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Abstract 

Massive fires resulting from the uncontrolled burning of crude oil from spills or industrial 
accidents produce large smoke-laden buoyant plumes which rise in the wind direction before 
they equilibrate within a stably stratified atmosphere. Beyond this point, the plume material 
cools by entrainment and the plume becomes negatively buoyant due to the heavy smoke 
loading. The trajectory of the descending plume, which determines the ground distribution of 
smoke. is the subject of this paper. A computational model for the simulation of large-scale 
smoke plumes resulting from such fires is developed and applied to investigate the effects of the 
plume initial properties on its trajectory and smoke deposition patterns. Attention is focused 
on the descent and dispersion of wind-driven plumes in a homogeneous atmosphere, and the 
smoke deposition on flat terrain. Results show that the plume dynamics in the cross-wind 
direction are dominated by two buoyantly generated, coherent, streamwise vortices which 
distort the plume cross section into a kidney-shaped structure. The strength of the two vortices 
and their separation increase as the plume falls. The plume width grows under the action of 
these vortices at a rate which increases as the plume settles on the ground, leading to a smoke 
footprint which does not resemble the prediction of Gaussian dispersion models. The effects of 
the injection altitude and the initial shape of the plume cross section on the transport and 
dispersion of the negatively buoyant smoke plume are investigated. Plumes falling from higher 
elevations disperse more in the vertical direction while those falling from lower elevations 
disperse further in the horizontal cross-wind direction. Plumes with circular cross-sections 
reach the ground faster and disperse horizontally further than plumes with elliptical cross- 
sections with the minor axes in the vertical direction. Vertical plume dispersion is weakly 
dependent on the shape of its initial cross-section. 

1. Introduction 

Wind-driven buoyant plumes are responsible for the long-range dispersion of 
smoke and chemicals emitted from massive fires resulting from oil spills, 
uncontrolled oil-well fires, and large-scale industrial accidents [l-4]. The 
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environmental impact of the fire, which becomes a factor in whether the fire 
should be fought or left to burn, is determined by the plume trajectory. While 
the horizontal motion of the plume is governed by the prevailing wind, its 
vertical motion is determined by buoyancy and is a function of the initial 
density distribution within the plume cross-section and atmospheric stratifica- 
tion. Typically, the density of the plume* is determined by the temperature and 
the smoke concentration of the fire plume. Both vary during the plume rise due 
to entrainment and mixing with the surrounding air. At a certain height, the 
plume becomes buoyantly stable [5-71 and as it cools further, it starts to fall 
due to the smoke concentration. Plumes generated by oil fires are of particular 
interest due to their high smoke loading (lo-15 percent of the original fuel 
burned). The large smoke particulate matter increases the environmental 
hazard and complicates the analysis, since the smoke cannot be treated as 
a passive convected scalar. The purpose of this work is to develop a computa- 
tional model to simulate the buoyant plume dynamics. 

Currently available plume models can be divided into two categories [8-121, 
scale, or integral models; and numerical, or field models. In the former cat- 
egory, dimensional arguments and/or integral conservation expressions are 
used to derive relations among characteristic, global parameters, such as the 
maximum plume rise, as a function of the source and ambient conditions. These 
relationships contain constants, e.g. entrainment rates, which are determined 
using scaled experiments. In most cases, the plume concentration distribution 
is assumed to be Gaussian in the plane normal to the plume axis [6, lo]. This 
simplification limits the applicability of integral models since? as shown below, 
the underlying assumptions may not hold in many relevant cases. On the other 
hand, numerical models offer the possibility of more detailed and accurate 
predictions of the plume dynamics. Typically, these models rely on the numer- 
ical integration of the averaged conservation equations, supplemented with 
turbulence-closure schemes, to describe the field in detail. The application of 
these models has been limited by the uncertainty associated with the validity 
of turbulence models in buoyant flows, and the high computational expense 
associated with using fixed-grid integration schemes. 

