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Abstract 
Eruptive fires are considered to be fires that grow in spread rate and intensity without any change 
in external driving force such as the ambient wind, ambient temperature, aspect, moisture content, 
vegetation type, structure, etc.  It is therefore a local or internal dynamic connected with the fire 
itself that causes its acceleration.  Laboratory experiments up sloping trenches and a field 
experiment up a slope were used to investigate, effectively, two-dimensional fires.  The main 
objective was to identify what basic differences could be discerned in the local properties 
associated with fires that either did or did not erupt. 

In all cases, the property that distinguised eruptive from steadily spreading fires was the 
attachment or separation of the flow field.  Thus, in steady fire spread, buoyancy was able to drive 
the hot gases of the fire upwards and away from the sloping ground or laboratory fuel bed, 
entraining air towards the fire from both behind and in front of the fire.  Thus air in front of the 
fire flowed down the slope towards it and air behind the fire flowed up the slope; where the two 
air streams met, at the fire, they separated from the slope and rose away from it as a single air 
stream.  In contrast, for the fires that erupted, the flow did not separate.  Instead the hot gases of 
the fire rose up the slope remaining attached to it; the air flow ahead of the fire was driven up the 
slope away from the fire.  The phenomenon is analogous to the trench effect observed in studies of 
the infamous Kings Cross fire of 1987 (see the special issue of the Fire Safety Journal, vol. 18, 
1992).  This observation gives a clue about the nature of eruptive fire growth since both radiative 
and convective heat transfer to the unburnt vegetation must be greatly enhanced if the fire plume 
remains attached to the fuel bed.  It can be noted that the hot air-flow up the slope in an attached 
plume can become very fast, being determined by the growing rate of heat generation from the fire 
itself with relatively little influence from the ambient wind, unless the latter is very strong indeed. 

Another factor that needs to be taken into account in modelling eruptive fires is the fact 
that Byram’s first formula for fireline intensity does not apply; it is an energy balance that Byram 
himself recognised is relevant in cases of steady fire spread.  Instead, his second formula (Byram, 
1959), which notes that fireline intensity is proportional to flame depth for a constant pyrolysis 
rate, is more appropriate although this formula can be refined for non-constant pyrolysis rates.  
The way in which flame depth and the associated fireline intensity develop, along with a crude 
way of predicting rate of spread in attached air-flow, is used here to generate a model for eruptive 
fire growth in relevant cases. 
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1. Introduction 
 
Much has been written about eruptive bushfires or ‘blowup fires’ in recent years, so that 
this short article will not dwell on reviewing the literature.  Readers can, for example, look 
at the collection edited by Viegas (2009) and the references therein.  Suffice it to say that 
witness statements from survivors and forensic examination after the fires suggest that 
these kinds of fire undergo an acceleration process, with their spread rate and intensity both 
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increasing to overwhelming proportions without any evident changes in the external drivers 
of the fire.  Thus, the commonly held paradigm that spread rates have a fixed and well-
determined value for any specific conditions of vegetation, weather and topography is 
violated.  Indeed, if standard spread rates are used to estimate safety margins without taking 
into account the possibility of eruptive fire spread, those tasked with managing fires can 
(and occasionally do) unwittingly place themselves in positions of grave risk. 

Eruptive fires are found to occur up slopes and up canyons whose general shape and 
steepness are above a threshold for triggering eruptive growth.  It is likely that ambient 
wind can alter these threshold conditions and deeper investigation is needed to understand 
precisely what distinguishes dangerous from relatively safe situations. 
 
2. Physical basis 
 
In order to get a proper feel for the conditions under which fire eruption occurs and the 
factors that drive it, it is clearly important to understand the physical basis of the process. 

One possibility that is better described as ‘flashover

! 

’ than ‘eruptive fire’ is the 
spread of a flame through unburnt pyrolysates and other combustible vapour that might, in 
some circumstances, have managed to accumulated in flammable proportions.  Arnold and 
Buck (1954) first described this phenomenon and Chetehouna et al (2009) have recently 
identified some of the contributing combustible compounds that can be distilled from the 
vegetation below about 

! 

200°C , although more abundant fast-pyrolysis products generated 
around 

! 

