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Abstract 
 
Fire behavior models have been used in the study of wildland fires for over 50 years. 
Their appeal lies in the ability to understand and predict the progression and impact 
of wildland fires for research, management, and even operational applications. Many 
such models exist, falling into a number of broad categories. These include empirical, 
semi-empirical, and physics-based. Each has its own strengths and weaknesses which 
dictate the suitable applications and must be well understood by the user. Of these 
categories, detailed physics-based models are the only which aim to include all of the 
relevant physical phenomena. This approach provides a number of advantages, not 
the least of which is the allowance for more flexible predictive capabilities. While fully 
empirical models lose reliability as the application deviates from the specific conditions 
under which they were developed, physics-based models, if the physics are well 
described in a robust fashion, can be used for a wide range of applications. Detailed 
physics-based models can also be used to develop or parameterize more focused, 
simplified models, such as fire spread or smoke transport models. Their function is 
particularly important in the study of wildland fires, as full-scale experimentation can 
be very difficult and such opportunities are limited. Thus, the data necessary to 
develop or parameterize a simplified model may not be readily available and a more 
complex model can help to fill in the gaps. 

There are, of course, a number of issues with using the current generation of 
detailed physics-based fire behavior models. Computational demand can become 
burdensome, and even prohibitive, at large scales. The level of physical detail in the 
model also necessitates a large number of parameters be specified, some of which may 
have significant associated uncertainties. However, one of the most common criticisms 
of these models is the relatively limited extent to which they have been evaluated 
against experimentation, particularly at the field-scale. In the absence of numerous, 
robust demonstrations of model performance, confidence in their ability remains low. 

At its base, this thesis aims to provide a robust comparison of detailed physics-
based model performance to actual field-scale fire behavior. In order to establish an 
understanding of fire behavior in the environment of interest – the New Jersey 
Pinelands National Reserve (PNR) – two field scale experimental fires were conducted 
in consecutive years. Along with in-situ meteorological measurements during the 
burns, aerial imagery was used to track the fire front position. Extensive pre- and 
post-fire fuels characterization was also carried out, involving both physical and 
remote sensing techniques. In the second experiment, instrumentation was also 
deployed to characterize more local aspects of the flame front behavior. This fact, 
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along with operational constraints encountered during the first experiment, led the 
second experiment to be the main focus for model comparison. 

Having obtained quantitative comparison points, model testing was carried out 
using a Computational Fluid Dynamics (CFD) model, the Wildland-urban interface 
Fire Dynamics Simulator (WFDS). To facilitate the use of this model for field-scale 
simulations, improvements were made to the current capabilities for the specification 
of both complex fuel density distributions and turbulent boundary conditions. 
Following this, a study was carried out on a reduced domain, focused on one of the 
issues with utilizing detailed, physics-based models – the parameterization. A number 
of key uncertain parameters were selected and adjusted to test for model sensitivity. 
While no single parameter was found to put the model completely outside the bounds 
of observed experimental behavior, sensitivity was significant in some cases, most 
notably fuel moisture content and canopy drag. This provides insight into areas where 
focused submodel development is necessary. 

Finally, a detailed numerical study was conducted to evaluate the ability of 
the model to recreate the behavior specifically observed in the second field experiment. 
This study included an investigation of the role of field-scale heterogeneity in fuel 
structure and wind, though it was found that neither had a dominating impact on the 
predicted fire behavior. Comparison of local fire behavior measurements revealed a 
good general agreement, as a first assessment, with temperature and flow in the 
flaming region of the fire front, but an under-prediction of radiative preheating. 

 This work demonstrates that the model is generally capable of recreating 
experimentally observed fire behavior, though some of the more complex, dynamic 
aspects are missing. However, the more important contribution comes from the 
identification of model sensitivities and uncertainties, which can be used to focus 
future experimental efforts. While field-scale experimental campaigns are necessary 
for continued model evaluation they are, understandably, conducted infrequently. An 
understanding of how experimental measurements can best be leveraged for model 
development is critical. Thus, the difficulties and uncertainties encountered, both 
experimentally and numerically, are presented, with recommendations for future 
research efforts.   
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Lay summary 
 
Complex computer models, built on basic physical principles, have the potential to 
aid in the understanding and prediction of wildland fire behavior. However, there 
remain significant uncertainties and assumptions in the way such models describe the 
fire, the vegetation, and the interaction of the two. To understand a model’s 
capabilities, limitations, and the improvements which are still necessary, comparison 
of model predictions to experimental measurement is critical. Unfortunately, collecting 
such measurements is particularly difficult at the large scale over which real wildland 
fires occur and, as a result, this happens infrequently. To address this, an opportunity 
was seized to collect a detailed set of measurements of fire behavior in a real forest 
environment. These measurements are thoroughly analyzed for the description they 
provide of the fire behavior. They are then used as a benchmark to test the capabilities 
of a particular complex model to describe such a fire and to highlight the limitations 
and uncertainties. As a result of this evaluation, a set of recommendations for future 
research, both in experiments and modeling, are offered, in order provide a coherent 
strategy for the future which will significantly advance these models. 
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18  Chapter 1 – Introduction 

 
 

1.1 The wildland fire problem 
Wildland fires are among nature’s most powerful, awe-inspiring phenomena. In recent 
years, it would seem that one need not search extensively in the media before 
encountering dramatic accounts of these events and their impact on society and the 
environment. Transpiring across many parts of the world, wildland fires are often 
portrayed in an almost cataclysmic light, and it is certainly not hard to sympathize 
with the plight of those who are forced to abandon their homes and possessions under 
such a threat, not knowing if they will return to ash. The narrative of the destructive 
power of fire on nature itself was reinforced during the 20th century, particularly in 
the United States by iconic characters such as Smokey the Bear and even Bambi. This 
was also aided in the United States by a campaign of propaganda during World 
War II. The risk posed by wildland fires to precious resources, particularly in wartime, 
and the potential for significant requirements of manpower for firefighting led to a 
fearful view of these events, as can be seen in the examples of Figure 1.1. The use of 
slogans and powerful imagery, continued through numerous outlets, has helped instill 
an innate fear of wildland fires in the collective conscious of the western world.  

 
Figure 1.1 – Examples of propaganda posters produced by the US government during World War 

II, meant to promote the importance of protecting natural resources. Extracted from NARA 
(2016). 

On the other hand, wildland fires have been a feature of the global environment 
for hundreds of millions of years. The first records of fire, usually obtained from 
charcoal fossils, date back over 400 million years (Scott et al. 2013). In many 
environments fires are an integral component of the ecosystem, bringing renewal and 
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growth in their wake. They can open forest canopies, allowing vegetation to thrive in 
the understory, and they create conditions which are favorable to certain species which 
have undergone evolutionary adaptations to fire. Fires may activate processes, such 
as the release of seeds for some tree species, or cause flowering and fruiting in other 
plants, while also selectively killing other species and altering soil composition (Pyne 
et al. 1996). Wildland fires have also been the tool of indigenous peoples, with evidence 
of anthropogenic fire use stretching back tens of thousands of years in places like 
Australia (Scott et al. 2013) and the Mediterranean (Daniau et al. 2010). This then 
raises the question of how such events have become so problematic in the modern 
context and why the problem appears to be worsening. 

1.1.1 Current strategies 
Modern society has generally taken two approaches to dealing with the unavoidable 
existence of wildland fire. The first approach is forest management, through which 
measures are taken to reduce the potential impact of a wildland fire preemptively. 
This usually involves the reduction of hazardous fuel buildup, either by mechanical 
means, prescribed fire (deliberate and usually low-intensity fires), or wildland fire use 
(in which unplanned ignitions are allowed to burn under favorable conditions to 
accomplish forest management goals (Davis 1979)). These techniques have developed 
over centuries, even millennia, of human interaction with fire.  

 
Figure 1.2 – Fire suppression tactics involving the creation of a fireline (fuel break) with a 

bulldozer. Evidence of a recent drop of fire retardant can also be seen in the foreground (pink 
color). Extracted from Zimmerman (2016). 

The second approach is suppression, in which an active wildfire is directly 
attacked. This can include the application of suppression agents, such as water or 
other fire retardant chemicals. However, other measures are also widely used, such as 
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manually creating discontinuities in fuel (called control lines or firelines), or taking 
advantage of topographical features and pre-existing fuel breaks (e.g. roads) (Pyne et 
al. 1996). The role of these different strategies in various organizations, such as the 
USDA Forest Service, has seen changes over the years as understanding of the 
importance of fire in the landscape has improved (Davis 1979; Stephens and Ruth 
2005).  

Despite the fact that both management and suppression tactics have existed 
for a long time, the ideal means of implementing these strategies, particularly in terms 
of management, has yet to be achieved (Stephens and Ruth 2005). Further, both 
approaches can have significant associated costs. In the United States, for example, 
across five federal agencies dealing with wildland fire, a total of over $6bn was spent 
on fuel reduction between 2004 and 2014, while for suppression this number is over 
$16bn (GAO 2015). A year-by-year breakdown is given in Figure 1.3. Finally, issues 
of conflicting interests and jurisdictions, public perception, and even risk to public 
health and safety may remain a barrier for the implementation of strategies such as 
prescribed burning and wildland fire use. 

 
Figure 1.3 – Yearly expenditure from five United States federal organizations dealing with wildland 
fire between 2004 and 2014. Numbers are adjusted for inflation to 2014 value. Data from the U.S. 

Government Accountability Office (GAO 2015). 

The aforementioned issues, which are encountered when attempting to define 
and carry out an optimal strategy for reducing the negative impact of wildland fire, 
can help explain why these events remain problematic. To understand why the 
problem then appears to be getting worse, we can look to two main factors. These are 
climate change and the expansion of human development, resulting in the so-called 
‘wildland-urban interface’. Both have increased in significance in recent years. These 
factors present a challenge by changing the context in which the aforementioned 



Chapter 1 – Introduction  21 

 
 

strategies must be applied. If the context changes, then past strategies (which may 
not be perfected to being with) may no longer apply or be reliable. These factors are 
discussed below. 

1.1.2 Climate change 
In recent years, climate change has become accepted in the scientific community as 
an important factor affecting the occurrence and behavior of wildland fires. This may 
come in the form of regional increases or decreases fire activity, both of which can 
cause significant disturbances to ecosystems (Moritz et al. 2012). A considerable 
amount of research on the topic has been summarized in the extensive review of 
Flannigan et al. (2009). This review discusses various efforts which have employed 
climate models in the prediction of future trends of fire weather, area burned, fire 
occurrence, season, intensity, and severity. Predictions show greater fire occurrence 
and area burned overall, but there is a regional dependency, and in some areas the 
trends may be the opposite. More detailed metrics, such as fire intensity (the energy 
release of the fire) and severity (the impact of the fire on vegetation), prove more 
difficult to predict with these models. These are less a direct function of weather, and 
instead rely on more complex local interactions and require a deeper understanding of 
fire behavior in order to be properly described. Related to this, future predictions of 
wildland fires can be complicated by effects on fuel accumulation (growing seasons) 
and changes in dominant vegetation species (Bond et al. 2005). There is a complex 
feedback here, where changes to the environment, through changing climate and fire 
activity, result in changes to the vegetation, which further change the role of fire. 
Likewise, the climate-fire interaction may not be well represented by a one-way 
interaction, as the carbon emissions from burning biomass can contribute to climate 
change (Sommers et al. 2014), this may then result in greater shifts to conditions 
conducive to biomass growth and/or consumption, and so on. While not the focus of 
this work, it is easy to see how the added uncertainty of future climatic conditions 
can become problematic for regional authorities as they attempt to define and 
implement strategies for dealing with wildland fires. 

1.1.3 The wildland-urban interface 
As human activity and development has pushed ever further from urban centers, the 
past few decades have seen the growth of what is often referred to as the Wildland-
Urban Interface (WUI). A commonly used definition states that the WUI (Glickman 
and Babbitt 2001): 
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exists where humans and their development meet or intermix with wildland fuel, 
 
and while the strict definition may vary between jurisdictions and nations, the concept 
is the same globally. Examples of such areas can be seen in Figure 1.4. An oft cited 
study on the United States found that 39% of all houses can be considered to exist in 
the WUI (Radeloff et al. 2005). However, the absence of more precise definitions has 
led to some ambiguity (Mell et al. 2010). Another study, for example, suggested this 
figure is closer to 13% (Theobald and Romme 2007), though this still equates to ~12.5 
million homes. Regional differences between data availability, and even terminology, 
have also complicated a quantification of the WUI problem, particularly in Europe. 
Recently, however, Modugno et al. (2016) have proposed the first consistent map for 
the continent. While the dimensioning of the WUI may still require some refinement, 
what is not in dispute is the overall trend towards an increase in the development in 
these areas. This expansion of the WUI is driven by increased populations as well as 
a desire to live in more natural, scenic regions, a choice which has been enabled in 
some regions by long-term economic development as well as technological advances 
such as the advent of telecommuting (Radeloff et al. 2010).  

The growth of the WUI becomes problematic when we consider that it can be 
directly associated with settlements and infrastructure in areas which are particularly 
risk prone for wildland fire. For example, Theobald and Romme (2007) estimated that 
65% of WUI area in the United States can be classified as having vegetation indicative 
of a high severity fire regime. The expansion of the WUI also implies increased risk of 
ignitions, as humans are often the cause of fires, and their move into rural areas brings 
this risk. In Europe, for example, more than 95% of fires have origins in human activity 
(San-Miguel-Ayanz et al. 2013). Not only are such areas often at risk due to these 
factors, but when a fire does occur the consequences can be disastrous. The destructive 
impact of WUI fires has been well documented in the past 25 years, including instances 
which have destroyed over a thousand structures in Australia (Cruz et al. 2012), 
California (Cohen 2010), Greece (San-Miguel-Ayanz et al. 2013), and most recently 
Canada (Gray et al. 2016). Indeed, five of the eleven most costly* fires ever to occur 
in the United States have been WUI fires (NFPA 2014). Finally, this is all exacerbated 
by the issues related to climatic trends discussed previously, as predictions of worse 
fire weather and increased fire occurrence driven by climate change also apply to the 
WUI (Flannigan et al. 2009).  

                                        
* In terms of financial loss. 
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Figure 1.4 – Examples of homes in the Wildland-Urban Interface (WUI). Extracted from Stein et 

al. (2013). 

It is worth noting that spread of fires in the WUI is a very complex phenomenon, 
which has received some attention, though a significant number of questions remain 
unanswered (Caton et al. 2016; Hakes et al. 2016). The more classical mechanisms of 
fire exposure to structures, such as flame radiation or direct contact are certainly 
problematic in the WUI. However, much can be deduced about this type of behavior 
and it has been studied extensively, particularly in the context of exposure to fire 
fighters and the quantification of safe separation distances (Butler 2014). On the other 
hand, embers, or firebrands, which can originate from both burning vegetation and 
structural material, have been identified as a significant risk for structural ignition 
and fire spread in the WUI (Leonard and Blanchi 2005; Maranghides and Mell 2011). 
In earlier work, focus on the firebrand problem was placed on describing the particles 
as individual projectiles (aerodynamics, trajectories, etc.), and a number of related 
studies have been carried out (Koo et al. 2010). However, the real risk to structures 
from firebrand exposure, stemming from the particle characteristics and the time 
history of their flux and accumulation as a function of fire behavior remains largely 
unquantified, hindering the development of mitigation strategies (Maranghides and 
Mell 2012). Nevertheless, this work is focused on fire spread in typical wildland fuels 
only, and so this issue will not be developed further. 

1.1.4 The role of a physical understanding of fire behavior 
The core concept of this thesis stems from a desire to better understand the physical 
phenomena which govern the behavior of wildland fire events. From a purely scientific 
perspective, there is a kind of completeness, even beauty, in developing this 
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fundamental understanding. There is a natural appeal to moving beyond a description 
which simply acknowledges and, sometimes only roughly, describes the functional 
relationship between different processes (such as between wind and fire spread), to be 
able to explain the ‘why’ of such relationships. That being said, such a philosophical 
motivation is, perhaps, insufficient in an engineering field, and there are real, practical 
applications to developing this fundamental understanding.  

There are a number of tools available to help us address and manage the 
wildland fire problem, as defined above. A key one of these is mathematical modeling 
(which will be developed in more detail below and in Chapter 2). Unfortunately, if 
such models are built upon a limited, or even erroneous, understanding of the processes 
that actually drive fire behavior, problems will be encountered. Take, for example, the 
Rothermel (1972) fire spread model, widespread in its use by various fire agencies as 
a predictive tool. In order to incorporate an upper bound to the influence of wind on 
fire spread, which was observed in some experiments but not explained physically, an 
artificial limit was applied. However, it has been argued that this can lead to 
unphysical predictions of fire spread, in certain conditions (Beer 1991). Beyond any 
limitations which are built into models from the start, the changing context described 
previously may lead to new scenarios of interest for which the current tools have not 
been appropriately designed. By improving our fundamental understanding of the 
important physical interactions, the descriptions which are incorporated in our 
modeling tools can better adapt to such issues. Therefore, the approach is taken that 
such an improvement is critical for developing tenable, long-term solutions to the 
wildland fire problem. While this tenant motivates the thesis, the gaps in the current 
understanding are not inconsequential and the problem will not be easily solved. The 
goals of the thesis are, therefore, much more focused, and will be enumerated in Section 
1.4. Nevertheless, it is first useful to discuss what is generally accepted about the 
physical phenomena driving wildland fire behavior (particularly fire spread), to 
identify the gaps, and to introduce the various tools available to improve our 
understanding. 

1.2 Mechanisms of fire spread 
The aim of this section is to discuss the generally accepted processes which apply to 
the physics of fire spread, and to provide some useful terminology for the less familiar 
reader. This is not, however, intended as a comprehensive review of this vast topic, 
and consultation of the provided references is encouraged. This discussion will also 
help to highlight the current gaps in the fundamental understanding of the 
mechanisms that drive fire spread which must eventually be addressed.  



Chapter 1 – Introduction  25 

 
 

At the core of the phenomenon of fire is the combustion reaction, which is 
sustained by the combination of fuel, oxygen, and heat, the three components of the 
so-called ‘fire triangle’ (Byram 1959a). A flame is defined by the gas-phase region in 
which the combustion process occurs (for much more detail consult Drysdale (2011) 
or Saito (2001)), and in the study of wildland fires we are often concerned with how 
flames (or more generally, fire) spread. Fire spread can be thought of as a series of 
ignitions which advance the flame along a fuel bed (Fons 1946; Rothermel and 
Anderson 1966). When analyzing the process of spread, it is useful to identify the 
three distinct stages related to the fire: preheating, flaming combustion, and 
smoldering combustion (Ward 2001), as shown in Figure 1.5.  

 
Figure 1.5 – Pictorial representation of the three stages of fire spread. Arrows give a qualitative 

indication of flow directions, though the patterns may be more complex and situationally 
dependent. 

In the preheating stage, unburnt fuel (vegetation) can be subject to radiative 
heat transfer from the flames, as well as convective heat transfer (heating or cooling, 
depending on the flow features and proximity to the fire front) (Baines 1990). Along 
with raising the temperature of the solid fuel, this preheating will drive moisture loss, 
an important factor in natural fires (Byram 1959a; Anderson 1969). Eventually, 
preheating brings the fuel to temperatures which allow for pyrolysis and subsequently, 
when the fuel vapors mix with oxygen within suitable concentration limits, ignition 
and the onset of flaming. The time taken for these preheating processes to occur 
dictates the spread rate of the fire. Spread rate is perhaps the most common descriptor 
applied to wildland fires, especially as it has very real-world implications for 
suppression operations.  

Following this, the combustion of vegetation pyrolysates creates a buoyant 
diffusion flame (Saito 2001), which can strongly influence the overall flow field via 
entrainment, depending on the surrounding conditions. This stage is governed by the 
burning dynamics of the fuel. In other words, how long the fuel bed will sustain flaming 
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combustion before flame extinction occurs (Anderson 1969; Burrows 2001). The depth 
of the flame is determined by the spread rate and the duration of flaming. Other 
properties of the flame, such as length and angle, also factor into how effectively it is 
able to transfer energy to the unburnt fuel, linking back to the preheating stage. 

Finally, in the wake of the fire font the flaming combustion transitions to 
smoldering, in which an exothermic oxidation reaction occurs at the solid fuel surface 
(typically char formed by pyrolysis) (Rein 2013). Since buoyant flow is reduced, the 
velocity field tends to be dominated by ambient wind and fire-induced flow. It has 
been suggested that smoldering is less important in terms of providing the energy to 
drive fire spread, due to its tendency to occur in the later and post-flaming stages 
(Babrauskas 2006). However, it can play greater role in certain configurations, such 
as down-slope spread against the ambient wind direction where flames tilt away from 
the fuel bed (Van Wagner 1988) but oxygen supply to the leading edge is enhanced 
(Murphy et al. 1966), or potentially in cases with high moisture content (Valdivieso 
and de Dios Rivera 2014). The process of smoldering combustion will also have 
implications for other aspects of wildland fire behavior, such as emissions production 
(Rein 2013; Urbanski 2014) or ecological impact (e.g. vegetation mortality) (Davies 
2013).  

Naturally, these three stages of fire spread are highly coupled, and can even 
overlap, with not all fuels igniting simultaneously at a given exposure and the potential 
for overlap in the occurrence of flaming and smoldering combustion. These tendencies 
can be complicated functions of characteristics such as fuel particle size, moisture, and 
flow conditions (Simeoni et al. 2012; Thomas 2016). Nevertheless, the conceptual 
framework of these three stages helps give structure to the analysis of the driving 
mechanisms. 

For the sake of completeness, it must be noted that spotting is another very 
important aspect of wildland fire spread. Spotting is the process by which flaming or 
smoldering fuel particles are rent from the fuel layer, lofted by the smoke plume and 
transported downwind where they can become point-source ignitions for so-called ‘spot 
fires’ (Koo et al. 2010). These can interact and merge with the main fire, even acting 
as the driving mechanism of fire propagation, and they highly complicate the spread 
process (Cruz et al. 2012). For this thesis, we are less concerned with the spotting 
process. This is done first out of simplicity, in order to focus attention on the short-
range modes of spread detailed above. Further, the fire behavior in the environment 
which will be considered here has not been observed to be driven by long-range 
spotting events. Nevertheless, this process must eventually be included in any 
comprehensive description of fire spread.   
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While the details of many of the phenomena described above remain to be explored, 
it is known that there are three main aspects which can have an effect, and thus 
influence overall fire behavior. These are: (1) fuel; (2) topography; and (3) wind* (Pyne 
et al. 1996). These aspects are closely related to the components of the fire triangle. 
Topography and wind dictate how oxygen and heat interact with the fuel and thus 
are key to fire behavior in the wildland context. 