In this work, a comprehensive numerical model of smoke dispersion and 
deposition is developed as an effective alternative to both approaches. The 
model does not rely on experimentally-fitted constants or closure models, and 
is endowed with efficiency by relying on grid-free, Lagrangian numerical 
methods to integrate the equations of motion. In this formulation, Lagrangian 
elements are naturally convected and redistributed in regions of high strain, 
thereby adapting to severe and rapid changes in the plume structure [13-171. 
Far-field and normal boundary conditions are easily applied by using the 
appropriate form of the Greens function used to represent the velocity induced 

*The plume is defined as the mixture of fine combustion products, including smoke 
particulates, and air entrained and mixed with these products during plume rise. 
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by a given Lagrangian element. The capability of the model is illustrated by 
computing the dispersion of a wind-transported dense plume in a uniform 
atmosphere and its deposition on a flat terrain. 

The quantity that is of direct environmental impact is the downwind “foot- 
print” of the smoke plume as a function of fire strength, smoke loading, and 
wind pattern. This quantity is directly related to the trajectory of the descend- 
ing plume, a problem which has so far received less attention than rising 
thermal plumes. Attention is therefore focused on negatively buoyant, de- 
scending smoke plumes and their interaction with a flat ground. Much, al- 
though not all, of the information required to assess the environmental hazard 
of the smoke generated from large fires can be obtained from this analysis of 
the descending smoke plume. We consider cases in which the plume self- 
induced turbulence far exceed atmospheric turbulence and show that the 
former plays an important role in determining the plume trajectory and the 
distribution of smoke within its cross section. We also show that this distribu- 
tion differs greatly from the conventionally assumed Gaussian due to the 
formation of strong streamwise vorticity. 

The paper is organized as follows. In Section 2, we describe the formulation 
of the model including the major assumptions used and the non-dimensional- 
ization procedure. The numerical scheme is briefly summarized in Section 3. 
Detail of the latter can be found in the open literature. In Section 4, results 
pertaining to the shape of the plume, its trajectory and the smoke distribution 
are shown and analyzed. The effects of the initial height and shape of the plume 
are also discussed. Finally, conclusions are presented in Section 5. 

2. Formulation of the problem 

We consider the evolution of an isothermal smoke plume initially at the 
thermally stabilized height HT. The plume is characterized by the (excess) 
particulate mass flux 

the integration is over the plume cross-wind section, where pp* is the density of 
the particulate phase, with the total density p* = p$ + p p*, and pg is the ambient 
density. The initial plume cross section is taken to be an elliptical cross section 
of semi-major (horizontal) axis R, and semi-minor (vertical) axis R =. The major 
direction of motion is the horizontal x-direction, with a uniform ambient wind 
velocity U. The geometry is illustrated in Fig. 1. The specification of initial 
altitude and shape of the plume cross section is obtained from a plume rise 
analysis which will be described elsewhere. 

The present analysis is based on the following assumptions: 
(i) the large-scale plume motion of interest here can be regarded as steady; 

(ii) molecular diffusion of mass and momentum are negligible compared with 
vorticity-induced entrainment; 
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U (wind speed) 

X 

Fig. 1. A schematic representation of the initial plume cross-section and height, its traject- 
ory in the ind direction, the coordinate system and the velocity components. 

(iii) the ambient-wind speed U is uniform and much larger than plume-induced 
velocity components (u, u, w) in the (x, y, z) coordinate directions; 

(iv) the smoke particulate can be treated as a continuum fluid; 
(v) the stratification and turbulence in the atmosphere can be neglected. 

The first four assumptions are quite reasonable and widely adopted in most 
plume modeling. The last assumption is used as a first-order model for atmo- 
spheric conditions. It will be systematically relaxed in future work. 