300°C should contribute at least as well to the flammability.  The phenomenon is 
also discussed in Dold et al (2005, 2009).  The term ‘flash over

! 

’ was used by Arnold and 
Buck, and is more appropriate to describe a premixed or partially premixed fire spread 
through such accumulated fuel vapour, reserving eruptive fire

! 

 for the growth of a fire that 
spreads through the more normal mechanisms associated with bushfires or wildfires. 

These are: the preheating of vegetation as a fire approaches until sufficient fast 
pyrolysis of the vegetation components is achieved to sustain combustion in the pyrolysate-
air mixture that is produced; the engagement of primarily diffusion flames around the 
vegetation with continued heat transfer into the vegetation to maintain production of 
pyrolysates and to sustain the flame, until the pyrolysis becomes too slow to continue the 
process; and interaction in the gas-phase between air flow, fuel-vapour flow, buoyancy, 
mixing, combustion, radiation, etc., that determine the characteristics of the flame and its 
heat transfer into the vegetation. 

Using eruptive fire

! 

 to refer to fires that accelerate through interactions of these 
kinds, without any change in external drivers, there are two principal mechanisms that have 
been proposed recently, namely by Viegas (2005, 2006) and by Dold and Zinoviev (2009). 

Viegas (2005, 2006) suggested that the rate of spread 

! 

R might be driven by a local 
fire-induced wind 

! 

w , having 

! 

R = f (w), in which 

! 

w  may differ very substantially from the 
ambient wind.  Moreover, recognising that some form of accumulation process must occur 
in eruptive fire growth, he proposed a model in which this local wind is taken to accelerate 
in a way that is forced by the spread rate, having the mathematical form 

! 

dw dt = g(R) , 
where 

! 

g(") is a positive function.  Thus, for any spread rate 

! 

R, Viegas envisaged that the 
local wind would accumulate with time.  It turn, this should cause a progressive increase in 
spread rate. By adjusting the functions 

! 

f  and 

! 

g , as well as initial conditions, the equation 

! 

dw dt = g(R)  together with 

! 

R = f (w) is certainly capable of reproducing a wide range of 
variations of 

! 

R with time 

! 

t  and Viegas (2005, 2006) adopted simple power laws to arrive 
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at approximate fits to measured and estimated data, with different eruptive fires involving 
different coefficients and powers to achieve reasonable fits. 

As will be discussed later, the local wind-accumulation process in Viegas’ model is 
not supported by current concepts in buoyancy-induced flow (Gebhart et al, 2003).  As it 
stands, the formula 

! 

dw dt = g(R)  suggests that the local wind 

! 

w  would continually increase 
without limit even if the spread rate 

! 

R was held constant.  This aspect of the model is not 
consistent with steadily spreading fires, which are obviously the more normal form of fire 
occurence, in which the air flow clearly does not accelerate indefinitely.  A buoyancy-
induced local component of the wind may well increase in eruptive fire growth but a 
different process must account for it (as outlined, for example, in section 7 below). 

A key property of the fire is its fireline intensity 

! 

I  which does not feature explicitly 
in Viegas’ model which assumes that Byram’s first formula for fireline intensity 

! 

I =QmR  
holds.  As a result, the intensity is taken to be simply proportional to the spread rate 

! 

R for 
any fuel load 

! 

m  and energy of combustion 

! 

Q.  However, Byram (1959) did not claim that 
this formula is valid for unsteadily spreading fires.  He proposed a second formula which 
does hold for unsteady fire spread, that can be written in the manner 

! 

I =Qmd " b where 

! 

d is 
the flame depth and 

! 

" b is the burnout time; the quantity 

! 

Qm " b  represents, in Byram’s 
terminology, the mean combustion rate of the vegetation, meaning the rate of energy 
generation per unit ground area. 

In fact the flame depth 

! 

d naturally contains an accumulation process because it 
represents simply the distance travelled by the leading edge of the fire, as it moves at the 
non-constant speed 

! 

R(t) , from one burnout time into the past.  That is 

! 

d = R(t " #) d#0
# b$  so 

that 

! 

