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Abstract: In this work a numerical simulation of the plume dispersed from a fire is performed using the Lagrangian 

stochastic particle model SPRAYWEB and the results are compared to a field experiment, carried out in August 2013 

in Idaho (USA). The plume rise scheme used is not based on an analytical model and the only two assumptions required 

are the drag coefficient (CD) value and the cell size. Here we want to assess the dependence of the model on the values 

chosen for these two parameters. 
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INTRODUCTION 

Correct modeling of the plume rise is fundamental for a proper description of pollutants dispersion, 

especially for highly buoyant wildfire plumes.  In this work, a numerical simulation of the plume dispersed 

from a fire is performed applying the recent plume rise scheme suggested by Alessandrini et al. (2013) 

introduced in the Lagrangian stochastic particle model SPRAYWEB (Tinarelli et al., 2000, Alessandrini 

and Ferrero, 2009, Ferrero et al., 2022) and the results are compared to ground-based mobile elastic 

scanning lidar measurements of the maximum height of a plume coming from a prescribed 66 ha burn 

ignited during a field experiment, carried out in August 2013 in Idaho (USA) (Kovalev et al., 2014, Zhou 

et al., 2018). According to the algorithm, the plume is split into many cubic grid cells and at each time step 

the temperature and the momentum difference between the plume and background atmosphere is computed 

for each cell. One of the greatest advantages of this plume rise scheme is that it is not based on an analytical 

model and the only two assumptions required are the drag coefficient value and the cell size. With the aim 

of finding a general expression for the drag coefficient and a rule for the choice of the grid cells dimension, 

we assess the dependence of the model on the values chosen for these two parameters. So far, given the 

lack of a generally accepted value in the literature, the drag coefficient proposed by Ooms (1972) was 

adopted. However, different CD expressions can be found in the literature; some of them are here tested 

comparing model results with experimental datasets. 

Furthermore, to improve the results, we also perform some tests to estimate the optimal source-to-cell size 

ratio for the horizontal grid. The results are presented in terms of the comparison of the maximum plume 

height trend predicted by the model and the observations. An evaluation of the best model for CD is shown 

through the Taylor diagram. 

 

THE PLUME RISE SCHEME AND DRAG COEFFICIENT MODELS 

The plume rise scheme suggested by Alessandrini et al. (2013) is based on the Lagrangian description of 

the plume evolution in terms of particle trajectories, while the temperature and momentum differences, 

which are responsible for the plume buoyancy, are calculated on a fixed grid. At each time step t=t1-t0 

temperature and momentum differences (T and wc respectively) between each grid cubic cell and the 

surrounding environment are computed using the following equations:  

 ∆𝑇(𝑡1) =  ∆𝑇(𝑡0) + Γ(𝑧𝑐)𝑤𝑐(𝑡0)Δ𝑡 + 0.0098𝑤𝑐(𝑡0)Δ𝑡, (1) 

 

 

  

 



 

where zc is the cell height, a the ambient temperature, g the gravity, CD the drag coefficient, S and Vc the 

cell section and volume, a and p the ambient and plume density. 

Four drag coefficient expressions which depend on the Reynolds number of the cells (Rec) are tested 

comparing the model results with respect to observations. 

For each cell the correspondent Reynolds number is calculated as follows: 

 

 
𝑅𝑒𝑐 =  𝜑

|𝑈𝑐|

𝜈
, 

(3) 

 

where φ is the equivalent cell diameter, 𝑉𝑐  is the cell vertical velocity and ν is the kinematic viscosity of air. 

 
Table 1. Drag coefficient expressions. 

Author CD expression 

Turton and 

Levenspiel (1986) 
𝑪𝑫 =

𝟐𝟒

𝑹𝒆𝒄
(𝟏 + 𝟎. 𝟏𝟕𝟑𝑹𝒆𝒄

𝟎.𝟔𝟓𝟕) +
𝟎.𝟒𝟏𝟑

𝟏+𝟏𝟔𝟑𝟎𝟎𝑹𝒆𝒄
−𝟏.𝟎𝟗 , 𝒊𝒇 𝑹𝒆𝒄 < 𝟐 × 𝟏𝟎𝟓               (4) 

 

Brown and Lawler 

(2003) 

 

𝑪𝑫 =
𝟐𝟒

𝑹𝒆𝒄
(𝟏 + 𝟎. 𝟏𝟓𝑹𝒆𝒄

𝟎.𝟔𝟖𝟏) +
𝟎.𝟒𝟎𝟕

𝟏+𝟖𝟕𝟏𝟎𝑹𝒆𝒄
−𝟏 ,          𝒊𝒇 𝑹𝒆𝒄 < 𝟐 × 𝟏𝟎𝟓               (5) 

 

Cheng (2009) 

 

𝑪𝑫 =
𝟐𝟒

𝑹𝒆𝒄
(𝟏 + 𝟎. 𝟐𝟕𝑹𝒆𝒄)𝟎.𝟒𝟑 + 𝟎. 𝟒𝟕(𝟏 − 𝐞𝐱𝐩 (−𝟎. 𝟎𝟒𝑹𝒆𝒄

𝟎.𝟑𝟖))                       (6) 