Given the above assumptions, the plume evolution can be described in 
a transverse (y*, z*) plane perpendicular to the ambient wind direction. We 
introduce dimensionless transverse coordinates, (y, z), and streamwise coordi- 
nate, t, as follows: 

where V= 1/cR,g, E= lizpjp$ UR: -+ 1, and g is the acceleration of gravity. The 
dependent variables are the transverse velocity components, (u*, LU*), the 
perturbation pressure relative to its ambient hydrostatic value, p*, and the 
particulate density p g. They are made dimensionless as follows: 

(u, w) =(u*, w*>/v 

P-uR=p+ 
tipg 

p = “.“z -@+& 
mP 

(2) 
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The conservation of mass, particulates and momentum in the transverse plane 
then take the form: 

au r+g=o 
GY 

ZP 8P ap 
at +v- +wz =o 

JY 

(l+Ep) g +vg +wg +-& =o ( > dP 

o+Ep) g +ug +wg +p+z =o 
( > 

aP 

(3) 

The quantity E is a measure of the particulate-to-ambient-air density ratio, 
proportional to pp*/p$, if pz is uniformly distributed over the plume cross- 
section. This ratio is quite small, typically O(O.Ol), making the Boussinesq 
approximation valid in most practical cases. Invoking this approximation, the 
problem then contains only two non-dimensional parameters, the plume initial 
stabilization height HT/R,, and the initial plume aspect ratio AR=R,/R,. 
Initially, the particulate density profile within the ellipse must be specified, 
together with the transverse components of the induced velocity field. In what 
follows, the initial smoke density is assumed constant, and the transverse 
velocity components are zero. The velocity components must vanish as (y, z) 
-00, and the normal component of the velocity w =0 at the ground z =O. For 
later use in connection with the vortex method, we note that eq. (3) leads to the 
following evolution equations for the streamwise component of vorticity w. 

(4) 

where the vorticity is defined as follows: 

aw a~ 
w=i3y-z 

The non-Boussinesq terms in the equation are retained mainly for use in 
future work directed at the near-source plume-rise problem. They play no role 
in the present problem. Using the vorticity transport equation, the mathemat- 
ical formulation of the problem is completed by invoking the pressure gradient 
from the momentum equations, 

+ 
&- - -(l+s&, 
and, 

8P 
az- ---P-(l+Ep)~ (5) 
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and satisfying 
respectively: 

dp 0 -= 
dt 

and 

au dw 

ay+z=O 
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the conservation of species and incompressibility condition, 

(6) 

3. Numerical scheme 

The vortex element method is used to integrate the vorticity transport 
equation, eq. (4). The method is based on the discretization of the support of 
vorticity into vortex elements, and the transport of these elements along 
particle trajectories. The vorticity of an element is radially distributed in 
a small neighborhood of its center according to Gaussian core function with 
a characteristic radius, 6. The velocity field is computed by discrete convolu- 
tion over the fields of the vortex elements using the desingularized Biot-Savart 
law. Details of the method, as applied to the plume problem, are described in 
Refs. [I43 and [17]. Vorticity source terms appearing in eq. (4) are evaluated 
using the transport element method. Similar to the vortex method, the latter 
relies on the discretization of the density gradient into a finite number of 
Lagrangian transport elements which move with the local velocity. The den- 
sity gradient changes with the stretching and tilting of material lines, while 
the density is obtained by direct summation over the field of transport ele- 
ments. Details of this method, which has also been applied in combustion 
problems [E, 161, are given in Ref. [14]. 

Normal boundary conditions at the ground, .z = 0, are satisfied by accounting 
for the image system of the vortex/transport elements. We discretize the zone of 
finite density gradient between the plume and the surrounding using two 
layers of elements. Both the vortex and transport element methods invoke 
a redistribution scheme which introduces new elements, as necessary, to 
maintain the spatial resolution of the computations. This results in an efficient 
and adaptive solution scheme which captures severe and rapid distortions of 
the flow map while concentrating the computational effort in zones of finite 
vorticity and density gradient. The accuracy of this scheme and of the asso- 
ciated plume predictions have been extensively investigated [14, 171. 