1.2.1 Fuel 
Vegetative fuels supply the necessary energy to sustain and spread a wildland fire, 
though they must first be ignited (Byram 1959a). The properties of the fuel, including 
geometrical, thermophysical, and physiochemical, will dictate the details of how it 
interacts with a fire. For example, the quantity of moisture within the fuel will impact 
the preheating of the fuel, as discussed previously. This is due to the fact that 
additional moisture will increase the energy required to raise the temperature of the 
fuel and to dry it by vaporization (Byram 1959a; Anderson 1969), as more moisture 
will increase both the overall sensible and latent heat. However, the additional 
subsequent water vapor can also serve as an energy sink in the gas phase, cooling the 
flame temperature (and thus the energy feedback to the fuel) (Anderson 1969; Mendes-
Lopes et al. 2003). It may even cause a dilution effect where the water vapor effectively 
pushes out the oxygen near the fuel surface, inhibiting combustion (Byram 1959a). 

The size of fuel particles, which typically refers to their diameter or surface-
to-volume ratio†, is also important. This can affect the ability of the fuel to ignite 
under different heating conditions (Finney et al. 2013), and has been identified 
experimentally as a factor in spread rate (Thomas 1967; Rothermel 1972). Fuel size 
will also determine the manner in which it burns (e.g. flaming duration, proportion 
mass consumed by smoldering) (Anderson 1969; Steward and Tennankore 1981; 
Burrows 2001). Further, the way in which fuel particles are packed within a fuel bed 
can influence the fire behavior (Thomas 1967; Anderson 1969; Rothermel 1972). This 
results from influences of the packing on radiation penetration and air flow, and thus 
convective conditions, which will alter the heat transfer. Such aspects complicate the 
study of wildland fire behavior, as the vegetation properties will vary between different 

                                        
* Weather may be used here instead of wind. However, here we consider the effects of other weather 
variables (temperature, relative humidity, etc.) through their effects on the conditioning of fuels, as 
discussed in Section 1.2.1. Aspects of the weather may also influence gas-phase processes, such as ambient 
water vapor (humidity) providing an energy sink, however the effect on fuel is likely to dominate in most 
cases.  
† This is usually a simple function of diameter. 
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species and between different states (e.g. live or dead). Thus, many studies have been 
directed at understanding the characteristics of fire behavior associated with different 
vegetative fuels.  

Beyond the fundamentals of the fuel particles themselves, it is worth 
considering the different strata in which vegetation can naturally resides, depending 
on the ecosystem (Figure 1.6). These layers have been described by authors such as 
Brown and Davis (1973) and Pyne et al. (1996). At the lowest level are the roots and 
duff (decaying organic material). Above this is the litter layer. This is composed of 
more freshly fallen plant matter, which has collected on the ground and includes 
foliage, such as the layer of dead pine needles in a coniferous forest, as well as woody 
material. Extending to greater heights there may be a layer of herbaceous fuel (such 
as in grasslands), or a shrub layer containing foliage and stems. At the highest level, 
a forest canopy may be found, composed of foliage and the supporting woody material. 
In some cases, the base of this canopy may be separated from the lower layers, and 
any material which helps to bridge this gap is known as ladder fuel. 

In fact, one way to define different types of fires is based upon the fuel strata 
they are confined to (Pyne et al. 1996). A ground fire spreads through the organic 
layer, or duff, and roots via smoldering combustion. Therefore, these fuels are often 
known as ground fuels (though the definitions may vary between authors, as in Figure 
1.6). A surface fire spreads through flaming combustion but is confined to the litter, 
herbaceous, and shrub layer*. Therefore, these are known as surface fuels. Finally, a 
crown fire spreads through the elevated fuels in the forest canopy, and thus, these can 
be called crown fuels. The occurrence of fire spread within the forest canopy can also 
be referred to generally as ‘crowning’. Examples of fire spread in the different fuel 
strata are given in Figure 1.6.  

Crown fires can be further categorized by their relationship with any surface 
fire spread that occurs in conjunction, as described by Van Wagner (1977). Passive 
crown fires occur when continuous flames form in the forest canopy but the energy 
contribution is low, such that the spread is governed by the surface fire. In an active 
crown fire, the energy release in the canopy is sufficient to significantly enhance the 
surface spread, though the fire spreads cohesively in the two regions, even consuming 
ground fuel. In an independent crown fire, the energy release of the fire in the canopy 
is great enough that it does not rely on the energy of the surface fire and will be able 
to spread ahead of it. The ability to attain these different states is dependent on the 
characteristics of both the surface and crown fuels, such as bulk density, moisture 

                                        
* Occasional, isolated ignition of canopy fuels with no horizontal spread may occur in a surface fire. This 
is known as torching and is often aided by vertical flame spread up individual tree boles.  
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content, and the height of the crown base (Van Wagner 1977). Independent crown 
fires are typically short-lived events, as a result of natural heterogeneity in crown fuels 
(Van Wagner 1993). 

  
Figure 1.6 – Left: Example of the different strata of fuel which can be found in the wildland 

environment. Extracted from Barrows (1951). Right: Illustration of (a) surface, (b) crown, and (c) 
ground fire spread. Extracted from Brown and Davis (1973). 

1.2.2 Wind 
The effect of wind occurs on a range from the micro scale to synoptic* scales (Potter 
2012a; b). Large-scale wind dynamics, while very important, tend to be within the 
purview of atmospheric scientists, and here we focus on smaller scales (typically on 
the order of the forest stand size to canopy height). At this scale, it is logical that 
wind should have an important role in the behavior of wildland fires as it is directly 
related to the supply of oxygen to the combustion zone. While large wildland fires 
may be locally under-ventilated at certain instances within the flame front, at they 
are typically well-ventilated at a broader scale, even in the absence of wind. Thus, 
there must be other complex interactions which permit the wind to modify the fire 
behavior. Understanding the exact role of wind has been the subject of study for many 

                                        
* Typically on the order of 1000 km or more. 
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years, and scientists were investigating the idea of linking wind forecasts to predict 
fire danger by at least the start of the 20th century (e.g. Beals 1914). The basis of a 
more fundamental description of the importance of wind can be traced back to some 
of the pioneering experiments on fire spread, including Show (1919), Curry and Fons 
(1938), Fons (1946), Rothermel and Anderson (1966), Rothermel (1972), and Thomas 
(1963; 1971). This early work has led to relatively simple functional relationships to 
describe the effects of wind features such as spread rate and flame geometry. However, 
a comprehensive understanding of these relationships, particularly the influence of 
wind on the mechanisms responsible for fire spread, has remained elusive (Beer 1991; 
Pitts 1991). This is exemplified by the fact that many simple models of fire spread 
have employed different functions of spread rate with respect to wind speed, as is 
shown in Figure 1.7. The surprising range of different functions highlights the 
complexity of the problem, as no single relationship is applicable across the various 
scenarios considered.  

The importance of wind at the smaller scale is tied to its role in heat transfer, 
and particularly the mechanisms of preheating. Wind is a source of momentum which 
can cause a deflection of the flames and smoke plume. This, in turn, can affect 
radiation (by adjusting the distance and view angle of the flames) and convection (by 
altering flow patterns and exposing the fuel to either cool ambient air or hot pyrolysis 
or combustion products) (Rothermel and Anderson 1966; Rothermel 1972).  

To understand the ability of wind to affect the fire, it is often considered useful 
to think of the momentum supplied by wind in relation to the momentum supplied by 
the fire-induced buoyancy forces. Non-dimensional relationships between these come 
in the form of the Froude number or Byram convective number and are used to 
separate fires into so-called wind-driven or plume-dominated classifications 
(Rothermel 1991; Nelson 1993). These designations are based on the relative strength 
of the two forces, as discussed by Byram (1959b). Convective heating is believed to 
have a significant role in wind-driven fires. Momentum from the ambient wind can 
tilt the buoyant plume, causing the impingement of pyrolysis and combustion products 
on the fuel bed, and may even penetrate through the plume locally, also forcing these 
hot gases into the fuel bed. While the details of the latter mechanism may be related 
to complex vortical structures in the flow (Beer 1991; Clark et al. 1999; Linn et al. 
2012b; Finney et al. 2015), the convective process is a roughly linear function of 
temperature, and fire behavior tends to be more predicable with a clear dependence 
of spread rate on wind speed (Morvan 2011). In plume-dominated fires, the wind is 
not able to penetrate the fireline, and flames are more vertical. The sheltering of the 
plume can result in convective cooling ahead of the fire front as ambient air is drawn 
in from downwind, and radiative heating dominates. The non-linear nature of 
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radiation is believed to explain the more erratic behavior which has been observed for 
plume-dominated fires (Morvan 2011). Likewise, fire-induced turbulence will become 
important, relative to the ambient, in plume-dominated fires, which can lead to less-
predictable shifts in fire behavior as a result of instabilities in the flow (Raupach 1990). 

 
Figure 1.7 – Wind scaling factor for rate of spread (ROS) predictions from a number of more 

recent empirical models. ROS factor indicates how the spread prediction is sensitive to wind speed, 
and is non-dimensional. Note that this does not necessarily capture all model variables, and that 

wind speed may be defined at different heights. Extracted from (Sullivan 2009a).  

  
The effects of wind interactions also lend themselves well to the development 

of terminology for different the parts of a continuous fireline. After all, the description 
of the fire in Figure 1.5 is 2-dimensional, and a real fire is 3-dimensional in nature, as 
in Figure 1.8. In the case of a point-source ignition, the fire will spread in all directions 
(e.g. Curry and Fons 1938). The head fire is the portion oriented perpendicular to the 
wind; the flank fires are aligned parallel to the wind; and the back fire faces 
perpendicular in the upwind direction. Given the previous discussion, it is easy to 
understand how different mechanisms will control the spread of these different 
segments, as they each interact with the wind from a different perspective. As the 
head fire is naturally spreading downwind the features of wind-driven fire spread will 
appear, and this portion will advance at the greatest rate. The flank and back fires 
will experience the effects of greater convective cooling from the ambient air, and the 
flames may be pushed away from the fuel bed, reducing the spread, particularly for 
the back fire. This can also modify the relative importance of smoldering in fire spread, 
as discussed previously. These segments can also interact with each other, as they 
effectively compete to entrain the ambient air. It is possible, for example, that the 
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ability of flank fires to limit the wind which reaches the head fire can explain the 
dependence of the fire spread rate on the length of the fireline (Canfield et al. 2014), 
as has been observed experimentally (Cheney and Gould 1995). Shifts in wind 
direction can also suddenly change the features of the fireline, with a flank or back 
fire becoming the head. 

 
Figure 1.8 – The different parts of the fire front, including the head, flank, and back fires. The 

numbered circles also correspond to the three stages of fire spread presented in Figure 1.5:  
(1) preheating, (2) flaming, and (3) smoldering. Extracted from Cottrell (2004). 

1.2.3 Topography 
Complex topography is often a feature of wildland fires, and the effects on fire behavior 
can be catastrophic, particularly in the context of firefighting operations. Examples 
include the 1949 Mann Gulch fire (13 fatalities) (Rothermel 1993) and the 1998 Storm 
King fire (14 fatalities) (Butler et al. 1998) in the US, and the 2005 Guadalajara fire 
(11 fatalities) and the 2007 Kornati fire (12 fatalities) in Europe (Viegas et al. 2009). 
All of these events involved fatalities during firefighting operations in complex 
topography. Slope, in general, has been identified as an important factor in fire 
behavior, with up-slope fires spreading faster, and down-slope spreading slower, than 
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those on flat ground. This is complicated by the presence of wind, and some have 
suggested an additive effect of the two (Rothermel 1972; Viegas 2004a).  

Despite its acknowledged importance, the dominant physics of fire spread on 
slopes have not been definitively described (Butler et al. 2007). On a slope, the 
buoyancy vector is no longer normal to the surface, and the angle between the fuel 
and the flames and smoke plume can change. The subsequent changes to heat transfer, 
particularly in the preheating stage, have been discussed by a number of authors. An 
increased angle will bring the flames closer to the fuel bed and increase radiative 
heating but also increases the occurrence direct flame and/or plume contact, and thus 
convective heating (Rothermel 1972). However, the relative roles of these mechanisms 
may depend on the magnitude of the slope and properties of the fuel and are non-
linear. For example, Butler et al. (2007) suggested that, in their experiments, increased 
fire spread in slopes up to ~25° was driven by radiation, but convection took over for 
steeper slopes. Multiple sloped faces can add an additional level of complexity, such 
as with canyons. Fire within a canyon can lead to radiative feedback between the 
slopes, increasing the intensity (Pyne et al. 1996), and the channeling of wind within 
canyons has also been suggested as an important factor in incidents such as the Storm 
King fire (Butler et al. 1998). Likewise, steep chutes which may occur on the landscape 
can create a chimney effect, drawing in air and funneling it upwards (Figure 1.9) 
(Pyne et al. 1996). Viegas and Simeoni (2011) detail a number of catastrophic events 
in which eruptive fire behavior was observed in a canyon. They go on to discuss 
different suggested mechanisms for this behavior, including self-acceleration, positive 
feedback mechanisms, and flow attachment on slopes. Ultimately, however, they 
conclude that the current scientific understanding is inadequate, particularly as it 
relates to providing better guidance for fire fighters. 
 Topography can also play a more indirect role in fire behavior, resulting from 
the effect it can have on the existing fuel conditions (Pyne et al. 1996). The aspect, 
or direction of a slope, will modify the sunlight received and thus the vegetation 
conditions, particularly moisture. Even the simple fact of elevation can make a 
difference in the nature of vegetation and surrounding atmospheric conditions.  
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Figure 1.9 – Chimney effect of topography on fire behavior. Extracted from Pyne et al. (1996). 

1.3 Improving the physical understanding of fire behavior 
For the many different aspects of fire behavior discussed above, whether we consider 
the details of the more fundamental thermodynamic processes governing heat transfer, 
fluid flow, and combustion, or the larger-scale effects of factors such as topography on 
these processes, there are still many questions to be answered. Limits in the current 
scientific understanding of these processes will define the success of the different tools 
available to study, manage, and when necessary, suppress wildland fires, as well as 
provide assessments of risk and resilience, for both the environment and communities. 
Here, we consider the current tools available, both to develop solutions as well as to 
improve this fundamental scientific understanding. These fall under the broad 
categories of experimentation (more generally, observation), and modeling. 

1.3.1 Experimentation 
Experiments are, of course, incredibly valuable tools which have advanced the 
scientific understanding of wildland fire behavior (Simeoni 2013). These are most 
commonly carried out in a laboratory setting, where variables and boundary conditions 
are easily controlled, specific phenomena can be isolated, and repetition is generally 
easy. Laboratory studies have involved the investigation of a number of different 
aspects of fire behavior. Many have focused as on fire spread in vegetative, or 
representative, fuel beds in an effort to quantify the effects of different parameters, 
such as wind, slope, and fuel properties (e.g. moisture, particle size, bed packing) on 
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spread rate, as well as to understand the driving mechanisms (e.g. Curry and Fons 
1938; Fons 1946; Rothermel and Anderson 1966; Anderson 1969; Fang and Steward 
1969; Vogel and Williams 1970; Rothermel 1972; de Mestre et al. 1989; Catchpole et 
al. 1998; Mendes-Lopes et al. 2003; Viegas 2004a; b; Morandini et al. 2005; Anderson 
et al. 2010; Finney et al. 2015). Other studies have focused on vegetation flammability 
characteristics (e.g. Dimitrakopoulos and Panov 2001; Dimitrakopoulos and 
Papaioannou 2001; Dibble et al. 2007; Simeoni et al. 2012; Fuentes and Consalvi 2013; 
Santoni et al. 2014; Thomas et al. 2014) and how they are affected by properties of 
the both fuel bed and individual particles (e.g. moisture content, permeability, surface-
to-volume ratio, species type) as well as test conditions (e.g. incident heat flux, flow). 
Further, laboratory experiments have been carried out on aspects such as the radiative 
absorptivity of vegetation (Monod et al. 2009) and emissivity of flames from wildland 
fuels (Boulet et al. 2011), or heat transfer to (Frankman et al. 2010) and ignition and 
burning of (Fletcher et al. 2007) single fuel particles. 
 While laboratory-scale work provides essential insights on fire behavior, the 
extent of what can be directly applied at large scale from such experiments is 
ultimately limited. The degree to which particular test conditions are representative 
of the true problem of interest have been called into question by some authors. 
Examples include studies which focus on individual fuel elements (e.g. a leaf) when 
the fire behavior may be strongly governed by the packing of many such elements in 
a fuel bed, or the application of incident heat fluxes which are orders of magnitude 
below those measured in real fires (Fernandes and Cruz 2012). The configuration of a 
test apparatus may also introduce some unrealistic conditions by its very nature. For 
example, Rothermel and Anderson (1966) discussed the importance of properly 
establishing a boundary layer in their wind tunnel, with initial fire spread increasing 
by as much as seven times without placing an obstacle upwind to trip the flow. 
Nevertheless, proper characterization of laboratory conditions will allow useful 
information to be extracted, and steps can continue to be taken to improve 
experimental designs. For example, vegetation can be tested in configurations more 
representative of its natural state (e.g. clusters versus individual needles). There are 
also more fundamental issues related to scaling laws which can be more difficult to 
avoid. Radiation, for example, is dependent on flame volume and values from 
laboratory fire spread experiments may never be indicative of a large wildland fire 
(Pitts 1991).  

These issues leave a demand for measurements which represent the real scales 
and conditions found in wildland fires. Direct observation and measurement of 
wildland fires, however, is subject to a number of limitations. Along with the 
significant safety risks associated with real fires, this kind of data collection is 
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opportunistic by its very nature. It is not necessarily possible to select for specific 
conditions or parameters which are of interest. Further, providing a significant spatial 
resolution of sample points can prove difficult. Thus, a necessary compromise has 
arisen in the form of planned field-scale fire experiments. In this way, the length- and 
time-scales associated with a real fire can be reproduced, if not always the full 
intensity. Notable examples of such experimental campaigns, aimed at understanding 
fire behavior, include the International Crown Fire Modeling Experiment (ICFME) 
(Stocks et al. 2004a), FireFlux (Clements et al. 2007), and The Prescribed Fire 
Combustion and Atmospheric Dynamics Research Experiment (RxCADRE) (Ottmar 
et al. 2016). Since these are particularly relevant to the objectives of this thesis, the 
first half of Chapter 2 is dedicated to exploring previous experimental work at field-
scale in more detail, and descriptions of these efforts will not be developed further at 
present. 

Despite their advantages, field-scale experiments are still restricted, to a 
certain degree, in the control of test conditions. Ambient conditions, for example, can 
never be precisely prescribed a priori. Further, experimental conditions such as those 
related to topography, weather, or plot size, are limited to a narrower subset due to 
the substantial safety, financial, and logistical considerations. All of the above factors 
also impede the ability to have many (or any) test repetitions. Thus, it is rare that 
such tests are executed without a single issue or limitation (Linn et al. 2012a). 
However, valuable information can always be extracted and these tests are 
fundamentally necessary for advancement of the understanding of the physical 
mechanisms of wildland fire spread.  

1.3.2 Modeling 
Mathematical modeling provides an invaluable supplement to experimental 
investigation. This is true across many scientific disciplines, as models can be used to 
investigate scenarios which are experimentally intractable, fill in data sets at a 
potentially much lower resource demand, and examine the interactions between 
variables and processes, particularly when experimentally decoupling such interactions 
may be difficult or even diminish the relevancy of the study. In the field of wildland 
fire behavior, the first attempts to develop such a mathematical model which made 
some consideration of the physics of the problem are usually attributed to Fons (1946). 
Fons, a researcher with the USDA Forest Service, proposed a model to predict flame 
spread in homogenous beds of vegetative fuels, based on physical arguments and closed 
with experimental data. In the intervening years, the number and variety of wildland 
fire behavior models has grown considerably. A thorough overview of many of these 
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models can be found in the reviews of Weber (1991), Pastor et al. (2003), Sullivan 
(2009a; b; c), Mell (2007), and Morvan (2011). These, and others, have organized their 
reviews by separating modeling approaches into different categories. Weber (1991), for 
example, distinguished models as statistical, empirical, and physical, depending on 
whether they contain no description of the physics, some description but no distinction 
in the modes of heat transfer, or an individual treatment of each mode, respectively. 
Sullivan (2009a), on the other hand, referred to models built purely on statistics as 
empirical, and those which involve a statistic-based model but employ some physics-
based understandings to guide the form of the model as quasi-empirical. Physical 
models were described as those which represent both the physics and chemistry of the 
problem, while quasi-physical models focused on only the physics (Sullivan 2009b). 
Pastor et al. (2003), while defining distinct but similar categories, also divided the 
discussion based upon the intended model application (e.g. simulation of surface fire 
spread, crown fire spread, etc.), while other reviews focused largely on models of 
surface fire spread. Sullivan (2009c) also covered the category of so-called 
mathematical analogue models, which use mathematical principals that mimic fire 
spread, such as cellular automata or percolation theory, rather than building on a 
physical basis.  

For the purpose of this thesis, definitions are adopted which are based on those 
of the previous reviews: empirical models are based purely on statistics from 
observations; semi-empirical models are based on general conservation of energy but 
do not differentiate between modes of heat transfer and are closed by empirical 
formulations; simplified physics-based models separate the modes of heat transfer, 
though they may not consider all, but do not consider combustion chemistry and/or 
the flow; and detailed physics-based models include all modes of heat transfer as well 
as details of the flow and combustion chemistry. In all cases, only models which are 
designed foremost to describe aspects of fire behavior (rather than, say, smoke 
transport) are considered, and for many this specifically refers to predictions of fire 
spread. The intent here is not to provide an exhaustive account of all the different 
formulations which have appeared in literature, and the reader is encouraged to 
consult the review papers mentioned. However, in Chapter 2, a detailed review of 
several significant detailed physics-based models is provided, focusing on examples of 
their development and application.  
 The attractiveness of empirical and semi-empirical models lies in their 
operational utility. These tend to solve for a single variable, such as rate of spread, 
and greatly reduce the complexity of the problem. Empirical models, in particular, 
often reduce the problem to a function of only a few input parameters, with wind 
speed and fuel moisture content being foremost (Sullivan 2009a). Well-known 
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examples of empirical models include the Australian fire danger meters (Noble et al. 
1980), which have been developed from a series of field observations (see Figure 1.10). 
A well-known semi-empirical model is the Canadian Fire Behavior Prediction (FBP) 
System (Forestry Canada Fire Danger Group 1992), which was developed using 
hundreds of field experiments and a number of observations from real fires. Perhaps 
even more ubiquitous is the Rothermel (1972) semi-empirical fire spread model, 
developed in the United States with a series of laboratory experiments. The ease of 
use of these models, which includes their minimal computational demand, lends them 
well to operational applications. On the other hand, a downside to empirical and semi-
empirical models is the fact they cannot be reasonably applied with an expectation of 
accuracy to conditions outside those for which their formulating data was collected 
(Pastor et al. 2003). Further, the very nature of formulating an empirical model 
requires a judgement of which variables to include (Sullivan 2009a). There are 
systematic approaches to determining the significance of different variables (e.g. 
Fernandes et al. 2009), assuming they have been measured experimentally, but the 
relative importance may be specific to a particular dataset. However, this can also be 
seen as an advantage of this approach, as the direct assessment of the importance of 
different variables can offer insight into the drivers of fire behavior for the given 
conditions. For example, the relative effectiveness of rather simple tools in certain 
conditions (such as wind-driven fire on grassland over flat terrain), as evidenced by 
their continued use, indicates that the important driving mechanisms have been 
included (even if many of the details of exactly how these function have yet to be fully 
explained). 
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Figure 1.10 – Australian forest fire danger meter Mk5 (Noble et al. 1980). Image extracted from 

(CSIRO 2015). 

