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Abstract:

Conditions under which a fire has a stable steady spread rate or under which it is able to
spread eruptively up a slope or in confined topography are of considerable interest from a
practical and safety point of view. The physical interactions that give rise to either form of
behaviour are investigated by way of a mathematical model, in which different expressions
for the rate of feedback from intensity into spread-rate are found to identify a threshold
between eruptive and stable spread of a line fire. In turn, changes in the fireline intensity
in any unsteady evolution are mainly determined by changes in flame depth, which itself
depends on the history of the spread-rate over a burnout time. Under stable conditions,
any initial spread-rate evolves towards the steady spread rate on a time-scale of the order
of the burnout time. But above the threshold, eruptive fire-growth sets in; the spread-rate
and intensity both grow indefinitely.

It is argued that a change in the nature of the flow field around a line fire engenders the
change from one form of behaviour to another. If the air flow separates at the flame, so that
air is drawn away from the ground and vegetation surface, then the model provides strong
reasons to expect that the steady spread rate is stable. On the other hand, laboratory
experiments and a controlled field burn confirm that eruptive behaviour is more likely to
be associated with flow attachment.

As a result, if the air immediately ahead of a fire that is spreading uphill, flows up the
slope away from the fire then conditions arise for a potentially very dangerous acceleration
in the spread-rate of the fire, along with a corresponding growth in its intensity. As is
shown by the experiments, this form of air-flow can be generated by the fire itself without
any change in external conditions such as ambient wind.

1 Introduction

An assumption underlying most existing models for fire spread is that for given conditions
of wind, slope, vegetation and orientation of the fireline, the spread rate of any part of the
fire can be determined. This is implicit in fire-spread simulation programs such as Farsite

1



(Finney, 1998) and Behave (Andrews, 1986) which trace their origins to the early spread-
rate formulations of Rothermel (1972) and Albini (1976) for steadily propagating straight
firelines. When the overall shape of a fireline is not straight, a further dependence is also
known to exist. In particular Cheney and Gould (1995) demonstrated a correlation whereby
a narrower head fire is found to spread more slowly, although the absence of such a correlation
in the experiments of Wotton et al (1999), which did not involve flank fires, suggests that
the flank fires themselves are responsible for the reduction in head-fire spread rate. A simple
physical mechanism for this effect is identified by Dold et al (2006): the air flow actually
reaching the head fire is reduced by entrainment of air into the flames and plumes of the
flank fires so that a reduced local value of the wind speed applies, rather than the overall
average wind speed.

Accordingly, all such studies envisage the spread rate of the fire as being at least a quasi-
steady or quasi-local phenomenon (once the effect of flank fires, or any other part of the fire-
line, on the air flow is taken into account) having predetermined spread-rate properties for a
given fireline with given atmospheric, topographical and vegetation conditions. Many widely
used formulae, such as Byram’s identification of the fireline intensity as I = QmR kW m−1

(Byram, 1959) for a spread rate of R m s−1, fuel load consumed in the fire of m kg m−2 and
energy of combustion Q kJ kg−1, are in fact only valid for a steadily spreading fireline. The
formula I = QmR represents nothing more than an energy balance that must hold if there
is a constant spread rate R ; but for unsteady firelines, in which R may be either increasing
or decreasing with time, the formula does not hold true.1

An early and much overlooked paper of Albini (1982) provides an insightful deviation
from this premise, in examining how the spread rate and intensity of a fireline can oscillate
significantly when stimulated by relatively mild oscillations in wind speed. The key point
in Albini’s article is the identification of the fireline intensity I as depending on how the
rate of spread R has evolved up to any moment in time (involving an integral of previous
spread rates). For the special case of a steadily propagating fireline, in which R is constant,
Byram’s formula I = QmR is reproduced but in the case of time-dependent or oscillatory
rates of spread, I and R do not vary in phase with each other and Byram’s formula can only
be reproduced, if at all, as an average.

Viegas (2004) has argued from a different perspective that the notion of a steady rate
of spread is not always relevant. Indeed, in certain topographies, highly nonsteady rates of
spread have been generated in the laboratory with no ambient wind, as reported by Viegas
and Pita (2004). The term ‘fire eruption’ was coined by Viegas (2006) to describe this
phenomenon which has also been called ‘fire blowup’ by Nelson (1993) and others. Since the
word ‘blowup’ suggests explosion, which is associated with a much more violent phenomenon
(typically involving shock waves and supersonic flow speeds) the terms ‘eruptive fire’ and
‘fire eruption’ seem to be more appropriate in the context of bushfires or wildfires.

Without any significant changes in slope, vegetation or meteorological conditions, the
spread rate, flame length and flame depth of an erupting fire are all seen to increase; no
clear limit to the spread rate has yet been identified. These fires mainly seem to occur up

1 Interestingly, in his original article Byram (1959) presented an alternative formula of the form I = q̇d
that does hold for unsteady fire spread, where q̇ represents a ‘combustion rate’ measured in kW m−2 and d
is the flame depth in metres. This formula is closer in character to equations (9) in which q̇ = Q$.
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slopes, usually in canyon shaped topographies, and the fact that they progressively accelerate
up the slope demonstrates that their behaviour is completely at variance with the notion of
a fixed spread rate for any given slope, vegetation and wind conditions. Eruptive fires have
been seen to occur in the wild and in field experiments. In the wild they reflect an extremely
dangerous form of fire behaviour as highlighted by a set of recent articles (Viegas, ed. 2009).

Perhaps the most worrying aspect of eruptive fires is that they are still poorly understood.
Without realising the potential for eruption, firefighters can easily place themselves in grave
danger. Moreover, until the basic nature of fire eruption is widely recognised, eruptive fires
that actually do occur are likely to remain improperly identified, being attributed instead to
spurious causes that make it difficult to assess their true frequency and risk in the field. In a
circular form of argument, they might, for example, be ‘explained ’ through a rapid increase
in the atmospheric wind, with no independent evidence of wind change available apart from
the increasing spread rate of the fire. Laboratory experiments and one field experiment of
a canyon-fire reported by Viegas and Pita (2004) and further experiments reported here,
including a field observation up a slope, show that eruptions can take place in the absence
of any significant change in ambient wind.

This article takes a step towards a better understanding of eruptive fires by highlighting
the main features of unsteady fire behaviour in a straightforward way, adopting only rela-
tively simple but physically realistic assumptions in the context of a line fire. It thus builds
on the approach of Albini (1982) in which fireline intensity and spread rate are not directly
coupled but are primarily related through the concepts of a pyrolysis time τp and a pyrolysis
rate ωp, the latter being closely related to what Rothermel (1972) called ‘reaction intensity’.
In its simplest form, for uniform fuel beds, the fireline intensity becomes an integrated effect
of earlier spread rates.

A mathematically closed problem is produced if the rate of spread depends, in turn,
on the intensity in some way, under given conditions of wind, slope and vegetation. A
simple initial approach (adopted here) is to consider situations in which the rate of spread
is a straightforward power law of the intensity. For example, since turbulent buoyant flame
lengths from line fires in separated flows tend to scale with the 2

3
power of the fireline intensity

(Yuan and Cox, 1996)2 the rate of radiant energy transfer to fresh vegetation should also
scale with this value, leading to a spread rate R that varies in approximate proportion to I2/3.
It is shown that the model then behaves in an interesting way: a weakly ignited line fire with
small initial intensity and slow rate of spread would progressively increase its spread rate and
intensity, but finally approach a steady rate of spread. This final state would correspond to
the one predicted by models based on assumptions of steadiness or at least quasi-steadiness
of the fireline.

On the other hand, if the spread rate of a self-sustaining fire depends linearly on the
intensity then it is relatively simple to demonstrate that the fire would erupt whenever a
parameter that is named here as the ‘Byram number’ is greater than one. According to the
model, the spread rate and intensity would both grow exponentially with time. Even more
dramatic growth of a fire can be predicted if the spread rate depends on the intensity raised
to a power that is greater than one, in which case the Byram number would also increase as
the spread-rate and intensity increase.

2For axisymmetric fires, turbulent buoyant flame lengths are found to scale with I2/5 (Drysdale, 1998).
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Figure 1: A qualitative illustration of a flow field, indicated by the arrows, that is separating
from the ground and vegetation surface at a flame on the left and is attached to the surface
on the right.

Using the notation already introduced, the Byram number is defined as B = QmR/I.
Because Byram’s formula for the fireline intensity I = QmR holds true only if the spread
rate R is constant, the Byram number must be equal to one for a steadily spreading fire,
while its deviation from one provides a measure of the unsteadiness of the fireline. In fact,
a fire cannot be self-sustaining if the Byram number always remains bounded below one
because it would never be able to approach any steady spread rate, apart from zero.

A subsidiary question is then: what physical conditions could give rise to eruptive be-
haviour? One answer is suggested by the fact that a power less than one describes the scaling
of turbulent flame length with intensity for flames in separated flows. Such a separated flow
of air is one in which the air is drawn away from the ground surface by strong buoyancy
effects at the flame, as illustrated in Figure 1.

