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I. INTRODUCTION 

Ecological studies of the impact of v^ildland fires need to be concerned with the 
temperatures to which plants will be subjected. Even though many measure­
ments of the temperatures obtained within and above wildland fires have been 
made, such as those by Trabaud (1979), to date no one has been able to account 
for the full variation of temperature with height. Indeed, sampling heights have 
usually been restricted to less than a few meters and only the plume region 
above the fire has been modeled. This may suffice for studies of crown death. 
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such as those conducted by Van Wagner (1973), but it is insufficient for a full 
understanding of fire effects upon vegetation. Knowing the temperature profile 
above a fire is important in studying the impact of fire on vegetation. Issues 
such as leaf scorch, seed death, and stem death all rely on a complete knowl­
edge of the heat exposure of the vegetation. 

What is a plume? Anyone who has observed rising smoke or condensed wa­
ter has seen a plume in action, and anyone considering a fire will immediately 
realize that the hot gases from that fire will rise and have an impact upon vege­
tation above the fire (as well as obviously consuming the vegetation in the fire). 
In broad terms, a plume is characterized by rising buoyant fluids, the buoyancy 
forces arising from intense localized sources of heat (and/or mass). Compre­
hensive textbooks on fluid mechanics, such as Yih (1969), or on heat transfer, 
such as Gebhardt (1971), will contain some discussion of plumes, normally 
in connection with natural convection above point, line, and plane sources of 
heat. The discussion will usually focus on the conservation of mass, momentum, 
and energy and the expression of these conserved quantities as mathematical 
equations, the Navier-Stokes equations. There are many ways of analyzing the 
Navier-Stokes equations, including numerical methods (similar to those em­
ployed for mesoscale meteorological modeling as in Chapter 8 in this book). 
Alternatively, it is sometimes possible to derive approximate solutions, which 
can be very convenient for application to fire situations, particularly when an 
estimate of the temperatures will suffice. One such approximate solution is a 
"similarity solution" of the Navier-Stokes equations, where the partial differen­
tial equations are simplified by the use of suitable variables, and then the equa­
tions can be simplified. The validity of using an approximate solution can be 
justified by comparison with careful laboratory experiments, which allow one 
to determine the conditions for which the theory and the phenomena are well 
understood. Although a valuable technique, similarity solutions will not be used 
in this chapter, as the mathematical level is more advanced than required for an 
understanding of the ecological effects of fire. Another, related approximation 
technique is "dimensional analysis," where the processes involved are consid­
ered in terms of the fundamental variables and the dimensions of these vari­
ables. Balancing these dimensions can then lead to valuable relationships for 
quantities of interest, particularly observables such as temperature rise. The 
most fundamental equation for modeling the ecological effects of fire, Eq. (1), 
can be derived from dimensional analysis. (In fact, it also arises as a similarity 
solution of the Navier-Stokes equations with appropriate boundary conditions.) 
Readers are encouraged to consult the references, such as Yih (1969), for the 
details of these mathematical techniques. 

Early theoretical and experimental work on plumes was conducted during 
World War II and was inspired by the need to disperse fog from airfields, both 
in a still atmosphere and in the presence of appreciable wind (see Yih, 1951, 



Chapter 7 Fire Plumes 227 

1953; Rouse et al, 1952; Thomas, 1963). Out of this early theoretical and experi­
mental work there arose an understanding that plumes arising from sources of 
heat only (no mass source at all) could be well described by similarity laws 
familiar to engineers and scientists (especially in the area of fluid mechanics). 
The success for both laminar and turbulent flows inspired researchers such as 
Thomas (1963, 1965) to attempt to use these results to model fire plumes, both 
in the laboratory and in the field. Van Wagner (1973, 1975) used this model of 
a fire plume to try to predict scorch heights in forests but only had limited suc­
cess as the parameters and functional relationships did not turn out as neatly 
as anticipated. There could be many reasons for this, including the inappro-
priateness of a plume model with no mass source for modeling a fire or the 
extended three-dimensional nature of a fire as compared to the idealized line 
source for the plume model. Whatever the reasons, the landscape fire commu­
nity was sufficiently "buoyed" by the results to continue trying to gain insight 
into temperature rise above fires by using relatively simple plume models (e.g., 
Mercer et al, 1994; Weber et al, 1995a,b). 

The most significant relationship for turbulent plumes above line sources of 
heat (Yih, 1953) can be written as 

AT = ^ ^ (1) 
z 

Here AT is the temperature increase above ambient at a height z above the line 
source of intensity I (measured in power output per unit length). The con­
stant le is a proportionality factor, which Van Wagner (1973) determined from 
13 outdoor fires in various forests. If units are used such that AT is measured 
in degrees Kelvin, z is measured in meters, and I is measured in kilowatts per 
meter, then the constant of proportionality, in SI units, is (M. E. Alexander, 
1998): 

k = 4.47 Km^'^kW-^^^ (2) 

Naturally this value is not to be used as a "universal constant." Rather it was de­
termined by fitting 13 data points and should only be used as a guide. Further­
more, the two-thirds power of the intensity will not be strictly accurate for the 
plume above a fire. It also is best used as a guide because it originally arose in 
a slightly different context and has been adopted for fire plume research in the 
spirit of elementary mathematical modeling. 

A. ALTERNATIVE MODELING APPROACHES 

Mathematical models of fire plumes can be constructed and presented in a va­
riety of ways. Possibly the simplest is to adopt a relationship such as Eq. (1) and 
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fit data sets to determine how well the temperature rise is described by such a 
simple relationship. This empirical approach can be statistically intensive, but 
it offers the advantage of a well-defined result, hopefully with confidence in­
tervals. For the particular case of Eq. (1), Yih (1953) and Van Wagner (1973), 
among others, have shown it to provide a reasonable description of turbulent 
plumes, at least in light wind situations. 