In some cases, empirical and semi-empirical models have been incorporated 
into larger prediction frameworks which integrate a number of independent models 
(such as weather-based danger indices and ignition probabilities) to provide a more 
holistic decision making tool. Such frameworks are very much in active use today, and 
include the Canadian Forest Fire Danger Rating System (CFFDRS) (Stocks et al. 
1989) and the United States’ National Fire Danger Rating System (NFDRS) (Deeming 
et al. 1977). Other tools, such as the BehavePlus fire modeling system (Andrews 2014), 
and the FARSITE: Fire Area Simulator (Finney 2004) may attempt to directly link 
independent models, using the output(s) from one as input(s) for another. However, 
the linkage of models which were developed separately, and possibly with different 
assumptions, may prove problematic. For example, issues were identified in some tools 
by Cruz and Alexander (2010), where surface fire spread rates from the Rothermel 
(1972) model are used to determine the potential for crown fire initiation, but there is 
some question as to how well the Rothermel model represents surface fire spread below 
a coniferous canopy. Likewise, the calculation of fireline intensity from the Rothermel 
model, and used in the linked approach, differs from the form used to originally assess 
the critical intensity for crown fire initiation, ultimately leading to a difference in the 
predicted conditions necessary for such initiation (Cruz and Alexander 2010). 
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Simplified physics-based models attempt to provide a more robust description 
of fire behavior by including descriptions for different modes of heat transfer 
(conduction, convection, radiation). However, in order to simplify the mathematical 
formulation, these models often assume a dominant mode or modes, and ignore others, 
and are reduced to one or two dimensions (Weber 1991; Sullivan 2009b). Some well-
known simplified physics-based models are those of de Mestre et al. (1989), Albini 
(1985, 1986), Asensio and Ferragut (2002), Ferragut et al. (2007), and Morandini et 
al. (2005). These, and others, tend to describe the flame as a planar source above the 
fuel bed (e.g. Figure 1.11). For a number of these, radiation is also considered as the 
dominant heating mechanism, and convection is considered only as a cooling 
mechanism (if at all) (Pastor et al. 2003). There have been a few examples, however, 
such as that of Vogel and Williams (1970) and Pagni and Peterson (1973), which 
consider the potential for convective heating to dominate.  

 
Figure 1.11 – Example of the theoretical framework for a 2-dimensional, radiation-driven, 

simplified physics-based fire spread model. Extracted from Albini (1985). 

The numerous approaches to formulating a simplified physics-based model 
have met with varying degrees of success (Weber 1991; Sullivan 2009b), and have seen 
no real use in operational tools (Sullivan 2009b). This is despite the fact that 
computational efficiency has been used as a justification for taking a simplified 
approach to the physical description. One problem these models face, similar to issues 
of the empirical approach, is that the dominant modes of heat transfer are usually 
built into the model assumptions. This may limit the flexibility of the tool, as changes 
in conditions in wind and slope can alter the driving mechanisms of spread, as 
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established previously, and render the model assumptions obsolete. However, similar 
to the process of isolating the significant variables for use in an empirical model, this 
model-building approach can have use in improving the fundamental understanding 
of such problems. If different theoretical assumptions are tested against experimental 
data, they may be confirmed or rejected, and this can provide insight into the driving 
mechanisms (Williams 1977). It should also be noted that, as these models tend not 
to consider the combustion process, characteristics of the flame must often be 
prescribed a priori, as determined from experimentation (Weber 1991; Pastor et al. 
2003; Sullivan 2009b). This places limits on their purely predictive capacity, though 
such empirically-imposed constraints are not unique to this class of model.  

At this point, it is also worth mentioning a class of models which is often 
referred to as coupled fire-atmosphere models (Figure 1.12). These tend to take a 
detailed Computational Fluid Dynamics (CFD) approach to modeling the atmospheric 
conditions in 3-dimensions, while the fire is treated in a much rougher manner. For 
example, in the model developed by Clark et al. (2004), and the subsequent WRF-
Fire model (Coen et al. 2013), the fire spread is evaluated from the Rothermel (1972) 
semi-empirical model, using inputs from the atmospheric solver. Another example is 
the coupled model of Filippi et al. (2013), which employs the simplified physics-based 
model of Balbi et al. (2009) to describe the fire behavior. This approach represents a 
step forward from the standalone empirical and simplified physics-based models in 
that spatially varying wind fields can be simulated, as well as terrain effects. Further, 
the feedback of the fire on the atmosphere may be represented, though usually 
somewhat roughly, by prescribing pre-determined source terms, such as heat flux, at 
the location of the fire front (i.e. this will affect the local wind fields, which then feed 
into the fire spread model, and so on). While these are often called physical models, 
and indeed, incorporate a detailed physical description of the mesoscale flow, the 
simplified treatment of the fire precludes them from the ‘detailed physics-based fire 
behavior model’ categorization used here. However, capturing the details of the fire 
front-scale physics are not the aim of such models, so much as examining the mesoscale 
phenomena. Indeed, a full linkage of such a vast range of scales has yet to be attempted 
and may be beyond current computational capabilities. 

This leaves the detailed physics-based modeling approach, of which 
particularly focused overviews have been provided by Sullivan (2009b), Mell (2007), 
and Morvan (2011). Generally, these models attempt to limit number of broad 
assumptions which are applied in the formulation (e.g. dominance of one heat transfer 
mode over another) in favor of a more comprehensive physical description of the 
system. Though specific examples may differ, the detailed physics-based approach 
largely stems from the pioneering work of Grishin (1997) and Larini (1998), in which 
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the conservation equations of mass, momentum, and energy are solved for a 
multiphase medium (in which the solid phase is composed of a collection of thin fuel 
particles which can be described by their bulk properties). The resulting partial 
differential equations are solved using CFD techniques, and submodels for processes 
such as turbulence, radiation, fuel degradation and pyrolysis, gas-phase combustion, 
and char oxidation. These submodels describe process which occur at scales that 
cannot be directly resolved under reasonable computational constraints. The exact 
details of the CFD approach, as well as the submodels may also differ between 
individual models (Mell et al. 2007; Sullivan 2009b; Morvan 2011). Well-known 
detailed physics-based models include FIRESTAR (Morvan and Dupuy 2001, 2004), 
FIRETEC (Linn 1997; Linn et al. 2002), and WFDS (Mell et al. 2007, 2009) (see 
Figure 1.13), and further discussion of these can be found in Chapter 2.  

 
Figure 1.12 – Example of a fire behavior simulation which links a semi-empirical spread model to a 
full CFD atmospheric model. Extracted from Clark et al. (2004), domain scale added for reference. 

Ideally, by aiming to include all relevant mechanisms, at the scale of the fire 
front, detailed physics-based models allow the relative situational importance of each 
to be freely determined by the model in a case-by-case basis. Thus, these tools can 
provide significant benefits in terms of interrogating the important mechanisms in a 
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wide variety of scenarios (Morvan 2011). Ultimately, this will also lead to the 
development of improved simplified models, using assumptions tailored to specific 
applications. By endeavoring to reduce fundamental assumptions, detailed physics-
based models are also afforded the potential for more flexible predictive use, compared 
to the other types of models discussed. Likewise, the inclusion and coupling of solid- 
and gas-phase chemical reactions means that these models can be used to study aspects 
of fire behavior for which other models may not be suited (e.g. fuel consumption, 
emissions production, etc.), and is a considerable strength of the approach. 
Nevertheless, a significant number of assumptions and simplifications must still be 
applied in the detailed physics-based formulation, owing to limits in our current 
mathematical and physical representations of the many constituent processes involved. 
The impacts of these are still not fully understood, as model testing, or validation, has 
only been conducted to a limited extent to date (Alexander and Cruz 2013). Significant 
parameterization must also be carried out for a given scenario, especially when it 
comes to defining fuel properties, and this can contribute to uncertainty. Finally, 
computational capabilities are also a substantial limiting factor. Despite the dramatic 
increase in computing power in the past decade, which has aided in the recent 
development of these models, the long run times and significant resources required by 
these models means that operational use is simply not possible for the foreseeable 
future (Sullivan 2009b).  

The concept of data assimilation should also be given a brief introduction here. 
Rather than describing a specific approach to formulating a fire behavior model, this 
technique employs experimental observations to inform and update model parameters, 
such as boundary conditions. There can be significant model uncertainties, for example 
in the initialization of parameters, and real observations (as might be periodically 
available over the course of a wildfire operation) can be used to course-correct the 
model and reduce compounding errors. It can therefore be theoretically applied to any 
of the aforementioned modeling approaches; however, this is technique shows 
particular promise for operational fire modeling. As one example, Rochoux et al. (2013) 
demonstrated such an implementation using Rothermel’s fire spread model 
(Rothermel 1972). A ‘best linear unbiased estimator’ algorithm was employed to 
optimize model inputs (specifically fuel properties), in order to best match the spread 
of the fire front from an initial location to a later observation, which was shown to 
improve the accuracy of a subsequent forecast. However, data assimilation is not 
central to this thesis, so the discussion of the various approaches and their merits will 
not be developed further. 
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Figure 1.13 – Examples of the WFDS detailed physics-based fire behavior model used at (a) field-
scale, extracted from Mell et al. (2007) with domain scale added for reference, and (b) single tree 

scale, extracted from Mell et al. (2009). 

While grouping the models into distinct categories provides a useful framework 
for a general evaluation, the models themselves exist on a spectrum of assumptions 
and complexity, capabilities and limitations, which must be evaluated on a case-by-
case basis. No single approach can be expected to provide the solution for all problems 
and scenarios of interest. Models of all kinds have received criticism for being used 
outside of their intended application or parameter space, as well as not being properly 
tested against experimental data (Cruz and Alexander 2010; Alexander and Cruz 2013; 
Finney et al. 2013). The latter issue is directly related to the problems discussed in 
relation to experimental work in the laboratory (i.e. scalability and relevancy) and the 
field (i.e. controllability and feasibility). These problems have limited the availability 
of suitable datasets for model evaluation. Though perhaps of all the approaches, the 
detailed physics-based one has received the greatest criticism. This skepticism is 
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warranted, as its very design purports flexibility and fidelity, but their complex 
physical and mathematical formulations and difficult parameterization leaves the door 
open for inaccuracies. However, given the number of different scenarios, and even 
outputs for a given scenario, relevant for providing more robust solutions to the 
wildland fire problem, the path forward lies with these detailed physics-based models. 
This must occur in conjunction with experiments that provide physics-based 
diagnostics, and at all scales, from the laboratory to the field. 

1.4 Thesis objective and structure 
In the previous discussion, aspects which have caused wildland fires to become 
problematic for modern society were introduced, and the current state-of-the art in 
understanding fire behavior was broadly summarized. In order to develop appropriate, 
flexible tools to tackle this problem, a goal of improving our understanding of the 
fundamental mechanisms driving fire spread has been suggested. For the research 
community to accomplish this, we have the tools of experimentation and modeling at 
our disposal, as discussed above. While the previous use of these tools has been vastly 
important, building the basis of our current understanding, many gaps still remain.  

In particular, detailed physics-based models of fire behavior appear to offer a 
great deal of promise in helping to improve our understanding of fire spread (Morvan 
2011). However, all of the aforementioned issues related to testing and developing 
confidence in these tools still stand. A very real need exists to collect robust datasets 
of fire behavior, particularly in field-scale scenarios, and to test detailed physics-based 
models against them. This thesis sets out to accomplish this by collecting fire behavior 
data in a forest environment (perhaps the least studied with these models, to date) 
and applying the Wildland-urban interface Fire Dynamics Simulator (WFDS), in 
order to identify its capabilities and limitations. It is acknowledged that a truly 
rigorous evaluation of these models is no small undertaking and will require the 
combined efforts of experimentalists and numerical modelers for many years to come. 
Therefore, a substantial goal of this thesis, beyond identifying limitations in the model, 
is to offer specific guidance on how future experimental and numerical work should be 
directed.   
 Along the way to accomplishing the stated goals, the thesis has been divided 
into the following sections: 

• Chapter 2 – Literature review: 
A literature review, which has been narrowly focused to encompass research 
relevant to the current undertaking, is presented. This is composed of two 
main sections. The first is a review of past field-scale experimental research, 
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examined under the lens of relevancy for testing detailed-physics based models. 
The second is a review of the appearance of the models themselves in literature, 
both in studies which evaluate their capabilities and those which employ them 
directly to examine particular problems of interest. This review helps to 
highlight the dearth of suitable experimental datasets and their application for 
model testing.  

 

• Chapter 3 – Field experiment – overview: 
An overview of fire behavior is given for two field-scale experiments which were 
conducted during the course of this project. These were carried out in 
intermediate size (~5 ha) pine-dominated forest stands in the Pinelands 
National Reserve (PNR) of New Jersey, USA. The general analysis here gives 
a description of the fire progression and spread rates, the surface and canopy 
fuel consumption, and features of the wind field. Such a description provides 
a basis for the necessary inputs and comparison points for subsequent modeling 
efforts. Further, insights are provided into the range of possible behavior in a 
single fire under relatively consistent weather conditions, with transitions 
between surface fires and passive crown fires observed in both experiments. A 
discussion of the possible mechanisms for this behavior is provided. 

 

• Chapter 4 – Field experiment – localized fire behavior: 
Detailed local fire behavior measurements from the second of the two field 
experiments are analyzed. These are point-based measurements of 
temperature, velocity, and incident radiative heat flux, which were obtained 
at sites within the burn block. Such measurements offer insights into the role 
of different mechanisms in driving the fire behavior discussed in Chapter 3. 
They also provide valuable comparison points for subsequent simulation 
outputs. This kind of comparison is key, as seemingly correct predictions of 
global fire behavior features can be the combined result of several erroneous 
submodels, resulting from an incorrect representation of the physical processes. 
However, this type of measurement is also subject to various limitations and 
uncertainties. This is due, in particular, to the inherently uncontrollable, 
heterogeneous nature of field experiments, and the data is discussed with these 
issues in mind. 
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• Chapter 5 – Numerical formulation: 
This chapter signifies the transition to the part of the thesis which directly 
considers the detailed physics-based modeling approach. The intent here is to 
first provide a comprehensive description of the physical, mathematical, and 
numerical framework of the WFDS model. Particular attention is given to the 
solid-phase/vegetation-specific submodels and the various assumptions which 
have been used to formulate them. While this has been discussed previously in 
various publications, some of the details are unique to this iteration of the 
model and it is worth presenting in a complete form here. Further, specific 
modifications to the model capabilities have been implemented in this work, 
and are detailed here. These relate to: (1) the ability to input high-resolution 
spatial distributions of vegetation densities at large scale, and (2) the ability 
to specify turbulent boundary conditions which retain some statistical 
similarity to the actual wind field.  

 

• Chapter 6 – Numerical parametric study: 
A number of model parameters for which the model is anticipated to show 
some sensitivity are identified and tested. While there are many possible 
parameters, those selected either relate directly to aspects of the vegetation 
modeling and/or have a degree of uncertainty or variability associated with 
them. These are: the vegetation drag coefficient, the boundary (litter layer) 
convective heat transfer coefficient, the exothermic effect of char oxidation, 
the gaseous heat of combustion, the numerical resolution, and the fuel moisture 
content. The impact of modifying these parameters was tested on fire behavior 
predictions in a numerical domain which is a simplified subset of the second 
experimental burn block. The fuel moisture and heat of combustion values 
generally had the greatest impact, over the chosen range, while the drag and 
convective coefficient also appear important. The former two parameters are 
relatively well defined but require proper measurement, while the latter two 
will require further investigation into the model formulation. 

 

• Chapter 7 – Field-scale numerical simulation: 
An attempt to replicate the specific experimental behavior of the second field 
experiment is discussed. In the first half of the chapter, the impact of adding 
field-scale heterogeneity, both into the initial canopy fuel structure and the 
wind boundary conditions, is analyzed. This is intended to demonstrate the 
importance of incorporating such details, both in terms of the effect on overall 
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behavior and the ability to capture local patterns which were observed 
experimentally. Refining the spatial description of the canopy structure, 
however, was found to have a minimal impact, while introducing turbulence 
to the wind boundary provided slightly steadier fire behavior. The second half 
of the chapter focuses on a comparison to the point measurements of Chapter 
4. Overall trends in the temperature and flow measurements are found to be 
well matched, though peak velocities are under-predicted. However, the long-
distance incident radiant flux is found to be significantly under-predicted. 

 

• Chapter 8 – Conclusions: 
Finally, the findings of the thesis are reviewed in a more holistic manner. This 
is a relatively novel use of the WFDS model, as it has never been compared to 
experimental measurements of fire behavior in a forested environment before, 
and never to thermodynamic measurements (e.g. temperature) for field-scale 
fire spread in any environment. The results point to a real potential for this 
model to be used successfully to carry out detailed studies of fires at this scale. 
However, the reader will find that this is an ongoing effort, and a significant 
goal of this chapter is to provide guidance for continuing research. Testing and 
developing detailed physics-based models, particularly at the scale of a real fire 
front, is a tremendous undertaking. The scientific community must leverage 
previous work wherever possible, and there is a particular need to articulate 
clear paths forward, as identified in this thesis. 

 

 
  



 
 

Chapter 2 
Literature review 
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2.1 Summary 
This chapter is intended to provide the reader with an adequate representation of the 
pertinent research efforts which have preceded the work presented in this thesis. The 
topic of wildland fire research is a rich one, as these events integrate aspects of different 
scientific disciplines stretching from forestry and ecology to meteorology and 
climatology to combustion and fire dynamics. Within this broad topic, this work is 
focused specifically on evaluating a detailed physics-based approach for modeling 
wildland fire at field-scale. Therefore, this literature review gives a thorough but highly 
focused overview of the research relevant to this aspect. Specifically, there are two 
areas covered: (1) previous experimental measurement of wildland fire behavior at 
field scale; and (2) previous development and testing of detailed physics-based fire 
behavior models. 

2.2 Introduction 
Of all the types of wildland fire behavior models introduced in Chapter 1, the 
fundamental approach of detailed physics-based models makes them particularly 
interesting for the research community. As discussed before, features such as the 
potential for predictive capabilities and the numerous possible outputs over a wide 
range of scenarios, while offering a high degree of control over the simulation 
conditions, are particularly attractive. However, in order for these models to reach 
their full potential they must be rigorously tested against experimental measurement 
(Alexander and Cruz 2013). While laboratory measurements are easier to obtain when 
compared to field measurements (and have been collected for many years, as discussed 
in Chapter 1), the issues of how relevant laboratory conditions are to real fires, and 
whether proper scaling is applied, are ever present (Pitts 1991). Thus, field-scale 
measurements are critical for creating relevant benchmarks for models, as well as for 
guiding laboratory experiments. Indeed, even simulating laboratory experiments with 
these models, while certainly useful for investigating particular physical processes, 
allows for higher numerical resolution than can realistically be applied in field-scale 
simulations, with current computational limitations. Such small-scale simulations 
cannot be considered alone as a test of a model’s capabilities for simulating wildland 
fires. Therefore, the question arises of what types of experimental quantification of fire 
behavior have already been carried out in the field and where they have succeeded 
and failed in providing measurements for testing detailed physics-based models. 
 Field-scale experimental campaigns have been conducted with a variety of 
goals, such as the development of empirical models of fire spread (e.g. Cheney et al. 
1993), studying fire-atmosphere interactions (e.g. Clements et al. 2007), or providing 
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a close examination of the mechanisms of fire spread (e.g. Morandini and Silvani 2010). 
Occasionally, these are prolific undertakings involving large multi-disciplinary research 
teams examining many aspects (e.g. Stocks et al. 2004a; Ottmar et al. 2016). However, 
field campaigns in general are not common occurrences for a number of reasons. Not 
only is it challenging to characterize and instrument large field plots, due to the scale, 
but these experiments can be costly, dangerous, and difficult to organize with local 
jurisdictions. Therefore, an opportunistic attitude must be adopted, and here we 
examine experimental efforts which provide some quantification of fire behavior, 
regardless of whether they were specifically intended to develop detailed physics-based 
models (which is almost never solely the case). More attention is given to experiments 
which provide more useful measurements, in the context of this thesis. Since detailed 
physics-based models compute time-dependent fields of gas-phase temperature and 
velocity, for example, measurements of thermodynamic quantities are considered 
valuable.  
 The discussion of field-scale experiments, in Section 2.3, is divided into three 
ecosystem types: (1) grassland; (2) shrubland; and (3) forest. Such a division is logical, 
as the range of possible fire behaviors is linked to the ecosystem. This ties back to the 
discussion of the role of fuel and topography presented in Chapter 1. Additionally, the 
ecosystem can determine the level of complexity involved in both carrying out field 
experiments and subsequently parameterizing and initializing models. This can be as 
basic as the fact that it is easier to place and monitor instruments in a grassland 
environment than in a dense forest. 
 Following the presentation of past experimental research, attention must be 
given to the models themselves. In Section 2.4, several detailed physics-based models 
are introduced, followed by a review of how the predictive capabilities of each have 
been tested against experimental measurements (Section 2.4.1). Because the scope of 
such work at the field-scale is quite limited, and laboratory-scale testing of models is 
also important, both types of studies are covered in this review. Further, a good deal 
of the literature involving detailed physics-based models employs them in a 
extrapolatory capacity, using them to investigate particular aspects of fire behavior 
rather than attempting to evaluate their capabilities. While one can argue as to 
whether these models have reached the stage where they can be broadly used for such 
studies (Alexander and Cruz 2013), the authors tend to be cautious and honestly 
assess the limitations of this type of work. These extrapolatory studies also help 
demonstrate the wide range of potential applications for detailed physics-based 
models, many of which are beyond the abilities of other current tools. Therefore, a 
description of these is also considered worthwhile, and is presented here (Section 2.4.2).  
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2.3 Field experiments 

2.3.1 Grassland fires 
Fires in grasslands are significant and frequent events in many parts of the world, 
from Australia (Pitman et al. 2007), to Africa (Govender et al. 2006), to the United 
States (Maranghides et al. 2014; Overholt et al. 2014a). Furthermore, they are 
arguably the simplest environment in which to both study and simulate fire behavior, 
often offering a largely spatially homogenous fuel layer on flat terrain (Mell et al. 
2007). This helps to reduce some of the complexity behind the driving processes of fire 
spread which are encountered in varied topography or with multiple interacting fuel 
layers. From an experimental standpoint, the openness of such environments is also a 
great boon. This facilitates the installation of instrumentation and allows for 
comparatively easy visual observation of features of fire behavior (as in Figure 2.1). 
Because of these advantages, fire experiments in grasslands have been the most often 
utilized for the testing of detailed physics-based wildland fire behavior models. 

