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Abstract A high-resolution large-eddy simulation (LES) model is employed
to examine the fundamental structure and dynamics of buoyant plumes
arising from heat sources representative of wildland fires. Herein we describe
several aspects of the mean properties of the simulated plumes. Mean plume
trajectories are apparently well described by the traditional two-thirds law for
plume rise; however, the spatial structure of the mean plume is significantly
different from the Gaussian distributions typically assumed in simple plume
models. This discrepancy arises from the fact that entrainment properties of
a buoyant plume in a cross wind are significantly different from those of a
buoyant plume in the absence of a cross wind, a result of the interaction of
the buoyancy-generated vorticity in the plume with the vorticity in the ambient
wind. The depth of the crosswind shear layer at the surface also appears to play
a role in both the horizontal and vertical spread of the plume boundaries
downwind, and in particular the increase in horizontal spread acts to increase
the departure from a Gaussian distribution seen in the plume cross sections.
Keywords Fire plumes, large-eddy simulations, smoke transport, plume rise,
turbulent kinetic energy, vorticity and entrainment

6.1

Introduction

Predicting the impacts on air quality due to the smoke from prescribed fires and
wildfires represents a central problem in smoke management, particularly for many
locations in the Eastern United States where wildfire-prone regions are often located
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near populated areas. A variety of models and tools are available for the purpose
of modeling smoke impacts from wildland fires, and in many cases these models
are appropriate and provide valuable information. These tools typically fall into
three categories: simple Gaussian plume models, Lagrangian puff models, and
Eulerian grid models.
Gaussian plume models, such as VSmoke (Lavdas, 1996) are frequently used by
land managers during the planning phase of a prescribed burn. VSmoke assumes
Gaussian dispersion in both the horizontal and vertical directions from a straight-line
trajectory for each independent period of the simulation. VSmoke is designed to
provide the best estimate of maximum concentrations of smoke at the surface,
rather than accurate concentrations of smoke within the plume. To achieve this
estimate, VSmoke allows the user to partition emissions between a component
subject to plume rise, following the formulation of Briggs (1975), and a surface
component that lacks the buoyancy to achieve significant rise.
As computing power has increased, the use of more complex descriptions of
plume behavior, such as Lagrangian puff models, has become more widespread.
Lagrangian puff models operate by releasing a series of puffs that are transported
by spatially and temporally varying weather conditions. While within-puff dispersion
is still handled in a Gaussian manner, puffs are allowed to split when subject to high
levels of vertical wind shear. CALPUFF (Scire et al., 2000) is a Lagrangian puff
model that is an integral component of the BlueSky smoke modeling framework
(Ferguson, 2003). Plume rise from area sources in CALPUFF follows the derivation
of Weil (1988), with the exception that the Boussinesq approximation employed by
Weil (1988) is not made. CALPUFF assumes that the plumes will have a circular
cross section despite evidence that fire plumes are often dominated by a pair of
counter-rotating vortices; however, this may be an acceptable approximation since
the presence of the counter-rotating vortices does not appear to impact plume rise
calculations (Zhang, 1993; Zhang and Ghoniem, 1993).
Eulerian grid models are frequently used in air quality modeling for assessing
the cumulative impact of a wide variety of emission sources at a regional scale
and can include complex chemical transformations. Although the scale of these
models is generally much larger than the scale of a wildland fire plume, air quality
models such as the United States environmental protection agency (EPA) community
multiscale air quality (CMAQ) modeling system (Byun and Ching, 1999) can
contain subgrid-scale parameterizations for representing smaller scale features
such as plumes from individual sources. In CMAQ this is handled by the plumein-grid (PinG) formulation (Gillani and Godowitch, 1999), which behaves in the
manner of a hybrid of the Gaussian and puff models. Transport is handled by the
mean wind throughout the depth of the plume, similar to the use of a layer-mean
wind in the Gaussian models. The plume itself is constructed as a succession of
slabs perpendicular to the flow. The latera l spread of these slabs is governed by
turbulence, wind shear and a background entrainment value, while the vertical
spread of the plume is governed predominantly by turbulence. Each crossflow
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-.lab is dh ided into a series of columns with an initially Gaussian lateral distribution
of pollutants. After initialization, the lateral distribution of concentration is controlled
by a senes of mass balance equations, transferring concentration between columns
through parameterized diffusion and entrainment processes.
Although these models have been applied with general success over a wide range
of atmospheric conditions, they are all based on simplifications to the governing
equations, and none of them is able to represent accurately the 30 turbulent
d)nam1cs of the plume itself and its interaction with the ambient atmosphere. It is
of particular interest, then, to explore the fundamental dynamics of buoyant plumes
arising from intense heat sources (e.g., plume trajectory, lateral and vertical spread,
entrainment) to assess the utility and accuracy of the models currently in use for
air quality assessment, and in particular to identify situations in which these models
may have significant errors.
In a recent study, Cunningham et al. (2005) employed a high-resolution LES
model to explore the dynamics of buoyant plumes arising from a heat source
representative of wildland fires. This model was designed to resolve the majority
ot the turbulent eddies in the plume and its environment, and thus does not suffer
from the approximations inherent to the models discussed above. The s imulations
shO\\ n by Cunningham et al. (2005) suggest that, even for simple configurations,
plume behavior is highly complex and dominated by a variety of coherent vortex
-.tructurcs that may have a significant impact on smoke transport. In the present
chapter, we continue and extend this investigation of the fundamental dynamics
ol buoyant plumes m a cross wind by descnbmg the mean properties of the
...imulated plumes for different heat source intensities and different ambient wind
conditions.
In the following section, the details of the numerical model are described briefly.
In Section 6.3, the basic time-averaged properties of the simulated plumes and their
dependence on the heat source strength and the ambient wind are shown, while
Section 6.4 presents a summary of these results and directions for future research.