An alternative approach is to follow Morton et al. (1956); see also Morton 
(1965) and Williams (1982). This involves a consideration of the main forces 
affecting the dynamics of a plume and allows one to approximate the equations 
for conservation of mass, momentum, and energy. The approximate equations 
can then be solved, usually numerically, and the results expressed graphically. 
This method can be used to good advantage in more complex situations, such 
as wind-blown plumes, and will be discussed later in this chapter. The disad­
vantage is that the final model needs to be implemented in computer software, 
albeit reasonably simple software, making it a little more cumbersome to use. 

The most sophisticated approach is to consider a complete (as far as this is 
possible) description of the fluid mechanics of a source of heat (and mass) dis­
charging into the atmosphere. This generally involves solving a set of nonlinear, 
coupled, partial differential equations, the Navier-Stokes equations, and pos­
sibly a turbulence model for the fluid motion associated with a fully developed 
fire plume. Modern computational facilities are quite able to be used efficiently 
and reasonably quickly to solve problems of this nature; however, it needs to be 
noted that a great deal of "submodeling" is required and that the end result can 
really only be used by experts. By submodeling, we mean that the equations as 
solved have important parameters which need to be pre-determined, the bound­
aries of the computational domain need to be treated carefully and appropriate 
conditions must be imposed on fluid velocities and temperature at these bound­
aries, the source of heat (and mass) must be prescribed in a realistic manner, 
and the turbulence model must be suitable for a large range of spatial scales in­
cluding any vegetation on the surface and the full size of the plume. An ex­
ample of the implementation of such a model is described by Morvan et al 
(1998), and further examples of this approach can be found in Chapter 8 in this 
book on coupling atmospheric and fire models. Finally, it should be mentioned 
that there has been considerable research into plumes in the context of build­
ing or structure fires. Some of this can be accessed from the survey paper by 
Baum (1999) and recent papers such as Trelles et al (1999). 

B. APPLICATION TO WILDLAND FIRES 

Fires in the field occur over a large range of environmental conditions, with 
variations in topography, vegetation, and weather. A proper detailed model 
would need to be able to account for all of these, at least in principle. Certainly 
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the comprehensive description of the transport of scalar quantities (such as 
heat) and vector quantities (such as momentum) will require a full understand­
ing of the fluid flow as it interacts with vegetation. Fundamental studies of this 
have been completed; see for example the review by Raupach and Thom (1981) 
or the book by Kaimal and Finnigan (1994). However, the subject of airflow 
in vegetation has been found to be quite complex, even in the absence of any 
strong sources of heat and mass such as a fire. For this reason, we must con­
sider the subject of detailed fluid mechanical computations of fire plumes and 
the interaction with vegetation to be in its infancy. 

Consequently, for the remainder of this chapter, we will refrain from very de­
tailed modeling of fire plumes. Rather we shall consider the observables, princi­
pally temperature and velocity, and how they are affected by the source strength 
(fire intensity) and environmental conditions (principally wind). Additionally, 
we shall consider the impact a particular fire event (rather than a fire regime) 
can have upon the different sorts of vegetation often encountered in a landscape 
mosaic. 

C. FIRE PLUME TEMPERATURES 

Thermocouple measurements are the primary means for determining temper­
ature rise in and around a fire. Considerable effort has been expended by many 
researchers (Stocks and Walker, 1968; Trabaud, 1979; Gifl and Knight, 1991; 
Xanthopoulos, 1991) in devising a measurement system which is both robust 
enough to withstand repeated field work and sensitive enough to give accurate 
temperature readings. The resolution has relied on a compromise for thermo­
couple size, with the need for wires to be reasonably strong and also fairly quick 
to register temperature changes. With an accepted instrument and experimen­
tal method, one can then set about the arduous task of gathering temperature 
data in the laboratory (e.g., Xanthopoulos, 1991), or the field (e.g., Gill and 
Knight, 1991). 

II. MODELING FIRE TEMPERATURE MAXIMA 

A. INTRODUCTION 

In this section we describe a model for the maximum temperature reached as a 
function of height as a wildland fire passes. The fuel bed, the flaming region 
above the fuel bed, and the fire plume are all included in the model, but sepa­
rate temperature-height functions are used in each of the three regions. Con­
tinuity of the temperature and the heat flux (through the temperature gradient) 
across the borders of the regions can then be used to eliminate unnecessary 
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constants. In this way, it is possible to match a constant-temperature region in 
the fuel bed with the region of flaming (described by an exponential function 
characteristic of a reaction-diffusion process) and the classical turbulent plume 
above the fire. 

B. PLUME STUDIES 

Yih (1953) calculated the temperatures reached in a turbulent plume resulting 
from an idealized line source of heat and derived Eq. (1). We note that Eq. (1) 
is only applicable directly above the stationary source, x = 0. Elsewhere, the 
generalization of this equation, also found by Yih (1953), is 

AT = exp(-x^/i8V) (3) 

where x is the horizontal distance from the source and (3 is an entrainment con­
stant (/3 = 0.16 according to Lee and Emmons, 1961). 

Although, strictly speaking, Yih's (1953) results apply only for a stationary 
line source in a quiescent atmosphere, Thomas (1963) and subsequently Van 
Wagner (1973) have used Eq. (1) in modeling the temperature rise above wild-
land fires. As one reaches a height far above a real wildland fire, it can be rea­
sonably approximated as a line source, and it appears to move only very slowly. 
Thus, Thomas (1963) and Van Wagner (1973) have had some success—Van 
Wagner (1973) in particular with providing a first model for crown death. 

A laboratory study of stationary pool fires by Kung and Stavrianidis (1982) 
provides one of the best experimental tests of the applicability of the dimen­
sional analysis of Yih (1953) to fires. The experimental results show impressive 
agreement in the plume region. However, there is a significant region of mea­
sured temperature increases, in and around the flames, where the theoretical 
results are inadequate. 

Our main motivation is to provide a model for the entire temperature profile 
for wildland fires. The two main benefits of this are 

i. The ability to predict maximum external temperature rise to which 
vegetation would be subjected at any height, 

ii. A clarification of the height above a fire at which plume theory can be 
reliably applied. 