 
Figure 2.1 – One in an extensive campaign of experimental fires in Australian grassland (Cheney et 

al. 1993; Cheney and Gould 1995). Extracted from Mell et al. (2007). 

An extensive campaign of field experiments carried out in Australian 
grasslands between 1972 and 1986, presented by Cheney et al. (1993) and Cheney and 
Gould (1995), are perhaps the most cited of any field experiments, particularly where 
the testing of physics-based models is concerned. Over 100 experimental fires were 
conducted on plots between 1 – 6 ha. Using oblique aerial imagery, Cheney et al. 
(1993) examined the effects of different environmental variables (wind speed, fuel load, 
moisture, etc.) on spread rate. Wind speed, fuel moisture, and treatment (or cutting) 
of the grass were found to have the most significant correlation with spread (after 
isolating the effect of ignition line length), and the data were used to develop an 
empirical model of fire spread containing these factors. Cheney and Gould (1995) also 
explored the influence of head fire width on fire spread in grasslands (as well as 
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woodlands). Empirical models to describe this dependence were developed, and it was 
suggested that a quasi-steady spread rate may not be attained until the head fire 
attains a width of >100 m. Wind shifts were described as being able to help the 
expansion of head fire width and occasional thermal updrafts could limit the ability 
of ambient air to reach the head fire and slow spread, particularly in wooded areas.  

Another grassland experiment, known as FireFlux, was conducted by Clements 
et al. (2007), providing in-situ measurements of turbulent atmospheric and plume 
dynamics in a Texas grassland fire. This experiment was also intended to directly 
support the development of the current-generation of wildland fire behavior models 
which are able to simulate fire-atmosphere interactions. Two instrument towers were 
placed within a 39 ha area, providing detailed characterization of the passing fire 
plume through measurements such as the time-history of 3-dimensional velocity 
vectors and air temperature. A number of meteorological instruments (e.g. 
therersonde, sodar) were also used to monitor ambient conditions. Clements et al. 
(2007) described important features of the plume, such as the flow reversal ahead of 
the front (the so-called convergence zone), and a strong downdraft immediately behind 
the plume. Further work was directed specifically at the impact of the plume on 
turbulent statistics of the atmospheric flow (Clements et al. 2008). Near-surface 
turbulent kinetic energy was found to increase by as much as five times the ambient 
value during the passage of the fire front, while friction velocity was around three 
times the ambient. Finally, Clements (2010) also explored temperature and heating 
rates in the plume in more detail, providing some of the few measurements of this 
type to date. An interesting note from the discussion of this experiment is the difficulty 
associated with instrumenting fires, as in this case vegetation around the base of the 
towers was significantly reduced in order to protect sensitive equipment. However, 
this can potentially impact measurements (Clements et al. 2008).  

A limitation of the FireFlux experiment was the lack of fire behavior 
measurements, including spread rate, though estimates from the BehavePlus semi-
emprical fire modeling system (Andrews 2014) were provided. In order to address this 
and to build upon the work, another experiment (FireFlux II) was conducted at the 
same site in 2013 (Clements et al. 2014). The expanded suite of measurements included 
an array of ground-based temperature sensors to track fire progression as well as aerial 
imagery from a helicopter. However, the analysis of this experiment remains 
preliminary to date. Another interesting aside is the fact that sensor arrangement had 
to be adjusted just prior to the experiment to accommodate a shift in wind direction 
(Clements et al. 2014), again highlighting the logistical difficulties inherent in field 
experiments. 
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Figure 2.2 – FireFlux experiment in Texas grassland. Extracted from Clements et al. (2007). 

Perhaps the most recent and extensive campaign of field experiments (in any 
environment) is that of the Prescribed Fire Combustion and Atmospheric Dynamics 
Research Experiment (RxCADRE) (Ottmar et al. 2016). As with FireFlux, providing 
data for model development was a key objective. This work encompassed 16 prescribed 
fires which were conducted between 2008 and 2012, with eight of these conducted in 
non-forest (grassland) environments. Of this subset, six were 2 ha in size and two were 
larger (>100 ha). The overview by Ottmar et al. (2016) demonstrates the range of 
complementary studies which can be conducted in such a campaign, given available 
resources (with more than 90 scientists involved in this case), and describes the 
logistical care which must be taken in organizing such an effort. Of the numerous 
resulting reports, a study of detailed fire behavior measurements by Butler et al. (2016) 
is of particular interest in the context of this thesis. This study focused on 
measurements made in two of the aforementioned plots (one small and one large). 
Measurements of temperature, radiative and total heat flux (allowing an estimate of 
convective heat flux), and air flow were obtained at surface level (0.5 m) using 
deployable measurement packages (Butler et al. 2010b). The fires were of relatively 
low intensity, so energy flux measurements were found to be on the low end (Butler 
et al. 2016). However, characteristics of air flow, in terms of flow reversal and draft 
during fire front passage, agreed with other measurements (e.g. Clements et al. 2007). 
Difficulties in measuring spread rate were also discussed (whether with sensors or 
visual estimates), as well as the potential influence of local fuel heterogeneity on fire 
spread and intensity, even in relatively uniform plots. Future recommendations 
included better characterization of sensor positioning, particularly with respect to 
vegetation height. 

While the types of measurements previously described may be particularly 
valuable for understanding the mechanisms of fire spread, and thus for testing detailed 
physics-based fire behavior models, RxCADRE produced substantial additional 
research which might also have applications for model testing. These include studies 
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of fire-atmosphere interactions (Clements et al. 2016), remote sensing of fire radiative 
power (Dickinson et al. 2016; Hudak et al. 2016), remote sensing of fuel structure 
(Rowell et al. 2016), the utility of drones* (Zajkowski et al. 2016), and smoke emissions 
(Strand et al. 2016). In fact, RxCADRE appears to be the only previous experimental 
effort to employ modern advancements in remote sensing to describe both the fire 
behavior and the fuel structure. A follow-up to RxCADRE, the Fire and Smoke Model 
Evaluation Experiment (FASMEE†), has been approved and will continue to build 
upon the current approach.  

2.3.2 Shrubland fires 
As with grasslands, shrubland fires can pose substantial challenges for land 
management, as well as posing a threat to property and life, especially in the 
Mediterranean region (Fernandes 2001). Consequently, many of the field experiments 
in shrublands have been conducted in and around the Mediterranean Basin, though 
work has also been carried out in places like North American shrublands (e.g. Streeks 
et al. 2005; Stephens et al. 2008). These shrubby environments can have significant 
fuel density and height (see Figure 2.3), potentially resulting in intense fire behavior, 
as well as complicating the installation of sensors. Furthermore, shrubland 
environments can involve complex terrain, and a number of field experiments have 
involved non-negligible slope, unlike the previously described grassland experiments.   

 
Figure 2.3 – Experimental fire conducted in Mediterranean shrubland (Santoni et al. 2006).  

 

                                        
* Also known as Remotely Piloted Aircraft Systems (RPAS) or Unmanned Aircraft Systems (UAS). 
† JFSP project 15-S-01-01 – Fire and Smoke Model Evaluation Experiment (FASMEE) Phase 1 
(http://www.firescience.gov/) 
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As with grassland field-scale experiments, many efforts in shrubland fuels have 
focused more on macroscopic descriptors of fire behavior, such as spread rate, rather 
than detailed measurements of driving phenomena, and examples are given here. 
Viegas et al. (2002) presented an extensive series of field tests in sloped shrublands in 
Portugal, starting in 1998. Plots were on the scale of 0.25 – 1.65 ha, and spread rate 
was determined by either creating a grid of string and monitoring the time at which 
segments were burnt or by analyzing aerial imagery. Bilgili and Saglam (2003) 
reported visual observations of spread rate in 25 0.06 ha fires in Turkish shrublands. 
Empirical models of spread rate, fuel consumption, and fire intensity were developed 
from the experimental data. De Luis et al. (2004) described three 0.1 ha fires conducted 
in shrublands in Spain in 1996. Spread rates and fireline intensities were compared to 
predictions from BehavePlus, finding an over-prediction of the former but good 
agreement with the latter. Vega et al. (2006) explored the role of wind and slope on 
spread rate in 16 fires (0.06 – 0.6 ha in size) in the Iberian Peninsula (in Portugal and 
Spain). They found a roughly linear effect of wind, but found that the role of slope is 
lessened compared to predictions from models for forest environments. A similar 
finding regarding slope has been reported before, though it was acknowledged that the 
current knowledge is limited and further studies of slope effects are necessary 
(Catchpole et al. 1998). 

Some of the earliest field measurements related to the physical mechanisms of 
fire spread were actually carried out in shrubby fuels in the United Kingdom by 
Wolliscroft and Law (1967) and Wolliscroft (1968, 1969a; b). Over four years, 
measurements were made on a total of 17 fires, which included a combination of head 
and back fires, usually in gorse or heather fuels. A variety of measurements were made, 
including visual observations of spread rate and flame characteristics, thermocouple 
measurements of temperature, radiometer measurements of heat flux, and radiative 
heat flux measurement through some more rudimentary devices such as pans of water. 
Simple energy balances were compared to measurements of horizontal radiation within 
the fuel bed and vertical radiation from the flames. It was suggested that generally, 
for backing fires, a combination of bed and flame radiation could account for the 
observed spread rates. However, head fires likely involved a significant contribution 
from convective heating. Analysis also suggested that head fire spread in mixed fuels 
was dominated by the contribution of only the thinnest fuel elements. 
 More detailed experimental measurement on individual shrubland fires appears 
to have been largely absent in the time between the previous work and that of Santoni 
et al. (2006). In this study, a 0.24 ha plot of Corsican shrubland was selected for a 
field experiment with the intent of measuring the thermodynamic quantities which 
relate to fire spread. Measurements included gas-phase temperature within the plot, 
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radiative and total heat fluxes on the edge of the plot, and ambient wind outside of 
the plot (examples of sensor supports can be seen in Figure 2.3). Spread rate was 
tracked with a novel approach which employed networks of fuses allowing fire arrival 
at different locations to be digitally logged. Vertical arrays of thermocouples allowed 
an examination of the flame and plume structure, while heat flux measurements were 
used to discuss firefighter safety distances. Morandini et al. (2006) developed the 
analysis of these measurements and discussed signal frequencies as they relate to wind 
effects. An assessment of flame structure through thermal imagery was also provided. 
In Santoni et al. (2006), a particular focus was also placed upon the role of wind and 
fuel in fluctuations of fire spread rate and direction. Unlike many other field 
experiments, no direct measurements of fuel load or consumption were reported. 
However, a detailed map of the fuel heterogeneity was constructed, and features of 
fire behavior were linked to this. Not only does this contribute to an understanding of 
fire behavior, but it highlights a difficulty of such research efforts. The more complex 
the fuel layer, the more difficult it can be to properly describe the fire behavior, and 
the more difficult it is to provide proper inputs for modelers so that numerical 
assessments are truly comparable. As with other studies (e.g. Clements et al. 2014), 
the constraints placed on field experiments by the conditions on the day were 
discussed. In this case, two different ignition tactics are established ahead of time to 
allow for burning under two different wind conditions (Santoni et al. 2006).  
 Morandini and Silvani (2010) reported on a series of five fires in shrublands of 
southern France. These experiments, on plots of ~0.1 ha, were specifically intended to 
provide measurements of heat transfer in order to understand the mechanisms of fire 
spread. In particular, the authors argue that laboratory studies may suffer from 
scalability issues and unrealistic conditions, and direct measurement in the field is 
necessary. Along with visual approximations of spread rate and flame characteristics, 
temperature and radiative and total heat flux were measured with integrated sensor 
packages, similar in concept to those of Butler et al. (Butler et al. 2010b). Using these 
measurements, Morandini and Silvani (2010) grouped the fires by their apparent 
means of spread: either radiation driven or mixed radiant-convective*.  

It is worth noting that the sensors used were first introduced in an earlier 
study, where they were tested in fires in litter and shrub fuels (Silvani and Morandini 
2009). A particularly important part of this first study is the discussion of 
measurement uncertainty, both the potential for radiation-based errors in 
thermocouple measurements (Pitts et al. 2003) and the issue of total heat flux gauges 
usually being calibrated in a purely radiative environment (Kuo and Kulkarni 1991). 

                                        
* This is tied to the discussion of plume-dominated and wind-driven fires developed in Chapter 1. 
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Errors for the particular sensors used were estimated to be up to 10% for temperature 
and as much as 50% for total heat flux. Likewise, the potential for significant 
attenuation of measured radiant flux during flame contact due to soot deposition on 
the sensor window was mentioned (though this issue can be addressed with the use of 
air/gas purge systems (e.g. Frankman et al. 2013a)). As a result, in the subsequent 
study only flux measurements taken prior to fire arrival were considered (Morandini 
and Silvani 2010).  
 Cruz et al. (2011) provided an analysis of temperature and radiative heat flux 
measurements made in 11 experimental fires in Portuguese shrublands (as described 
by Viegas et al. (2006)). Radiative heat fluxes were recorded with narrow-angle 
radiometers. By using a narrow view angle (so the flame fills the view upon arrival), 
these radiometers are described as providing an equivalent emissive power, or 
radiosity, of the fire (assuming a black-body emitter) (Butler 1993). Analysis of the 
measurements at different heights suggested a region of constant radiosity at the base 
of the flame and a decrease in radiosity approaching the tip. Context for a number of 
the fires was provided through spread rate (determined from oblique image analysis), 
fire intensity, and flame characteristic measurements. Peak radiosity was found to 
depend on the flame geometry, however, it was noted that this analysis was only 
preliminary, and this may be an interesting area for continued study.  

2.3.3 Forest fires 
Fire experiments in forested environments can present a considerable challenge. For 
one, there is a range of possible fire behavior to contend with. Surface fires can 
transition to crown fires, either passive or active (Van Wagner 1977), as described in 
Chapter 1. Further, deploying instrumentation within a forest can be a challenge all 
on its own, particularly with tall masts or towers. Finally, many investigations of fire 
behavior have relied heavily upon qualitative visual estimation of characteristics such 
as flame height, fire shape, and spread rate, whether through direct observation or 
imaging techniques (both surface and aerial). However, the ability to observe different 
aspects of a forest fire throughout the duration of an experiment can be severely 
limited by the size of the plot and the density of the forest canopy.  

As with the other environments discussed, field experiments have been 
conducted on the macroscopic features of fire behavior in forests. For example, 
Fernandes et al. (2009) reported on spread rate and flame characteristics in 0.01 – 
0.02 ha plots in pine stands in Portugal. These were conducted under moderate 
burning conditions typical of prescribed fires. 90 observations of head fire spread and 
76 of back fire spread in the understory and litter layer were used to develop empirical 
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models of spread rate and flame length. However, while providing a large number of 
observations for statistical analysis, this type of study (as with those in the other 
ecosystems considered) does not give detailed accounts of individual fires or investigate 
the fundamental mechanisms of fire spread in the manner required for testing and 
developing detailed physics-based fire behavior models.  

 
Figure 2.4 – Experimental crown fire conducted in a Canadian pine forest (Stocks et al. 2004b). 

One of the most well-known campaigns of field experiments in a forested 
environment is the International Crown Fire Modeling Experiment (ICFME) (Stocks 
et al. 2004a).  This involved 18 fires in a Canadian pine forest between 1995 and 2001. 
Of these, ten plots of 0.56 – 2.38 ha in size were burned specifically to generate 
replicate experiments of high-intensity crown fire behavior for model testing and 
development. Indeed, while many field experiments utilize a driptorch for ignition, a 
truck-mounted flamethrower was employed in this case to ensure high-intensity fire 
behavior. Following a general assessment of fuel consumption and fire behavior (Stocks 
et al. 2004b), specific research has been presented on various aspects.  

Taylor et al. (2004) analyzed spread rates, determined from a network of 
thermocouples, as compared to ambient winds, measured at various locations around 
the plots. Links between wind variability (gusts) and variability in fire spread were 
described. A discussion of gas-phase temperature measurements at different points in 
height was also provided. Butler et al. (2004) further examined temperature 
measurements in a subset of the fires, as well as radiative heat fluxes from narrow-
angle radiometers within the forest (Butler 1993). Differences along height of the 
heating rate (rise in gas-temperature) and radiative energy transfer were discussed. 
Heating rates were found to be an order of magnitude greater in the upper part of the 
canopy, and it was suggested this was indicative of higher convective heating but that 
it occurred close to ignition. The lack of a clear height dependence on peak radiant 
flux and the fact that significant fluxes were observed at greater distances in the upper 
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part of the canopy led to a conclusion that radiation was absorbed more effectively 
lower down. Radiation penetration distance of up to 60 m were found. Cohen (2004) 
also analyzed radiative heat flux measurements from the ICFME, but in this case the 
flux was to targets outside of the experimental block, with applications for structural 
ignition in the WUI. An evaluation was made of a simplified model for predicting 
structural ignition, but more generally, the data is of interest through the simple fact 
of quantifying heat fluxes in advance of a crown fire. Clark et al. (1999) used one of 
the experimental fires to assess a flow measurement technique using IR-imagery. While 
a first quantification of velocities and flow structures in wildland fire flames is given, 
emphasis is also placed on limitations to the methodology and areas for future 
improvement*. Other experimental studies resulting from the ICFME include detailed 
characterization of the fuels (Alexander et al. 2004) and analysis of smoke particulates 
(Payne et al. 2004). 

Another field experiment in a forested environment was carried out by Wotton 
et al. (2012). In this case, a number of 4 ha plots were burned in an Australian 
Eucalypt forest between 1998 – 2001. The forest was characterized by several strata, 
including litter, shrub, and canopy layers, and fires varied in intensity from surface 
spread to sporadic crowning. This study focused on 44 plots in which fire spread and 
flame characteristics were determined. Spread was tracked by logging the time to burn 
through a series of strings and thermocouple towers were used to determine flame 
characteristics (visual and video observation were also used for both). Focus was 
placed on fire residence time, for which no clear determining relationship was found, 
and the temperature profile within the flame, for which a simple exponential height-
dependent model was fit. While a detailed analysis of individual fires is not provided, 
the temperature measurements provide thermodynamic data for modeling, and the 
fuel structure was perhaps the most similar of any other experiment to that examined 
in this thesis. 

Finally, measurements of convective and radiative heat fluxes were provided 
by Frankman et al. (2013a) for a number of different fires, both wild- and prescribed, 
in a number of different environments. The degree to which each environment 
constitutes a forested environment can be argued, though most appear to have a forest 
canopy of some type. Behaviors ranging from surface fires to crown fires were observed. 
Their analysis shows that the respective roles of convective heating and cooling and 
radiation can be linked to fuel type and fire intensity. Higher intensity fires were 
generally found to show a greater role of both radiation and convective cooling when 

                                        
* This technique was also applied to observations of a crown fire spreading up slope (Coen et al. 2004). 
In this case, focus was placed on the occurrence of high speed flame bursts at surface level, ahead of the 
front. 
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compared to convective heating (e.g. the proportion of total energy from convective 
heating is decreased). The difference in frequency characteristics of the two processes 
was also noted, as convection is sensitive only to the local conditions immediately at 
the sensor face, and thus fluctuates significantly more. This study contributes 
important measurements of these thermodynamic processes, but is limited by a lack 
of any detailed characterization of the surrounding environmental conditions, fire 
behavior, or sensor positioning with respect to both the environment and fire. 

2.4 Physics-based modeling efforts 
Having examined the previous field-scale experimental efforts which can provide useful 
information for detailed physics-based models of wildland fire behavior, it now remains 
to discuss the history of the development of the models themselves. The most common 
existing models tend to employ some form of a multiphase representation (Morvan 
2011). In this way, vegetation is represented as reactive, radiating porous media which 
is assumed to be composed of thermally thin particles with characteristic lengths below 
grid resolution. Thus, the coupling of gas- and solid-phases is carried out through 
submoldes (mass exchange, heat transfer, etc.). This approach is generally agreed to 
have its base in the work of Grishin (1997) and Larini et al. (1998), with many others 
contributing to its gradual advancement. These models all use Computational Fluid 
Dynamics (CFD) techniques to solve for turbulent, reacting flows, and more details of 
such a technique can be found in Chapter 5. This represents a significant increase in 
complexity from the simplified physical models (e.g. Albini 1981, 1985), and has grown 
over the years as advances in computational efficiency and parallelization techniques 
have allowed such models to become useful and powerful tools, at least from a research 
perspective (Mell et al. 2007). 

There are, generally speaking, four main current-generation detailed physics-
based models for wildland fire behavior applications. These are FIRETEC (Linn 1997; 
Linn et al. 2002), FIRESTAR (Morvan and Dupuy 2001, 2004), FIRELES (Zhou et 
al. 2005), and the Wildland-urban interface Fire Dynamics Simulator (WFDS) (Mell 
et al. 2007, 2009)*. More recently, efforts have also been made by Houssami et al. 
(2016) to incorporate the multiphase approach into the OpenFoam/FireFoam 
modeling framework (Wang et al. 2011; OpenCFD Ltd. 2016). Another similar, often 
cited approach to modeling wildland fires considering a porous, multiphase medium is 
that of Séro-Guillaume and Margerit (2002). However, the authors then reduce the 

                                        
* The names FIRESTAR and FIRELES do not regularly appear in the associated references, but these 
titles are taken from Morvan (2011). 
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formulation to a simpler 2-dimensional reaction diffusion model (Margerit and Séro-
Guillaume 2002), and the original formulation does not appear to have seen the same 
kind of development and testing as the other well-known detailed physics-based fire 
behavior models. 