If a flow does not separate from the ground and vegetation surface at a flame but remains
attached to the slope, as happens for flames burning up steep enough inclines (Smith, 1992),
then the spread rate can depend on the intensity in a very different way. This is supported
by a series of experiments (5 laboratory and one field experiment, movies of which will be
available with the online version of this article) which provide qualitative confirmation, all
carried out up slopes as virtually straight line fires in mild or negligible wind conditions.
Simple observations of the flow ahead of a spreading line fire suggest that if the air flow
ceases to be drawn down the slope towards the fire, where it would then separate, but instead
is driven upwards along the slope ahead of the fire (presumably to separate elsewhere) then
a seemingly exponential growth in fire behaviour results; that is, the fire erupts.

Finally, the concepts within the modelling presented here are compared with the pioneer-
ing approach of Viegas (2005, 2006) for modelling eruptive fires, in which a local fire-induced
airflow was invoked, although the air flow was not actually examined or verified directly in
experiments. This concept would certainly appear to have some connection with the idea of
a fire inducing an attached flow upslope but there are important matters of detail and inter-
pretation that are discussed later in this article. In fact, if what was introduced by Viegas
as a notional local wind speed is instead reinterpreted as a measure of the unsteady fireline
intensity (which may, of course, be indirectly related to some aspects of a local, fire-induced
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wind) then Viegas’ model finds a comfortable connection with one particular limit of the
fire-behaviour model introduced here.

There is a pressing need to recognise that eruptive fires do not need external factors,
such as strong changes in ambient wind, to drive them into becoming extremely dangerous.
The arguments presented in this article provide a clear indication that local air flow (namely
the air flow induced by a fire in relation to its environment) should be carefully monitored
when attempting to control fires in hilly terrain. The most important indicator of dangerous
conditions appears to be the air flow immediately ahead of the fire when it is burning up a
slope or in confined topography. Highly dangerous conditions are likely to arise when the
fire induces an air flow ahead of it that blows away from the fire (up the slope) rather than
towards it.

There is much work still to be done in understanding more fully the mechanisms that lead
to eruptive fires, particularly in natural vegetation. It is also not clear that flow attachment
to the slope would be the only mechanism by which an unusually rapid fire-spread can be
generated. Another phenomenon, that has been suggested by Peuch (2007) and is discussed
further by Dold et al (2009) involves a form of open-air flashover, in which premixed flames
would propagate rapidly through a high enough concentration of unburnt pyrolysis gases.

What is most important is that anyone having to deal with fires should be fully aware of
the nature of eruptive fires. Not only will this help to save lives, it will also help: in correctly
identifying when an eruptive fire occurs; in further improving our knowledge about them;
and, ultimately, in devising ways of either dealing with them or, simply, knowing better how
to avoid them. It can be hoped that research, of the nature presented here, will help towards
developing that understanding.

2 Pyrolysis in an Unsteady Line Fire

In developing a simple model for illustrating essential concepts, some idealisations need
to be made. Thus while the model can always be refined and made more sophisticated,
the objective is to capture and represent the most relevant aspects of the physics in a
straightforward way while treating other aspects as simply as possible. In doing this, it is
useful initially to build on the work of Albini (1982).

For this purpose, a uniform fuel bed of height h m can be envisaged with a fuel load
of m kg m−2, having the mean density % = m/h kg m−3. If all processes of driving off mois-
ture, pyrolysing the fuel into combustible vapours and then oxidising the pyrolysis vapours
in turbulent flames generate Q kJ kg−1, then the energy per unit area of ground that is po-
tentially available through burning the vegetation is mQ kJ m−2. In the overall fire-spread
process, it is essentially the mass of vegetation which is converted into pyrolysis vapours that
determines the energy that can then be released through oxidation with the air. Basic fea-
tures of a simple model for pyrolysing vegetation are discussed in the next two subsections,
followed by a short discussion of some of the physical processes within the model.
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Figure 2: An illustration, following Albini (1982), of pyrolysing vegetation in the area
marked a within a line fire, spreading steadily through uniform vegetation of height h m
and load m kg m−2. Pyrolysis is considered to begin at the surface A, of length ` m, and to
end at a surface B after a pyrolysis time τp s, with the surface A spreading into the vegetation
at the burning speed S m s−1. The leading edge of the fire moves forwards at the rate of
spread R m s−1 and the fire depth is d m.

2.1 steady fire spread

If a steadily propagating straight line fire is considered to have the structure illustrated in
Figure 2 then, at any time, the area a between the surfaces A and B represents the vegetation
that is actively pyrolysing. The mass-loss experiments reported by Rothermel (1972) found
that the rate of pyrolysis for a uniform fuel bed remained remarkably constant from the
beginning to the end of a steadily spreading flame’s passage over a weighing platform. Ac-
cordingly, if the vegetation behind any part of the surface A is taken to pyrolyse completely
at the constant rate ωp kg m−3 s−1 then the pyrolysis takes place over the time

τp = %/ωp s

from the moment a part of the vegetation begins pyrolysing (at surface A) to the time when
pyrolysis is over (at surface B); Albini (1982) estimated τp to be around 6 to 16 s for various
fine fuels. As discussed later, the pyrolysis time τp and the pyrolysis rate ωp might be different
for different vegetation components (identified by type, thickness, moisture content, volume
fraction, etc.) and a broad mixture of components in the vegetation could be considered,
but for both illustration and simplicity it is adequate to take the vegetation to be uniform
and to behave as if it contained only one uniformly distributed component. Also, in order
to adopt the simplest initial approach, the entire fuel load m will be taken to pyrolyse into
combustible vapours so that any later surface combustion of char can be ignored.

If the surface A spreads into the vegetation layer at what may be called the ‘burning
speed’ S m s−1, at an angle ψ to the vertical, as shown in Figure 2, then geometrical argu-
ments give the rate of forward spread of the fireline R m s−1, the length ` m of the surface A,
overall fire depth d m and the burnout time τb s, after which the whole vegetation layer is
exhaused, as

R =
S

sinψ
, ` =

h

sinψ
, d = Rτp +

h

tanψ
, τb =

d

R
= τp +

h cosψ

S
. (1)
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Figure 3: A schematic illustration of an unsteadily evolving fireline in which a region of py-
rolysis spreads into unburnt vegetation at the burning speed S. The shape of the interface A
at which pyroslysis begins is largely determined by earlier movements of the leading foot of
the flame as it advances along the vegetation surface at the time-dependent spread rate R(t).
Measured at ground level, the flame begins at x = X(t) and distance behind this point is
measured by ξ = X(t)− x.

It can be seen that when ψ = 90◦: the spread rate R is simply the burning speed S; the
burnout time and the pyrolysis time are the same; and the flame depth becomes Sτp. As the
surface A leans over and ψ decreases in value, all of these quantities increase with both R
and d increasing without limit, while τb cannot exceed τp +h/S. In this context, the burning
speed S should be close in value to the basic rate of spread R0 (the spread rate on horizontal
terrain under very light wind conditions) when the pyrolysing region becomes almost vertical,
although some differences might arise if different mechanisms for heat transfer were to apply
at different angles ψ.

Finally, since the cross-sectional area a of the pyrolysing region is a = hRτp m2 or
`Sτp m2, which converts vegetation into fuel vapour at the total rate aωp kg s−1 m−1, the
rate at which energy is released through oxidation of the pyrolysis vapours, per unit length
of fireline, namely the fireline intensity I kW m−1, becomes

I = Qaωp = QS%× `. (2)

For a steadily spreading fireline, this energy balance reduces to Byram’s formula I = QmR,
after substituting for a and ωp. As will be seen, Byram’s formula does not hold for an
unsteady fireline.

2.2 unsteady fire-spread

If the approach is extended in order to describe unsteady firelines, the interface A where
pyrolysis begins would no longer remain straight, as illustrated in Figure 3. Taking the
coordinate of the leading foot of the fire to follow a path x = X(t), as time t proceeds, so
that distances behind it can be measured by ξ = X(t) − x, the shape of the surface A can
be represented by a function

y = η(t, ξ)
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with ξ varying between zero and a value ξ = d1(t) at which the surface reaches ground level.

It can be seen from geometrical considerations that if any part of the surface moves into
the vegetation a distance S dt in the normal direction, over a time dt, then the value of y
on the surface at a fixed value of x must decrease by S dt×

√
1 + η2

x. It follows that η(t, ξ)
must satisfy the first-order partial differential equation

ηt +Rηξ = −S
√

1 + η2
ξ for 0 ≤ ξ ≤ d1(t) (3)

in which ξ serves as a fire-following coordinate that advances into fresh vegetation at the
speed R = dX/dt. At the leading foot of the flame, the slope ηξ is also determined by
geometrical considerations, since S is the component of R in the normal direction to the
surface y = η. As a result, three boundary conditions for η(t, ξ) can be identified, namely

η(t, 0) = h, ηξ(t, 0) =
−S√
R2 − S2

and η(t, d1) = 0 (4)

which, between them, mark the height and slope of the surface at the point where the flame
begins and its disappearance where the vegetation is burnt out, at ξ = d1(t).