Item (i) depends upon the combustion characteristics of fuel types as well as 
the fluid mechanics of the fire, and we can only provide a partial realization of 
this here. Item (ii) depends solely upon the fluid mechanics and we show that 
our model admits an understanding of the significance of the height at which 
the classical plume theory becomes applicable. 
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Other factors which one might hke to include are the movement of the fire, 
fire depth, wind profiles, and terrain. 

C. TEMPERATURE MEASUREMENTS 

The model presented earlier [see Eq. (3)] was fitted to temperature measure­
ments made in a series of experiments in Ku-Ring-Gai National Park near Syd­
ney in New South Wales, Australia. The measurements involved the use of a 
single vertical array of sheathed Type K (chromel-alumel) thermocouples to 
measure temperature rises above ambient in experimental fires in heathy fuels. 
Fires were lit only on days of very light winds. The depth of the fuel varied 
greatly, from 0.5 to 2 m, and the flames ranged in height from 1 to 10 m. A dis­
cussion of the utility of such measurements can be found in Gill and Knight 
(1991). Typical results are as shown schematically in Figure 1. A detailed re­
port of the experiments is not included here; readers are referred to the detailed 
report on the experiments, as opposed to the temperature measurements, that 
can be found in Bradstock and Auld (1995). 

It was found that many of the experiments gave a similarity of form, despite 
quite different fuel depths, which is very encouraging for the development of a 
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FIGURE 1 Typical form of the curve of the temperature rise above ambient versus the the height 
above the ground. 
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universal model. This was the original aim of Thomas (1963) and Van Wagner 
(1973), founded on the expectation that dimensional reasoning provides rela­
tionships which are scale-invariant. The key problem that arose was the inabil­
ity to determine a universal value for the plume constant [k in Eq. (1)], and 
indeed there is no reason to expect that in such a simple model k could be a 
universal constant. In the present analysis, we wish to shift the emphasis away 
from trying to find universal constants. Rather, it is our expectation that the full 
temperature versus height profile can be understood with a three-region model, 
as described in the next two sections with the Ku-Ring-Gai fires as a case study. 
Furthermore, it will allow a novel comparison of fires and their potential im­
pact upon vegetation. 

D. A THREE-REGION MODEL 

A typical curve of temperature rise above ambient, AT, versus height, z, can be 
divided into three regions, as shown schematically in Figure 1. 

I: 

II: 

III: 

AT, = K, 

AT„ = Ke-"("-^'\ 

AT,,, = C/z, 

0 ^ Z^Zd 

Zd^ Z^ Zp 

z^ z„. 

(4) 

(5) 

(6) 

where K, C, a, Zd, and Zp are constants which need to be determined. In Region I, 
it is anticipated that the presence of combusting sohd will create a constant high-
temperature region which extends through a height Zd, perhaps comparable to 
the fuel bed depth. In Region II the flames mix with entrained air and an expo­
nential decrease in temperature rise, following a Gaussian distribution, is as­
sumed. Region III is the plume region and extends above a height Zp', hence the 
plume equation (1) is used (but with the intensity I absorbed into the constant C). 

To reduce the number of constants which need to be determined, and to pro­
vide a smooth AT versus z curve, the temperature rise and the gradient will be 
matched across the boundaries between regions: 

AT,(2 = Zd) = AT„(2 = Zd) 

dz 
(AT,) = ^ (AT„) 

^Tuiz = Zp) = AT„,(z = Zp) 

dz 
(AT„) = ^(ATn,) 

(7) 

(8) 

(9) 

(10) 
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There is a little algebra which needs to be done (see Weber et at, 1995b), but then 
these conditions determine two of the constants in terms of the other three: 

C = KZpe-''^^^-^'^' (11) 

IZpiZp - Zd) 

Therefore, the model for AT versus z consists of Eqs. (4)-(6) subject to 
Eqs. (7)-(10). The following three remaining parameters need to be found: 

i. K, the maximum temperature reached anywhere. It may be possible 
to estimate this from a combustion calculation, assuming a certain 
proportion of total heat generated is lost to the atmosphere, 

ii. Zd, perhaps related to fuel bed depth or zone of persistent flame, 
iii. Zp, perhaps related to the height of the flames in the zone of flame 

flickering. 

It is valuable to have these guiding roles for K, Zd, and Zp when one comes to fit 
wildland fire data. A detailed survey of AT versus z data from wildland fires 
is required to fully justify these guiding roles for K, Zd, and Zp. In this context, 
one should note the extreme paucity of published data which uses thermo­
couple array or other temperature measurement means. The most detailed stud­
ies known to the authors are Tunstall et a\. (1976), Van Wagner (1975), and 
Williamson and Black (1981), none of which, in their current form, can be com­
pared with our three-zone model. 

E. FITTING EXPERIMENTAL DATA 

To determine the parameters in the three-region model, seven of the experi­
mental fires are now examined in detail. The three model parameters were first 
determined approximately by simply viewing the AT versus z plots of the ex­
perimental data. This instantly provided a smooth curve which gave a good fit 
to the data. Further refinement using a simple least-squares routine to minimize 
the error was then done. This usually provided a small improvement to the origi­
nal fit. In Figures 2 and 3, we present the results of curve fitting from two of the 
experimental fires. For the fire presented in Figure 2, the fuel bed was quite deep 
and the flames quite high; hence, we chose K = 700°C, Zd= 1.5 m, and Zp = 
2.15 m. For the fire presented in Figure 3, the fuel bed was much shallower, 
although the flames were of a similar size; hence, we chose K = 790°C, Zd = 
0.25 m, and Zp = 2.00 m. 
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FIGURE 2 Log-log plot of the temperature rise for a deep fuel bed. 