While the main models incorporate many of the same concepts, and even 
formulations, there are also some important differences in the frameworks. As an 
example, in order to solve for the turbulent flow, FIRETEC, FIRELES and WFDS 
use a Large Eddy Simulation (LES) approach (Pope 2001). However, FIRETEC solves 
for the eddy viscosity by separating the Turbulent Kinetic Energy (TKE) into three 
separate frequency bands and solving transport equations for each, FIRELES uses a 
modified Smagorinsky model with a single transport equation for TKE, and WFDS 
uses a Deardorff (1980)* model with an algebraic model for TKE. FIRESTAR, on the 
other hand, uses a turbulent Reynolds-Averaged Navier-Stokes (RANS) approach for 

solving the turbulent flow, with a classical 𝑘𝑘-𝜀𝜀 closure model (Pope 2001). Only the 
full details of the WFDS model are provided in this thesis (Chapter 5), however, 
continued discussion of the different approaches can be found in Morvan (2011) (Table 
2.1). 

Table 2.1 – Characteristics of the main detailed physics-based fire behavior models. Extracted 
from Morvan (2011). 

 
It is worth noting that model differences tend to result from slightly different 

intended applications over the course of their development. FIRETEC, for example, 
is intended only for large-scale simulations, and some details of the physical processes 
are approximated more roughly. In fact, this model is the most distinct from the oft-
cited foundations of Grishin (1997) and Larini et al. (1998), and did not develop from 
a strict application of the multiphase formulation. Thus, some more simplified 
interactions have appeared the model, but it has also progressed over time. For 
example, in the original formulation, it was assumed that pyrolysis and combustion 

                                        
* A dynamic Smagorinsky model (Germano et al. 1991) or Vreman model (Vreman 2004) may also be 
employed. 
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happen as a single reaction, only in grid cells containing solid fuel, and a certain 
fraction of the energy released is directly fed back to the solid fuel. An improvement 
upon this has been more recently presented (Colman and Linn 2007), however, the 
application of this improvement in subsequent studies is not always clear. FIRETEC 
also stands apart in its formulation in that it employs a probability distribution 
function (pdf) approach to account for local temperature variation within a control 
volume (Linn 1997). This is then used, for example, to determine the proportion of 
fuel which has reached the necessary temperature for moisture vaporization or 
pyrolysis (Sauer 2013). The more macroscopic approach of FIRETEC means that 
simulations have grid dimensions on the order of 1.5–2 m, making it likely unsuitable 
for simulating very low intensity fires. However, this direction of development has also 
led to advantages such as the integration of FIRETEC with the HIGRAD atmospheric 
model.  

FIRESTAR, on the other hand, is a 2-dimensional model. This allows for 
efficient calculation but can limit the scope of applications, as any scenario which is 
dependent on 3-dimensionality (such as complex terrain) cannot be simulated. On the 
other hand, FIRESTAR is the only one of the main models which directly addresses 
turbulence-radiation interactions to account for fluctuations of temperature and soot 
in the flame (Morvan 2011). 

FIRELES and WFDS appear to have a quite similar numerical basis. However, 
there are also differences in submodels. For example, FIRELES solves a separate 
transport equation for soot, which is a product of pyrolysis and is able to oxidize 
(Dahale et al. 2013), while WFDS considers soot to be formed only from combustion 
and it is transported as one component of the inert lumped ‘combustion products’ 
species (McGrattan et al. 2013a). However, FIRELES has been developed as more of 
a research-only tool, and has been specifically qualified as not being intended for field-
scale simulations (Dahale et al. 2013). Further, WFDS has the benefit of being built 
into a code* which has been developed primarily for the simulation of fires in the built 
environment and thus has a number of solid-phase sub models which could be used to 
simulate construction materials at the Wildland-Urban Interface (WUI). The recent 
development of ForestFireFOAM carries similar advantages to WFDS, and also comes 
with the flexibility of OpenFoam (allowing different submodels and even numerical 
solvers to be implemented as desired) and the considerably development community 
behind it. Finally, other considerations from the perspective of end-users might include 
aspects such as availability and ease of use.  

                                        
* This is the Fire Dynamics Simulator (FDS) (McGrattan et al. 2013b). 
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The appearance of these models in literature can be grouped into two 
categories: (1) efforts to evaluate a model against experimental data; and (2) attempts 
to extrapolate information from simulations, whether related to fundamentals of 
wildland fire behavior or more general applications, such as forest management 
strategies. As such, the review of the past research is separated into these two 
categories. There is, of course, some contention within the research community as to 
whether research of the first kind has been completed successfully to the degree 
necessary to justify research of the second kind (Alexander and Cruz 2013). In some 
ways, this is the very issue which this thesis is directed towards. However, such 
concerns of model accuracy and appropriate use can apply to any class of fire behavior 
model, not just detailed physics-based models (Alexander and Cruz 2013). As stated 
in the introduction, this extrapolatory work is considered valuable, as it demonstrates 
the significant range of potential applications for these models, and lends justification 
for their continued development. 

2.4.1 Model evaluation 
Two terms often heard in any discussion of the evaluation of the accuracy or 
capabilities of a model are ‘verification’ and ‘validation’. The difference can be found 
in ASTM E1355, the Standard Guide for Evaluating the Predictive Capability of 
Deterministic Fire Models, which defines verification as (ASTM E1355):  
 

the process of determining that the implementation of a calculation method 
accurately represents the developer’s conceptual description of the calculation 
method and the solution to the calculation method  

 
and validation as: 
 

the process of determining the degree to which a calculation method is an 
accurate representation of the real world from the perspective of the intended 
uses of the calculation method. 
 

In other words, verification implies checking the details of specific formulations within 
the model and comparing model predictions to simplified analytical solutions. 
Validation implies a comparison of model predictions to experimental measurements, 
particularly in scenarios where the multiplicity of coupled phenomena precludes a 
direct analytical solution. Verification exercises are not typically of interest to the 
scientific community, though some models have the benefit of having undergone very 
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well documented verification processes (e.g. McGrattan et al. 2010a). Therefore, 
studies described within this section may be considered to fall under the category of 
validation.  

The term validation is actually avoided in this thesis, however, despite the fact 
that the main work is specifically intended to compare model predictions to real-world 
observations. Considering a model ‘validated’ can carry a dangerous connotation of a 
check-mark of sorts, implying a model is demonstrably proven to be accurate for a 
certain application. Given the complexity possible in wildland fire scenarios, the 
potentially significant uncertainties in field-scale experimental data, and the absence 
of a clear criteria for ‘acceptable’ accuracy, full validation (if possible) is far from 
being achieved. This does not mean that the model cannot be used with a certain 
degree of confidence for a variety of applications, but rather that interpretation of 
results must be accompanied by careful consideration of previous evaluations of the 
model for relevant scenarios. This sets the stage for the following discussion of how 
such models have been tested, and where they have succeeded or failed. As mentioned 
previously, this review covers both laboratory and field-scale studies, given the 
relatively small number of total studies and the importance of both types for building 
confidence in the models. 

2.4.1.1   FIRETEC 
The first test of FIRETEC which considered experimental observations was a study 
of the effect of simulated fire-atmosphere interactions on fire behavior in grassland 
fuels (Linn and Cunningham 2005). A direct comparison was made to the empirical 
spread equation of Cheney et al. (1998)*, and good agreement was found (Figure 2.5). 
Comparisons were also made to predictions of the BEHAVE model (Rothermel 1972; 
Andrews 2014), with agreement depending on the height at which wind speeds were 
defined. Other features, such as the positive effect of ignition line length on spread 
rate, were discussed more qualitatively. However, it is not necessarily fair to consider 
this study equal to a full evaluation of the model against an experimental dataset, as 
parameters were not directly matched to the experiments (e.g. grass height, grass 
surface-to-volume ratio, etc.), and quantitative comparison was limited to the spread 
rate of the empirical model.  

                                        
* Derived from Australian grassland experiments (Cheney et al. 1993; Cheney and Gould 1995). 
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Figure 2.5 – Simulated spread rate in grasslands from FIRETEC with a long (triangles) and short 
(circles) ignition line compared to the empirical model of Cheney et al. (1998) (circles). Extracted 

from Linn and Cunningham (2005). 

 In order to increase confidence in the simulation of fire spread of forests, the 
ability of FIRETEC to simulate (cold) wind flows in forest canopies was evaluated by 
Pimont et al. (2009b). This study used experimental measurements obtained from 
within a forest canopy (Shaw et al. 1988), which have been used previously to evaluate 
LES models for wind modeling applications (e.g. Su et al. 1998; Dupont and Brunet 
2008). These measurements are considered applicable for homogenous flow (i.e. 
horizontally homogenous canopy considerably far from any edges). The study of 
Pimont et al. (2009b) also extended to non-homogenous canopies (such as with a fuel 
break), for which measurements from wind-tunnel experiments were used for 
comparison (Raupach et al. 1987). In both cases, the simulation generated vertical 
profiles of mean flow and turbulent statistics which were a good match to the 
experimental data. 
 As far as fire spread in forests, data from the International Crown Fire 
Modeling Experiment (ICFME) (Stocks et al. 2004a) has been used to evaluate 
FIRETEC. Linn et al. (2012a) simulated fire spread in canopies representative of two 
of the experimental plots. A particular focus was placed upon the specification of wind, 
using the assimilation of experimental data to drive the simulated flow based on 
experimental measurements. Sensitivity to predicted spread was found based on the 
timing and frequency of gusts, and using averaged wind data showed a potential to 
influence results, changing average spread rate by up to 47%. Further, using higher 
frequency wind data (0.2 Hz) versus inputting 1-min averages modified spread rate by 
up to 37%, indicating the potential importance of high frequency fluctuations (though 
this depends on the nature of the fluctuations in the wind signal as a whole). The 
presence (or absence) of the fuel breaks around the simulated plots also affected results 
by modifying the flow field. Removal of the breaks appeared to make the simulations 
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less sensitive to wind dynamics by damping the flow through the plot edges. However, 
direct comparison to the experiments was limited to only the mean spread rate for the 
two plots. More recently, Pimont et al. (2014) described a preliminary comparison of 
FIRETEC predictions to the radiation measurements of Cohen (2004) from the 
ICFME, in order to determine the ability of the model to evaluate separation/safety 
distances in the WUI. The results were considered to be satisfactory, with the time-
history of the rise in heat flux matching well (Figure 2.6), though differences in peak 
values of up to 30% were reported. The decay in heat flux was less well matched, and 
this was attributed to the absence of any large (>6 mm) fuel in the simulation, which 
will continue to radiate after the passage of the main front.  
 Dupuy et al. (2014) carried out a preliminary test of FIRETEC against the 
FireFlux grassland fire experimental data (Clements et al. 2007). As detailed 
measurements of spread rate and fire shape are not available, focus was placed on the 
point measurements made in the plume (see Section 2.3.1). Plume temperature and 
velocity were reported to agree well with the experiment, particularly the trend of 
temperature decay along height and the occurrence of up- and downdrafts. However, 
limitations were noted, in that the model was not able to simulate a shift in wind 
direction mid-fire, and the absence of ambient turbulence in the simulated wind (other 
than that developed within the domain by canopy shear) complicated any comparisons 
of turbulent statistics. Additionally, the importance of documenting the details of the 
experiment was made apparent, as the low level (2 m) plume temperatures were 
significantly affected by whether the fuel clearing around the instrument tower was 
included in the simulation. When the clearing was not included, the temperatures were 
representative of flaming (O(1000) °C), whereas simulating the clearing gave plume 
temperatures (O(100) °C) and was a much better match to the experiments.  
 Finally, a quasi-laboratory-scale evaluation of FIRETEC was carried out by 
Marino et al. (2012). Fire spread experiments, which considered fuel bulk density and 
moisture, were conducted in an outdoor wind tunnel. Because FIRETEC is only suited 
to simulate field-scale domains, however, both the experiments and field-scale 
simulations (with representative fuels and wind) were used to formulate simple 
empirical models, and these were compared. While the spread rates predicted by 
FIRETEC were much greater, due to fire size effects, there was good agreement 
between the tendencies, particularly for the effect of fuel moisture. FIRETEC was 
more sensitive to bulk density than the experiments, however, and it was suggested 
that this may either be an effect of the experimental configuration, or an issue with 
the drag forces in FIRETEC. 
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Figure 2.6 – Radiative heat fluxes predicted by FIRETEC in a simulation of the ICFME. Extracted 

from Pimont et al. (2014). 

2.4.1.2   FIRESTAR 
Following the pioneers of the multiphase formulation, as discussed above, the origins 
of FIRESTAR can be traced to the work of Porterie et al. (1998), Morvan et al. 
(1999), Morvan and Porterie (2000), and Porterie et al. (2000) (indeed, FIRELES, 
WFDS, and ForestFireFOAM have some origin in these works). A 2-dimensional 
formulation was proposed and tested for fire spread in a bed of pine needles for three 
different wind speeds (Mendes-Lopes et al. 1998). Along with a discussion of the 
driving physical mechanisms, comparisons of spread rate were made to experimental 
data as well as several empirical models. Comparisons were also made to existing 
formulas for flame angle, height, and length, and it was found that there was a 
tendency for over-attachment of the flame. It was suggested that this was a result of 
the 2-dimensional approach, which does not allow for cross-flow. The implications of 
this 2-dimensional assumption were later explored in more detail using FIRETEC 
(Linn et al. 2012b), as discussed in Section 2.4.2. This model was also used by Marcelli 
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et al. (2004) to simulate fire spread based on laboratory studies of a 1.2 m x 0.5 m 
bed of pine needles. A slight over prediction of spread rate was found (~10%) and 
temperature profiles were generally agreeable with measurements. However, high 
temperatures were shifted closer to the fuel bed (likely resulting in the over-prediction 
of spread), and this may be related to the issue of flow attachment identified by 
Porterie et al. (2000). 
 Morvan and Dupuy (2004) built upon this work and simulated fire spread in 
a fuel bed characterized by a combination of shrub and grass fuel. A range of wind 
speeds were tested (1-10 m·s-1), and the differences between plume-dominated and 

wind-driven fires were described in terms of the Froude number (𝐹𝐹𝐹𝐹) (see Chapter 1). 

It was suggested that for 𝐹𝐹𝐹𝐹 < 1 radiation accounts for nearly all of the heat transfer 

to vegetation, while for 𝐹𝐹𝐹𝐹 > 1, this drops to around 30%. Experimental comparison, 
however, was limited to a number of empirical correlations for spread rate as a function 
of wind, developed in field experiments. The FIRESTAR results agreed on an order-
of-magnitude basis, but there was a tendency for over-prediction at intermediate wind 
speeds. Differences between the conditions and configurations in the experiments used 
to develop the empirical models and those of the physics-based simulations were not 
directly considered, however, so this is not treated as a direct experimental 
comparison. 
 FIRESTAR was also used by Morvan et al. (2009) to compare the model 
predictions to observations from the Australian grassland fires of Cheney et al. (1993) 
(Figure 2.7). Predictions of spread rate showed a roughly linear dependence on wind 
speed, which is similar to the commonly used empirical spread models MkV (Noble et 
al. 1980) and BEHAVE (Rothermel 1972; Andrews 2014), though the magnitude of 
FIRESTAR is greater. At higher wind speeds (>8 m·s-1), however, the experimental 
data shows a stronger, non-linear dependence which was not captured by FIRESTAR 
or the empirical models. The shortcoming with the empirical models was attributed 
to the limits of the experimental conditions under which they were developed, and a 
later study suggested that the under-prediction from FIRESTAR was a result of a 
poor description of turbulence-radiation interactions (Morvan et al. 2013). The study 
also showed that the impact of fuel moisture content (FMC) on spread is less 
significant in FIRESTAR compared to the empirical models. This was attributed to 
the potential influence of the fuel bed packing ratio on the role of fuel moisture 
content, and differences in the conditions under which data for the empirical models 
were collected. FIRESTAR was also shown to give results closer to a simplified theory 
which assumes the effect of increased FMC on spread can be accounted for by the 
increase in latent heat in the ignition energy. It should be noted that, similar to the 
FIRETEC comparison to Australian grassland data (Linn and Cunningham 2005), the 
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fuel parameters used were not directly matched to the experiments. The comparison 
of FIRESTAR to empirical models for the effect of FMC on spread rate was extended 
by Morvan (2013), considering values between 0-120% for both calm and light wind 
conditions. It was found that the dependence of spread on FMC was a function of 
wind, and that no single empirical correlation was necessarily a good match. An 
interesting result was also shown, that for FMC <30-40% the main effect of moisture 
was as an energy sink, but for FMC >30-40% oxygen dilution effects also became 
important. 

 
Figure 2.7 – Dependence of spread rate on wind speed in grasslands for both FIRETEC and 
FIRESTAR compared to experimental data and the MkV (Noble et al. 1980) and BEHAVE 
(Rothermel 1972; Andrews 2014) empirical models. Extracted from Morvan et al. (2009). 

 Finally, Morvan (2011) describes comparisons of FIRESTAR to laboratory 
wind-tunnel tests of fire spread in woody fuels (Catchpole et al. 1998). While the 
presentation is brief, this is worth including as it shows a comparison against well-
characterized laboratory studies for a number of different fuel types and test 
conditions. This kind of study is ideal for testing detailed physics-based fire behavior 
models. It was noted that performance was good overall (Figure 2.8), but that 
predictions of the thickest fuels (pine sticks) are the poorest as these approach the 
limit of the thermally thin assumption. Further, a relatively long extent of the flame 
along the fuel bed was also noted, which may again be related to the flame attachment 
first identified by Porterie et al. (2000). 
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Figure 2.8 – Comparison of FIRESTAR predictions to the laboratory wind-tunnel tests of fire 

spread conducted by Catchpole et al. (1998). Extracted from Morvan (2011). 

2.4.1.3   FIRELES 
FIRELES was first presented in a 2-dimensional, unsteady-RANS form and was tested 
against a series of laboratory experiments of fire spread (Zhou et al. 2005). These 
experiments focused on 1 m x 2 m chaparral fuel beds under marginal burning 
conditions (in order to determine the threshold conditions which allow fire to spread) 
(Weise et al. 2005). Simulations tested no wind, no slope conditions for two different 
fuel bed depths (and thus loadings), and successfully predicted no spread for the 
shallow bed. The simulated spread rate for the deeper bed was similar to the associated 
experiment (~18% greater). The simulations were also used to discuss how different 
factors, such as moisture content, fuel bed arrangement, and wind could affect the 
ability of the fire to spread. This work was then continued with a 3-dimensional LES 
evolution of the model, in which the effects of using different experimental 
configurations were simulated (Zhou et al. 2007). However, the quantitative 
comparison was limited to a single spread rate which was within the range of 
experimental measurements. 
 Dahale et al. (2013) compared FIRELES simulations to laboratory experiments 
of vertical spread through a chamise shrub suspended over an excelsior* bed. An 
experimentally derived polynomial model was used to model the vertical distribution 
of bulk density within the shrub, and general behavior was compared to experimental 
data from two tests. Simulated spread rates within the shrub showed agreement, 

                                        
* A type of wood shavings (typically manufactured for packaging), often used for laboratory wildland 
fire experiments, given the consistently of its manufactured physical properties. 
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though slightly higher by 7-16%. Simulated burning duration differed by 12-27%, while 
an even greater discrepancy in the peak mass loss rate (42-47% greater in the 
simulations, see Figure 2.9) was attributed to further spatial variability in bulk density 
that was not accounted for, as well as possible experimental uncertainty. The study 
went on to examine the effects of using a single average bulk density for the shrub, as 
well as varying the moisture content. Higher local bulk densities were found to slow 
fire spread, and this was attributed to aspects such as the reduced ability of 
combustion gasses to flow through dense regions and the greater energy required to 
bring the dense fuel to the point of ignition. However, the local effects between low 
and high density counteracted to produce a burning time that was largely the same 
between the two representations of bulk density. Increasing moisture content had a 
marked decrease on spread rate and total fuel consumption. However, no experimental 
comparisons were available for the effect of moisture. 

 
Figure 2.9 – Simulated mass loss rate for a single burning shrub in FIRELES (solid line) compared 

to two experiments (dashed lines). Extracted from Dahale et al. (2013). 

2.4.1.4   WFDS 
The first evaluation of WFDS against experimental data at field scale was a study by 
Mell et al. (2007), employing data from Australian grassland fires (Cheney et al. 1993; 
Cheney and Gould 1995). It should be noted that, in this case, WFDS employed an 
approach somewhat different to the typical multiphase formulation. Due to the large, 
3-dimensional domain employed, the equations describing the solid fuel were solved in 
a separate computational mesh coupled to the base of the gas-phase atmosphere. This 
allowed a coarse numerical resolution in the gas-phase, compared to vegetation height, 
while retaining some resolution in the fuel. More details of this approach can be found 
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in Chapter 5. Mell et al. (2007) compared spread rate predictions of WFDS to an 
empirical model developed by Cheney et al. (1998) (which accounts for the effects of 
wind, fireline width, and fuel moisture content). The dependence of spread on wind 
showed a close match to the empirical model, with differences that do not appear to 
exceed 10%. The simulations also reproduced the observed increase in spread rate with 
increasing head fire width. For a number of different ignition line lengths (excluding 
the shortest value of 8 m), WFDS predicted quasi-steady spread rates within 25% of 
the empirical correlation. A more detailed case study of two individual experiments 
was also conducted, including comparisons of the shape of the whole fireline. The head 
fire features were found to be agreeable, but an over-prediction of the spread of flank 
fires was noted and attributed to possible under-resolution of this part of the fire. 
Areas cited for future development revolve around the inclusion of char oxidation, 
testing and refinement of drag and convection models, and further assessment of low 
intensity (back) fires.  