In principle, given suitable initial values for the surface y = η, values for the burning
speed S and values for the spread rate R(t), equations (3) and (4) could then be solved to
describe the full evolution of the surface as time proceeds as well to determine the values
of d1(t). The area crossed by this surface over the pyrolysis time τp and the rate ωp at which
vegetation in this area is pyrolysed, determine the overall rate at which pyrolysis gases are
produced at any time. Since these gases burn to produce the energy Q per unit mass of
vegetation, the time-dependent fireline intensity can be expressed in terms of the double
integral

I =

∫ t

t−τp

∫ d1(t)

0

QωpS
(
1 + η2

ξ (t, ξ)
)1/2

dξ dt (5)

since any small element of the interface A traverses area at the rate S(1 + η2
ξ )

1/2 per unit
horizontal distance, for 0 ≤ ξ ≤ d1. As written, this formula still holds if the pyrolysis
rate ωp and even the energy content Q and burning speed S are not constant.

Alternatively, if ωp and Q are constant, the horizontal distance between the interfaces A
and B can be used to express the fireline intensity as

I = Qωp

(
h
(
X(t)−X(t− τp)

)
+

∫ d1(t−τp)

0

ξ ηξ(t− τp, ξ) dξ −
∫ d1(t)

0

ξ ηξ(t, ξ) dξ

)
(6)

giving the power produced per unit transverse length of fireline. In principle, using either
of these formulae, the evolution of the fireline intensity can be calculated for any given
values of τp and ωp, as the position of the foot of the flame x = X(t) and the surface of
pyrolysis y = η vary over time.

2.3 physical processes in the model

What the formulae (5) or (6) do make clear is that Byram’s expression I = QmR would
not, in general, be satisfied in any unsteady evolution of a fireline. If it was satisfied, then
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the fireline intensity would change instantaneously when the spread-rate R undergoes an
abrupt change in value (through, for example, a change in wind speed). Instead, as is seen
in practice, the intensity of the fire and the length of the flames change more gradually over
a time scale that is of the order of the burnout time τb. Equations (5) or (6) encapsulate
the important fact that the intensity I accumulates as the fire spreads, only approaching
Byram’s formula if and when the spread rate settles down to a constant or ‘steady’ value.

The speed of advancement of the surface A (the burning speed S) must depend largely
on the heat flux entering the unburnt vegetation below and ahead of the surface, as well
as intrinsic properties of the vegetation itself. If this heat comes mostly from exothermic
gaseous burning that takes place within the region of pyrolysis, most probably using up any
oxygen that is available in the vegetation layer, then the value of S would tend to be a local
property of the vegetation. For a uniform layer consisting of a single component of vegetation
it should remain constant from one part of A to another, although anisotropic effects (such
as stalks of grass being vertically oriented) could give S some directional dependence. There
is also likely to be some dependence on the curvature of the surface A, since this would
influence heat transfer to unburnt vegetation, as well as any air-flow within the vegetation.

On the other hand, if the pyrolysis is driven by radiation from the main body of the flame
above the vegetation, then the value of S (as well as the pyrolysis rate ωp) would depend
primarily on the intensity of radiation reaching the surface A at any point. The emission of
radiation from the flame is mainly determined by its temperature and soot concentration.
Thus, for a flame that is optically thick and burning at a fixed temperature, the emitted
radiant intensity would be uniform across the whole flame surface. Furthermore, if the
pyrolysis vapours between the flame and the surface A are optically thin then the radiation
received at any part of A would depend largely on the solid angle or ‘view factor’ from
which the radiation arrives at the surface as well as the optical thickness of the pyrolysing
vegetation that must be penetrated to reach the surface A. In this case, the value of the
burning speed S would depend on the shape and thickness of the region of pyrolysis.

However, the transmission of energy from the flame to the surface A is not likely to be so
simple. Firstly, the complex mixture of pyrolysis vapours almost certainly does absorb and
emit at numerous infrared wavelengths which should modify the radiative transfer to some
degree. The details of the emissivity properties of this mixture are not known at this time
and so would be problematic to model accurately, although some form of radiative ‘diffusion’
with an absorption length of a few centimetres may still generate a transfer rate that would
be similar to the case of optically thin pyrolysis vapours. Secondly, at low fireline intensities
and low spread rates, or in strong winds, the flame may not be able to generate enough soot
to be optically thick, which would thus reduce its radiative intensity. On the other hand,
conductive heat transfer should then play a greater role which may tend to compensate, to
some degree, for any errors arising through assuming that the flame is optically thick.

After the surface A has passed, the pyrolysis rate ωp, for any given component in the
vegetation, should also depend on the rate at which energy is absorbed by the vegetation, in
conjunction with the properties of the vegetation itself. Although broad principles are clear,
such as the fact that finer and drier vegetation should pyrolyse more quickly than thicker
or wetter vegetation, few details are known at this time about the variation of S and ωp.
Further research is needed to gain a more precise understanding. However, progress can
be made in understanding the dynamical implications of the model equations (3) to (6) by
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using assumed forms for S and ωp that can, at least, be estimated to fit in with practical
fires.

Taking both to be constant with just one uniform component of vegetation, as Albini
(1982) assumed, is a workable starting point. It is also consistent with the experiments of
Rothermel (1972) that were mentioned section 2.1. A relatively easy extension would arise
in considering a distribution of components in the vegetation, each having a constant value
for its pyrolysis rate ωp, with a shared burning speed S. Preliminary investigations of such a
model reveal the same overall dynamical behaviour as the simpler situation examined here.

With the burning speed S, pyrolysis time τp and pyrolysis rate ωp specified in some
suitable way, equations (3) to (6) provide a means of determining how the intensity I of a
fireline develops for any given evolution of the spread rate R(t). As they stand, the equations
are still relatively complex and, apart from special cases, they can only realistically be solved
numerically. However, the essential properties of the model can be uncovered in a more
straightforward way by looking at situations in which the equations can be simplified.

2.4 simplified unsteady model

Two means of arriving at effectively the same simplified form of the model (3) to (6) can be
considered. These depend on quite different situations.

rapid downward burning

If the height of the fuel bed h is small or if the burning speed S has a large downward value
(possibly being anisotropic) then the surface y = η burns rapidly down to ground level,
doing so in a time of the order of h/S. Furthermore, if the pyrolysis time τp is much longer
than h/S, then the region in which the vegetation pyrolyses becomes almost rectangular.
The time-dependent flame-depth d(t) and fireline intensity I(t) can then be written simply
as

d ≈
∫ t

t−τp
R(t) dt and I ≈ Qωph× d (7)

with d(t) representing the distance travelled by the leading foot of the flame x = X(t) over
the burnout time τb ≈ τp, which is the time taken for the vegetation to pyrolyse completely.

In this form, the model involves a significantly longer pyrolysis time than the longest
time h/S that is needed for the interface A to burn down to ground level. In the steady
relations (1) the situation arises when h/S � τp. The area of the region of pyrolysis is then
given by h× d so that the intensity I varies linearly with the flame-depth d as given in (7).

fast pyrolysis with fire spread not close to the burning speed

On the other hand, if the pyrolysis time τp is much shorter than h/S then the whole region
of pyrolysis shrinks to a relatively narrow zone around the surface y = η. Also, if the spread-
rate R always remains significantly larger than the burning speed S then the slope ηξ of
the surface is always small. In this case, the burnout time is the time taken for the surface
to burn downwards, namely τb ≈ h/S. The flame-depth and fireline intensity can then be
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written as

d ≈
∫ t

t−h/S
R(t) dt and I ≈ QS%× d (8)

which has the same form as (7) but involves a different burnout time and a different coefficient
in the dependence of fireline intensity on flame depth.

It is assumed that the burning speed S remains constant in this form of the model. The
analogy with the steady relations (1) arises when ψ is small and τp � h/S. The length of
the thin pyrolysing region is then ` ≈ d, leading to the dependence of I on d as shown in (8)
which itself reflects the steady formula (2).

In order to estimate the dependence of these approximations on the relative sizes of R
and S the case in which R ≈ 21

2
×S can be considered. The approximation ηξ ≈ −S/R then

differs from the second of the boundary conditions in (4) by less than 9%. Similarly (1+η2
ξ )

1/2

in equations (3) and (5) differs from 1 by just over 9%. Thus, while the approximations used
in arriving at the simplified equations (8) rapidly increase in accuracy as the spread rate R
increases, they are already quite good when R is still only moderately greater than S.

simplified unsteady fire spread

The simplified models (7) and (8) can be written in a single form if $ is taken to represent the
effective rate of pyrolysis per unit area of vegetation with the burnout time simply written
as τ . In the first case $ is equal to ωph with τ ≈ τp and in the second $ is equal to S%
with τ ≈ h/S, having $ = m/τ in both cases. The simplified model then takes the form

d =

∫ t

t−τ
R(t) dt and I = Q$ × d (9)

which identifies the fireline intensity I as being directly proportional to flame depth which
itself is a fairly straightforward integral of the spread rate over the burnout time τ . Quite
simply, the flame depth is the distance that the leading foot of the flame travels during the
burnout time.