The ability of the curves to fit the experimental data with a minimum of fuss 
is most impressive. It should be stressed that the model is not yet predictive. 
Indeed detailed measurements in a given fuel type would be required to cali­
brate the model prior to using it in a predictive sense. Environmental factors 
such as wind, humidity, and fuel moisture would also need to be taken into ac­
count. Despite this, even prior to any calibration, the results provide an insight 
into where the fire plume region begins. Namely, for the heath communities in 
Ku-Ring-Gai, NSW, it would seem that 2 m is the minimum height at which 
plume theory can be successfully applied. 
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FIGURE 3 Log-log plot of the temperature rise for a shallow fuel bed. 
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The three regions identified here could match those identified by McCaffrey 
(1979) for fires burning natural gas above ceramic plates in the laboratory (viz., 
a continuous-flame region, an intermittent flame region, and a plume region). 
In wildland fires, the fuel is solid—unlike the fuel in McCaffrey's fires—so it is 
possible that our regions, especially Region I, may be related to fuel-bed char­
acteristics such as depth. Region I is effectively missing in shallow fuels, such 
as litter (Stott 1986, author's unpublished data), but readily identified in deeper 
fuels, such as shrublands (present work and also Trabaud, 1979) and tall grasses 
(Tunstall et al, 1976). Therefore, the situation described here is a more gen­
eral one. 

F. TIME DEPENDENCE— 

TEMPERATURE RISE AND FALL 

Not only is the temperature profile in the plume above a fire of interest, but the 
temperature-time history is also of critical importance (particularly in regard 
to vegetation survival). Assuming that a wildland fire is moving at a rate of 
spread U and that it approximates a line source at position x = Ut, then we may 
recast Eq. (3) as 

AT = -exp( - t^ / i8V) (13) 

where ^ = ^lU, A = kf'^, and t = 0 at the time of maximum temperature. 
Thus, t is negative prior to the arrival of the fire and positive after the fire has 
passed. This equation gives the temperature rise as the fire approaches but is 
not valid for the temperature fall. 

To determine the temperature fall, note that, from simple Newtonian theory, 
the cooling rate of a hot object is related to its temperature elevation above am­
bient by 

dT/dt = -y{T - TJ (14) 

where y is a constant for a given fuel. Integration of (14) yields the following 
expression for the AT as a function of time: 

AT = Bexp(-7t) (15) 

with the obvious condition that B is equal to the ^T^^ and thus B = AJz nec­
essarily, where A/z was defined for the temperature rise. This should apply ex­
actly to fires where the combustion residence time is reasonably short. From a 
fluid-mechanical analysis of the cooling phase, assuming Newtonian cooling, a 
value for y of order 0.1 is obtained. This is much greater than values fitted from 
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experimental data (see discussion that follows) and is thus equivalent to much 
faster cooling than occurs in practice. The answer to this lies in the fact that 
real wildland fires leave a trail of partially combusted fuel, from smoldering ash 
through coals to actively flaming logs; hence, the combustion residence time is 
not necessarily short. Therefore, y obtained from a least-squares fit to data from 
such fires will be an "effective" cooling. 

In addition to the experimental fires in Ku-Ring-Gai Chase National Park, 
near Sydney, data were also fitted using experiments at the CSIRO Kapalga Ex­
perimental Station in Kakadu National Park, Northern Territory. The Ku-Ring-
Gai fuels were shrublands, varying in depth from 0.5 to about 2 m (Weber et ah, 
1995b), while the Kapalga vegetation consisted of mainly long dry grass and in­
termittent shrubs and eucalypts to about 15 m maximum height (Moore et ah, 
1995). Data from seven Ku-Ring-Gai fires and 20 Kakadu fires, obtained over a 
3-year period, were analyzed. Here we choose to only use results at the 3.5- and 
6.0-m level above ground since the 1/^ plume theory is more likely to apply and 
the moving fire is more like a line source when viewed from that height. Fig­
ures 4 and 5 show the results of fitting Eqs. (13) and (15) to one of the Ku-Ring-
Gai fires at 3.5 and 6.0 m above ground level, respectively. Both curves were 
constrained to pass through AT^^. Note the rapid rise into maximum (within 
60 s) after the fire's onset, followed by a slow fall in temperature over more than 
300 s following the maximum. However, at large positive values of time, tem­
peratures tend to an elevated level above those predicted by the Newtonian 
cooling model. This is reflected in the fitted values for the cooling parameter y 
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FIGURE 4 Temperature-time curve and data for the Ku-Ring-Gai fire at 3.5 m. 
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FIGURE 5 Temperature-time curve and data for the Ku-Ring-Gai fire at 6.0 m. 

which were 0.013 and 0.009 at the 3.5- and 6.0-m levels, respectively. These are 
an order of magnitude smaller than the theoretical Newtonian value of about 
0.1. The fluctuations in AT which occur during cool-down probably correspond 
to small-scale flaring of fuel elements and also to slow fluid-mechanical phe­
nomena connected with air entrainment. Figures 6 and 7 depict temperatures 
against time for a Kakadu fire, for 3.5 m and 6.0 m above ground level. The 
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FIGURE 6 Temperature-time curve and data for the Kakadu fire at 3.5 m, 
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FIGURE 7 Temperature-time curve and data for the Kakadu fire at 6.0 m. 

scaling is quite different from that of the Ku-Ring-Gai fire, yet the same quah-
tative behavior is evident. Again, the model underpredicts the decline because it 
is unable to accommodate prolonged smoldering or persistent combustion after 
the firefront has passed. The fitted value of y was 0.016 at 3.5 m and 0.013 at 
6.0 m. In both fires, the fit around the model is very good. 

G. TOTAL TIME-ABOVE-TEMPERATURE 

See also Chapter 14 in this book by Dickinson and Johnson. The simple ap­
proach to predicting thermal death of plant materials in fires would be to take 
the length of exposure above certain temperatures and compare the results with 
those from constant temperature exposure in a furnace or water bath. Given ex­
perimental temperature data or fitted curves such as those in Figures 4 -7 , the 
total time for which a given value of AT is exceeded may be read directly off the 
graph. However, with a little algebra, we may express time above AT as a func­
tion of AT as follows: From Eq. (13) the time above AT during which the tem­
perature is rising is 

t, = Pz(ln{A/zAT)y (16) 

From Eq. (15), the time above AT during which the temperature is falling is 

(1/y) ln{A/zAT) (17) 
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FIGURE 8 Duration of the fire above a given temperature for the Ku-Ring-Gai fire at 3.5 m. 

