefficient, of a simple integral plume model. 
Augmented dilutions due to the presence of external 
turbulence can be accounted for by a modified en- 
t ra inment  coefficient/7' which depends on the ratio of 
internal  plume and  external (crossflow) turbulence 
dissipation rates ea/+:p. 
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turbulence to external,  decaying, grid-generated tur- 
bulence is expressed by the ratio of the dissipation 
rates Ep and ea shown in Fig. 9, it may be ant icipated 
that  a modified en t ra inment  coefficient, which ac- 
counts  for the greater mixing due to the presence of 
external  turbulence in the crossflow, will depend on 
the rat io eA/ap. Empirically we find that  augmented  
en t ra inment  rates for a tu rbulen t  crossflow depend on 
the rat io of plume and  external  dissipation rates 

gA and  ep as 

[]' : [] 4- ( F , A / e p )  N .  (11) 

Our  data  of Fig. 9 yield a best-fit value of N = 0.3 _+ 
0.05. 

5 .  C O N C L U S I O N S  

We have conducted a l abora tory  experimental  in- 
vestigation of the effects of a turbulent  crossflow on 
a buoyan t  plume. Turbulence  in the crossflow is gen- 
erated by a turbulence generat ing grid which could be 
removed if desired. Compar i son  of the flow field of 
a buoyant  plume, which resulted from a circular 
source discharging normal  to the crossflow with and  
without  the turbulence generat ing grid, discriminates 
the effects of turbulence in a crossflow. 

F rom detailed analyses of flow visualization, hot-  
film anemomet ry  and  conduct ivi ty  measurements  of 
the velocity and density fields, we find that  an effect of 
decaying, grid-generated turbulence,  whose dissipa- 
t ion rates are approximate ly  two orders of magni tude  
smaller than  the internal  plume turbulence dissipation 
rates, is to increase di lut ions in the core of the buoy- 
ant  p lume by 33%. Plume trajectories are found to 
follow power laws of z ~ x  t/3 and Z ~ X  2/3 for small 
and large values ofx / IB,  respectively, for bo th  laminar  
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