In order for the problem to be closed, a relationship is needed that allows the instanta-
neous spread rate R to be determined for any given value of the unsteady fireline intensity I.
As pointed out earlier, Byram’s steady fireline intensity formula I = QmR cannot be used for
this purpose because it is only valid for spread rates that remain constant over the burnout
time. Almost no research has been conducted into unsteady fireline evolutions, with the
exception of Albini (1982), so that little is known currently about the way in which the
intensity I feeds back into the spread rate R.

Albini (1982) suggested the interesting formula

R

R0

= 1 +
(U −R)3

R3
A

I

I0

(10)

for relating spread rate to unsteady intensity over horizontal terrain in a supporting wind
of speed U , having U ≥ R0. In this formula R0 is the basic steady spread rate in light
wind (specifically, when U = R0 in the formula); I0 is the corresponding steady basic fireline
intensity, namely I0 = QmR0; and RA is a vegetation-dependent spread rate factor that
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Figure 4: An illustration of the unsteady dependence of the spread rate R on fireline inten-
sity I offered by Albini’s formula (10) in a case for which RA = 2 m s−1 and R0 = 2 cm s−1

over a range of wind speeds U up to 4 m s−1. The dotted line indicates where steady spread
rates arise, having R/R0 = I/I0 and satisfying Byram’s steady-spread relation I = QmR.
Correspondingly, the Byram number B = QmR/I, identified in equation (19), is less than
one to the right of this line and greater than one to the left.

would typically be much greater than R0. For example, for grass of various heights Albini
estimated R0 as being around 1 to 2 cm s−1 (with S assuming a slightly lower value) while RA

was estimated to be around 15 to 25 cm s−1. For different types of chapparal he estimated R0

as ranging from about 1
6

to 3 cm s−1 (with S having almost the same value) while RA was
estimated to be about 30 cm s−1.

Some of the dependence of R on I that is implied by Albini’s formula (10) is demonstrated
in Figure 4 for one possible combination of the values for R0 and RA, subject to various
constant wind speeds. The dependence of R on I for each wind speed in this figure is
qualitatively of the same form as

R

Rs

=
( I
Is

)ν
(11)

for a positive power ν that is less than one and for suitable values of Rs and Is. For example,
if the spread rate of the fire is steady when R = Rs then Is = QmRs kW m−1, regardless of
the value of ν. It should be noted that Albini’s formula has not yet been widely studied nor
verified experimentally.

To make progress it becomes very useful to adopt the power-law formula (11) as a working
hypothesis. It then becomes possible to address generic questions about the way in which
the feedback from intensity into spread rate affects the dynamics of an unsteady fireline.
As will be seen, very different forms of behaviour arise if the power ν is less than one or
if it is equal to or greater than one. In particular, it will be seen that eruptive fire growth
cannot be associated with sublinear dependence of R on I (having ν < 1). Albini’s formula
cannot therefore lead to eruptive growth. The approach therefore clearly pinpoints linear

12



or superlinear dependence of R on I (having ν ≥ 1) as the chief culprit underlying eruptive
fires.

Having this essential information helps to direct the enquiry into the physical processes
that can lead to fire eruption. A discussion of this, supported by some experiments and a
field observation, is presented later in section 4.

3 Unsteady Behaviour

The consequences of the relatively simple, unsteady model equations (9) with the power-law
dependence of spread rate on intensity (11) can now be explored. Combining equations (9)
with (11) and eliminating the intensity I leads to an integral equation for the spread rate R,
namely ( R

Rs

)1/ν

=
Q$

Is

∫ t

t−τ
R(t) dt. (12)

The model can be recast into a differential-difference form by simply differentiating with
respect to time, to give

1

ν

( R
Rs

)1/ν−1 1

Rs

dR

dt
=
Q$

Is

(
R(t)−R(t− τ)

)
. (13)

Although the model is useful in the latter form, it needs to be treated with some care because
any constant value of R would satisfy the equation. Only solutions that also satisfy the first
(integral) form are admissible.

The arguments presented in the next three subsections show that fires tend to approach a
stable steady spread rate if ν < 1 and that self-sustaining fires tend to undergo an exponential
eruptive growth in their spread rate if ν = 1. For ν > 1 there is an unstable steady spread
rate and spread rates greater than this tend to accelerate towards an infinite speed in a finite
time, representing an even more vigorous form of eruptive behaviour.

3.1 sublinear dependence of spread rate on intensity

For powers ν that are less than one it is useful to define Is = QmRs (with Rs being the
steady spread rate) so that

Q$

Is

=
1

τRs

after making use of the relation $ = m/τ . It then follows that( R
Rs

)1/ν

=
1

τRs

∫ t

t−τ
R(t) dt and

τ

ν

( R
Rs

)1/ν−1 dR

dt
= R(t)−R(t− τ) (14)

in which it is clear that the burnout time τ is a natural measure of the time scale for
unsteady evolutions while Rs is a characteristic measure for gauging the spread rate R.
Defining dimensionless scales for time and spread rate as

t̄ = t/τ and R̄ = R/Rs

13



then allows the model to be recast into the dimensionless form

R̄1/ν =

∫ t̄

t̄−1

R̄(t) dt and
1

ν
R̄1/ν−1 dR̄

dt̄
= R̄

(
t̄
)
− R̄

(
t̄− 1

)
(15)

for which a steady solution is simply R̄ ≡ 1.

It is then relatively easy to demonstrate that the steady solution is stable by examining
small deviations of R̄ from 1 in the form

R̄ = 1 + ε exp
(
αt̄
)

for small values of ε. Substituting this into either form of equation (15) and ignoring all but
the lowest power of ε, then requires that

α = ν(1− e−α) (16)

which only has two solutions for ν < 1, one of which is α = 0 and the other has α < 0.
Of these, the solution with α = 0 must be rejected because this would represent a steady
spread rate having R̄ 6= 1 which would not satisfy the first of equations (15). Values of the
coefficient α vary with the value of ν in the same way as is seen later in Figure 6. Thus,
since α < 0 for ν < 1, any small deviation in R̄ from 1 should relax back towards R̄ = 1 on
a dimensional time scale that is of order τ/|α|. This time can become long if ν approaches
one, since α then approaches zero.

An approximate means of examining larger scale variations is arrived at by expanding
R̄
(
t̄− 1

)
as a Taylor series about the time t̄, in the form

R̄
(
t̄− 1

)
= R̄

(
t̄
)
− R̄′

(
t̄
)

+ 1
2
R̄′′
(
t̄
)
− 1

6
R̄′′′
(
t̄
)

+ · · ·

with the primes denoting differentiation with respect to t̄. If this series is truncated at the
second derivative (assuming that the unsteady behaviour is relatively slowly evolving) then
the differential-difference form of equations (15) takes the form

d2R̄

dt̄ 2 ≈ 2
(

1− 1

ν
R̄1/ν−1

)dR̄

dt̄

which can be integrated to show that

dR̄

dt̄
≈ 2
(
R̄− R̄1/ν

)
(17)

after ensuring that R̄ ≡ 1 is a steady solution. Values of dR̄/dt̄ determined by this formula
are plotted in Figure 5 for a few values of ν. In each case, the formula suggests that an initial
small value of R̄ would grow over time (having dR̄/dt̄ > 0) reaching a maximum growth rate
at some intermediate value of R̄ and then approaching the steady spread rate R̄ = 1 where
dR̄/dt̄ decreases towards zero.

Numerical solutions of equations (15) were also carried out by introducing a dummy
variable ς and by defining the function

ψ
(
t̄, ς
)

= R̄
(
t̄− ς

)
14
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Figure 5: Relationships between dR̄/dt̄ and R̄ as approximated by equation (17), shown
as the solid curves, and as calculated numerically, shown as the dotted curves, for selected
values of ν.

which satisfies the partial differential equation and anciliary conditions

∂ψ

∂t̄
+
∂ψ

∂ς
= 0, ψ

(
t̄, 0
)

= R̄
(
t̄
)
, R̄1/ν

(
t̄
)

=

∫ 1

0

ψ(t̄, ς) dς. (18)

Thus the function ψ
(
t̄, ς
)

serves to record earlier values of the spread rate R̄, which are only
needed for 0 ≤ ς ≤ 1. A very small amount of artificial diffusion was introduced for numerical
stability, but not enough to have any noticeable effect on the results that are presented here.
As a fairly arbitrary but convenient choice, initial conditions for the calculations were taken
to have the form

ψ
(
0, ς
)

= max
{
ε(1− 1

2
ς/ε1/ν−1), 0

}
for a very small value of ε. This initial form ensures both that the initial spread rate R̄(0)
is small and that ψ

(
t̄, ς
)

varies continuously, at least at the initial instant.

The resulting variations of dR̄/dt̄ with R̄ for different values of ν are traced out as the
dotted paths in Figure 5 where it is seen that the agreement with equation (17) is better
for larger values of ν (closer to ν = 1). Because the maximum values of dR̄/dt̄ predicted
by equation (17) decrease towards zero as ν approaches one, the truncation of the Taylor
expansion is less likely to introduce errors in these cases. However, as ν decreases to 1

2

and below, the numerical simulations deviate quite significantly from the more approximate
prediction. The acceleration of the fire dR̄/dt̄ then appears to proceed in distinct stages: for
ν = 1

2
the acceleration rises rapidly to an almost constant value, before tailing off towards
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zero as the steady spread rate is approached; for ν = 1
3

the acceleration rises rapidly to a
very large value initially, before decreasing in further stages towards zero.