Therefore, the total time above AT is 

t,,, = PziHA/z^T))"^ + (l/y)ln(A/2AT) (18) 

Fitted values of A, /3, and y were inserted into Eq. (18), and the resulting curves 
are shown in Figures 8-11. 

It is also possible to obtain an estimate of time above AT directly from the 
thermocouple data. This is fraught with problems as it requires an interpola­
tion between data points. However, in order to evaluate our method of fitting 
temperature-time curves, it seemed appropriate to compare the two methods 
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FIGURE 9 Duration of the fire above a given temperature for the Ku-Ring-Gai fire at 6.0 m. 
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Temperature above ambient (°C) 

FIGURE 10 Duration of the fire above a given temperature for the Kakadu fire at 3.5 m. 

of finding time above AT. Hence the "data" points on Figures 8-11 exhibit the 
same trend as the curve from Eq. (18). 

H. USING TIME ABOVE AT TO ESTIMATE DEATH 

Laboratory measurements of temperature-time exposures which cause leaf 
death usually come from bathing the sample in a constant temperature and 
measuring the time till death (see Chapter 14 in this book for more on this 
topic). This is not a true representation of the temperature exposure in a fire, 
due to many factors including the variability in thermal environment associ-
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FIGURE 11 Duration of the fire above a given temperature for the Kakadu fire at 6.0 m. 
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ated with wildland fires and tlie different thermal properties of water and air 
but, for obvious reasons, is the convenient experiment to perform. It provides 
curves hke those in Martin et al. (1969), characterized by the equation 

In t^ = a — bT (19) 

where t^ is the time to death at an exposure temperature T. 
A way in which these laboratory curves might be used together with our 

temperature-time relationship [given by Eq. (18)] to predict leaf death and 
other fire effects follows. It is the heat flux and the ability of the vegetation to 
dissipate heat that governs the temperature rise of a sample. However, the flux 
is difficult (if not impossible) to estimate for a given fire, at a given height and 
time, even with temperature information. Hence, in the absence of detailed un­
derstanding of the fluid mechanics, we are forced into considering only the 
temperature information available to us. 

We first notice that the lethal time at a constant temperature, T^gy^^^, will be 
more than the lethal time at a varying temperature, T^^^O' where the minimum 
is always equal to or greater than T^^^^^. It is then clear that we can perform a di­
rect comparison of the time above a given temperature curve from a fire with 
the death curves found in the laboratory. This provides a bound on the effects 
of the fire on vegetation. Namely, if the time-temperature curve is ever at a 
higher temperature than the death curve, then the vegetation being considered 
will perish. However, if the death curve is always above the time-temperature 
curve, we cannot be certain of the fate of the vegetation. These possibilities are 
shown together in Figure 12. 

\ \ 
\ \ ^ d e a d 

^ \ u n k n o w n 

dead 

'^'^^<:^::^ death curve 

Temperature 

FIGURE 12 A typical death curve and some of the possibiUties for the time-temperature curves 
and the effect on vegetation. 
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A better method to determine the fate of the vegetation, particularly in this 
uncertain zone, consists of the following. Divide the time-temperature curve 
into discrete temperature ranges and determine the time spent within a particu­
lar range. The ratio of this calculated time to the laboratory-measured time to 
death at a representative time in the same range is then determined. This allows 
for both the heating and cooling phases that the vegetation is subjected to. If 
we assume additivity of these exposures, then the sum of these ratios will give 
an indication of the likelihood of death. Mathematically, this can be expressed 
as a "death number," D, 

^ t(Ti_i <T <TA 

where t{Ti^i < T < T^) is the time spent in the temperature range (Ti_i, Tj) 
and t^{Tf) is the laboratory measured time to death of a representative temper­
ature (T*) in the range (Tj_i, Tj). If the sum of these ratios, the death number 
(D), is greater than 1, then death is likely, and if the sum is less than 1, then the 
vegetation is likely to survive. Of course, for values near 1, the outcome is still 
uncertain. The larger the number, the closer together the discrete temperature 
ranges considered; hence, the narrower the temperature range, the more accu­
rate this method will be. In the limit as the width of the temperature range tends 
to zero, Eq. (20) can be rewritten 

which, using the model for the external temperature [Eq. (18)] and the model of 
Martin et al. (1969) for the time to death [Eq. (19)], gives the death number as 

I3z 1 \ _. I - e' 
2 y -T7 

- dr (22) 

What is needed are the laboratory-measured time to death of the vegetation 
(leaves, fruit, stem) for as many different temperatures as possible to determine 
t^(T) and the external temperature profile either from experiments or the model 
detailed previously. The fires considered here both have a maximum tempera­
ture well above 60°C; hence, leaf scorch will occur at the heights in question. 
The effects of fire exposure on the fruits and stems could be determined using 
the preceding method. Unfortunately, at present, the data needed to use Eq. (20) 
or to fit to the model of Martin et al. (1969) [Eq. (19)] to find t^{T) are not avail­
able in the literature. Mercer et al (1994) have used the model outlined here as 
the external temperature input to their model for the temperature exposure of 
seeds in woody fruits. Judd and Ashton (1991) have conducted experimental 
heating of seeds to consider survival, and Bradstock et al. (1994) have examined 
banksia seed survival during wildland fires. All this work is really the prelimi-
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nary stage of these investigations, and there is a need for mathematical model­
ing and experimental studies to be conducted together to provide reliable meth­
ods for predicting the full impact of wildland fires on vegetation. 

III. PLUMES ABOVE FIRES IN A CROSS WIND 

A. INTRODUCTION 

Here a more detailed two-dimensional model of the plume above a line fire is 
presented by considering the balancing of mass, momentum, and energy asso­
ciated with the fire and a cross wind. The case where the fire influences the 
wind profile, which is possible for intense fires, is not considered here. For the 
sake of this model, the wind profile is an input parameter. This has advantages 
because different wind profiles such as over grasslands or in tree canopies are 
easily incorporated. Of interest here is how a cross wind affects the plume 
above a line fire in both tilting the plume and with increased entrainment into 
the plume. For a comprehensive approach where the wind profile and fire are 
coupled, see Chapter 8 in this book. 