 

Mikhailov and Silva 

Freire (2013) 

 

 

𝑪𝑫 =
𝟕𝟕𝟕((

𝟔𝟔𝟗𝟖𝟎𝟔

𝟖𝟕𝟓
)+(

𝟏𝟏𝟒𝟗𝟕𝟔

𝟏𝟏𝟓𝟓
)𝑹𝒆𝒄+(

𝟕𝟎𝟕

𝟏𝟑𝟖𝟎
)𝑹𝒆𝒄

𝟐)

𝟔𝟒𝟔𝑹𝒆𝒄((
𝟑𝟐𝟖𝟔𝟗

𝟗𝟓𝟐
)+(

𝟗𝟐𝟒

𝟔𝟒𝟑
)𝑹𝒆𝒄+(

𝟏

𝟑𝟖𝟓𝟕𝟏𝟖
)𝑹𝒆𝒄

𝟐))
                                                        (7) 

 

The first three expressions presented in Table 1 are similar, as a sort of Stokes' law extended for higher 

Reynolds numbers, but with different constants derived by fitting experimental data. The latter is derived 

from the Shanks transformation of Goldstein series (Goldstein, 1929, Shanks, 1955) improved by fitting its 

coefficients directly to experimental data. These four expressions are implemented within the plume rise 

scheme. As meteorological input we use the WRF simulation provided by Ferrero et al. (2019), with 

turbulence field reconstructed by WSI (WRF-SPRAYWEB Interface). The dispersion is simulated by the 

Langrangian Stochastic model SPRAYWEB and the results are compared to measurements taken during 

the field experiment organized by the US Environmental Protection Agency (EPA) over complex terrain in 

Idaho with a ground-based mobile elastic scanning lidar (Kovalev et al., 2014, Zhou et al., 2018). 

 

RESULTS 

Figure 1 shows the maximum height of the plume as a function of time predicted by the model compared 

with the observations. In order to estimate the maximum plume height we consider two vertical standard 

deviation of the plume distribution above the mean particles height. 

Data are smoothed using a moving-average smoothing function; the different colors indicate results 

obtained using different expressions for the drag coefficient and lidar observations of maximum plume 

height are also reported (black circles). 

Almost all the models well reproduce lidar measurements in the second phase of the simulation, except for 

the Mikhailov and Silva Freire (2013) one. As for the initial phase of the event, observations are probably 

not very reliable since the values measured by the lidar are higher than the ones taken during the stability 

phase of the plume. The discrepancies between the observations and the model results could be due to a 

very fluctuating behavior of the plume in the initial phase which causes the lidar to measure very high 

values. 

𝑤𝑐(𝑡1) =  𝑤𝑐(𝑡0) +
Δ𝑇𝑐(𝑡1)

Δ𝑇𝑐 + 𝑇𝑎(𝑧𝑐)
𝑔Δ𝑡 − 

0.5𝐶𝐷𝑆𝑤𝑐
2(𝑡0)𝜌𝑎

𝜌𝑝𝑉𝑐

Δ𝑡, 
(2) 



 

Figure 1. Plume maximum height as a function of time 

 

 

Given the possible low reliability of the data observed during the first phase of the fire, the Taylor diagram 

presented in Figure 2 is created considering only the stability phase of the plume. In general, this analysis 

shows that there are differences between the four models which are hardly visible by observing Figure 1.  

Turton and Levenspiel (1986) model shows a very low correlation, while the correlation of the other models 

is around 0.4-0.5. As expected Mikhailov and Silva Freire (2013) expression for drag coefficient gives the 

highest root mean squared error. The two most faithful models are those of Cheng (2009) and Brown and 

Lawler (2003). 

As for the horizontal resolution of the plume rise scheme, we performed some simulations varying the 

dimension of the grid cells, and we found that there is no particular dependence of the results on it. 

 



 

Figure 2. Taylor diagram for the four drag coefficient expressions 

 

 

CONCLUSIONS 

In this work we studied the dependence of the plume rise scheme embedded in the Langrangian Stochastic 

model SPRAYWEB on the drag coefficient and on the horizontal resolution. We tested 4 different 

expressions of the drag coefficient depending on the Reynolds number found in the literature, three of 

which are derived from Stokes' law and one from the Shanks transformation of Goldstein series (Goldstein, 

1929, Shanks, 1955). Generally speaking, from the results it is evident that for this type of application the 

models deriving from the Stokes law have a better performance. In particular, the models of Cheng (2009) 

and Brown and Lawler (2003) give results that better agree with the observations. The model of Brown and 

Lawler (2003) can only be applied in case of Reynolds numbers less than 2 × 105, while the one of Cheng 

(2009) has no restrictions and this makes it the best choice for our purposes. Regarding the horizontal 

resolution we did not find a strong dependence of the results in case of small prescribed fires. As future 

work we want to test the same drag coefficient expressions on other case studies to confirm what emerged 

in this study. 
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