The most important feature that emerges from examining the unsteady behaviour of a
fire in which R ∝ Iν with ν < 1 is that the fire has a steady spread rate Rs and that
unsteady variations in R always approach Rs over a time-scale that is of the order of the
burnout time τ .

3.2 linear dependence of spread rate on intensity

Another feature that emerges is that the value ν = 1 does not fit in with the same overall
picture as found for ν < 1. A nonzero value of the stability coefficient α in equation (16)
cannot be found when ν = 1 and the approximate formula for the flame acceleration (17)
would predict that dR̄/dt̄ remains zero, for any value of R̄.

Also, it is not evident that any steady spread rate Rs could exist if ν = 1, when R varies
linearly with I ; so there is no clear reference value for defining a value for Is in the power
law (11). Instead, if Is and Rs are chosen suitably, the (now linear) relation (11) can be
rewritten simply as

R = B × I

Qm
(19)

in which Rs and Is play no further role and B is a dimensionless constant of proportionality.
Since a steadily spreading fire requires that I = QmR, values of B that are greater than
one provide a spread rate R that is always larger than the steady spread rate that would
give rise to the value of the fireline intensity I at any time, with the converse holding for B
less than one; a steadily spreading fire must have B = 1. Since B provides a measure of
deviation from the steady relation identified by Byram (1959) it seems natural to refer to it
as the ‘Byram number ’.

Equations (12) and (13) then take the forms

τR

B
=

∫ t

t−τ
R(t) dt and

τ

B

dR

dt
= R(t)−R(t− τ)

or, in terms of the dimensionless time-scale t̄ = t/τ

R

B
=

∫ t̄

t̄−1

R
(
t̄
)

dt̄ and
1

B

dR

dt̄
= R

(
t̄
)
−R

(
t̄− 1

)
.

These equations are in fact linear in the spread rate R and would remain unchanged if R
was replaced by any dimensionless version of R.

It is straightforward to find solutions that behave exponentially with time in the manner

R ∝ exp
(
β t̄
)

= exp
(
β t/τ

)
with β = B

(
1− e−β

)
(20)

where the relationship between β and the Byram number B is completely parallel to the
relationship between α and ν in equation (16). In the same way, if B < 1 then β has a
negative value so that the spread rate decays with time towards zero. On the other hand,
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Figure 6: Values of the growth-rate coefficient β as a function of the Byram number B as
given by equation (20). The dotted line is the path β = B. The same curve provides the
stability coefficient α as a function of the exponent ν in order to satisfy equation (16).

if B > 1 then β has a positive value; for large values of B it can be seen that β ≈ B
corresponding to the dotted line in Figure 6.

It should not be surprising that, with ν = 1, firelines slow down for B < 1 and erupt for
B > 1. If B < 1 then the spread rate is always below the steady spread rate that would
give rise to the fireline intensity I which must mean that the fire cannot sustain itself; any
initial nonzero spread rate would inevitably decrease towards zero. For the fire to be self-
sustaining, it must therefore be necessary to have B ≥ 1, at least, and if B > 1 the fire is
always spreading faster than its steady counterpart that would give rise to any given value
of I. As can be seen in the solution (20) this results in an exponential acceleration of the
fireline when B is constant.

Numerical solutions were also carried out with ν = 1, but because of the different de-
pendence of spread rate on intensity in equation (19) the approach contained in (18) was
reformulated as

∂ψ

∂t̄
+
∂ψ

∂ς
= 0, ψ

(
t̄, 0
)

= R̄
(
t̄
)
, R̄

(
t̄
)

= B

∫ 1

0

ψ(t̄, ς) dς

along with a fairly arbitrary but self-consistent initial condition chosen as

ψ(0, ς) = 1− 2ς × B − 1

B

at least for B ≥ 2
3
. Solutions, starting with this initial data are shown in Figure 7. For

each constant value of the Byram number B there is an initial transient introduced by the
initial conditions, but after a while the evolution is seen to settle down to the exponential
behaviour R ∝ exp

(
β t̄
)

for the appropriate value of β.

A final point worth noting for situations in which ν = 1 is that, with X(t) representing
the position of the leading foot of the fire at a dimensional time t, it can be seen that

dX

dt
= R with

dR

dt
=
β

τ
R so that

dR

dX
=
β

τ

which means that the derivative dR/dX is constant. As a result, even though both X
and R grow exponentially with time, the rate of spread increases linearly with the distance
traversed by the fireline.
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Figure 7: Numerical evolutions of the spread rate R for selected values of B using a logarith-
mic scale for R. The dotted lines correspond to exponential behaviour as in equations (20).

3.3 superlinear dependence of spread rate on intensity

For powers ν that are greater than one a steady spread rate Rs is again possible so that Is

can be defined as Is = QmRs. In fact, the model equations (14) and (15) of section 2.1 also
apply for ν > 1 and many of the same arguments can be used.

Further light can be shed on the unsteady behaviour if values of the Byram number are
also considered in this context. For any value of ν the Byram number can be written as

B =
QmR

I
=

{
Const. : ν = 1(
R/Rs

)(ν−1)/ν
: ν 6= 1

}
=

{
Const. : ν = 1(
I/Is

)ν−1
: ν 6= 1

(21)

when R and I satisfy the power-law relation (11). In cases for which ν 6= 1 the Byram
number is not constant and is seen to become exactly equal to one only at the steady spread
rate R = Rs or steady intensity I = Is. The Byram number exceeds one, suggesting that
the spread rate must accelerate, for R < Rs when ν < 1 and for R > Rs when ν > 1.

For any value of ν > 1, it is found that a spread rate of the form R̄ = 1 + ε exp
(
αt̄
)

has a growth rate α that is still given by equation (16) which now provides positive values
of α (as seen in Figure 6). This means that the steady spread rate Rs is unstable: any small
disturbances from it will tend to make R either increase indefinitely or decrease towards
zero. A truncated Taylor expansion of R̄

(
t̄− 1

)
still leads to the approximate formula (17),

but in this case dR̄/dt̄ is negative for R̄ < 1 and positive for R̄ > 1 as illustrated in Figure 8,
again demonstrating that the steady spread rate R̄ = 1 must be unstable.

Thus if R̄ is greater than one, the value of R̄ can grow arbitrarily large. In order to
examine further how R̄ grows with time, equation (15) can be examined once again, now
written in the form

1

ν

dR̄

dt̄
= R̄(2ν−1)/ν

(
t̄
)
− R̄(ν−1)/ν(t̄

)
R̄
(
t̄− 1

)
≈ R̄(2ν−1)/ν (22)
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Figure 8: Relationships between dR̄/dt̄ and R̄ as approximated by equation (17) for selected
values of ν, with ν > 1, for which the Byram number B exceeds one when R̄ > 1.

with the final, approximate expression applying if R̄
(
t̄
)

becomes much greater than R̄
(
t̄−1

)
.

In this form the equation can be solved to give the approximate solutions

R̄ ≈
[
(ν − 1)

(
t̄∞ − t̄

)]−ν/(ν−1)
with X̄ ≈

[
(ν − 1)

(
t̄∞ − t̄

)]−1/(ν−1)

in which X̄ denotes the dimensionless position of the leading foot of the flame, defined to
satisfy dX̄/dt̄ = R̄. Since equation (21) gives R̄ = Bν/(ν−1) it can be seen that B−1 decreases
linearly with time. According to these solutions the spread rate R̄ and flame position X̄
would grow towards infinity as the time t̄ approaches some value t̄∞ which would, effectively,
be determined by the way in which R̄ grows initially. The change of spread-rate with position
would vary in the manner

R̄ ≈ X̄ν

when R̄ is very large. This power-law dependence reduces towards a linear dependence (as
noted earlier for ν = 1) if the value of ν reduces towards unity. As the time t̄ becomes
close to t̄∞ it is certainly true that R̄

(
t̄
)

would be much greater than R̄
(
t̄− 1

)
so that the

approximation in equation (22) that leads to these results is then consistent.

It follows that if ν > 1 then a growing unsteady spread rate R̄ actually increases towards
infinity in a finite time. If it was physically realisable, this would represent another, more
dramatic form of fire eruption in which the Byram number would also progressively increase.

In order to examine this phenomenon yet further, numerical solutions based on the
formulation (18) were carried out using the initial condition

ψ
(
0, ς
)

= (1 + ε)(1− 2ς) + 2(1 + ε)1/νς

in which ε is positive for disturbances in which R̄(0) > 1 and negative, for R̄(0) < 1. Some
resulting solutions, showing how R̄ varies with t̄, are presented in Figure 9. As expected,
values of R̄ decay to zero if disturbed negatively from the steady spread rate R̄ = 1 but tend
to infinity in a finite time if disturbed positively. The way in which R̄ approaches infinity is
also illustrated by plotting the evolution of the inverse of the Byram number B−1 = R̄(1−ν)/ν

which is seen to approach zero linearly as the critical time t̄∞ is approached.
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Figure 9: Evolutions of the rate of spread R̄, disturbed from the unstable steady value R̄ = 1
using ε = ±10−3 for ν = 4

3
, 3

2
, 2 and 3. In the upper diagram the nature of the singularity

(as R̄→∞) is revealed by a uniform decrease of B−1 or R̄(1−ν)/ν to zero in a finite time.