I =Qm R(t " # )0
# b$ d# # b .  Thus the flame depth and intensity accumulate through past 

spread rates and, as argued by Dold and Zinoviev (2009), it is not necessary to invoke any 
other accumulation process to account for eruptive behaviour.  However Dold and Zinoviev 
still consider that a form of local wind intervenes in eruptive behaviour and if any fire-
induced wind change is to be the essential driver of eruptive growth there needs to be a 
mechanism for transition from steady local wind to this other form of fire-induced wind. 

The formation of a buoyant fire-plume and its entrainment of air, in the typical 
steady spread of a line fire, do induce a local wind, but one that does not involve any 
intrinsic process of growth.  For example, for a long line plume in a neutrally stable 
atmosphere above a fire of intensity 

! 

I , the steady self-similar Richardson number (Gebhart 
et al, 2003) approaches a value of 

! 

2" , where 

! 

" # 1/8  is the entrainment constant.  There is 
indeed a continuous vertical component of acceleration in the buoyant air and combustion 
products as they rise in the plume, causing an increase in vertical momentum with height, 
but this increase is accounted for by the progressive increase of mass with height within the 
plume, through entrainment, and not an increase in flow velocity.  The entrained air flow on 
either side of the plume, that may be thought of as a local wind, then takes a value that is 
proportional to the cube root of the intensity.  Other factors may create an enhanced inflow 
around the base of the plume, where the active fire is located, that depends on the intensity 
in a different way (Dold et al, 2006; Dold, 2010). 

If the intensity changes then these entrained components of the local wind would 
also change, but normally on a fairly rapid time scale determined by the rate of buoyant 
acceleration and the physical scale of the fire.  There is no practical way that this local wind 
would accelerate by itself.  Instead, if the intensity were to change with time, the local wind 
would adjust itself to values that follow any changes in intensity.  Thus, with intensity 
accumulating in an eruptive fire, the induced wind should also increase. 



VI International Conference on Forest Fire Research 
D. X. Viegas  (Ed.), 2010 

 

However, the notion of the induced wind and its implications for the dynamics of 
the fire can be considerably more subtle than this.  As will be noted later in this article, fire 
eruption seems to arise from an interaction between intensity and spread-rate in which a 
transition in the nature of the induced wind, from being separated to being attached, is key.  
The evidence for this, that comes from a very limited number of experimental studies so 
far, is fully consistent with this notion and so is the mechanism outlined later. 

Remembering that 

! 

I "QmR  in unsteady fire spread, it makes sense to consider 
situations in which 

! 

I  and 

! 

QmR are significantly different.  This can be aided by defining 
the ratio 

! 

B =QmR I  which will be called the Byram number here.  For steady fire spread it 
must have the value one but in unsteady fire spread it would exceed one for a fire that is 
spreading faster than the equilibrium speed for its current value of intensity.  The flame 
depth and intensity of such a fire would be growing with time, representing an intensifying 
or waxing fire.  Conversely, if the Byram number is less than one then the fire would tend 
to be diminishing or waning. 

The model developed by Dold and Zinoviev (2009) for fire spread, including 
eruptive fire growth, takes into account the fact that Byram numbers would generally be 
different from one in any unsteady fire development, having a spread rate that depends on 
intensity, or   

! 

R = R(I) when all other factors remain constant.  The model is then consistent 
with both steady and unsteady fire spread involving a very simple accumulation process, 
namely the development and evolution of flame depth in response to changes in spread rate. 
 

 
3. Intensity and Spread-Rate Interactions 
 
This dynamical description for fire spread arises because the spread-rate of the fire depends 
not only on vegetation, weather and topography (the triangle of fire) but also on intensity 
and possibly other aspects of any unsteady fire behaviour (a square of fire).  In the case of 
steady fire spread, where Byram’s first formula could be applied, the intensity would be 
directly proportional to spread rate.  But in unsteady fire spread Byram’s second formula 
applies, which decouples the intensity from the instantaneous spread rate.  Instead the 
intensity depends on the history of spread rates over the past burnout time, as given by 
Byram’s second formula. 