Another analysis of WFDS at field-scale was carried out by Malangone et al. 
(2012). Fire spread in a canyon was simulated, based on an experiment in Portugal 
(Viegas et al. 2002). Simulated tendencies of the time history of area burned matched 
the experiment, including the apparent occurrence of a fire eruption, though a 
discrepancy in the timing of this event was attributed to uncertainty regarding the 
ignition source. However, the numerical description of the fuel was very approximate, 
and no further experimental comparisons were made.   
 Focusing on a smaller scale, which can be considered more applicable to WUI 
scenarios, Mell et al. (2009) compared WFDS predictions to laboratory experiments 
of individual burning Douglas fir (Pseudotsuga menziesii) trees. Two heights of trees 
with three different moisture contents were simulated. Reasonable overall agreement 
was found for the peaks and shapes of mass loss and radiative heat flux, when 
compared to experimental data. The trends of changing peak heat flux as a function 
of different sensor positions were also recreated by the model. It was found that woody 
fuel <6 mm in diameter was best represented by division into three size classes. 
Further, predictions tended to be improved by removing vegetation particles after 
degradation was complete. For example, the peak mass loss appears to be within 5% 
of the experimental value when these assumptions are used (excluding the case of a 
high-moisture tree, though the initial simulated mass was more approximate in this 
case). However, the tail end of the burning process was not as well predicted owing to 
the absence of any model for smoldering combustion. Future studies involving more 
heterogeneous fuels are recommended, as well as focused efforts to test the drag and 
convective heat transfer models in WFDS. In Mell et al. (2006) the comparisons of 
mass loss were extended to laboratory experiments of a basket of pine needles (Dupuy 
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et al. 2003). Here, better results were obtained with vegetation particles remaining 
after degradation. This is likely because the needles will continue to exhibit a drag on 
the flow, particularly during the period of flaming combustion considered. In the case 
of the tree, however, the strong buoyant flow appears to have removed a significant 
amount of the consumed needles as the tree continues to burn (see Figure 1.13). 
 WFDS was also compared to laboratory experiments by Overholt et al. 
(2014b). In this study, single plants of little bluestem grass (Schizachyrium scoparium) 
were burnt in a laboratory, and WFDS was used to model the experiments and predict 
heat release rate. Results for the trends of mass loss and heat release rate generally 
followed those of the experiment (Figure 2.10), showing separate stages for drying, 
fully involved burning, and steady burning of the plant base. Peak simulated heat 
release rates were between ~13-30% greater than the experiment, depending on how 
the plant was represented in the model. It was also found that a maximum bound on 
the volumetric burning rate needed to be supplied to the model in order to prevent 
too-rapid burning (the value applied was based on experimental data). This was 
attributed to the coarseness of the grid, however, cells had a characteristic length of 
5 cm, which is well-resolved from the perspective of most wildland fire applications. 
The study also investigated using a prescribed heat release rate (i.e. a gas burner) in 
WFDS as a surrogate for multiple plants burning. Despite the fact that results are 
compared directly to experimental data for temperature and heat flux, this approach 
removes any of the multiphase component of WFDS and is of limited interest in the 
current context. It should also be noted that this work was preceded by another study, 
Overholt et al. (2014a), which involved a number of laboratory characterization 
studies for little bluestem grass (e.g. surface-to-volume ratio, fuel moisture content, 
critical heat flux for piloted ignition, etc.). In this work, WFDS was used to predict 
spread rates in the field over a 280 m x 180 m plot, and sensitivity to fuel moisture, 
fuel load, and surface-to-volume ratio was tested. However, no experimental data is 
given for direct comparison.  

Another comparison to laboratory experiments was that of Menage et al. 
(2012), in which data was obtained from fire spread in a bed of pine needles in a wind 
tunnel (Mendes-Lopes et al. 2003). Good agreement was found for spread rates at 
three wind speeds and two moisture contents, with differences between prediction and 
observation not exceeding 4%, though WFDS was unable to simulate the observed 
spread with no wind at the higher moisture content. A comparison of gas-phase 
temperature measurements was also carried out, but is accompanied by very little 
discussion, as this appears to be a preliminary study.  
 Finally, Mueller el al. (2014) tested WFDS for the simulation wind flows in 
forest canopies, in a very similar manner to Pimont et al. (2009b). As with the 
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FIRETEC study, vertical profiles of mean flow and turbulent statistics were well 
matched to the experiment for a homogenous forest canopy. This study also evaluated 
flow over a heterogeneous canopy (in the form of a forest edge), and results were 
compared to experimental data from Dupont et al. (2011). Results were promising, 
but some issues were identified in terms of simulating the flow in a sparse sub-canopy 
trunk space. However, features of understory vegetation were not well defined and 
further investigation was suggested. The study also notes that care must be taken 
when applying certain boundary conditions which lead to significant spatial 
development of the ambient flow field. 

 

Figure 2.10 – Simulated (a) heat release rate and (b) mass loss for a single burning plant in 
WFDS, using two different simulated plant geometries, compared with experimental 

measurements. Extracted from Overholt et al. (2014b). 

2.4.1.5   ForestFireFOAM 
ForestFireFOAM is comparatively new, and has not seen the same amount of testing 
as the other models considered here. However, El Houssami et al. (2016) used this 
model to simulate laboratory tests of the ignition and burning dynamics of baskets of 
pine needles exposed to a radiative heat flux. This is one of the few studies to probe 
the individual submodels of the multiphase formulation in detail, though other studies 
have certainly focused on specific relevant aspects (e.g. tests of different combustion 
models for vegetative fuels, without directly considering the solid phase (Tihay et al. 
2009)). Modifications were introduced to the combustion and convection models to 
address the laminar, quiescent laboratory conditions. The mass loss and heat release 
rate followed the experiment both in terms of the shape of the response and the 
magnitudes, particularly for high bulk density samples and high heat fluxes. The 
diminished agreement for lower bulk densities was attributed to a feature of the 
experimental set-up which modified radiative heating for a thin layer of needles and 
which was not accounted for in the simulations. It was also found that the simple one-
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step char oxidation reaction most typically in the detailed physics-based models had 
certain limitations, as the oxidation rate was not sustained after flame out. Additional 
work also implemented a modified drag coefficient to represent the litter bed (El 
Houssami 2016). 

2.4.1.6   Discussion 
The above studies provide some insight into the current capabilities and limitations 
of the models. There have been generally encouraging results as to the ability of models 
to represent certain aspects of fire behavior. At field scale, the most commonly studied 
metric has been spread rate (particularly as a function of wind). However, fire spread 
is a second-order phenomenon that depends on the interactions of a number of 
different submodels. Thus, a better evaluation is obtained when multiple aspects of 
the fire behavior are considered in case studies, such as fire geometry alongside spread 
rate (e.g. Mell et al. 2007). Likewise, insight arises from studying broad trends or 
tendencies of a particular output, such as spread rate as a function of different 
parameters (e.g. wind, fuel size, moisture etc. (Morvan 2011; Marino et al. 2012)), 
more than making a singular comparison. 
 There are some interesting limitations that arise, sometimes across multiple 
models, and highlight areas which may be interesting for focused research in the future. 
Studies with both WFDS and FIRETEC, for example, identified issues with spread 
not perpendicular to, and aided by, the wind (flank or back fires). The example with 
FIRETEC was hindered by experimental uncertainty (Dupuy et al. 2011). However, 
with WFDS, Mell et al. (2007) suggested a clear need to investigate aspects such as 
smoldering combustion and even the direction of fire vertical spread within the fuel 
bed, as they may play a critical role in these kinds of situations and be poorly 
represented (and not just in this model).  

Likewise, issues with over-predicting peak mass loss rate were identified in 
both FIRELES and WFDS. The former was attributed to experimental uncertainty 
(Dahale et al. 2013), and the latter to computational resolution (Overholt et al. 
2014b). However, quite recently El Houssami (2016) proposed a modified 2-step 
pyrolysis model for the multiphase approach, as well as alternative convective 
coefficient and drag models, applicable to needle litter beds, and obtained good 
matches to experimental mass loss curves. While the latter modification may not apply 
to all conditions, it is possible the results of the other models may be improved with 
similar considerations in the future.  

Another consideration is the issue of thick fuels. The multiphase approach 
makes an assumption of a thermally thin solid phase (see Chapter 5), and usually fuels 
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no larger than ~6-10 mm are considered. However, Mell et al. (2009) found the best 
results for tree burning simulations when branchwood (up to 10 mm) was subdivided 
into different size categories in the model. Morvan (2011) found poor agreement for 
fire spread in a fuel bed with diameter ~6 mm. These demonstrate that such fuels are 
on the edge of the ability of the thermally thin assumption to represent (and local 
conditions will also play a role in how ‘thin’ a given fuel behaves (El Houssami et al. 
2016)). Further, Pimont et al. (2014) suggested that post-fire radiation was poorly 
represented by the lack of larger fuels being represented in the model. The 
consideration of thick fuels is not a straightforward task, but is still worth mentioning 
as a common theme which has arisen across the different tools. 

2.4.2 Model extrapolation 
As mentioned previously, this section covers the use of detailed physics-based models 
in studies for which no direct experimental comparison is made. Thus, these studies 
are intended less to investigate the capabilities and accuracy of the models, and more 
to use the models as a tool to answer a particular scientific question. This can be 
related to some particular detailed aspect of fire behavior, but also may have further-
reaching conclusions related to aspects such as forest management and firefighting 
tactics. 

2.4.2.1   FIRETEC 
FIRETEC has been used to investigate the role of slope in fire behavior by Linn et al. 
(2010). Slope and no-slope simulations were conducted with three different fuel beds 
(grassland, shrubland, pine forest canopy - Figure 2.11). In all cases, the positive 
influence of slope on spread were shown, though the effect varied between fuel type, 
and details of local simulated behavior (e.g. temperature, wind, etc.) were used to 
explain the behavior. This study followed the work of Linn et al. (2007), in which 
combined slope and wind effects were studied in various configurations of complex 
topography (e.g. canyon, ridge, etc.) in combined grass and forest fuels. It was found 
that, in some cases, fire behavior was driven by the local topography and may be well 
represented by a simple model, but in other cases (e.g. canyon) there were complex 
interactions between non-local componenets of wind and topography, which require a 
more detailed physics-based approach to describe. This was further built upon by the 
work of Pimont et al. (2012), in which the combined effects of wind and slope in 
shrublands were investigated, and it was suggested that they can be considered neither 
additive or multiplicative in nature. Comparisons were made to several empirical 
models but the fact that these do not account for the impact of fire size (which can 
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change the dynamics further (e.g. Cheney and Gould 1995)) was cited as a key 
difference. Simulations in canyons were also studied, and fire size was again pinpointed 
as an important variable which would not be captured in empirical models. This role 
of fire size has been further studied in FIRETEC by Canfield et al. (2014), in which 
four different ignition line lengths were tested for two different wind speeds in 
grassland fuel. Investigation of the flow fields suggested that entrainment competition 
between the head and flank fires can explain observations of spread rate dependence 
on fire width. For narrow fires, air will be entrained by the long flanks and the flow 
reaching the head will be reduced, restricting the ability of the wind to drive the fire 
(i.e. slower spread rates for narrow fires). 

 
Figure 2.11 – Simulation of slope effects in three different fuel types using FIRETEC. Extracted 

from Linn et al. (2010). 
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 FIRETEC has been used for a number of studies which investigate the role of 
canopy structure in fire behavior. Linn et al. (2005) described the use of an 
architectural model for Ponderosa pine* to create a canopy of discrete crown elements 
over mixed grass/litter surface fuels (Figure 2.12). The arrangement of these elements 
was modified by either uniformly thinning the number of trees or removing large 
patches as well, as removing large patches and reducing the surface fuels. Differences 
were found in the mean wind profiles based on the canopy modifications, with the 
uniform thinning resulting in greater flow in the canopy, and thinning in patches 
giving even further increases (as the open spaces allow regions of faster and increase 
the mean). Differences were also found in the way individually selected trees burn, 
based on changes to the surrounding vegetation. However, the fire spread rate was 
predominantly determined by the surface fuels. Similarly, Pimont et al. (2011) 
investigated fire spread through a ‘treated’ segment in a canopy of discrete crowns, 
representative of a Mediterranean pine ecosystem. Changing the canopy cover fraction 
in the treated zone (and thus the total mass of fuel) affected both mean wind and fire 
intensity, with less fuel giving higher wind speeds but lower fire intensities (the rate 
of spread was not affected, possibly due to a balance between these aspects). Changing 
the size of tree crowns for a fixed cover fraction (and thus fixed total mass), however, 
had very minor effects. Further, spatial heterogeneity in wind fields did not change 
substantially when increasing cover fraction from 75% to 100%.  

 
Figure 2.12 – Example simulated of crown fire behavior in discrete fuel elements in FIRETEC, as 

part of an investigation on the role of different fuel arrangements. Extracted from Linn et al. 
(2005).  

Related to these studies of fuel structure, Cassagne et al. (2011) used 
FIRETEC to study the effect of fuel treatments on fire spread and intensity in a 

                                        
* This model provides an approximation of the 3-dimensional shape of a tree crown, as well as the density 
distribution within that crown. 
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number of Mediterranean ecosystems. It was found that fuel accumulation could 
increase fire intensity but that increased canopy density could also decrease spread by 
reducing wind speeds. An interesting note was also made that the coarse resolution 
used by FIRETEC (~2 m) precluded the accurate representation of more fine-scale 
fuel heterogeneity.  Also along these lines, Linn et al. (2013) investigated the impact 
of bark beetle outbreaks in pinyon pines (Pinus edulis) in pinyon-juniper woodlands. 
Simulations investigated canopy wind features and fire behavior for live trees and 
those with dead needles dropped (post-outbreak), as well as fire behavior for trees 
with dead needles not yet dropped, for two different wind speeds. The case with full 
needles had more damped wind flow within the canopy, as may be expected. The 
turbulent profiles also changed, with more turbulent kinetic energy in the upper region 
of the live (full needles) canopy, as well as enhanced downward momentum flux. The 
role of canopy turbulence on promoting fire spread was discussed, as was moisture 
content. At the low wind speed, the fire did not propagate in the live canopy, while it 
was suggested that increases in turbulent fluctuations, particularly lateral ones, 
account for propagation and more continuous fireline observed at high wind speeds. 
Reducing the fuel moisture increased the spread, understandably, as did dropping the 
needles (as this increased the intra-canopy wind speed, despite reducing the canopy 
fuel load). 

One particularly interesting FIRETEC investigation, carried out by Linn et 
al. (2012b), focused on the implications of assuming an infinite fireline when using a 
physics-based model. Differences between using a 2-dimensional approach (no lateral 
flow), a 3-dimensional approach with cyclic lateral boundary conditions (no mean 
lateral flow, but lateral spatial variability), and a fully 3-dimensional approach were 
studied. It was found that 3-dimensional features of the flow were significant and that, 
particularly at higher wind speeds, complex features of vorticity allowed wind to 
penetrate the fire plume in certain locations while simultaneously enhancing forward 
bursts of hot gas to preheat the fuel bed. Because 2-dimensional simulations cannot 
represent this behavior, they may have significant errors in spread predictions. In this 
case, they were found to predict a lower spread rate (~50% of the cyclic simulations 
and 40% of the fully 3-dimensional ones). However, generally slower spread was also 
found in the fully 3-dimensional simulations compared to those with cyclic boundaries. 
This was attributed to the fact that wind cannot flow around the fire front and flank 
fires are unable to develop when lateral boundaries are cyclic, though investigation 
into how these features reduce spread is left for future research. 
 Following a similar line of inquiry, FIRETEC has been used to study the 
downwind influence of a fire plume on the flow field in shrub and grassland fuels 



Chapter 2 – Literature review  81 

 
 

(Dupuy et al. 2011)*. As before, it was shown that 2-dimensional simulations do not 
allow the 3-dimensional wind structures which lead to penetration of wind through 
the plume and thus can over-estimate the downwind effect of the fire (e.g. the in-
draft). An investigation of fully 3-dimensional simulations showed that only in cases 
with weak wind does the plume create a surface-level in-draft at significant distances 
away from the fire front. Simulations with an interacting head and back fire under 
moderate wind were also considered, in the context of a field experiment conducted 
on ~0.7-1.1 ha plots in shrubland fuels (Vega et al. 2012). It was shown that FIRETEC 
was not able to simulate back fire progression without the sheltering influence of the 
head fire. In other words, while the back fire was lit first in the experiment, it 
extinguished in FIRETEC unless a head fire was present upwind to help shelter the 
back fire from the opposing ambient wind. While the direct cause was unknown, it 
was suggested that it may be a result of a poor representation of the local wind profile 
and fluctuations, or the simple representation of mixed fuels (live and dead) with a 
single type having average properties. In light winds, the simulated interaction 
between the two fronts appeared to roughly agree with the field experiment (Vega et 
al. 2012), but the comparison is limited to rough agreement of spread rates, and the 
authors note that there is a high degree of uncertainty in the experimental wind 
conditions. 
 A final example using FIRETEC is a study aimed at the incorporation of a 
firebrand transport model (Koo et al. 2010). Different particle shapes, including 
surface regression models (due to combustion), were tested and disks were found to 
travel further due to their aerodynamic properties. The strength of the plume (fire 
intensity) affected transport, as may be expected. Perhaps the most interesting 
conclusion stems from tests of the assumption that firebrands travel at terminal 
velocity, or not. It was suggested that, while the former assumption may be 
appropriate in simple models, it is not appropriate for a model which includes highly 
dynamic fluctuations in the velocity field.  

2.4.2.2   FIRESTAR 
One example of the use of FIRESTAR for an extrapolative study is that of Morvan 
et al. (2007), in which crown fire behavior in a Mediterranean pine stand was 
simulated. The effect of wind was investigated, and the behavior in the crown fuel was 
found to be much less sensitive to the wind when compared to surface fires. This was 

                                        
* This phenomenon is important for the use of backing fire as a firefighting technique, as the head fire 
can draw in a downwind backing fire and the interaction will halt the overall progression (Brown and 
Davis 1973). 
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attributed to the effect of canopy drag. Further, it was noted that the fire in the 
canopy was dependent on the energy of the surface fire, with the fire periodically 
dropping from the canopy. The idea of wind-driven and plume dominated fires was 
revisited, and the influence of the Froude number on spread dynamics was shown (as 
in Morvan and Dupuy (2004)). Both shrub and crown fires had similar tendencies, 
with the ratio of spread rate to wind speed changing more dramatically for small 
changes in the Froude number at low values (plume-dominated) than for high Froude 
number values (wind-driven) (Figure 2.13). As discussed in Chapter 1, this is related 
to the dominance of non-linear processes for plume-dominated fires. It should be noted 
that this study begins with a check of the model using just a shrub layer, and the rate 
of spread versus wind speed results showed good agreement with two empirical models 
in the wind-driven regime (taken as wind >10 m·s-1). However, for light winds, the 
spread rate from FIRESTAR was generally invariant to wind speed, while the 
empirical models predicted a roughly linear dependence. A potential explanation for 
this discrepancy was given as current limitations in the empirical correlations, as they 
are generally developed for experiments in only the wind-driven regime, not plume-
dominated.  

 
Figure 2.13 – Dependence of spread rate to wind speed ratio on Froude number for surface and 

crown fires, as simulated by FIRESTAR. Extracted from Morvan et al. (2007). 

 Morvan (2014) has also employed FIRESTAR in the study of the influence of 
unsteady behavior on fire propagation in grasslands. First, a range of wind conditions 
were tested, and the characteristic frequency of fire intensity fluctuations was 
compared to the expected inertial shear instability frequency (Kelvin-Helmholtz) and 
the buoyant shear instability (Rayleigh-Taylor). Wind-driven fires were more 
associated with the former, and plume-dominated with the later, though the effects 
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were coupled. Sinusoidal perturbations, with a frequency of 0.5-3.0 Hz, were then 
added to the wind (inlet velocity). These were found not to alter the spread rate, but 
could modify the characteristics of the fluctuating fire intensity. It was suggested that 
the upper region of the flame was affected, but the region within the vegetation was 
less so and that this plays a dominant role in the fire spread. Interestingly, this and 
the previously discussed comparison of FIRETEC to the ICFME experiments (Linn 
et al. 2012a) are the only studies to date which have examined the influence of wind 
gusts on fire behavior using detailed physics-based models.  
 In a final example, FIRESTAR was used to study the ability of a fire to cross 
a fuel break in Mediterranean shrub fuels (Morvan 2015). In this case, the influence 
of wind speed and fuel break size were examined, and it was found that intermittent 
flame contact was a key mechanism for enhancing both convection and radiation 
across a break. This will, in turn, be influenced by ambient wind speed. The 
importance of fuel size was also discussed, and the ability of finer fuel (grasses) to 
respond much faster to intermittent convective heating was demonstrated. 

2.4.2.3   FIRELES 
Padhi et al. (2016) used FIRELES to study the features of the flame and plume above 
a shrub fire. In this case, in order to generate a statistically steady-state fire for which 
average characteristics can be examined, a constant solid-phase temperature (and thus 
pyrolysis rate) was applied to a shrub of constant (in time) mass. The result is a 
source of constant heat release rate, as achieved with a gas burner. This is a 
considerable deviation from realistic fire behavior in vegetation, but provides an 
analysis of a fire generated from a porous, volumetric source (rather than a burner or 
pool fire). Different bulk densities were examined, which in this case affected the heat 
release rate as well as the flow within the shrub. The centerline profiles of temperature 
and velocity were found to agree with the classical theory for buoyant plumes from 
diffusion flames (e.g. McCaffrey 1979), and a strong correlation was found between 
temperature and velocity fluctuations. Deviations from the expected theory for the 
scaling of the relationship between heat release rate and flame length were attributed 
to the porous nature of the source (shrub).  

2.4.2.4   WFDS 
Similar to FIRETEC, WFDS has been employed in a number of instances to 
investigate the effects of tree mortality on fire behavior. In a study of the onset of 
bark beetle-induced mortality in lodgepole pine (Pinus contorta) (before dead needles 
drop), Hoffman et al. (2012) showed a clear increase in crown fuel consumption and 
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fire intensity with increasing mortality percentage (which was simulated by reducing 
the fuel moisture in a given percentage of trees). Several methods for tree distribution 
in the canopy were also tested, and greater clustering was found to increase crown fuel 
consumption, though the cause of this was not investigated. Continuing this work, 
Hoffman et al. (2013) demonstrated how the role of mortality on crown fire behavior 
can change, depending on surface fire intensity. A moderate (compared to low and 
high) surface fire intensity was found to result in the greatest sensitivity of crown fire 
behavior to mortality. For example, a smaller threshold mortality percentage to give 
a significant change in fire behavior from the no mortality case was found for this 
moderate intensity. Cohn et al. (2014) used WFDS to investigate the effect of 
budworm-induced defoliation on fire behavior in Douglas fir trees. A potential for 
decreased torching and crown fire spread was described, resulting from the reduction 
of canopy mass (used to represent defoliation).  However, it should be noted that all 
of these studies used surface fires of fixed intensity, in which no feedback from the 
canopy combustion was simulated.  
 Parsons et al. (2011) used a detailed approach for modeling the intra-crown 
variability in bulk density for a single ponderosa pine tree, based on architectural 
modeling. WFDS was used to study how such variability can affect fire behavior, and 
significant differences were found when compared to a spatially homogenous tree 
crown. Total fuel consumption was less for the spatially heterogeneous tree, and it 
appeared more sensitive to surface fire conditions (the differences were most 
pronounced for a low intensity surface fire). While the study did not directly focus on 
the mechanisms responsible for this difference, it was suggested that the gaps in the 
heterogeneous crown altered convective conditions so as to inhibit fire growth. 
 In another study, WFDS was used to investigate the phenomena of a back and 
head fire interacting (Morvan et al. 2013) (Figure 2.14), similar in concept to the 
aforementioned study with FIRETEC (Dupuy et al. 2011). Three wind speeds were 
tested, and fuel properties were matched to those of previous studies using physics-
based models to compare with experimental data (in order to improve confidence in 
the results) (Linn and Cunningham 2005; Morvan et al. 2009). The ability of the head 
fire to aid the spread of the back fire (both by sheltering from the thermal plume and 
the creation of a downwind recirculation zone) and the ability of the back fire to 
increase the head fire spread rate were described.  
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Figure 2.14 – Interaction of a head and back fire in grassland, as simulated in WFDS. Solid fuel 
temperatures (°C) are shown in color. Extracted from Morvan et al. (2013). 