3.4 unsteady behaviour and the spread-rate relation

Even though the power law relation (11) was adopted only as a working hypothesis, the
results above demonstrate a key linkage between the properties that a more fully developed
formula (for the dependence of R on I) should have and the type of dynamical behaviour
that it would be expected to predict.

In particular, a sublinear dependence of the spread-rate R on the fireline intensity I,
as is inherent in Albini’s (1982) formula (10), would always evolve towards a stable steady
rate of spread under constant conditions of wind-speed, vegetation and topography. A
linear dependence of spread rate on intensity generates exponential growth of the fire if the
Byram number exceeds one, with even more dramatic behaviour predicted if the dependence
is superlinear. The Byram number is a good indicator of conditions for accelerating or
decelerating fire spread.

Although a more general formulation for the spread rate R is not attempted here, it can
be noted that these properties of sublinear, linear or superlinear dependence of R on I need
not apply for all values of I. It may be possible for a suitable law to be superlinear over
a range of intensities, where eruptive growth sets in, but then become sublinear at higher
intensities where the spread rate might, ultimately, approach a large limiting speed.
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4 Factors Influencing Eruptive Behaviour

A core question to ask, in determining if and when eruptive behaviour might arise, is: what
circumstances can give rise to linear (ν = 1) or superlinear (ν > 1) dependence of the spread
rate on the fireline intensity, allowing for Byram numbers that remain greater than one over
a significant range of spread rates or intensities?

In thinking of a fire as being a source of the fireline intensity I, the dependence of
the spread rate R on I must be determined principally by the rate at which energy is fed
forwards into fresh, unpyrolysed vegetation. In turn, the rate at which this happens is partly
determined by the length of the buoyant turbulent flames.

4.1 separated flow

Under normal circumstances the hot flames in a line fire rise upwards and entrain cold air
into them from both sides. This induces an air flow that separates from the ground and
vegetation surface at the flame. Although a steady wind may alter the angle of the flame, if
the intensity I increases the relative effect of the wind would diminish, so that it is largely
the dependence of the flame length on I that would determine the power ν at any high
fireline intensity.

In studying turbulent, buoyantly driven flames in line fires Yuan and Cox (1996) demon-
strated that the flame length varies in proportion to I2/3. Radiative heat flux in such flames
is likely to dominate the heat transfer process when I is large, so that ν might be expected to
take the value ν ≈ 2

3
. At any rate, because the flame length varies sublinearly with intensity,

the spread rate R should also be expected to have a sublinear dependence on I.

4.2 attached flow

Thus, to have a situation in which the spread rate R depends linearly or more strongly on I
it would seem necessary for the air flow not to separate at the flame. This is possible for
flames spreading up slopes of sufficient steepness. As an extreme example a flame spreading
up a vertical vegetated slope would certainly not induce any flow separation and, if the slope
were decreased steadily from this extreme case, the flow would generally tend to remain
attached over a range of slopes of sufficient steepness.

In such cases, the flowlines of air close to the surface would not separate from the ground
at the flame; on both sides of the flame the flow would run up the slope, rather than down
the slope above the fire and up the slope below the fire. For example, the experiments of
Smith (1992), carried out in examining a disastrous escalator fire at London’s King’s Cross
station in 1987, suggest that flow attachment induced by large turbulent line fires should
happen for slopes above an angle of about 27◦. The heat-transfer process and the resulting
spread rate in such cases should depend very differently on the fireline intensity I providing
a potential candidate for having linear or superlinear dependence of spread rate on intensity.
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Figure 10: Image sequences marking every two seconds in the evolution of flames burning up
an inclined trench that is tilted at an angle of 30◦ (upper sequence) and 35◦ (lower sequence).

4.2.1 laboratory experiments

In order to investigate the role of flow attachment a series of experiments was carried out
using a 3 m long inclinable fire table in a laboratory of the Centro de Estudos Sobre Incêndios
Florestais, University of Coimbra, in Portugal. Vertical walls 60 cm apart were erected on
the table to prevent any lateral air flow from occurring and a uniform layer of loosely packed
straw was placed between the walls, in each case at an average load of 600 gm m−2 with a
moisture content close to 7%. The air flow was made visible, particularly at the top of the
trench, simply by injecting a stream of soap bubbles into the air.

Five different slopes were employed, namely 15◦, 20◦, 25◦, 30◦ and 35◦; the fire-spread up
these slopes will be viewable in a single movie available with the online version of this article.
A line ignition across the vegetation at its base was achieved using a yarn soaked in liquid
fuel. The experiments on slopes of 30◦ and 35◦ are presented in the image sequences shown
in Figure 10 starting from the same moment of ignition in each case. The evolution of
the flames in the two experiments is very similar with the flames filling the entire slope in
about 20 seconds. The burnout time τ can be estimated to be of the order of 10 seconds in
these experiments.

The experiments did not measure the movement of the leading foot of the flame directly,
which is also difficult to detect from the images, but the front and rear of the overall visible
flame can be estimated. Making some allowance for the effects of parallax in the images,
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Figure 11: Estimated positions of the front and rear of the visible flame, marked as grey
rectangles, at two-second intervals, for each of the trench fires up slopes of 30◦ (left) and 35◦

(right). The lengths of the rectangles indicate the degree of uncertainty in each instantaneous
image while no allowance is made for rapid temporal fluctuations. The dashed lines represent
approximate linear fits to the rear of the flame and to the initial movement of the front of
the visible flame. The continuous curves are exponential approximations to the movement
of the front of the flame.

average front and rear positions of the visible flame at selected times are plotted in Figure 11.
Over the limited duration of this evolution the rear position of the flame is seen to advance
almost linearly after a delay of about 8 to 10 seconds (thus offering an estimate for the
burnout time τ) while an exponential curve provides a reasonably good fit to the advancement
of the leading position of the visible flame. The latter observation is consistent with the flame
undergoing an eruptive growth, as would be induced by a linear dependence of spread rate
on intensity, with Byram number greater than one.

By contrast, the image sequence seen in Figure 12 shows clearly that the spread rate up

Figure 12: Image sequences marking every ten seconds in the evolution of flames burning
up an inclined trench that is tilted at an angle of 25◦.
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Figure 13: Image sequences at times separated by 1
5

second: for the 25◦ slope (on the left) at
about 38 seconds after ignition; for the 30◦ slope (middle) about 11 seconds after ignition;
and the 35◦ slope (right) about 9 seconds after ignition. In each sequence, the white circles
follow the movement of a single soap bubble, but exaggerated in size for clarity.

the 25◦ slope was steady, taking 100 seconds to cover the 3 metre table (averaging 3 cm s−1).
This flame spread is considerably slower than the eruptive fires up the 30◦ and 35◦ slopes
which, estimating from the fitted exponentials in Figure 11, reached a speed of approximately
30 cm s−1 near the end of the table in both cases, having started off at a speed of about
8 cm s−1; it must be noted that these values do not necessarily represent the spread rate
at the leading foot of the fire although they should provide a reasonably good indication
of it. Interestingly, the progress of the fire up these two steepest slopes was very similar.
The fires up the remaining slopes of 15◦ and 20◦ (viewable online) were also found to behave
similarly to each other, achieving a steady spread rate of approximately 11

2
cm s−1 in both

cases. However, the experiment up the 20◦ slope was carried out on a different day using a
different supply of straw so that it is less definitively comparable with the other experiments
which were all carried out on the same day using the same batch of fuel.

The air flow on the slope ahead of the flame is key to understanding whether or not the
flow was attached to the slope or separated from it at the flame. Selected image sequences,
taken at around 9 seconds after ignition for the slope of 35◦, 11 seconds for 30◦ and around
38 seconds for 25◦, are shown in Figure 13. The bubbles are seen to be carried down the
slope towards the flames for the 25◦ incline but to be blown up the slope away from the fire
in the cases of the 30◦ and 35◦ inclines; the online movie also shows this. Thus, a rather crude
means of visualisation of the flow is sufficient to make it clear that the air flow involved a
separation from the surface at the fire in the former case, but was attached to the surface in
the latter two cases, for which fire eruptions occurred. The experiments are therefore fully
consistent with the notion that eruptive fire behaviour is associated with attached air flow
while air flow that is separated at the fire leads to steady flame spread.
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Figure 14: Images every six seconds of a fire burning up a plot of length 40 m and width 25 m
with a slope of 23◦, containing Mediterranean shrub (chamaespartium tridentatum, erica
australis and erica umbellata, both living and dead, with a dead fuel moisture content
below 71

2
%). Approximately 5 m of vegetation has been consumed by a backburn at the top

of the slope. A cloth (circled) reveals the surface air flow at mid-slope. Most of the flame
spread occurs in the last 30 seconds.
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4.2.2 a field experiment

On a larger scale, the images seen in Figure 14 trace out the history of a fire that burned up
a plot of length 40 m and width 25 m with a slope of 23◦, over a total period of about 80
to 90 s in the presence of a mild ambient wind of 1.6±1 m s−1 blowing almost directly uphill
(as measured by a nearby anemometer). Before the plot was ignited at its base a backburn
was established for added safety, removing vegetation from the top 4 to 5 m of the plot. A
movie of the development of this fire will be accessible with the online version of this article.