It is natural to consider fire dynamics in this way.  For example when a low 
intensity line ignition is set in place, the fire does not instantly spread at its steady spread 
rate.  Depending on the nature of the vegetation and the wind and slope conditions, it would 
normally take time for the ignition to engage a depth of vegetation while intensity and 
flame lengths would both grow together, increasing the heat transfer to fresh vegetation and 
so increasing the spread rate as the intensity increases; during this stage in the progress of 
the fire the Byram number would exceed one.  If the steadily spreading fire is stable then 
the spread rate and intensity would increase until they reached their steady values when the 
Byram number would have decreased to unity.  This form of dependence of spread-rate on 
intensity is illustrated by the solid curve in Figure 1.  Other forms of fire spread would be 
possible, including oscillatory or ‘surge and stall ’ behaviour as outlined in a separate paper 
at this conference (Dold, 2010). 

The sustained growth in spread rate that characterises eruptive fires would involve a 
Byram number that stays greater than one.  In terms of Figure 1 this would be represented 
by a relation in the form of the dashed curve, which would cause intensity and spread rate 
to grow continually. 
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Figure 1:   A sketch (left) of possible dependences of spread-rate 

! 

R on accumulated 
intensity 

! 

I .  An intersection with the dotted line, on which 

! 

I =QmR , represents a steady 
rate of spread.  The Byram number 

! 

B is bigger than one (causing fires to wax or grow) to 
the left of this line and less than one (causing fires to wane or diminish) to the right.  Fires 
with   

! 

R = R(I) represented by the solid curve would evolve to a stable steady spread but 
they would erupt if represented by the dashed curve.  Corresponding evolutions, starting 
from very low intensity ignitions, are seen in the numerical simulations on the right. 
 

It remains an open objective at the moment to determine the exact nature of the 
dependence of spread rate on intensity.  With very few exceptions, the paradigm for 
bushfire spread rate has dwelt exclusively on steady or quasi-steady fire spread.  There are 
some qualitative aspects that can, however, be sketched fairly readily, most notably that 
deviations from steady spread of a stable line fire should follow curves that are qualitatively 
similar to the solid curve shown in Figure 1. 

 
 

4. Flow Attachment 
 
A steadily spreading line fire also seems to have a characteristic form of plume.  The 
buoyancy generated by the fire tends to cause the flow and flames at the fireline to be 
deflected upwards.  Thus the air-flow separates at the fire with air flowing into the fireline 
from both in front of it and from behind it.  If this configuration is to be associated with 
stable steady spread then eruptive or other forms of fire spread should involve a different 
flow configuration. 

The alternative would be flow attachment.  This should involve a situation in which 
the plume does not rise away from the ground and vegetation surface but proceeds along 
the surface.  The flow of air and combustion products would have the same direction both 
ahead of and behind the fireline.  This concept is not new and has been noted, for example, 
by Andrews and Chase (1989) although not as a contributing factor to fire spread but in 
relation to flame-scorch height.  In propagating a line fire, an attached flow would cause 
flames and hot combustion products to lie close to the vegetation surface, tending to 
increase both radiative and convective heat transfer rates.  Thus the spread-rate should be 
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expected to be significantly enhanced by flow attachment and any steady spread rate might 
only be achieved at large scale with a very intense fire. 

It is argued by Sharples et al (2010) that the attachment of the plume up steep 
enough slopes results from the Coanda effect.  The buoyant jet created by the fire entrains 
air on both sides of it which, in turn, tends to draw the jet towards the nearest solid surface. 

 
 

5. Laboratory experiments 
 
It seems to be a reasonable working conjecture that a change in flow regime from separated 
flow to attached flow is associated with the development of eruptive fire growth. 

Eruptive fires were studied in the CEIF laboratory of Prof DX Viegas on a sloping 
trench geometry of length 3m.  By laterally confining air flow between vertical walls 70 cm 
apart the air flow between the walls was predominantly two dimensional, a simpler system 
in which to study fire behaviour than in a fully three dimensional setup.  Using straw as a 
fuel (at a load of 600 gm/m2) ignited at the lowest point on the slope, the fire and its 
induced air flow could thus be considered as occurring in a quasi two-dimensional field.  In 
many respects these fires would also mimic a long line fire rising up a uniform slope, in 
which any lateral changes occur slowly over long distances, although they would typically 
involve a lower degree of radiative heat transfer offering an underestimate for the rate of 
spread and/or eruptive fire growth. 