2.4.2.5   Discussion 
The extrapolatory studies of previous authors plainly demonstrate the potential for 
these models. Whether it is evaluating complex fireline interactions to inform 
suppression tactics, the role of insect outbreaks on fire behavior, or the thermal impact 
to firefighters or structures in the WUI, these models allow for the simulation of 
phenomena and the extraction of variables which are may beyond the current scope 
of other tools. However, the physics-based approach can certainly be used to develop 
and refine the future generation of simplified tools for specific tasks. 
 It must be stated models require further investigation and development, as 
demonstrated by the evaluation studies in Section 2.4.1, and in some cases the 
interactions are far too complex to draw concrete conclusions from extrapolatory 
studies when there are no experiments to turn to. However, because the models do 
already contain many of the important physics (and some aspects are much more 
established in the CFD community), these studies can still be used for the purpose of 
discovery. One of the greatest benefits of such research can be in helping to direct 
future experimental work. These studies raise important questions such as the exact 
nature of firebrand transport, the effects of wind fluctuation frequency on fire 
behavior, the importance of small-scale fuel structure, and so on. These should 
naturally lead to focused experimental efforts, both at laboratory and field scale, which 
can help provide answers, and even be used iteratively for model comparison and 
improvement 
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2.5 Concluding remarks 
First, it is clear that the need for field-scale experimental measurement has not been 
ignored by the research community. Not only were a number of the experiments 
intended specifically to provide data for model development, but the mere existence 
of second-generation projects such as FireFluxII and FASMEE demonstrates an 
interest and willingness to develop and improve these datasets. However, the review 
of the modeling research shows that only a select few field experiments have been 
utilized for evaluating detailed physics-based models. Of the above experiments, it 
may be argued that only the ICFME, FireFlux, and RxCADRE provided the level of 
detail truly necessary (from fuel structure, to wind, to macroscale fire behavior, to 
point measurements of thermodynamic quantities) for testing a detailed physics-based 
fire behavior model, though even these have their limitations. Interestingly, the 
grassland experiments of Cheney et al. (1993; 1995) are the most ubiquitous in terms 
of model comparison, despite having no detailed point measurements of fire behavior. 
This is no doubt due to the relative simplicity of the fuel and fire behavior, as well as 
the fact that some other experiments are far more recent and have not yet been 
considered by the modeling community.  

Carrying out field experiments with the level of detail necessary for model 
testing is no small undertaking. It is apparent from this review that the more detailed 
the analysis of fire behavior, the fewer repetitions there are. Even the substantial 
undertakings of the ICFME and RxCARDRE involve fewer than 20 fires, and detailed 
measurements such as temperature are reported for only two fires each (Butler et al. 
2004, 2016). However, the present goal is not the development of empirical models, 
and a high level of detail provided for a single experiment is often much more useful 
than averaged information from many.  Interestingly, the methods used for data 
collection (both in terms of fire behavior and fuel) do not vary significantly between 
most of the experiments, despite their span of nearly half a century. Very recently, 
however RxCADRE (and the work which is presented in this thesis) has demonstrated 
how substantial technological advances in recent years can be used to great advantage. 
Remote sensing, for example, has the potential to provide the vast amount of detail 
required from a single experiment while shifting the workload from labor-intensive 
physical measurement to automated processes. Thus, the future of field-scale 
experiments for model development certainly looks promising. 
 Beyond the challenges of collecting the sheer volume of data necessary, this 
review also hints at the importance reporting details which may seem minor. For 
example, missing specifics about the positioning of individual sensors may not only 
complicate analysis (Frankman et al. 2013a) but can render direct comparison with 
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model predictions all but impossible. In other cases, small details such as the clearing 
of fuel in an area, can make a significant difference (Dupuy et al. 2014). Reporting 
such features may seem daunting, and they are potentially seen as uninteresting or 
even damning, but may be necessary for the sake of model testing. However, the 
archiving of experimental details should also become easier and more accessible as it 
becomes commonplace for full experimental data products (including metadata) to be 
preserved in digital archives. Nevertheless, no field experiment will be perfect, and it 
also up to the modeling community to extract useful information where possible (Linn 
et al. 2012a). There is also a benefit to involving ‘modelers’ throughout the 
experimental process as they can help to pick up on, and even avoid, such issues. At 
the very least, communication and iteration of studies between experiments and 
modeling can vastly improve the usefulness of data (Dupuy et al. 2011).  
 From the modeling perspective, there is a clear desire to test the detailed 
physics-based approach against experimental measurements. However, the availability 
of suitable work has limited the extent to which this has been done. The evaluations 
of the models at both laboratory and field scales do show promising results. However, 
more focus must also be placed on fundamental physical measurements, as an 
apparently correct evaluation of spread rate may be the result of several erroneous 
fundamental processes. The extrapolatory work presented shows the wide range of 
utility that this modeling approach provides. It is easy to see how the tools can be 
used to improve our current understanding of many different phenomena, and 
eventually to develop and improve simplified tools.  

Taken together, both the model evaluations and extrapolations have served to 
raise many interesting questions related to fire behavior. The studies often highlight 
areas where either experimental data is not available or theory has not been developed 
sufficiently to provide a definitive answer. For example, heterogeneities in quantities 
like bulk density or wind have been shown to influence simulated fire behavior 
(depending on the scales considered), but without sufficient experimental comparison 
or robust theoretical explanations, the conclusions may be speculative. Likewise, 
studies which aim to simulate local fire-induced flows, firebrand transport, flame 
structure, fuel degradation etc. all indicate a need for more work. However, the benefit 
is that such inquiries can help to provide a mandate for experimentalists at all scales, 
and so the close link necessary between the different sides of the research community 
is again demonstrated. 
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3.1 Summary 
This chapter provides broad, macroscopic metrics of fire behavior for two experimental 
fires which were carried out in pine-dominated forest stands*. These include aspects 
of fire spread and fuel consumption. The measurement techniques are considered 
largely non-intrusive, as no measurements made directly within the fire/flame 
environment are considered in this chapter. Fuel measurements were carried out with 
a combination of pre- and post-fire sampling, using both destructive and remote 
sensing techniques. The fire progression was tracked with remote sensing (aerial 
imagery), and the ambient wind conditions were monitored with several point 
measurements. As a result of the analysis, these fires are determined to predominantly 
exhibit surface fire behavior, however, localized regions of high intensity crown fire 
behavior were identified. 

A major objective of these experiments was to provide data for testing detailed 
physics-based models of wildland fire behavior. Therefore, this is the context in which 
they are presented here. By analyzing features such as fire spread and fuel 
consumption, not only is a general picture of fire behavior developed for this ecosystem 
(under the conditions studied), but direct comparison points are made available for 
subsequent modeling efforts.  

3.2 Introduction 
Experimentation is paramount in achieving the goal of testing, further developing, and 
build confidence in the capabilities of detailed physics-based models of wildland fire 
behavior (Mell et al. 2010; Morvan 2011; Alexander and Cruz 2013; Simeoni 2013), as 
was established in Chapters 1 and 2. A goal of such tools is, of course, to directly 
model fire behavior at real scales, to provide information for both research and 
management applications. Thus, while laboratory experiments can be incredibly 
useful, these cannot fully account for and scale the relevant conditions and phenomena 
(Pitts 1991). Therefore, some degree of testing must eventually be carried out at field-
scale. It is generally acknowledged that large scale experimental fires can be costly, 
time consuming, and potentially dangerous, while easily susceptible to shortcomings 
in both execution and data collection (Linn et al. 2012a). Given the relatively 
infrequent nature of such experiments, a high level of detail must be provided, both 
in terms of procedures and analysis, to provide the greatest benefit to modelers. This 

                                        
* It should be noted from the outset that the collection of the raw data contained in this chapter was 
carried out by colleagues in the USDA Forest Service and from Rochester Institute of Technology, in 
support of this work, through a Joint Fire Science Program grant (JFSP No. 12-1-03-11). All analysis 
and presentation was carried out by the author. 
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chapter sets out to provide a clear and thorough description of two field-scale 
experimental fires which were conducted in pine-dominated forest stands. These 
results give both a general understanding of the observed fire behavior as well as 
specific inputs and comparison points for modeling. 

Experimental measurement of fire behavior has been conducted in the field for 
grassland (e.g. Cheney et al. 1993; Cheney and Gould 1995; Clements et al. 2007; 
Grishin et al. 2014; Ottmar et al. 2015), shrubland (e.g. Viegas et al. 2002; Santoni et 
al. 2006; Morandini and Silvani 2010; Vega et al. 2012), and forested environments 
(e.g. Stocks et al. 2004a; Fernandes et al. 2009; Wotton et al. 2012). A more extensive 
discussion of key field-scale experiments can be found in Chapter 2. However, not only 
is there a relatively small collection of work (especially as differences in ecosystem and 
environmental conditions mean that not all are readily comparable), but even fewer 
have provided the level of detail necessary for testing physics-based models. Only in 
some cases are comprehensive time-histories of local fire spread reported (Cheney et 
al. 1993; Cheney and Gould 1995; Santoni et al. 2006; Clements et al. 2014), and often 
the variability of key dynamic parameters (e.g. wind speed) are not reported with 
respect to a single fire but rather a whole series of experiments or observations (e.g. 
Fernandes et al. 2009). Such reporting is well suited to empirical modeling, which 
intrinsically relies on extensive datasets of many fires to identify statistical correlations 
between parameters of interest. In the case of testing detailed physics-based models, 
however, the details can be critically important. For example, Linn et al. (2012a) show 
how different averaging procedures, when reporting ambient wind during a single fire, 
can mask features which modify model predictions. Thus, reporting an average value 
for a quantity like wind may be insufficient, let alone reporting an average for a whole 
series of experiments. Further, with appropriate measurement, a single spreading fire 
can offer insight into different aspects of fire behavior at different locations in space 
and time (Santoni et al. 2006).   

In order to build upon previous studies, and to provide data for testing physics-
based fire behavior models, field experiments must provide detailed data relating to 
the development and progression of the fire. In this case, along with measurements 
providing many of the necessary inputs required to initialize such a model, an 
assessment of the respective influences of fuel and wind conditions on changes in fire 
behavior is carried out in order to understand their relative importance. Both variables 
are known to be important due to the affects they can have on thermophysical and 
physiochemical processes, particularly relating to heat transfer to unburnt fuel, as 
introduced in Chapter 1. However, assessing the degree to which each drives a given 
fire scenario provides critical information for model testing. This is accomplished here 
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through a combination of physical and remote sensing measurements of fuel, weather, 
and fire characteristics.  

The relatively recent development of advanced remote sensing techniques allows 
for the collection of detailed information of both fuel structure and local fire behavior 
for individual fires. Aerial infrared (IR) and Light Detection and Ranging (LiDAR) 
sensors were utilized in order to monitor the fire spread and canopy fuel structure, 
respectively. These are used along with more standard techniques for wind and surface 
fuel measurements. This chapter also serves as a discussion of the overall capabilities 
of largely global measurements to adequately describe the observed fire behavior. 
Wind speed, fuel conditions (and consumption), spread rate, and flame geometry are 
the measurements most often made in field-scale experiments, and it is worth 
critiquing the kind of insights they can truly provide as far as developing the 
fundamental understanding of the important mechanisms in fire spread. Detailed, local 
measurements of the flame region will certainly help in this understanding, and are a 
necessary addition for testing detailed physics-based fire behavior models. Such 
measurements were also obtained for the second experiment, but these are the focus 
of the subsequent chapter.  

3.3 Methods 

3.3.1 Study site 
The site for the two experiments (referred to hereinafter as EX1 and EX2) was located 
in the Pinelands National Reserve (PNR) of New Jersey, United States. This reserve 
covers an area of approximately 445,000 ha. Prior to the introduction of modern fire 
suppression, >40,000 ha of wildfires were possible in a single year, and so it currently 
the site of an active fuel management program by the New Jersey Forest Fire Service 
(NJFFS) and federal wildland fire managers (Clark et al. 2015). Currently, an average 
of 129 prescribed fires covering an area of 5000 ha are carried out yearly by managers, 
with the explicit intent of reducing fuel loads and thus mitigating fire risk (Clark et 
al. 2015). The climate is classified as cool temperate, with mean monthly temperatures 
of 0.3 °C in January and 24.3 °C in July, and mean annual precipitation is 1159 mm. 
The basic geography is a relatively flat coastal plain with low-angle slopes and a 
maximum elevation of 63.5 m, with well drained sandy loam as the primary soil type 
(Tedrow 1986). Upland forests of pine and oak dominate this landscape, which have 
an extensive history of prescribed fire treatments and wildfire, and are followed by 
wetlands and short statured pine plains (Collins and Anderson 1994; Lathrop and 
Kaplan 2004; Skowronski et al. 2007). 
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The forest type for the both blocks was pitch-pine scrub-oak, dominated in the 
canopy by pitch pine (Pinus rigida Mill.), with intermittent clusters of post-oak 
(Quercus stellata Wangenh.) and white oak (Quercus alba L.) in the sub-canopy. The 
understory contained a shrub layer of huckleberry (Gaylussacia spp.), blueberry 
(Vaccinium spp.), and scrub oaks (Quercus spp.) (Figure 3.1). Pre-existing access 
roads were used as the block perimeters, with the EX1 block covering an area roughly 
1.58 times the size of the EX2 block (Table 3.1). In both cases, an unmaintained 
control line split the block - oriented north to south (Figure 3.2). 

 
Figure 3.1 – (a) Map of the Pinelands National Reserve (PNR), extracted from 

Kretchun et al. (2014). (b) Example of typical pre-burn vegetation conditions, representative of 
both experiments. 

 In both cases, the burns were carried out in early March, before the initiation 
of ‘green-up’, or the growth of new vegetation in the spring. The window between 
snow melt and deciduous leaf expansion corresponds to the time in which prescribed 
fires are conducted by the NJFFS in the PNR, putting this study directly the context 
of conditions typically observed during management prescriptive operations. 
Additionally, a vast majority of major wildfires in the PNR occur prior to leaf 
expansion (Clark et al. 2014). Therefore, an understanding of fire behavior during this 
time is important. 



94  Chapter 3 – Experimental overview 

 
 

3.3.2 Ignition technique 
Both fires were initiated with the wind linearly along the length of the north road 
(~330 m and ~207 m long, respectively), using a gasoline torch as a brief accelerant.  
Flame fronts progressed as head fires in a southeasterly direction evenly. Surface fire 
spread was slightly impeded by a 3m wide fuel break down the center of each unit*, 
however spotting and direct flame contact with fuels on the opposite side of the fuel 
break facilitated the spread of fire across. In EX1, a secondary fireline was 
subsequently lit along the southwest road as a safety precaution due to the sudden 
occurrence of localized crown fire activity in the western corner of the block. However, 
the analysis here will focus only on the region of head fire judged to be unaffected by 
this second ignition. 

3.3.3 Fire measurement 
The fire environment for each experiment was monitored using three custom built fire-
weather towers (Rohn ®), constructed to a height of 12.5 m, while a fourth identical 
tower monitored ambient conditions approximately 100m to the northwest of the burn 
units in nearly identical forest structure conditions (Figure 3.2).  Tower locations 
within the block were selected so as to reduce any directional bias and clustering of 
measurements, allowing for flexible choice of an ignition line, given the conditions 
leading up to the burn.  At the top of each tower, a sonic anemometer measured air 
temperature and wind velocity in three components (RM 80001V, R. M. Young 
Co. ®).  These data were logged at a rate of 10Hz by dataloggers (CR1000 or CR3000, 
Campbell Scientific ®) which were buried in waterproof boxes at the base of the 
tower. Surface vegetation was cleared immediately around the base of the towers to 
protect the equipment, as well as the structures themselves. The choice of 12.5 m 
corresponded to roughly maximum canopy height, consistent with previous long-term 
flux studies carried out in the PNR (Clark et al. 2012). While this places them in the 
canopy shear layer, and may result in sensitivity to the influence of nearby vegetation 
on the flow, measurements of flow and turbulence at canopy height can be useful for 
inferring a velocity profile, in the absence of more measurements, as will be explored 
in Chapter 5. However, future efforts should aim to measure more of the velocity 
profile. Two additional sonic anemometers were placed at a height of 3 m on the north 
and east roads for EX2 (Figure 3.2) to monitor potential wind channeling, and 

                                        
* These features were a relic of previous management efforts, and were not intentionally placed with any 
aim of assessing fire spread across fuel breaks. While they did serve to complicate modeling efforts, they 
also provided valuable insight into the effects of such features on fire behavior. 
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sampling was carried out at 1 Hz by dataloggers (CR-1000, Campbell Scientific ®). 
Infrequent gaps in the sonic anemometer data were filled via linear interpolation. 

A time history of the fire progression was recorded from an aircraft using 
Rochester Institute of Technology’s Wildfire Airborne Sensor Program 
(WASP)(McKeown et al. 2011). The WASP provided time-stamped, othomosaiced, 
and georeferenced long-wave infrared (8.0-9.2 μm) and visible (0.4-0.9 μm) spectral 
band images, at a resolution of 640x512. Still images were obtained for each flyover of 
the aircraft. This did not allow for a consistent frequency of images; however, time 
stamps for each image are reported as necessary. 

 
Figure 3.2 – Layout of the sonic anemometers and surface fuel sampling site locations for the (a) 

EX1 and (b) EX2 burn blocks. 

3.3.4 Fuel measurement 
Surface fuel loading assessments were conducted pre-and post-fire via destructive 
sampling at 12 plots spaced relatively evenly across each burn unit.  Pre-fire sampling 
was conducted following seasonal senescence of foliage from the growing season 
preceding burns, and post-fire sampling was conducted within one to two weeks of 
burning.  At each plot, three destructive sampling clip plot areas of 1 m2 were selected 
where surface fuels were collected and field sorted as forest floor (Oi soil horizon) and 
shrub material.  These samples were later sorted further differentiated into fine fuels 
(leaf litter), reproductive material (pine cones, acorns, and catkins), and live and dead 
woody material (live shrub stems, dead shrub stems, downed twigs and small 
branches) (Clark et al. 2015). Live and dead woody material was further differentiated 
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into three moisture time-lag diameter classes (diameter, 𝑑𝑑 = 0-6.35 mm, 6.35-25.4mm, 
25.4-76.2mm). In this study, only thin fuel (needles and wood with 𝑑𝑑 <6.35 mm) are 
considered. This follows the assumption that a significant percentage of small diameter 
fuel is consumed in the flaming region (Cheney 1981). Post-burn samples in each plot 
were collected at three new locations, relative to pre-burn sample locations.  Fuel 
loading and consumption data presented represents dry masses of sorted material 
following processing at 70 °C in convection ovens for a minimum of 48 hours. Fuels 
data for plots 4, 7, 8, and 9 of EX1 have been omitted due to their impact from the 
secondary, unintended ignition described in Section 3.3.2, reflecting behavior and 
consumption conditions beyond the scope of this study. 

Fuel moisture content (FMC) was estimated from samples of pitch pine 
needles, shrub stems, and woody fuels on the forest floor taken at an adjacent location 
during each burn.  Samples were placed in sealed plastic bags and stored in coolers, 
and then weighed before and after drying at 70 °C to estimate fuel moisture content. 
Due to unforeseen circumstances, only FMC values from EX1 are available. For EX2, 
estimates are given based on other measurements and informed by historical data and 
experience. 

Airborne Light Detection and Ranging (LiDAR) was used to provide remote 
measurement of canopy fuel structure and density. Three flights of data (covering an 
area that includes both blocks) are used here: one before EX1, one following EX1 in 
the same year, and one following EX2, meaning pre- and post-fire data is available for 
both experiments. Using these, canopy bulk density (CBD) was modeled, at a 
resolution of 10 m x 10 m x 1 m, from the surface up to canopy height. Measurements 
from an upward-sensing LiDAR, obtained for the 12 20 m x 20 m plots within the 
burn area, were used to calibrate these CBD models (e.g Skowronski et al. 2011). The 
upward-sensing LiDAR has been previously calibrated by destructive harvest 
techniques, and a more detailed description of this approach is given by Clark et al. 
(2013). As with the surface fuels, CBD estimates for this study only include thin fuels 
(needles and wood of 𝑑𝑑 <6.35 mm). By integrating the CBD estimates along height 
and comparing pre- and post-fire values, maps of total consumption were generated. 
This integration did not include the bins in the first 1 m, as this represented a potential 
overlap with the shrub data, which has been accounted for by physical sampling. 
Cumulative distributions of canopy loading and consumption were generated by sub-
sampling the 10 m x 10 m data at a 1 m x 1 m resolution, effectively area-weighting 
the values to account for cells not wholly included in the respective regions of interest. 
Loading was obtained by integrating pre-fire data over height, while consumption was 
obtained by subtracting pre- from post-fire values before integrating.  



Chapter 3 – Experimental overivew   97 

 
 

It should be noted that an error was identified in certain regions of the LiDAR 
data covering EX1. This has been traced back to a systematic error in the ALS data 
that is related to multiple-time-around (MTR) zones. These MTR zones occur where 
multiple light pulse reflections impact the LiDAR detector at the same time, leading 
to a spatially systematic loss of data. Despite this, the data can be used to clearly 
identify regions of consumption in the portion of the EX1 block where this study is 
focused. This issue was similarly avoided in EX2, as the site was located between 
MTR zones and only the edges were marginally impacted.  

3.3.5 Fire spread and energy release calculation 
Spread rates were obtained from fire isochrones created using the long-wave aerial IR 
imagery. The isochrones were drawn by mapping the gradient of pixel intensity for 
each image and manually tracing a curve along the highest gradient in ArcGIS 10.1 
(ESRI ®, Redlands, CA). These were checked against visible spectrum imagery to 
ensure sufficient accuracy in determining the location of the leading edge of the fire 
front. By measuring the distances between fire isochrones in ArcGIS 10.1, it was 
possible to estimate spread rates. Distances between each isochrone were measured at 
roughly 10 m intervals (excluding locations where the center line or edges had a clear 
influence) in order to get a mean forward spread and an estimate of variability. Due 
to the fact that each isochrone is typically composed of multiple orthomosaiced images, 
time stamps are considered accurate ±3 s. 