4. Results 

The global structure of descending plumes and of their vorticity field are 
discussed first for a plume with HT/Rz = 5, AR = 3 and p = 0.106. The results are 
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illustrated by plotting, in Figs. 2 and 3, respectively, three-dimensional sur- 
faces of constant smoke concentration and streamwise vorticity. Both figures 
were obtained by assembling the instantaneous, or local constant smoke 
density or vorticity contours into a three-dimensional plot, using the computa- 
tional t-coordinate as a physical x-coordinate. Note that some inevitable 
numerical diffusion creeps into the plotting procedure, which employs interpo- 
lation formulae to find the functional values of smoke concentration and 
vorticity at the corner of a uniform mesh, that leads to the break-off of some of 
the plume material into separate blobs. These three-dimensional plots are 
meant to delineate what a laboratory experiment of a descending plume would 
show. The results indicate that the initial elliptical plume cross-section is 
rapidly reshaped into a kidney shaped object and that close to the ground, the 
smoke distribution is far from the commonly assumed Gaussian. 

From extensive computations, and as shown in Figs. 2-4, we find that the 
large-scale features of the dispersion and deposition of dense plumes can be 
described in terms of four distinct stages which separate the initial fall and the 
onset of smoke settlement on the ground. The dynamical processes which 
distinguish each of these stages are interpreted in terms of the correspondence 
between the plume structure and the vorticity field, as summarized below. The 
purpose of devising this way of describing the numerical results is to facilitate 

Fig. 2. A three-dimensional perspective plot depicting a surface of constant smoke concen- 
tration, p = 0.03, generated for a case with HT= 5RZ, 
metry with respect to the X-Z plane, contours 

R.,, = 3RZ, and p = 0.106. Due to sym- 
lying in the y< 0 region have not been 

reproduced. The location of the observer is the same as that in Fig. 1. 
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Fig. 3. A three-dimensional perspective plot of streamwise vorticity, u=O.2, for the same 
plume shown in Fig. 2. 

their use in formulating future integral models of plume motion. The plume 
descent starts with an initial acceleration stage, during which the deformation 
of the plume cross-section is very small and vorticity is generated along the 
plume air interface. During the second stage, the streamwise vorticity on each 
side of the plume centerline intensifies and rolls into a large-scale eddy thus 
generating a counter-rotating vortex structure (X =6-12, in Fig. 4). The in- 
duced motion of this vortex pair deforms the plume’s smoke distribution into 
a kidney-shaped cross-section. The structure of the plume at large elevation is 
in qualitative agreement with the experimental measurements of Hewett et al. [5] 
who observed a similar kidney-shaped cross-sections downwind the plume source. 

With further intensification of the streamwise vorticity under the action of 
baroclinic torques, small-scale roll-up occurs (x= 18-24, in Fig. 4). This third 
stage is characterized by the generation of streamwise vorticity of opposite 
signs on both sides of the symmetry plane, and by the increasing complexity of 
the smoke distribution. Vorticity generation and roll-up transforms some of 
the plume’s potential energy into kinetic energy which is distributed between 
the plume and its surrounding. The rotational velocity field induced by the 
vorticity of the plume sets up an entrainment field towards the plume cross- 
section. Most entrained fluid is engulfed by the large-scale eddy roll-up, while the 
secondary small eddies induce smaller entrainment currents. The continuous 
roll-up of the vorticity layer forming on the boundary of the plume cross-section, 
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which is responsible for maintaining the entrainment towards the plume 
center, is due to the familiar Kelvin-Helmholtz instability of vorticity layers. 