The previous model was based on the assumption that the wind was light 
enough that it had little impact on the plume above the fire. Van Wagner (1973) 
derived correlations for the scorch height of vegetation above a fire in a light 
wind. This work was based on the assumption that the plume is simply tilted 
without being distorted and did not take into account the increased entrain­
ment into the plume due to the cross wind. Nevertheless, it was used to try to 
predict the scorch height for vegetation above wind-blown wildland fires and 
is an interesting example of a relatively simple correlation model. A model of 
the wind-blown flame from a line fire was presented by Albini (1981a) who re­
placed entrainment to the plume velocity (this is the no-wind vertical plume 
assumption for entrainment) by accretion proportional to the cross-flow veloc­
ity. This work concentrated only on the flame and was not extended to the 
plume above the fire. Fleeter et al. (1984) considered Gaussian distributions for 
the velocity and temperature above the fire and analyzed the case when the 
cross-wind velocity is comparable to the entrainment velocity. 

There have been numerous detailed (but similar) models developed to de­
scribe buoyant plumes from point heat sources (often referred to as axisymmet-
ric plumes) in a cross flow (Schatzmann, 1979; Davidson, 1986a,b; Krishna-
murthy and Hall, 1987, to name but a few). In contrast, buoyant plumes above 
a line heat source in a cross flow have had considerably less attention. The model 
used here is developed in a similar manner to these point heat source (axisym-
metric) plume models which are often used to model the discharge from stacks 
but can also be used to model the plume above a pool fire. The models consist 
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of a system of coupled ordinary differential equations derived from the conser­
vation of mass, momentum, and energy of the plume. There are generally two 
types of distribution of velocity and temperature (or density) used in these mod­
els: top-hat distributions where the velocity and temperature are considered to 
be constant across the plume and have the ambient level outside the plume and 
Gaussian where the velocity and temperature are taken to have Gaussian dis­
tributions across the plume. It has been shown by Davidson (1986a) that the 
differences between the top-hat and Gaussian approaches for the point heat 
source (axisymmetric) plume are small over the range of parameters of practi­
cal interest. The top-hat approach, which requires the solution of a simpler set 
of equations, will be used here. If more detail than the mean plume behavior 
(obtained from the top-hat model) is required, then it can be determined by 
fitting Gaussian distributions from the top-hat results (Davidson, 1986a). 

B. MATHEMATICAL FORMULATION 

The situation modeled here is an idealization of a blown line fire plume as 
shown in Figure 13. The plume is considered to be initially rising vertically with 
velocity Wj, half width bj, temperature Tj, and density pj. These initial condi­
tions are taken to be far enough above the flames so that the detailed structure 
of the flame is not required. Values for these initial conditions must be obtained 
from measurements or from flame models. The ambient atmosphere is at T̂  and 
has density p^ and a height-dependent wind velocity Ua{z). Mass entrainment 

Wi, b| T, Pi 

FIGURE 13 A schematic of the plume and cross wind showing the nomenclature used. 
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of the ambient air into the plume is represented by the hnear sum of the hori­
zontal and vertical components. That is, for the plume that is at an angled to 
the flow, the entrainment speed, v ,̂ is given by 

V, = a(w - Ua cos 8) + pUa sin d (23) 

where w is the velocity of the plume. For the case of the axisymmetric plume, 
values for a and /3 are documented with a ~ 0.1 and /3 ~ 0.5 (Krishnamurthy 
and Hall, 1987). For the line plume, there are less data available in the litera­
ture for the value of these parameters, and further measurements are needed to 
generate reliable estimates for them. Throughout this paper, the value of a will 
be taken as 0.16 as in Lee and Emmons (1961), and 13 will have the value 0.5. 

In a similar manner to that described in Davidson (1986a) for the axisym­
metric plume, the governing equations are derived from balancing the fluxes of 
momentum and energy. Conservation of mass gives 

d{pbw) 
dT^ = PaVe (24) 

where s is the arc length along the plume centerline and p^ and b are the den­
sity and half width, respectively. Due to the top-hat assumption, the density 
(temperature) and velocity are assumed constant across the width. Conserva­
tion of s-momentum gives 

d(Ppbw^) 
^ = Pa^e^a COS 6 - b{Pp - Pa)g siu 6 (25) 

Conservation of r-momentum (r is the direction normal to s) gives an equation 
for the trajectory angle 

de _ Pa^e^a Sm 0 + b{pp ' Pa)g COS 6 

ds Ppbv\^'^ 

The conservation of thermal energy gives 

1 = Pa^e^a (27) 

ds 

where T^ is the plume temperature. Rearranging (27) by using (24) gives 

= -ppbM/ s m 6—- (28) 
ds ^ dz 

where AT = Tp — T̂  is the difference in the temperature of the plume above 
the ambient air and dTjdz is the measure of the temperature stratification in 
the ambient atmosphere which, for the purposes of this model, can be taken as 
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zero; that is, here we are considering a neutral atmosphere. This is easily altered 
if a stratified or unstable atmosphere is to be considered. The ideal gas law gives 

Pp = Pay (29) 

and the plume trajectory is defined by 

^ = cos ^ (30) 
as 

dz 
- ^ = s i n ^ (31) 
as 

The model then consists of solving the seven equations (24) - (26) and ( 2 8 ) -
(31) for the seven unknowns b, w, T^, p^, ^, x, and z as functions of distance 
along the plume trajectory subject to the initial conditions 

b = bj, w = Wj, T = Tj, p - Pi, 
(32) 

e = 77/2, X = 0, z = 0 

Introducing the change of variables 

yi = pp^^. ji = Pp^^^. y-i = 0. 

y^ - PphwAT, y5 = ^. y6 = Z 

and using Eq. (29), the system of equations can be written 

dyi 
^ = '^'^ 

dyi , , , yij4 ^ s i n y 3 

ds yi la 

dy3 _ pqVe^a siny3 ^ y^y^ Pcosy3 

ds yi y\ Ta 

dy^ 

— = 0033.3 

dy6 
— = smy3 

(34) 

(35) 

(36) 

(37) 

(38) 

(39) 

In this form, it is a straightforward matter to solve this system of six coupled 
first-order ordinary differential equations subject to the initial conditions given 
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by Eq. (32) in the appropriate new variables given by Eq. (33). Here the so­
lutions were determined using the NAG (1991) routine D02BBF which inte­
grates a system of first-order differential equations using a Runge-Kutta-Merson 
method. 