The laboratory experiments are illustrated in Figure 2, showing fires developing up 
trenches sloping at  15°, 20°, 25°, 30° and 35°.  Shortly after ignition, bubbles were injected 
into the air at the top of the trenches.  These showed that the air-flow was attached on the 
two highest slopes (blowing up the slope at its top rather than down the slope towards the 
fire).  Correspondingly the fires up these trenches grew very rapidly.  Conversely, the 
bubbles revealed that the air flow separated at the fire on all of the gentler slopes, up which 
the fires spread at a relatively slow and steady pace.  
 
 

  

Figure 2:   Five trench fire experiments at slopes of 15°, 20°, 25°, 30° and 35°.  The images 
on the left are taken soon after ignition with the images on the right taken about 10 seconds 
later.  The bubble-blower at the top of the trench revealed that the air flow separated at the 
fire for the lower three slopes and became attached up the two higher slopes which burnt 
out in about 20 seconds.  The lower slopes took between 2 and 4 minutes to burn out. 
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Figure 3:   A field experiment displaying eruptive growth from a line ignition up a slope of 
23° with a supporting ambient wind of 1.5±1 m/s.  Images are taken at times of 0, 30, 37 
and 70 seconds.  A cloth tied midslope reveals upward flow ahead of the fire, or flow 
attachment, at 37 seconds, marking the onset of eruptive growth. 
 
 
6. A field experiment 
 
The progress of an erupting field experiment is illustrated in Figure 3 with images taken at 
ignition, as well as 30, 37 and 70 seconds after ignition.  The burn was one of a series of 
burns carried out in Gestosa in Portugal by the team of Prof DX Viegas in May 2008. 

A limp piece of cloth tied to the vegetation reveals no upflow of air above the fire in 
the first two images, between which the fire only spread around one metre.  However at 37 
seconds after ignition the cloth was vigorously blown upslope.  The fire reached the top of 
the slope (a spread of around 30 metres) some 33 seconds later.  The slope in this case is 
23°, which is lower than the 25° slope which did not erupt in the laboratory.  It is likely that 
the critical slope up which a fire-plume induces an attached flow in a nominally two-
dimensional flow field depends on any ambient wind that may be present.  In this case a 
mild wind of about 1.5±1 m/s was blowing in the upslope direction which must have 
lowered this critical slope to 23° or less for this fire. 
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7. A simple attached fire-plume model 
 
An estimate of the relation   

! 

R = R(I) can be developed by considering an attached fire 
plume up a slope on which energy is released at the rate 

! 

Qm " b  within the fire.  With a 
simple top-hat approach to representing all properties in the plume, conservation of energy, 
mass and momentum in the flaming region leads to the equations 

! 

(hw)x ="w +
mQ # b
$ecpTe

, (hw $ $e)x ="w, (hw2 $ $e)x = (1% $ $e)hgsin&  

where 

! 

h  is the thickness of the plume, the entrainment constant is 

! 

" , the mean density in 
the plume is 

! 

"  with environmental density and temperature 

! 

"e and 

! 

Te, while the specific 
heat is 

! 

cp  and 

! 

g  is the gravitational acceleration.  Several simplifications have been 
adopted in these equations which nevertheless do capture much of the physics that drives an 
attached flow velocity 

! 

w  along a flame depth 

! 

d  up a slope of angle 

! 

" .  The ambient 
environmental air is taken to be stationary although an ambient wind could be modelled. 

Typical values of parameters and key ratios are: 

! 

Q cpTe " 44 ; 

! 

" #1 8 ; and 

! 

m "e # 85 cm  for a fuel load of 

! 

m "1kg/m2 (or 

! 

10 t/ha ).  It can be noted that 

! 

"e #1.18 kg/m
3 at a typical ambient temperature of  

! 

Te " 25°C  and that the quantity 

! 

mQ ("# b $ecpTe) , which varies linearly with fuel load, actually represents a velocity of the 
order of 

! 

300 " b m/s at 

! 

m "1kg/m2.  The equations can be made dimensionless by defining 

! 

x =
(mQ " b)

2

(#$ecpTe)
2

x'
gsin%

, h =
(mQ " b)

2

(#$ecpTe)
2
# h'
gsin%

, $ = $e$', w =
mQ " b
#$ecpTe

w' 

giving 

! 