As the smoke approaches the ground, a fourth, ground-settlement stage is 
observed (x= 24-30, in Fig. 4). The dynamics of the flow in this stage is 
increasingly influenced by the proximity to the ground. The associated deceler- 
ation field leads to fast and tight widening of the plume structure and its 
cross-wind straining into two large blobs of smoke connected by a thin cres- 
cent. This mechanism is similar to the straining of thermals colliding with 
walls placed perpendicular to their direction of motion, observed and clearly 
recorded in laboratory experiments [18, 191. (Note that mathematically, the 
behaviour of the plume cross-section in the wind direction is exactly the same 
as that of a thermal in time.) These experiments show the formation of similar 
large-scale features and their subsequent separation into two lumps of the 
thermal fluid as they collide with the wall. The further away from the 
wall/ground the release point of the thermal/plume is, the more concentrated 
its material becomes in the two large structures. The early formation of the 
large-scale features is also depicted by the numerical results of Meng and 
Thomson [20], who computed the motion of thermals. 

One of the important implications of this side roll-up process is the resulting 
smoke deposition patterns. Clearly, the smoke distribution along the cross 
section close to the ground is not uniform and may not necessarily possess 
a maximum at the center y =O. This is contrary to classical plume dispersion 
models which assume that the smoke distribution is Gaussian both in y- and 
z-directions, and that the smoke ground imprint follows Gaussian function 
centered at the x-axis of the plume. We note that this departure from a 
Gaussian distribution is solely due to the plume self-generated vorticity, or 
turbulence which render the dynamics field surrounding the plume cross- 
section highly non-uniform. 

4.1 The entrainment field 
Since most plume models rely on certain assumptions regarding the entrain- 

ment field and estimates of the entrainment velocity established by the plume, 
we examine here, using the numerical simulation results, the form and 
strength of this field. Besides the formulation of plume models, the entrainment 
field is used in other applications where the “fire-induced wind” may be 
important in determining the impact of the fire events on the local environ- 
ment. Figure 4 shows a superposition of the plume cross-sections and the 
velocity field in its surrounding for the case shown in Fig. 2. The velocity 
vectors in the plane of the plume cross-section are displayed as short lines 
starting from a set of equally distributed mesh points. As indicated above, the 
roll-up of the vorticity generated along the boundary between the plume 
material and the surrounding establishes two strong coherent vortices at the 
far ends of the horizontally expanding plume cross-section. The figure in- 
dicates that the field of the large eddy resembles that of a Rankine vortex in 
which the maximum velocity is reached close to but not at the center of the 
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Fig. 4. A superposition of the boundary between the plume and the surrounding, and the 
velocity induced by the plume motion. The characteristic velocity of the gravity induced flow 
is shown by the horizontal arrow on the top right-hand corner. The velocity field is shown by 
a vector whose length is proportional to the velocity, starting from the point where the 
velocity is computed. 

x = 24 

. x=30 

eddy. The maximum entrainment velocity, which as shown in the figure is of 
the order of magnitude of V, occurs close to the center of the large eddy and 
stays around the same value for the majority of the plume’s journey. 

Two interesting observations can be made using these results: The centers 
of the large eddies stay farther away from the ground than the rest of the plume 
cross section even as part of the plume material settles on the ground. This 
means that the turbulent field produced by the plume is not likely to be 
dissipated quickly as the plume approaches the ground and, at least for some 
time following the settlement, some circular wind motion will be felt close to 
the area of plume touch-down. The second observation concerns the waves 
developing on the lower side of the plume as it touches the ground. The evolution 
of these waves lead to the formation of small scale eddies which induce their own 
wind close to the ground, augmenting that induced by the primary large eddies. 