6.2

Numerical Model

For this study we utilize the LES model described by Cunningham ct al. (2005).
The governing equations are those for 30, compressible flow in a density-stratified
atmosphere forced by a prescribed volumetric heat source, Q:
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where p is the density, u; is the wind velocity in the X; direction with i, j, k=
1, 2, or 3 representing streamwise (x), spanwise (y), or vertical (z) directions,
respectively, p' and p' are the departures of pressure and density, respectively,
from a hydrostatic base state, D; is a drag term intended to represent the effects of
a vegetation canopy, T and B are the temperature and potential temperature, and
Cp is the specific heat at constant pressure.
A conventional approach to subgrid-scale modeling (e.g., Deardorff, 1973; Moeng
and Wyngaard, 1988) is employed for the LES model, in which the subgrid-scale
stress tensor, -r-i.J, and the subgrid-scale heat flux, lf;, are represented respectively by

(6.4)
and
(}(}

H 1 =pKh--

ax,

(6.5)

where Km is the eddy viscosity and K h is the eddy diffusivity.
The eddy viscosity is taken to depend on the subgrid-scale turbulent kinetic
energy (TKE), e, as follows

(6.6)
where Ck is a constant and /:!. is the grid spacing. The eddy diffusivity is then
related to the eddy viscosity via a turbulent Prandtl number, Pr= Km/ Kh, which
is assumed to be equal to 1/3 herein. An additional equation for the subgrid-scale
TKE is then required, and is given by

where the last term on the right hand side represents the dissipation of subgridscale TK.E. Following Moeng and Wyngaard (1988), values for the constants in
Eq. (6.6) and Eq. (6.7) are chosen to be Ck=O.l and Ce=0.93.
The heat source, Q, in Eq. (6.2) is intended to represent in an idealized manner
the heating due to a fire of moderate intensity, and bas the form of a smoothed
top-hat distribution, as given by Eq. (6.10) in Cunningham et al. (2005). The heat
source is centered at point (xh, Yh), which is (450 m , 600 m) from the origin. The
total heat release rate (HRR) is given by the volume integral of Q, and is taken to
be constant after a ramp-up period of 10 s at the beginning of each simulation.
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The governing equations are solved using the dynamical core of the weather
research and forecasting (WRF) model (Skamarock et al., 2001 ). The computational
domain is a rectangular box with spatial dimension!;\ of 1,800 m in the streamwise
direction (x), l ,200 m in the spanwise direction (y), and 1,800 m in the vertical
direction (z). A uniform grid spacing of 10 m is employed in all directions. The
ambient potential temperature is taken to be uniform and equal to 300 K in all
simulations. For additional details of the numerical solution procedure, refer to
Cunningham et al. (2005).
In an effort to explore the dependence of plume dynamics on the intensity of
the heat source and on the nature of the ambient wind, several simulations have
been performed for different heat source intensities, and different ambient wind
profiles specified by

U(z) = U 0 tanh(z/z0 )

(6.8)

Parameters employed for each simulation described here, along with the identifying
label for each case, are provided in Table 6.1.
Table 6.1

Case
Q2U3H50
Q2U3H100
Q2U5H50
Q2U5Hl00
Q3U5H50
Q3U5Hl00

Parameters for the s imulations

Heat source (MW)
350
350
350
350
525
525

Uo (m·s
3
3
5
5
5
5

1
)

zo (m)
50
100
50
100
50
100

In an effort to explore further the dynamics of buoyant plumes in a crossflow,
in Chapter we exa.mine the basic structure of various mean properties of simulated
plumes. To explore these mean properties, simulations were performed for each case
for 20,000 time steps, with statistical properties evaluated over the last 10,000 steps.
Herein we examine the mean plume trajectories for each case, the mean structure
of temperature and wind, and the mean TKE.