To obtain the simplified version for the no-wind case, it is a simple matter of 
setting Ua = 0 and y^ = 6 = TT/I in the preceding equations and noting that 
Eqs. (36) and (38) are no longer relevant because there is no plume angle or 
horizontal distance to consider. The arc length variable s also then equates to 
the height above the source that is ^ = s, and Eq. (39) is also not needed. 

C. W I N D PROFILE 

For the equations of the model to be solved, the wind profile Ua{z) must be speci­
fied. One of the strengths of this model is that any horizontal wind profile can be 
used and hence a variety of conditions can be modeled. For example, the plumes 
above grassland fires or fires above and below canopies, all of which have differ­
ent velocity profiles, can each be modeled. In this chapter, no attempt is made 
to model the impact of the fire upon the prevailing wind field. Near the fire, this 
is unrealistic because there can be substantial effects upon the wind field due to 
the fire. However, a much more detailed model that takes into account all of the 
fluid mechanics and possibly also the combustion properties of the fire would 
be needed to accurately predict the effect of the fire on the velocity profile (the 
fluid mechanics is included in the discussion in Chapter 8 in this book). 

As a first (somewhat unrealistic) approximation, we consider the wind to be 
constant with height. This is the situation assumed by Van Wagner (1973) and 
Fleeter et al. (1984). By using a similarity analysis, it has been shown for the 
uniform wind case that the plume is self-similar (Raupach, 1990); hence, away 
from the source, the midline trajectory is a straight line as a function of down­
wind distance, that is z oc x. This agrees with the experimental work of Rama-
prian and Haniu (1989) for two-dimensional plumes in a cross-flow Shown in 
Figures 14a and 14b are plots of the plume midline trajectory and width for the 
initial conditions h^ = 0.2 m, ŵ  = 1.0 m/s, T^ = 900 K with T̂  - 300 K for 
Û  = 1, 3 m/s, respectively. Clearly, away from the source, the trajectory is a 
straight line as expected from theory and experimental results. The effect of in­
creasing the wind strength is also evident. With increasing wind strength, the 
plume is blown over more and hence temperatures at a given height above the 
heat (fire) are lower as the velocity increases. Therefore, for a fire with a given 
fixed heat release rate that is independent of the wind strength, vegetation above 
the fire is exposed to higher temperatures than in a higher wind case. Of course, 
this does not take into account the effect the wind can have on the heat release 
rate of the fire. 
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FIGURE 14 Plume trajectory and width for a constant wind. 

Two different and more realistic wind profiles are more relevant to the pres­
ent model. The first is a logarithmic profile as used by Albini (1983), namely, 

In 

Uaiz) = 1/H 

z - 0.64V\ 
o.i3y / 

H ^ a 6 4 V \ 
0.13V / 

(40) 

where V is the vegetation height and l/^ is the velocity measured at a height H. 
This velocity profile is applicable above a vegetation cover of trees or shrubs. 
More applicable to grassland or bare-ground is a power law profile 

Uaiz) = UH 
Z±_ZoY 

H 
(41) 

where n is usually taken as 1/7 (Albini, 1981b, 1983). Here ZQ is the base of the 
plume and z is measured from this point. Figures 15a and 15b are plots of the 
plume midline and width for the initial conditions as for Figure 14 but with a 

(a) UH = 1 m/s 

30-

20-
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0-

(b) U„ = 3 m/s 

n 1 1 1 1 ' 

0 10 20 30 40 
x/b, 

FIGURE 15 Plume trajectory and width for a power law wind profile with l/^ given at H = 10 m 
and the plume starting aiZo — 1 m. 
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power law velocity profile with 11^= 1,3 m/s at H = 10 m. The differences 
between this more realistic profile and the uniform velocity profile considered 
earlier are evident comparing Figures 14 and 15. The plume for the power law 
velocity profile is more upright close to the ground as is expected from the 
lower wind velocities in this region when compared to the uniform velocity 
case. Far enough above the height where the initial conditions are given, the 
midline trajectory is approximately linear with downwind distance since the 
wind velocity is only slowly varying far enough above the source. The major 
difference between the results for the two different wind profiles is the height 
to which the plume extends. With a more realistic power law velocity profile, 
the plume is substantially higher than with a uniform velocity profile. This re­
sults in a significant difference when modeling the impact of the fire on vegeta­
tion above it and should therefore be taken into account in any such models. 

D. TEMPERATURE-TIME PROFILES 

Before the effect of the fire plume on vegetation can be determined, the tem­
perature-time profiles at various heights above the fire must be calculated. 
These temperature-time profiles can then be used as inputs into models for the 
effect of temperature exposures on vegetation (Mercer et al, 1994). In the pres­
ent model, the fire is assumed stationary; hence, temperature versus downwind 
distance profiles can be determined. To convert from this to a temperature-time 
profile, an estimate must made of the rate of spread of the fire. The distance 
from the stationary fire can be related to time exposure due to a moving fire. In 
many circumstances, the rate of spread of fire is small compared to the wind 
speed; hence, the fact that the fire is moving has little effect on the results pre­
sented. In the case when the rate of spread is not small compared to the wind 
speed, the velocity profile should be altered so that it is relative to the moving 
fire; that is, the frame of reference should be with the moving fire. In the no-
wind case, this is similar to having a wind in the opposite direction to that of 
the moving fire. 