4.2 Mechanism of vorticity generation 
Detailed flow computations reveal that most of the vorticity generation 

occurs close to the interface between the plume and the air where density 
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gradients are high. A short distance away from this interface, the density is 
uniform, vorticity is zero and the motion is essentially irrotational. A sche- 
matic interpretation of the generation and behavior of the streamwise vortices 
is shown in Fig. 5, where we have invoked the Boussinesq approximation. With 
E = 0, the vorticity generation term in the transport equation is proportional to 
the horizontal density gradient. For a plume with an elliptical initial cross- 
section, vorticity of opposite signs form on the sides of the plume centerline 
due to the opposite horizontal density gradients, Fig. 5a, with its maximum 
absolute value at the far ends. This vorticity layer rolls up to form two 
large-scale counter-rotating streamwise vortices, so that two additional areas 
with opposite horizontal density gradients are established on both sides of the 
plume-air interface, Fig. 5b. Thus, at later stages, vorticity with opposite signs 
forms on either side of the symmetry plane. The evolution of the vorticity field 
indicates that a simplified overall plume model which describes the interaction 
of the plume with its surrounding and its settlement on the ground can be 
constructed by assuming that the plume dynamics are driven by a kidney- 
shaped vortex with a time-dependent circulation and width. Values of circula- 
tion and distance between the two vortices will be given later. 

Extensive numerical experiments have been conducted to investigate 
the dependence of the results on the initial conditions and plume con- 
figurations, the only two parameters left in the problem specification. 
The dynamics of falling plumes and details of the expected smoke-deposition 
process are further examined in the following sections. In particular, the 
effects of initial plume height and shape are discussed in detail. The depend- 
ence of the plume width on these two parameters is of special interest since 
it determines the area contaminated by the plume material. The strength of 
the plume induced vortex pair is also important since it governs the motion 
induced by the plume. 

Z 

Z 

Fig. 5. Schematic illustrations showing (a) the mechanism of baroclinic vorticity genera- 
tion, and (b) the roll-up of the streamwise vortices and the resulting deformation of the 
plume cross-section. 
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4.3 Effect of the initial plume height 
Results depicting the plume cross-sections along its trajectory, shown in 

Fig. 6 for ITT/R, = 3 and 30, keeping all other parameters the same, suggest 
that plumes released from a height close to the ground produce a ground smoke 
distribution with higher concentration on the sides than at the center. We also 
find that higher initial elevations lead to more uniform ground-smoke distribu- 
tion. Moreover, the vertical dispersion is larger for plumes released from 
higher elevations, while the opposite is true for horizontal plume dispersion. 
These assertions are illustrated in Figs. 7 and 8 which, respectively, show the 

‘- x=6 

( b) 

IL x= 14 

I 

:’ x = 22 ’ : icl x = 30 

Fig. 6. The plume cross-section at different downwind stations for the case with: {a) 
HTIR, =3, and (b) HT/R, =30. Both cases start with same cross-section and same smoke 
distribution. 

0.3 

0.2 

0.1 

HT=SR, 
HT=7R, 
HT-+R. 
HT=30R, 

0.0 ’ I 1 I 

0 5 10 I5 28 25 38 

Fig. 7. Streamwise evolution of the height of smoke plumes with R, =3Rz, and p =0.X06. 
Curves are generated for initial heights HT = 3R,( t), 5R, (0), 7R, (A), 9R, (*), and 
30Rz (0). 
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Fig. 8. Streamwise evolution of the width of the smoke plume in Fig. 7. Symbols as in Fig. 7. 

Ry/Rz=3, INITIAL HEIGHT EFFECT 
18 

16 

14 0: HTdOR, 

12 

6 

trajectories of descending plumes with initial heights in the range 
3R, $ HT$30R = and the corresponding horizontal dispersion, defined as the 
horizontal spread of the plume cross-section. 

The plume descent occurs such that most of the horizontal dispersion devel- 
ops at later stages, when the plume motion is strongly affected by the presence 
of the ground. When the plume falls from high altitude, its width exhibits an 
oscillatory behavior. This is due to the intermittent roll-up of large eddies 
which entrain plume fluid towards their centers as they propagate in the 
cross-wind direction away from the symmetry plane. 