6.3 Dynamical Properties of Simulated Plumes
Instantaneous snapshots of potential temperature, vorticity magnitude, and vertical
component of vorticity from the simulation Q2U5HIOO are shown in Fig. 6.1,
and illustrate the characteristic plume structure as well as the highly vortical nature
of the flow. It is apparent from these images that even in such simple initial
configurations, the plume is highly turbulent and dominated by coherent vortical
~tructures. These structures include the counter-rotating vortex pair aligned with
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Remote Sensing and Modeling Applications to Wildlaod Fires

the plume trajectory that may be associated with bifurcation of the plume,
transverse shear-layer vortices on the upwind face of the plume, and vertically
oriented wake vortices that form downwind of the heat source and that extend
from beneath the bent over plume down to the surface. These vertical structures
are described and discussed in more detail by Cunningham et al. (2005).

(a)

(C)

(b)

(d)

Figure 6.1 Instantaneous fields from the Q2U5H100 simulation. (a) and (b) Potential
temperature rrom different view perspectives, (c) total vorticity magnitude, and (d)
vertical component of vorticity (blue - positive values; red- negative values)

6.3.1

Mean Plume Trajectories

Mean plume trajectories for each case are depicted by the black and green lines
in Fig. 6.2; these plume trajectories are calculated based on the maximum potential
temperature deviation from ambient at each location downwind of the heat source
along the plume centerline (i.e., the x - z plane that intersects the center of the
heat source). Also shown in Fig. 6.2 are trajectories predicted (based on heat source
intensity and lhe magnitude of the ambient cross wind) by the traditional two-thfrds
law plume rise model of Briggs (1975) and its modification by Mills (1987) to
account for finite-area sources.
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Figure 6.2 Simulated mean plume trajectories for (a) Q:2U3 cases, (b) Q2U5 cases,
and (c) Q3U5 cases. Trajectories for the shallow s hear layer (z0 = 50 m) are shown
by black lines, while trajectories for the deeper shear layer (z0 = l 00 m) are sh own by
green lines. Also shown are p lume rise calculations based on equation s of Briggs
(1975) and Mills (1987), depicted as red and blue lines, respectively
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Following Briggs ( 1975). the rise height, h 8 , for buoyancy-dominated plumes
in a neutrally s tratified atmosphere is given by

lz =
a

(-3-)''1 F~'3x2;3
2p'-

(6.9)

Vo

where p is an empirically derived entrainment rate, typically chosen to have a
value of0.6, U0 is the (constant) ambient wind speed.xis the distance downwind
from the center of the source. and F 8 is the buoyancy flux, given by
(6.10)

In Eq. (6. 10), Qiot is the total HRR, and P. and Ta are an ambient air dens ity and
temperature, respectively. Trajectories calculated via Eq. (6.9) for a given heat
source and ambient wind speed are shown by the red lines in Fig. 6.2.
Equation (6.9) assumes that the plume evolves from a point source, and it can
be modified to account for a finite diameter, d, of the source (e.g., M ills, 1987;
Zhang and Ghoniem, 1993), such that the plume rise height, hM, is g iven by
d

2/J

(6.11)

Trajectories calculated via Eq. (6.11) for a given heat source and ambient wind
speed are shown by the blue lines in Fig. 6.2.
It is apparent that several fire diameters downstream of the heat source the mean
plume rise seen in the simulations is well described by a power-law trajectory,
and is in reasonably good agreement with the simple plume rise calculations.
Nevertheless, the trajectories of the simu lated plumes do exhibit some dependence
on the depth of the shear layer in the ambient cross wind, as evidenced by the
difference between the black and green lines. In particular. plume trajectories are
slightly lower when the crosswind shear layer is deeper (e.g., Fig. 6.2(c)).

6.3.2

Mean Plume Structure

Despite the fact that the mean plume trajec tories appear to be consistent with the
well established two-thirds law for plume rise, the mean structure of the simulated
plumes departs from the Gaussian or top-hat distribution often assumed in plume
models. Indeed, as shown in Fig. 6.3, a ll of the s imulated plumes exhibit a kidneysbaped, or even bifurcated, structure with a local minimum along the plume
centerline resulting from the presence of the counter-rotating vortex pair.
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(a)

(c)

(c}

Figure 6.3

(b}

(d}

(f)