A line ignition along the base was established during the first 15 to 20 seconds using two
drip torches, starting from each bottom corner. Close examination of a movie of the event
showed that during most of the first 30 seconds, or so, the air flow was separated at or near
the flame; correspondingly, in the first six images of Figure 14, white smoke (or pyrolysis
vapour) that emerges from the vegetation in front of the fire seems to be drawn back into
the flames and plume—for example, compare the second and third images and the fourth
and fifth images. A light piece of cloth, tied to the vegetation at mid-slope and marked by a
circle in the figure, is undisturbed in the sixth image, suggesting little effect of the air flow
at this time, although the flames in this image are already beginning to lean closer to the
vegetation than in the earlier images.

However, in the seventh image (about 36 seconds after ignition) the cloth is clearly
experiencing a significant air flow up the slope which indicates that the flow had changed
from being separated at the flame to being attached at the ground and vegetation surface,
presumably separating somewhere else further up the slope. It is likely that the point of
flow separation had left the flame already in the sixth image and moved upslope past the
cloth by the time of the seventh image. At this time the flame had not advanced more than
about 2 metres from the bottom of the slope (averaging roughly 6 cm s−1).

The ensuing spread of the fire became very rapid. Recognising the danger, the camerman
used a wider zoom, placed the camera on a tripod and moved away to a point of safety; after
the fire had burnt out, the camera was found to be fully functional although some external
plastic on it had been melted by the intensity of the radiation.

By the eleventh image (a further 24 seconds) the foot of the fire in the middle of the slope,
on the left side of the image, appears to be in line with the cloth, suggesting an average
spread rate of about 60 cm s−1. Only 12 seconds later, as seen in the thirteenth image,
the leading foot of the fire in the middle of the slope had reached the top of the available
vegetation in the experimental plot, averaging about 130 cm s−1. Since the experimental
plot was not instrumented to gauge more precisely when the fire had reached any particular
point these figures are not precise, although they do seem to be reasonable estimates. If an
exponential growth was occurring, as might be expected, then the spread rate at the top of
the slope would have been nearer to 2 m s−1.

After a further 12 seconds (as seen in the final image) the entire slope was simultaneously
ablaze suggesting that the burnout time τ had not been exceeded, so that τ would have been
approximately 80 or 90 seconds or greater for the vegetation in this experiment.

As was seen in the laboratory experiments, the eruptive growth of this much larger fire
seems to be directly connected with the development of a flow field that was attached to
the slope. Moreover, the exponential fit to the growth seen in the laboratory experiments
(in Figure 11) and the likely exponential growth in the field burn suggest that the spread
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rate R was increasing linearly with fireline intensity I, having a Byram number greater than
one in each of these cases.

4.3 attached flow with linear dependence
of spread rate on intensity

The most likely scenario for eruptive growth of a fire therefore seems to be a situation in
which the local air flow becomes attached to the ground and vegetation surface. Physical
mechanisms for this are not addressed directly in this article but will be discussed in future
publications. The issue is not straightforward, as is indicated by the fact that the field
experiment developed an attachment at a slope of 23◦ while the laboratory experiments
required a slope closer to 30◦. There may be issues of scale, effects even of relatively light
ambient wind and of the wider environment, which are not easily reproducible on a laboratory
table.

It also seems, based on the limited range of experiments reported here, that when there
is flow attachment the eruption takes place with a linear dependence of the spread rate R on
the unsteady fireline intensity I, such that QmR ≈ B× I, with the Byram number B being
greater than one. The mechanism by which energy from fireline intensity feeds into deter-
mining the spread-rate is also not addressed in this article and requires further theoretical
and experimental study.

In fact, for a linear dependence of R on I, it is possible to estimate the values of the
Byram number from the experiments reported above. The exponential part of the growth
seen in Figure 11 is given approximately by

exp(t/14 s) and exp(t/13 s)

for the 30◦ and 35◦ slopes, respectively, and the burnout time for both experiments is approx-
imately τ ≈ 10 s. Since it has been seen that the eruptive growth takes on an exponential
form in proportion to exp(β t/τ), these experiments give

β ≈ τ

14 s
≈ 0.7 and β ≈ τ

13 s
≈ 0.8

respectively. Finally, since it was found that B = β/
(
1 − e−β

)
simple calculations readily

give
B ≈ 1.4

as a reasonable estimate for the Byram number from either case.

For the field experiment an estimate for the exponential part of the growth, that is
consistent with the description given earlier, takes the form

exp(t/24 s).

If the burnout time is estimated to have been about τ ≈ 90 s for the vegetation in question,
this gives

β ≈ τ

24 s
≈ 4 and B ≈ 4
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as a rough estimate of the Byram number in the field experiment.

In summary, the manner in which an eruption proceeds (assuming that there is an at-
tached air flow and that the growth is induced by a linear dependence of spread rate on
intensity) can be seen therefore to be largely controlled by two principal parameters, namely
the burnout time τ and the Byram number B (namely, the factor by which the unsteady
dependence of the spread rate R on the fireline intensity I exceeds Byram’s steady relation-
ship between R and I). In its most simple form, given values for τ and B, the exponential
growth is proportional to exp(β t/τ) where β satisfies the relationship β = B

(
1− e−β

)
.

In fact, both τ and B may well be parameters that can be determined from the local
properties of any area of vegetation. While the burnout time τ is relatively straightforward,
the way in which the Byram number B would depend on the vegetation requires deeper
investigation. If it can be determined in a relatively straightforward way then the growth
and spread of an eruptive fire would be made more readily predictable.

5 Relationship with the Eruptive Fire Model of Viegas

In a pioneering paper, Viegas (2005) presented a model for eruptive behaviour based on two
principal assumptions concerning relationships between the spread rate R and a presumed
local wind speed U , which may be very different from the ambient or atmospheric wind.

The first assumption is that the spread rate R is a power-law function of the local wind U
in the manner

R/R0 = 1 +
(
U/U0

)µ
(23)

which has essentially the same form as the dependence on wind speed that was proposed in
the formulation of Rothermel (1972) who took U to represent a mid-flame wind speed, with
suitable vegetation-dependent coefficients U0 and µ; as introduced previously R0 is the basic
rate of spread that arises in the absence of wind and slope. Both U0 and R0 have dimensions
of velocity while µ is dimensionless.

The second assumption is that the rate of spread R induces an acceleration of the local,
upslope wind U in the form

dU

dt
= c
(
R/R0

)γ
(24)

for further coefficients c and γ, with c having the dimension of acceleration while γ is dimen-
sionless. In order to justify this relation it was argued that any change in local wind speed
should be a direct consequence of energy released by the fire. If Byram’s formula is invoked
and used to argue that the fireline intensity I must be proportional to R, as it would be
only for a steadily spreading fire3, then it would follow that the rate of change of U should
be proportional to I and therefore also proportional to R. To allow for greater flexibility,
Viegas (2005) also introduced the power γ into the formula (24).

However, as has been seen, the fireline intensity of an unsteady fire is not proportional
to R but is itself related to an integral over previous spread rates. In the modelling introduced

3 Byram’s formula, I = QmR, is often used in this way as if it were the definition of fireline intensity
even though, as has been seen, it correctly represents the rate of energy release per unit length of fireline
(which is the true definition of fireline intensity) only for a straight fireline with a constant rate of spread.
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earlier, the intensity is given by I = d×Q$ where d is given by the integral in (9) so that d,
or an integral of R, should probably appear in place of R in equation (24) if the same
arguments are to be applied.

More significantly, it is not clear that another key assumption that is implicit in equa-
tion (24) can be justified. That is, if a fire releases an amount of energy dE per unit length of
fireline over a short period of time dt around a time t (having dE = I dt) and one tries to iso-
late its effect on the velocity field, then this energy would indeed induce buoyant convection
and hence a contribution to velocity. However, continuing buoyantly-driven contributions
to velocity do not simply accumulate as time goes on. Instead, the part of the fire plume
that is due to the energy dE released at time t continues to rise and its effect on the local
velocity near the fire diminishes with time. If the velocity did simply accumulate (so that
dU/dt ∝ dE/dt = I) then even a steadily spreading fire with constant values of R and I, or
just a constant line source of energy, would induce a steadily accelerating local velocity field,
which is not true in practice. In fact, the formula (24) was not validated in the extensive
experiments carried out by Viegas and coworkers because measurements of flow velocity were
not made.

Nevertheless, Viegas’ model is found to have remarkable similarities to the model pre-
sented here if U is not interpreted as a local flow velocity but as a measure of the fireline
intensity itself. Since I = d×Q$, taking Q$ to be constant as previously, gives

dI

dt
= Q$

(
R(t)−R(t− τ)

)
after differentiating and using the integral expression in (9) for d; for straightforward physical
reasons, the flame depth d and therefore the fireline intensity I do accumulate through an
imbalance between R(t) and R(t − τ). If it can be argued that R(t − τ) is negligible, then
this expression simplifies to

dI

dt
≈ Q$R

which has the same form as (24) with the power γ set to γ = 1. The first assumption (23),
with I replacing U , is then very similar to the power-law relation (11) with µ = ν, especially
if U is much larger than U0.