The motion of these large eddies and the generation of smaller scale vortices 
generate entrainment currents which accompany the horizontal and vertical 
plume dispersion. The evolution of these currents is measured in terms of the 
total peripheral length of the interface separating the plume from ambient air 
at a given cross-section. During the initial acceleration stage, there is little 
entrainment as the plume suffers a mild deformation. The entrainment rate is 
higher following large-eddy roll-up which causes the engulfment of a large 
amount of ambient fluid, and increases further during the later stages when 
small-scale vortices, generated along the plume surface, induce local entrain- 
ment fluxes. 

The plume deformation was also correlated with the large-scale features of 
the baroclinic generation of streamwise vorticity. The latter are determined by 
the total positive circulation, total negative circulation, and the sum of the 
two, all computed on one side of the symmetry plane (y > 0). While the positive 
circulation, which constitutes most of the vorticity in this region, grows 
steadily during the early stages, the negative vorticity increases only after 
large scale roll-up has occurred. Thus, during the first and second stages, 
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the vorticity field can be modeled as a pair of counter-rotating vortices 
whose strength increases under the action of the gravitational field. How- 
ever, at later stages, the single large eddy on each side of the plume should 
be replaced by a counter-rotating vortex pair, in order to model the gener- 
ation of both signs of vorticity, and the associated small-scale roll-up and 
enhanced entrainment rates. 

4.4 Effect of initial plume shape 
The effect of the initial plume shape on the descent and dispersion processes 

is now examined. We simulated the motion of plumes with the same cross- 
sectional area but with different aspect ratios, AR = 1, 3, 6. In all cases, the 
initial height HT=5R, R being the square root of the initial plume cross- 
sectional area. Figure 9 shows a comparison between the shape of the plume 
cross-sections at three cross-sections for AR = 1 and 6. Figures 10 and 11 show 
the heights and widths for all three cases, plotted against the downwind 
coordinate, t, which is defined as the normalized distance travelled from the 
initial source location. 

Examination of these results indicates that different initial cross- 
sections produce different plume trajectories. This dependency is explained 
by noting that the rate of vorticity generation, which governs the strength 
and shape of the large-scale vortices, is strongly dependent on the curvature 
of the plume boundary. Plumes with small AR, i.e. rounded cross-sections, 
get more distorted, reach the ground earlier, and disperse horizontally faster 
than plumes with flatter cross-sections. However, in all cases, the plume 
tends to break-up into two parts symmetrical about y= 0. For AR= 1, this 
observation is confirmed by experimental results [18, 191. Moreover, the 
shape of the initial plume cross-section appears to have a weak effect on 
the rate of vertical dispersion. 

( b) 

9 
X=7 II f x=11 

Fig. 9. The plume cross-section at different downwind stations for plumes with: (a) AR 
= 1 and (b) AR = 6. Both cases have the same initial height and smoke density distribution 
within the plume cross-section+ 
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Fig. 10. The streamwise evolution of the height of smoke plumes with p = 1, HT = 5R and 
same initial cross-sectional area. Curves are generated for aspect ratios of initial plume 
sections of AR=6 (+), 3 (0), and 1 (A). 

SHAPE EFFtCl HI =5.(n 

Fig. 11. Streamwise evolution of the width of the plumes in Fig. 10. Symbols as in 
Fig. 10. 

4.5 Global structure parameters 
Results presented here, which are supported by other results reported in the 

literature, show that the motion of the plume, when atmospheric turbulence is 
weak, is strongly governed by two large streamwise eddies which form due to 
the roll-up of the vorticity generated along the plume interface. This vortex 
pair is responsible for the conversion of some of the plume potential energy 
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into kinetic energy, especially in the plane of its cross section. As we have 
seen, this kinetic energy is shared by the plume material and the surroundings, 
and is the source of the strong flow established by the plume motion and the 
associated entrainment. Thus, it is of interest to characterize this vortex pair 
by the smallest number of parameters and to study the dependence of these 
parameters on the initial plume conditions. These characteristic plume para- 
meters could then be used in future plume studies. 