Mean potential temperature for case: (a) Q2U3H50, (b) Q2U3HI 00,

(c) (!2.USHSO, (d) Q2U5HIOO, (e) Q3U5H50, and (t) Q3U51!100

Figure 6.3 also illustrates the fact that the depth of the cross wind shear layer
also has a significant impact on the mean structure of the plume, as discussed by
Cunningham et al. (2005). Specifically, the lateral spread of the plume and the
!iCparation of the plume branches are greater for the deeper ambient shear layer.
This property appears to result from the enhanced entrainment of ambient cross
\\ind vorticity into the plume for the deeper shear layer, but this process requires
funber study and quantification.
Mean streamlines in they- z plane 1000 m downstream of the heat source are
shown in Fig. 6.4; these streamlines illustrate clearly the presence of the counter75
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rotating vortex pair in the time-averaged plume, and the associated upward vertical
motion along the plume centerline. This upward motion may be important for PM
transport, and may result in different downwind distributions for PM of different
sizes (e.g., fine particles with sma11er terminal velocities may be kept aloft along
the centerline longer than larger particles).

(a)

(b)

(c)

(d)

Figure 6.4 Mean streamlines in they - z plane at x = I ,600 m for case: (a) Q2U3H50,
(b) Q2U3HJOO. (c) Q2U5H50, and (d) Q2U5H IOO. Color shading corresponds to
vertical velocity m m-s- 1

6.3.3

Turbulent Kinetic Energy (TKE)

Figure 6.5 shows mean subgrid and total (subgrid plus resolved) TKE for the
Q2U3Hl00 case, both in the x-z plane along the plume centerl ine (Figs. 6.S(a)
and (b)), and in they - z plane 1,000 m downstream of the heat source (Figs. 6.S(c)
a nd (d)).
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(a)

(b)

(c)

(d)
2

2

Figure 6.5 Mean turbulent kinetic energy (m ·s- ) for the Q2U311100 case:
(a) subgrid TKE along centerline. (b) total TKE along centerline. (c) subgrid TKE
atx= 1,600 m, (d) total TKE atx= 1,600 m

First, it is apparent from these figures that the subgrid TKE is significantly
smaller in magnitude than the total TKE, indicating that the energy containing
eddies in the plume are well resolved on the grid employed in these simu lations.
Second, it is apparent that the turbulence seen in the simulations is dominated
by the mean effect of the vortical structures seen in the instantaneous images. In
particular, turbulence, and thus entrainment and mixing, along the centerline
(Fig. 6.5(b)) is associated with the repeated passage of shear-layer vortices seen
on the upwind face of the plume, whereas farther downwind the turbulence is
dominated by the counter-rotating vortex pair (Fig. 6.S(d)).
It is of considerable interest to examine the dynamics of the transition between
these turbulence regimes, and specifically bow the distance downwind from the
heat source at which this transition occurs depends on the parameters of the
simulation, such as the intensity of the heat source and the depth of the crosswind
shear layer. I nvcstigation of this transition is part of future research.
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6.4

Summary and Conclusions

Several simulations have been performed using a high-resolution LES model to
examine the dynamics of buoyant plumes arising from heat sources representative
of wildland fires. This model is capable of representing the 3D turbulent eddies
characteristic of such plumes, and is being employed in an effort to understand the
fundamental structure and dynamics of buoyant plumes, including the nature and
importance of the coherent vortical structures that are common to these flows.
In this Chapter we describe several aspects of the mean properties of the simulated
plumes. It is apparent that the mean plume trajectories (based on potential
temperature along the plume centerline) are well described by the traditional
two-thirds law for plume rise; however, the spatial structure of the mean plume is
significantly different from the Gaussian distributions typically assumed in simple
plume models. This discrepancy arises from the fact that entrainment properties of
a buoyant plume in a cross wind are significantly different from those of a buoyant
plume in the absence of a cross wind, a result of the interaction of the buoyancygenerated vorticity in the plume with the vorticity in the ambient wind.
While the two-thirds plume rise formulation appears to agree well with the
simulations of buoyant plumes in a neutral atmosphere presented herein, the
modeling results raise several questions for further investigation. The depth of
the crosswind shear layer at the surface appears to play a role in both the horizontal
and vertical spread of the plume boundaries with downwind distance, and in
particular the increase in horizontal spread acts to increase the departure from a
Gaussian distribution seen in the plume cross sections. Source strength, or fire
intensity, as well as shear layer depth influence the vertical spread of the plume,
with intense fires and deeper shear layers providing enhanced vertical plume spread.
How well these plume spread results agree with those predicted by current plume
formulations is an open area for research.
Ongoing and future research is focused on the continued analysis of these
simulations in an attempt to: <D quantify further the nature of the turbulent
entrainment in these plumes, and how the entrainment depends on the vortica1
structures seen in the simulations; and ®examine the nature of turbulent transport
in the plume (e.g., of PM ofa range of sizes).
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