For an erupting fire with a large burnout time τ , the value of R(t− τ) is indeed likely to
be significantly smaller than R(t). In this sense, Viegas’ model (24) with γ = 1 is analogous
to a particular limit of the model that has been presented and examined here, under erupting
conditions. The physical basis for the power ν used in (11) has only been inferred indirectly
in this study (and, as mentioned earlier, needs to be established more firmly through further
research) although the eruptive experiments discussed in the previous section do suggest
that the relationship may be reasonable with ν ≈ 1 when the air flow is attached.

For any value of ν, with R(t− τ) neglected, the model studied here would reduce to the
following variation of Viegas’ model

R = A1U
ν with

dU

dt
= A2R or

dR

dt
= A3R

2−1/ν

where U does not represent a velocity but is a measure of the unsteady fireline intensity and
A1 and A2 are constants. The intensity U has been eliminated in the final equation in which
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A3 = νA
1/ν
1 A2. This latter equation is easily solved for ν ≥ 1, giving exponential growth

if ν = 1 and growth towards infinite spread rate in finite time if ν > 1. However, because
R(t − τ) has been neglected it does not allow for steady flame spread if ν ≤ 1. Implicitly,
the Byram number is always greater than one in Viegas’ model.

6 Discussion

This article has explored some of the root causes of fire eruption, identifying flow attachment
to the ground and vegetation surface at and immediately ahead of the fireline as being a key
factor. From an operational point of view, firefighters who are dealing with fires that are
spreading upslope would be well advised to be on the lookout for air flow, near ground level,
that is blowing uphill away from the fire. This is a dangerous condition, when fires can grow
dramatically in spread rate and intensity.

Experimental investigations and a field observation have shown a clear correlation be-
tween such a flow attachment and the onset and development of eruptive fire growth. The
air flow that is associated with flow attachment need not have any connection with ambient
atmospheric wind conditions or changes in ambient wind. They can be entirely generated by
the fire itself, marking a transition from a state in which the fire has a stable steady spread
rate to a state in which the fire accelerates.

Building on the work of Albini (1982), physical arguments presented in this article reveal
that the intensity I of an unsteady fire is not related to the spread rate R by Byram’s simple
formula I = QmR. Rather, intensity is determined by a history of spread rates over the
burnout time τ (the time between the onset of flaming and the end of strong flaming in any
part of the vegetation). In turn, intensity feeds energy back into the fresh vegetation ahead
of the fire, which ultimately determines the spread rate.

For a turbulent line fire in a flow field that separates at the flame, the flame length
should not vary with intensity more strongly than I2/3 (Yuan and Cox, 1996) which suggests
that the spread rate should also not increase with intensity faster than about I2/3 (all other
conditions remaining constant). When this is modelled appropriately, it has been shown
that any unsteady behaviour of the line fire evolves towards a stable steady spread rate.

The same modelling shows that eruptive fire growth occurs when energy, that is fed from
the intensity of burning back into fresh vegetation, engenders a spread rate that is either
proportional to I, in the form QmR = B× I, with the Byram number B being greater than
one, or is proportional to Iν for a power ν that is greater than one. Since this is unlikely
to happen for air flow that separates at the flame, it seems more probable that conditions
for eruptive fire growth would occur if the air flow around the fire becomes attached to
the ground and vegetation surface. This is precisely what was found in the laboratory
experiments and controlled field-burn reported in this article.

The precise nature of the buoyantly driven flow field that leads to flow attachment, and
its causal relationship to having R ∝ Iν , with ν ≥ 1, has not been explored in this article
and is the subject of ongoing research. There are several further aspects that need deeper
investigation. One of these is the modelling of the vegetation and its burning more broadly
than has been included in the simplifying assumptions leading to equations (9). It was
assumed here that the vegetation burns as if there is only one component, having a single
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burnout time τ . This does still seem to offer a reasonable approach to mixed vegetation, in
an average sense, but the possibility of having mixtures of vegetation sizes, including both
live and dead fuel, can and should be modelled more appropriately. The fuller set of model
equations (3) to (5) could also be studied.

The approach used here is based on a simple line-fire geometry, essentially describing a
fire in a two-dimensional world. Fires erupting in canyon-shaped topography are definitely
not two dimensional and the forms of flow field, intensity and spread rate connections that
must underly such eruptions need to be investigated more deeply, both experimentally and
through mathematical modelling. The range of laboratory experiments reported here is also
quite limited and ongoing work is planned to investigate the nature of eruptive fires more
deeply, both theoretically and experimentally.
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in Coimbra for their help, advice, discussions and for generously assisting in the laboratory
experiments. The encouragement and valuable advice of Rodney Weber and Albert Simeoni
are also very much appreciated as is the financial support of the EPSRC.

References

[1] Albini, FA (1976) Estimating wildfire behaviour and effects. USDA Forest Service General
Technical Report INT-30.

[2] Albini, FA (1982) Response of free-burning fires to nonsteady wind . Combust. Sci. and Tech.
29. 225–241.

[3] Andrews, PL (1986) BEHAVE: behaviour prediction and fuel modeling system. USDA Forest
Service General Technical Report INT-194.

[4] Byram, GM (1959) Combustion of forest fuels, in ‘Forest Fire: Control and Use,’ KP Davis
(Ed), McGraw-Hill, New York.

[5] Cheney, NP and Gould, JS (1995) Fire growth in grassland fuels. International Journal of
Wildland Fire 5. 237–245.

[6] Dold, J, Simeoni, A, Zinoviev, A and Weber, R (2009) The Palasca Fire, September 2000:
Eruption or Flashover? in ‘Some Forest Fire Related Accidents in Europe’, Xavier-Viegas D
(Ed), JRC, Ispra.

[7] Dold, J, Zinoviev, A and Weber, R (2006) Nonlocal flow effects in bushfire spread rates. 5th
International Conference on Forest Fire Research. Figueira da Foz, Portugal.

[8] Drysdale, D (1998) An Introduction to Fire Dynamics, 2nd Edition. Wiley, Chichester.

31



[9] Finney, MA (1998) FARSITE: fire area simulator—model development and evaluation. USDA
Forest Service Research Paper RMRS-RP-4 Revised.

[10] Nelson, RM, Jr. (1993) Byram’s derivation of the energy criterion for forest and wildland
fires. International Journal of Wildland Fire 3. 131–138.

[11] Peuch, E (2007) Wild fire safety: feed back on sudden ignitions causing fatalities. 4th Inter-
national Wildland Fire Conference. Seville, Spain.

[12] Rothermel, RC (1972) A mathematical model for predicting fire spread in wildland fuels.
USDA Forest Service Research Paper INT-115.

[13] Smith, DA (1992) Measurements of flame length and flame angle in an inclined trench. Fire
Safety Journal 18. 231–244.

[14] Wotton, BM, McAlpine, RS and Hobbs, MW (1999) The effect of fire front width on surface
fire behaviour . International Journal of Wildland Fire 9. 247–253.

[15] Viegas, DX (2004) On the existence of a steady state regime for slope and wind driven fires.
International Journal of Wildland Fire 13. 101–117.

[16] Viegas, DX (2005) A mathematical model for forest fires blowup. Combust. Sci. and Tech.
177. 27–51.

[17] Viegas, DX (2006) Parametric study of an eruptive fire behaviour model . International Journal
of Wildland Fire 15. 169–177.

[18] Viegas, DX editor (2009) Some Forest Fire Related Accidents in Europe. JRC, Ispra.

[19] Viegas, DX and Pita, LP (2004) Fire spread in canyons. International Journal of Wildland
Fire 13. 253–274.

[20] Yuan, LM and Cox, G (1996) An experimental study of some line fires. Fire Safety Journal
27. 123–139.

32



entry-point explanations for use in linking to online movies:

eruptive and steady
fire spread up a trench

The slopes seen in the movie (left to right)
are 15◦, 20◦, 25◦, 30◦ and 35◦.

Soap bubbles are used to visualise the flow
at top and bottom of the trench.

The disappearance of flow down the slope
towards the flame for the two highest slopes
shows that the air-flow, effectively, attaches
to the slope.

The flames on these two highest slopes also
demonstrate eruptive behaviour, since their
size and rate of spread increase continuously.

The fires on the lower slopes all move with a
constant rate of spread.

eruptive fire spread
in a controlled burn

A line fire is ignited at the base of a
23◦ slope in a plot of length about 40 m
on a mountain side in Portugal.

There is a mild upslope wind and vegetation
is typical Mediterranean schrub.

A cloth tied to vegetation at mid-slope
reveals attachment of the air-flow to the
slope when the cloth blows up-slope.

An eruption ensues.

The spread-rate increases from about
6 cm s−1 before the eruption towards about
2 m s−1 at the top of the slope.

these movies will be made available along with the online published version of this article
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