As described in Davidson (1986a), Gaussian distributions can be fitted to 
the top-hat results of this model to give the distribution within the plume as 

To = T, + J ( T , - Tje-(̂ '̂ ^̂ )̂ (42) 

where r is the distance normal to the centerline trajectory, N is the plume 
edge criterion which is usually taken to be 2, and Â  is the spreading ratio of 
mass and heat to momentum which here is taken to be 1 (Davidson, 1986a). 
Figures 16a and 16b show the temperature versus downwind distance for the 
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FIGURE 16 Temperature vs. nondimensionalized downwind distance (x/b^) for the plumes given 
in Figure 15 at nondimensional heights of zlhi = 2.5, 5.0, and 10.0. 

plumes given in Figures 15a and 15b at three nondimensional heights z/h^ = 2.5, 
5.0, 10.0. With increasing wind strength, the maximum temperature reached 
at any height decreases, and the profiles become more skewed as the plumes are 
bent over farther. For the lightest wind considered, U^ = 1 m/s, the plume is 
not far from symmetrical (the no-wind case), whereas for l/^ ~ ^ i^/s, there is 
considerable skewing of the plume downwind. 

E. DISCUSSION 

This model can be used to predict the temperature-t ime curves above line fires 
and hence impact on vegetation above the fire. Certain inputs are needed be­
fore the model can successfully be used. The ambient wind velocity profile is 
needed. This can either be from velocity profiles outlined earlier (or similar an­
alytic profiles) or from measured or predicted velocity profiles depending on 
the terrain and vegetation involved. Estimates for the initial plume conditions 
bj, Wj, and Tj are also required. These can be obtained from either measure­
ments of experimental fires or from models such as the one by Albini (1981a). 
These will depend on the fire and hence on many parameters such as the fuel 
type, the loading and moisture content, the wind velocity, the ambient temper­
ature, and the relative humidity to name but a few. Indeed the initial conditions 
can be related to the heat of the fire 

which simplifies to 

CpV^iPiC^i - Ta) dx 

Q = 2CpW,p,AT,b, 

(43) 

(44) 
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where ATJ == Tj — T̂  is the difference in temperature of the plume from the air. 
So if an estimate for the heat release rate of the fire is known, then only two of 
Wj, Tj, or hi are needed; the third can be estimated from Eq. (44). The most 
difficult of these initial conditions to determine is Wj, the initial velocity in the 
plume. The initial plume and temperature are easier quantities to measure ex­
perimentally or theoretically from fire models. 

The present relatively simple model can be used as an aid in predicting fire 
impact upon vegetation in many situations. A common reason for using pre­
scribed fire in some parts of the world are fuel reduction burns used to mini­
mize the intensity of wildfires. These have an impact on the surviving vegeta­
tion that needs to be estimated before the burns are conducted. Typically fuel 
reduction burns are conducted in light winds as an aid to their control. They 
therefore have a larger impact on the vegetation above the fire than a fire of simi­
lar intensity would in a stronger wind where the plume is bent farther and does 
not impinge on the vegetation to such a degree. Of course, the effect of the wind 
on the fire should also be taken into account. This model can then be used to 
determine temperature impacts such as the height of scorch of the leaves and 
potential death of canopy stored seed [in conjunction with models like the one 
in Mercer et al. (1994)]. 

Since this is only a plume model, no attempt has been made to model the 
flame of the fire. Models such as the one presented in Albini (1981a) should be 
used to obtain details of the flaming zone. The present model takes no account 
of small-scale phenomena such as flare ups; hence, its use is confined to broad 
areas rather than small areas such as an individual fuel element. Phenomena 
such as smoldering of fuel after the main fire has passed and the cooling of 
vegetation and the ground, all of which can possibly increase temperature ex­
posure of the vegetation above the fire, are not considered. 

On a larger scale than that considered here, this model can also be incorpo­
rated into a model for spotting ahead of a line fire. In this case, the assump­
tion that the atmosphere is neutral is not justifiable; hence, the dTjdz term in 
Eq. (28) should not be taken as zero. An estimate for this temperature strati­
fication in the atmosphere would be needed which would depend upon the 
atmospheric conditions prevailing at the time. The velocity within the plume 
has been calculated, and this can be used to determine the height that burning 
brands will reach before they fall back and possibly ignite a fire downwind of 
the main fire front. The model presented here differs from previous models 
of firebrand trajectories in two ways. First, the present model includes the en-
trainment into the plume due to the cross wind. This is in contrast to existing 
models for firebrand trajectories (Lee and Hellman, 1969, 1970; Albini, 1979, 
1981b, 1983) which use the no-wind assumption that the entrainment velocity 
is proportional to the vertical velocity. This will overpredict the height to which 
the firebrand will rise since the plume rises higher in the no-wind case than in 
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the case with wind present. It is more reahstic to include the entrainment as 
presented in this model in determining the firebrand's actual trajectory. Second, 
in the present work, a line fire is considered as opposed to previous work by 
Lee and Hellman (1969) and Albini (1979, 1981b) who considered a spot fire 
(axisymmetric source) and Albini (1983) who considered a buoyant line ther­
mal as a right elliptical cylinder. The line source is appropriate where the spot­
ting distance is relatively short so that, on the scale of the distance the firebrand 
has traveled, the fire appears as a line source. For spotting a large distance from 
the fire, a point source is accurate enough because at a large distance from the 
fire structure (spot fire or line fire) is less relevant. 

NOTATION 
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plume half width 

constant 

specific heat 

gravitational acceleration 

height of wind velocity measurement 

line fire intensity 

constant 

constant 

plume edge criterion dimensionless 

power law parameter dimensionless 

heat release 

coordinate normal to s 

distance along plume 

temperature rise above ambient 

temperature 

ambient wind velocity 

vegetation height 

entrainment speed 

plume velocity 

horizontal distance 

vertical distance from plume base 
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Zo height of the plume base m 

Zd height related to the fuel bed depth m 

Zp height related to the start of the plume m 

GREEK LETTERS 

a entrainment coefficient m~^ 

j8 entrainment coefficient dimensionless 

A change from ambient 

Â  spreading ratio of mass and heat versus momentum 

6 plume trajectory angle from the horizontal 

p density kg m 

SUBSCRIPTS 

a ambient property 

i initial property 

p plume property 

G Gaussian 
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