(h'w')x ' = w'+1, (h'w'"')x ' = w', (h'w'2 "')x ' = (1# "')h'  
which can be solved numerically (see Figure 4) at all values of 

! 

x' within the flaming 
region, from 

! 

0 to 

! 

d', the latter representing the dimensionless flame depth.  This equates to 
a dimensional fireline intensity of 

! 

I =
(mQ " b)

3

(#$ecpTe)
2gsin%

d' . 

A crude estimate of spread rate can be based on the flux of thermal energy above about 

! 

330°C which is around the fast pyrolysis temperature of the vegetation.  Very roughly this 
gives 

! 

R"R'= (1# 2$')w'h', provided it is positive, evaluated at 

! 

x'= d'. 
The variation of this quantity with 

! 

d' is also shown in Figure 4, providing a guide to 
the form of variation of 

! 

R with 

! 

I  that might be expected (once dimensional scale factors 
are reintroduced).  The actual scale of 

! 

R in this interpretation would necessarily depend on 
how rapidly the vegetation absorbs the thermal energy flux above it, so that no indication of 
actual values is offered in Figure 4.  Key points are that 

! 

R must initially increase with 

! 

I , 
which it does almost linearly to begin with in this interpretation.  As 

! 

I  (or 

! 

d') increases, the 
entrainment of ambient air into the plume dilutes the energy supplied by the flames so that 
the average temperature decreases (

! 

"'  increases).  This gradually limits the ability of the 
plume gases to heat the vegetation ahead of the fire to pyrolysis temperatures which should 
finally reduce the spread rate, as is seen in Figure 4.  Nevertheless, over a substantial range 
of intensities, the Byram number should be able to exceed one causing 

! 

R to grow with time 
up to potentially very high values. 
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Figure 4:   The left graph presents dimensionless variations of the mean flow velocity 

! 

w', 
plume thickness 

! 

h' and mean density 

! 

"' through the flaming region of an attached plume 
where 

! 

0 " x'" d' .  These quantities vary in proportion to 

! 

x' 1/ 3, 

! 

x' 2 / 3 and 

! 

x' 1/ 3, respectively, 
when 

! 

x' is small.  The right graph shows the induced flux of thermal energy (above an 
approximate pyrolysis temperature at which 

! 

"'#1/2) through the leading edge of the fire 
where 

! 

x'= d'.  This should have some relation to the spread rate 

! 

R as a function of 
intensity, although better interpretations are possible.  When 

! 

d' is small the values of 

! 

R' 
increase almost linearly with 

! 

d'. The Byram number would equal one on the right graph 
along a straight line, as illustrated by the dotted line shown. 

 
 

8. Discussion 
 
Relatively simple arguments establish that flame depth and fireline intensity evolve through 
an accumulation process involving previous spread rates from one burnout time into the 
past.  All that is needed then to describe unsteady fireline dynamics is a knowledge of the 
way in which spread rate varies with intensity, allowing either for evolutions to stable 
spread rates or for evolutions that erupt if what has been defined here as a ‘Byram number’ 
remains greater than one.  Experiments indicate that eruptions occur if an induced buoyant 
flow becomes attached. 

An examination of an attached plume model, using a standard top-hat approach with 
some additional simplifications, then helps to identify how average features within the 
plume flow vary through the flame depth up a slope.  These suggest that there should be 
limitations to the spread rate.  The simplifications behind this model include treating the 
oxidation reactions as being instantaneous, which of course they are not in practice.  The 
actual temperature near ground is also unlikely to be the mean plume temperature.  These 
factors should prevent the spread rate from falling to zero or very low values and may lead 
to more sustained growth of an attached fire.  But the dilution effect of entrained air is still 
likely to limit the full effect of the fireline’s intensity at large flame depths providing an 
ultimate limit for eruptive fire growth. 

Finally, it should be noted that the arguments here apply only to firelines that are 
relatively long and lie parallel to the contours of a planar slope.  In canyons, where many 
eruptive fires occur in practice, the details of the attachment mechanism would be different.  
But however they come about, they would still lead to an analogously rapid growth of the 
leading part of the fireline up the thalweg, supported by a more widespread intensity 
accumulation process. 
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