,4 vortex pair can be described by the distance between the centers of the two 
vortices and the strength of each vortex. The first quantity is proportional to 
the plume width shown in Figs. 8 and 11. Figure 12 shows the total circulation 
of each of the vortices for the two cases shown in Figs. 6 and 9, i.e. for 
different initial plume height and cross section. As expected, vorticity genera- 
tion, and thus enhancement of the eddies, is fastest during the early stages and 
is diminished quickly as the plume settles on the ground. The relationship 
between the acceleration of the plume cross-section, its proximity to the 
ground and the circulation within its cross-section is shown clearly in Fig. 12b 
where for a circular plume, which falls the fastest, the circulation rises at the 
highest slope. Later, and as the plume approaches the ground, the circulation 
of a circular plume reaches an asymptotic value earlier than any other plume. 

5. Conclusions 

A novel computational model for the simulation of buoyant plumes has been 
presented. The model was applied to study the plume dynamics, the dispersion 
and deposition of its material in a homogeneous atmosphere, and their depend- 
ence on the plume initial conditions. Results show that: 
(1) Starting from a symmetrical elliptical distribution, the cross-section of 

descending smoke is deformed into a kidney-shaped structure due to the 
formation of a counter-rotating streamwise vortex pair. These vortices cause 
the large-scale engulfment of ambient air towards their centers. At later 
stages, small-scale vortices develop and enhance entrainment currents. 

(2) As the plume approaches the ground, the large-scale eddies acquire 
a strong cross-wind convective motion away from the symmetry plane. This 
leads to horizontal dispersion of the smoke plume and results in the 
deformation of its cross-section into two large lumps separated by a thin- 
ning crescent. Accordingly, the ground smoke deposition is lower along 
the symmetry plane than at neighboring cross-wind locations. 

(3) Plume trajectories and dispersion rates are strongly dependent on the initial 
plume height and shape. The corresponding variations are correlated with 
streamwise vorticity patterns, whose generation depends on the curvature of 
the plume interface and on the gravitational acceleration field. 

(4) Plumes falIing from a higher elevation disperse more in the vertical direc- 
tion while those falling from a lower elevation disperse more in the hori- 
zontal direction. 
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Fig. 12. Variation of the total circulation of each large coherent vortex in 
section with downwind distance. Shown is the circulation of the right-hand 
for {a) the cases shown in Fig. 7, and (b) the cases shown in Fig. 10. 

the plume cross- 
side of the plume 

(5) 

(6) 

Plumes with a more rounded cross-section reach the ground faster 
and disperse horizontally further than plumes with a flatter cross 
section. The shape of the cross-section has a weak effect on the rate of 
vertical dispersion. 
The strong deformation of the plume cross-section, which leads to a 
substantial departure of the plume material ground imprint from a 
Gaussian, is due to the buoyancy generated turbulence within the 
plume. 
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Nomenclature 

AR 
g 
HT 

mP 

P 
R 

R, 
RZ 
u, v, w 
u 
V 
x 
Y 
2 
t 

Greek 
6 
& 
P* 

PZ 
* 

PP 
P 
0 

= R,/R z, plume aspect ratio 
gravitational acceleration 
initial height of the plume center 
=~P,*(Y, 2) UdA, excess mass flux of the plume 
dimensional perturbation pressure 
square root of the plume cross sectional area 
major (horizontal) axis of the elliptical plume cross section 
minor (vertical) axis of the elliptical plume cross section 
perturbation velocity components in X, y, z direction, respectively 
uniform wind speed 

=J-- &R,g, velocity scale of the perturbation velocity 
horizontal wind direction 
horizontal direction normal to the wind 
vertical direction 
nondimensional form of x* 

core radius of the vortex and transport element 
= liz,/po* UBZ, plume mass flux ratio 
= p$ + pp*, total dimensional plume density 
uniform background air density 
excess particulate density due to the presence of the smoke 
non-dimensional particulate density 
vorticity in the wind direction 

Superscript 
* dimensional quantity 
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