In order to characterize observed fire behavior, it is useful to estimate the 

quantity known as fireline intensity (𝐼𝐼), which indicates the energy release rate per 
unit length of fire front (Byram 1959a). Fireline intensity is often calculated as:  

where 𝑅𝑅 is the rate of spread (m∙s-1), 𝛥𝛥𝛥𝛥 is the mass of fuel consumed by flaming 

combustion (kg), and ∆ℎ𝑐𝑐 is the heat yield of the fuel (kJ∙kg-1). Here, ∆ℎ𝑐𝑐 is taken as 

18700 kJ∙kg-1 (Alexander 1982). This value of ∆ℎ𝑐𝑐 is the low heat of combustion and 
is an estimate based on an average value for a number of different fuel species. 
However, studies have shown that the typical variation between species is only on the 
order of ±10% (Byram 1959a; Van Wagner 1972). Corrections can be made to account 
for completeness of combustion and mass consumption during smoldering combustion,  
but for the purposes of a general assessment of fire behavior, this basic value is  
 

 𝐼𝐼 = ∆ℎ𝑐𝑐 · ∆𝛥𝛥 · 𝑅𝑅, (3.1) 
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sufficient. Finally, due to sparse distribution of larger fuels*, and the previously 
mentioned assumption that fine fuels provide the main energy in driving fire spread, 
only the needle litter, forest floor wood <6.35 mm, and oak and shrub layer material 
<6.35 mm were used to calculate a surface fire intensity, Isurf. Energy release per unit 
area was also estimated by dividing Isurf by the fire depth, measured from the visible 
spectrum aerial imagery. 

3.4 Results 

3.4.1 Fire spread 
A summary of the experimental conditions is given in Table 3.1 and FMC is given in 
Table 3.2. Both fires were carried out under light winds and cool temperatures with 
moderate FMC, representative of the spring prescribed burn season (Clark et al. 2015). 
As stated previously, FMC values for EX2 were not available, but are estimated from 
other measurements and informed by historical data and experience. Further, these 
are expected to be similar to those of EX1, given the dormant state of live fuels at the 
time of burning and the seasonal similarity of ambient weather conditions that drive 
dead fuel moisture dynamics. 

Table 3.1 – Summary of the general burn conditions. aMean (standard deviation) values are 
obtained over the duration of the experiment at the location of the control overstory towers. 

The total duration of fire spread in EX1 was around 60 min, though fire spread 
through roughly 82% of the unit within the first 25 min (due in part to the spread 
from the secondary ignition line) (Figure 3.3). Spread after P7 is not considered in 
this analysis, due to the complications of the interaction of the secondary fire front. 

                                        
* This complicates interpretation of consumption data from clip plots, as the sparse distribution of large 
diameter fuels means that the loading in the pre-fire plots may differ greatly from post-fire, potentially 
even giving negative consumption values. However, the sparseness also supports the argument that larger 
fuels are less important in driving the spread. 

Variable EX1 EX2 
Area (ha) 6.71 4.25 
Date March 5th 2013 March 11th 2014 
Ignition time (EST) 11:53 12:46 
Meana ambient temperature (°C) 7.7 (0.2)  18.4 (0.4) 
Meana horizontal wind at 12.5 m (m·s-1) 1.8 (0.9) 3.9 (1.8) 
Meana horizontal wind at 12.5 m (°) 314 (43) 300 (29) 
Meana relative humidity (%) 39.4 (0.6) 31.4 (1.4) 
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Fire spread in EX2 lasted closer to 80 min, with roughly 44% of the unit experiencing 
fire in the first 15 min (Figure 3.3). The fires were observed to spread primarily as 
surface fires, with limited localized torching of tree crowns. Visual observation 
confirmed that this torching was often induced by vertical flame spread up individual 
tree boles or intermittent flame contact. However, a few small regions of significant 
canopy consumption were also observed. 

Table 3.2 – Fuel moisture content (FMC) measurements. Mean (standard deviation) values for 
different fuel types in EX1 from samples collected at the time of the experiment. aDirect 

measurement not available, estimated with historical data and expert judgement. 

 
Figure 3.3 – IR-derived fire isochrones from (a) EX1 and (b) EX2, with time given in minutes from 
the start of ignition. Overstory towers are shown to help with spatial reference. Note that due to 

the presence of the secondary ignition in EX1, only the portion of the isochrones north of the 
south overstory tower are considered for this experiment. 

 

Location Fuel Type EX1 FMC [%] EX2 FMC [%] 

Canopy  Live needles 114.4 (2.5) (n=7) 117.7 (9.3)  (n=12) 
(pitch pine) Live stems, 0-6.35 mm 85.2 (6.7) (n=7) 92.2 (10.8)  (n=12) 
Understory Shrub stems, 0-6.35 mm 60.9 (7.3) (n=8) 56.8 (11.9)  (n=8) 
 Oak stems, 0-6.35 mm 61.2 (5.3) (n=5) 53.6 (15.4)  (n=12) 
Forest Floor Wood, 0-6.35 mm 15.3 (2.4) (n=7) 15a 
 Needle litter 22.5 (11.2) (n=8) 30a 
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 Fire isochrones obtained from the aerial imagery are shown in Figure 3.3. The 
direction of fire spread for both experiments appears to lie roughly perpendicular to 
the orientation of the ignition line. In both cases, sharp inconsistencies can be seen in 
the fire isochrones towards the center of the burn block. These are a result of the 
center control lines (Figure 3.2) which had very low fuel loads. Plotting the 
accumulation of the distances between progressive isochrones (Figure 3.4a) shows that 
both fires progressed 100 m in 15-20 min. Mean spread rates were in the range of 0.10-
0.20 m∙s-1 for EX1, and were between 0.01-0.19 m∙s-1 for EX2. A dramatic change in 
fire behavior in EX2 is apparent in the drop of spread rates after roughly 15 min, and 
again with an acceleration after 60 min. Fire front depth was found to range between 
roughly 2–9 m and 1–10 m, for EX1 and EX2 respectively (Figure 3.5). 

 
Figure 3.4 – Estimated (a) distance traveled from P1 (Figure 3.3) and (b) ROS of the fireline. 
ROS estimations are at the midpoint between the times of two neighboring fire isochrones. 

Symbols represent mean values and shaded areas represent standard deviations. 

 
Figure 3.5 – Example of visual aerial imagery (EX2 – P2) used to confirm isochrone location and 

estimate fire front depth. 
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3.4.2 Surface fuels 

The pre-fire litter depth for EX1 (𝑛𝑛 = 36) was 6 ± 3 cm and the shrub layer height 

(𝑛𝑛 = 160) was 82 ± 27 cm. For EX2 pre-fire litter depth (𝑛𝑛 = 55) was 5 ± 2 cm and 

the shrub layer height (𝑛𝑛 = 120) was 79 ± 19 cm. Table 3.3 shows mean fuel loading 
and consumption for surface fuels in both experiments. The average initial loading of 
thin fuels across all plots was 1.37 kg·m-2 and 1.68 kg·m-2 for EX1 and EX2, 
respectively. The fires resulted in a total average consumption of these fuels of 
0.92 kg∙m-2 and 1.21 kg∙m-2, respectively. Figure 3.6 shows the relationship between 
surface loading and consumption for each of the different sample sites in both 
experiments. The result indicates a good linear correlation between these two variables 

(𝐹𝐹2 = 0.87) for the particular fire conditions. The two values of atypically high loading 
(>2 kg∙m-2) in EX2 correspond to plots 6 and 10 (Figure 3.2). 

Table 3.3 – Surface fuel measurements. Mean (standard deviation) initial surface fuel loading 𝒎𝒎𝒊𝒊, 
consumption ∆𝒎𝒎, and percent consumption %. aMass values only consider thin fuel (diameter 0-

6.35 mm). 

 
Figure 3.6 – Comparison of mean fuel loading to consumption for surface fuels at the locations in 

Figure 3.2 (excluding those impacted by the back fire in EX1). 

The most significant contribution, both in terms of loading and mass consumed 
was from fine fuel on the forest floor (needle litter). 1-hr shrub fuels also appeared to 

 𝒎𝒎𝒊𝒊 [kg∙m-2] ∆𝒎𝒎 [kg∙m-2] %∆𝒎𝒎 
Fuel type EX1 (n = 24) EX2 (n = 36) EX1 EX2  EX1 EX2  
fine fuel  0.76 (0.12) 1.03 (0.34) 0.52 (0.15) 0.76 (0.37) 68 74 
Forest fl. wooda  0.28 (0.16) 0.20 (0.17) 0.16 (0.16) 0.11 (0.17) 57 55 
Shrub wooda  0.33 (0.16) 0.45 (0.18) 0.24 (0.17) 0.34 (0.20) 73 76 
Total 1.37 (0.26) 1.68 (0.42) 0.92 (0.28) 1.21 (0.45) 67 72 
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contribute a high percentage of their mass compared to those on the forest floor. A 
preliminary study of woody fuel consumption in more highly resolved size categories 

(𝑑𝑑 = 0-2 mm, 2-4 mm, and 4-6.35 mm) was also conducted in association with these 
experiments (El Houssami et al. 2015). It was found that only particles <2 mm were 
fully consumed. However, further investigation showed that this depends on local fire 
intensity, with very intense fires consuming all 1-hr fuel. This can imply a requirement 
for more detailed size measurements when studying the behavior, such as with physics-
based models. 

3.4.3 Canopy fuels 
The average characteristics of the canopy fuels, as obtained from the 10 m x 10 m x 
1 m LiDAR data, are given in Table 3.4. The average vertical profile of pre-fire canopy 
bulk density (CBD) for each burn block was used to find the canopy height. It was 
assumed that the height would correspond to the level for which at least 99% of the 
mass was contained below. For EX1 this was 14 m and for EX2 this was 12 m. 
Cumulative distributions of available canopy fuels loading and consumption are shown 
in Figure 3.7. These values are sampled in the sub-region of interest in the EX1 block 
(Figure 3.8a) and throughout the entire EX2 block. In both cases, values were sub-
sampled on a 1 m x 1 m gird to area-weight the 10 m x 10 m cells which were not 
fully contained in the region of interest. For loadings, the mean values are 1.12 kg·m-2 
and 0.98 kg·m-2, with maximums of 1.78 kg·m-2 and 1.52 kg·m-2. The distributions are 
similar, but with a slight tendency towards large values of loading in EX1. The mean 
value for consumption is 0.19 kg·m-2 for both experiments, with maximums of 
1.00 kg·m-2 and 1.03 kg·m-2. The majority of consumption values (86% in EX1 and 
89% in EX2) are below 0.5 kg·m-2. The negative values of EX1 consumption (Figure 
3.7b) correspond to the regions of data error, as discussed in Section 3.3.4. This results 
in the appearance of a wider distribution (gentler slope) for the EX1 distribution, 
suggesting more heterogeneity in canopy consumption.  

Mapping the spatial distribution of canopy consumption gives visual clarity to 
the distributions (Figure 3.8). The negative EX1 values are apparent in bands in the 
northeast corner and by the South tower (which is not in the area of interest). Visual 
observation of the fire suggested these regions did not have high levels of canopy 
consumption from crown fire activity. It can be expected that the correcting for this 
would serve to shift the negative consumption values in Figure 3.7b towards the lower 
tail of the EX2 distribution (i.e. small consumption values) but should not modify the 
upper part of the distribution. In the unaffected areas of EX1, regions of high 
consumption (correlated to crowning behavior) are clearly visible to the west and 
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south of the West tower, and north of the North tower. In EX2 a similar region of 
significant consumption is visible in a band to the south of the North tower (Figure 
3.8b). 

Table 3.4 – Canopy fuels structure and consumption. Mean (standard deviation) values for the 
canopy height 𝒉𝒉, initial loading 𝒎𝒎𝒊𝒊, consumption ∆𝒎𝒎, and percent consumption %. aFire type 

determined by separating values above and below the 90th percentile consumption, as described in 
the text. bHeight determined by depth containing 99% of all canopy mass, from mean vertical 

CBD profiles. 

The CBD profiles in the regions of localized crown fire are compared to 
locations where consumption values indicated a more typical surface fire (Figure 3.9). 
The distinction is made by identifying the (x,y) locations where the consumption 
values are below the 90th percentile for surface fire, and above the 90th percentile for 
crown fire (outlined in red in Figure 3.8). These cutoff values correspond to 0.55 kg·m-2 

and 0.51 kg·m-2, respectively. The occurrence of two distinct behaviors is supported 
by the fact that the majority of consumption is well below the cutoff, as mentioned 
previously, while the maximum values are roughly two times greater. Further, the 
crowning locations identified this way (Figure 3.8) agree with post-fire visual 
inspection of the canopy.  

 

Fire 
typea 

𝒉𝒉 [m]b 𝒎𝒎𝒊𝒊 [kg∙m-2] ∆𝒎𝒎 [kg∙m-2] %∆𝒎𝒎 

EX1 EX2 EX1 EX2 EX1 EX2 EX1 EX2 

Surface 15 12 1.09 
(0.27) 

0.96 
(0.20) 

0.13 
(0.21) 

0.14 
(0.13) 

12 16 

Crown  13 12 1.37 
(0.16) 

1.18 
(0.16) 

0.69 
(0.11) 

0.70 
(0.14) 

50 59 

Total 14 12 1.12 
(0.27) 

0.98 
(0.20) 

0.19 
(0.26) 

0.19 
(0.21) 

17 19 
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Figure 3.7 – Cumulative distribution of LiDAR-based estimates of canopy available fuel (a) load 

and (b) consumption (integrated over z = 1-23 m). EX1 values are only from the region of 
headfire in Figure 8, while EX2 values represent the whole block. Values are sampled at a 

resolution of 1 m x 1 m. 

 

 
Figure 3.8 – Map of available fuels consumption for (a) EX1 and (b) EX2. The dashed line in (a) 
indicates the area of EX1 outside of the region of interest (headfire spread up to P7). Values are 
estimated from the difference in pre- and post-fire LiDAR data, integrated from z = 1 - 23 m. 
Regions enclosed by red dotted lines indicate crowning consumption (values >90th percentile). 
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Figure 3.9 – Pre- (cricles) and post-fire (triangles) mean profiles of CBD for (a,b) EX1 and (c,d) 

EX2. (a,c) profiles for areas of crowning are generated by averaging over all locations where 
canopy consumption values were above the 90th percentile, and (b,d) the remaining locations 

(mass consumption below the 90th percentile) are averaged to represent regions of surface fire. 
Shaded errors are ±1 SD. 

In EX1, the initial canopy structure which lead to crowning behavior had a 
shorter canopy height with greater CBD at intermediate heights, up to 7 m, but 
peaking at 4-6 m, compared to peak CBD around 7-9 m for the remainder of the 
canopy (Figure 3.9a,b). In EX2, the two pre-fire profiles have similar heights and 
shapes. Instead the difference appears to be only in the presence of greater CBD values 
from 5-11 m in the crown fire profile compared to the surface profile (Figure 3.9c,d). 
Peak mean CBD for the crowning regions in both experiments is ~0.16 kg∙m-3. In both 
cases, the effect of crowning can clearly be seen in the notable reduction in CBD in 
the post-fire profiles (Figure 3.9a,c), as compared to the majority of the canopy where 
the pre- and post-fire values remain quite similar (Figure 3.9b,d). The crown fire 
behavior also leads to a greater homogenization of the post-fire canopy, with a notable 
reduction in the variation of CBD in the lower part of the canopy. The surface fire 
profiles do show some consumption (comparing pre- to post-). However, this is greatest 
below 3-4 m, and not at all above 8-10 m, and the differences are marginal compared 
to the crowning profiles. Differences in canopy height, loading, and consumption for 
the two cases are given in Table 3.4. Crown fire regions show a tendency for greater 
loading, but the percent consumption is also significantly higher for these regions. 
 An interesting qualitative perspective of the canopy consumption is given in 
Figure 3.10. These images correspond to the region of significant canopy consumption 
to the south of the North tower (Figure 3.8). From the post-fire image, it appears that 
100% of the live needles have been consumed throughout the whole canopy. The 
percentage of 1-hr fuel consumed is more difficult to ascertain, but compared to Table 
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3.4, it appears that consumption is under-predicted in these high intensity regions. 
The vegetation models applied to the LiDAR have not been extensively calibrated to 
very intense fires. While these regions are limited in extent, this is important to keep 
in mind, particularly for model testing, and continued refinement may be necessary. 
Finally, Figure 3.10 also appears to show total consumption of shrub fuel in this region, 
with only short sections of stems remaining. The spatial resolution of surface fuel 
sample points may simply be too low to capture the peaks in these particular regions.  

 

Figure 3.10 – Comparison of pre- and post-fire fuel structure in region of canopy consumption to 
the south of the North tower. Photos were not taken from the same exact location, but are of the 

same region of the canopy, facing one another. 

3.4.4 Energy release 
The mean values of surface fireline intensity for EX1 ranged between 1650-
3480 kW∙m-1, while for EX2 the range was 180-4370 kW∙m-1 (lines in Figure 3.11). 
However, considering the effects of the variability of spread rate and fuel consumption, 
EX1 is estimated to have had peak surface fire intensities in excess of 4600 kW∙m-1, 
while EX2 exceeded 6100 kW∙m-1 (shaded area in Figure 3.11). This calculation does 
not consider canopy fuel consumption. However, as mentioned previously, visual 
observation suggested that most of the canopy consumption occurred as a result 
torching, and the values were <20% of the surface consumption (Table 3.3). As a 
result, energy release from these fuels are believed to have had little influence on the 
spread of the surface fire throughout most of the progression.  

On the other hand, these estimations may not capture the true peaks of fire 
intensity observed in isolated areas where significant continuous crown fuel 
involvement did occur (outlined in Figure 3.8). For one, the low time resolution of the 
spread rate calculation means that it yields average values which can obscure the more 
dynamic behavior. In EX2, for example, if additional information is included from a 
fire measurement site located in the region shown in Figure 3.10, a local spread rate 
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of ~0.4 m·s-1 is obtained. This is twice the maximum average spread rate obtained 
from the isochrones. Further, this canopy fuel consumption would serve to increase 
the energy release by a more significant factor. Considering total consumption of all 
thin fuel in this region, both surface and canopy (supported by Figure 3.10), mass 
consumption becomes 2.86 kg·m-2. Given these values, a rough estimate of crown fire 
intensity of 21 MW·m-1, which is more typical of the expected values for crown fire 
behavior (Van Wagner 1977).  

 
Figure 3.11 – Surface fireline intensity (𝑰𝑰surf) and heat release rate per unit area (𝑸𝑸″) calculated 
for the two experiments. Both mean values (symbols) and standard deviations (shaded areas) are 

shown. 

While the fireline intensity gives the energy release per unit length of fire front, 
the heat release rate per unit area (also referred to as the reaction intensity by 
Rothermel (1972)) can be a useful, perhaps more intrinsic, quantity to measure. This 
requires the fire front depths, which can be estimated as discussed in Section 3.4.4. 
Complications are introduced by canopy cover and smoke obscuration, and depth 
estimates are not available for all fire isochrones. However, a strong correlation 
appears between spread rate and depth, and the greatest depths (~10 m) are 
associated with the greatest spread rates (~0.4 m·s-1). Applying a simple linear 

correlation gives 𝐷𝐷 = 25𝑅𝑅, implying a fixed fire residence time of 25 s. This removes 
the influence of spread rate on the calculation of reaction intensity, which is now just 
a function of the mass loss and heat of combustion. This gives a surface reaction 
intensity value of ~700 kW∙m-2 for EX1 and ~900 kW∙m-2 for EX2.  

3.4.5 Wind 
Ambient and intra-block horizontal wind magnitudes, recorded at a height of 12.5 m 
at the overstory sonics and 3 m at the road sonics, are shown in Table 3.5, and 
directions are in Table 3.6. Values are reported for measurement periods between each 
fire isochrone, as wind changes may be correlated with changing features of fire 
behavior (Santoni et al. 2006). Both experiments were carried out under relatively 
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light ambient overstory winds (Control tower). Magnitudes of the ambient wind were 
consistently lower in EX1, with a mean horizontal magnitude of 1.8 m·s-1 during the 
period of interest, compared with 3.9 m·s-1 for EX2. The peak measured values were 
6.4 m·s-1 (during P3-P4) and 11.4 m·s-1 (during P5-P6), for the respective experiments. 
However, these gusts were of very short duration, as can be seen by their minimal 
impact on mean values. The average ambient wind direction (Table 3.6) in EX1 was 
well aligned with the southeasterly direction of spread from the main ignition. In EX2 
the winds had a similar direction (from the northwest), but the prevailing direction 
was oblique to the dominant spread direction by about 45°. The sonic on the 

Table 3.5 – Mean (standard deviation) horizontal wind speed from sonic anemometers. aoverstory 
towers at 12.5 m height. broad towers at 12.5 m height. cplume impact (sonic temp >100 °C). 

dloss of data due to plume impact. 
EX1 wind speed [m∙s-1] 

Interval Controla Westa Northa Southa   
Ignition-P1 1.8 (0.8) 1.6 (0.8) 1.4 (0.8) 1.3 (0.9)   
P1-P2 1.0 (0.7) 2.3 (1.0) 1.2 (0.8) 2.3 (0.8)   
P2-P3 2.4 (1.0) 2.2 (0.9) 1.4 (0.7) 2.4 (1.2)   
P3-P4 2.7 (0.9) 3.1 (1.9)c 1.5 (1.5) 2.2 (1.4)   
P4-P5 1.9 (0.8) 3.4 (1.2)c 3.5 (2.2)c 2.1 (1.3)   
P5-P6 2.1 (0.8) 2.5 (1.0) ---- d 2.7 (2.0)   
P6-P7 1.4 (0.7) 2.4 (1.0) ---- d 1.9 (1.3)   
Full duration 1.8 (0.9) 2.3 (1.3) 1.7 (1.4) 2.0 (1.3)   

EX2 wind speed [m∙s-1] 

Interval Controla  Westa Northa Southa 
North 
Roadb 

East 
Roadb 

Ignition-P1 4.6 (2.0) 4.6 (1.4) 4.0 (2.1) 4.4 (1.7) 0.9 (0.4) 0.9 (0.6) 
P1-P2 3.3 (1.6) 4.5 (1.5) 5.0 (1.9)c 4.4 (1.5) 1.2 (0.4) 1.3 (0.5) 
P2-P3 3.7 (1.7) 5.8 (1.8) 4.0 (2.2)c 4.8 (2.2) 1.2 (0.4) 1.4 (0.7) 
P3-P4 3.7 (1.8) 4.2 (2.4)c ---- d 3.7 (2.5)c 1.2 (0.5) 2.7 (1.0) 
P4-P5 4.1 (1.9) 4.1 (2.2)c 5.9 (1.8) 5.4 (2.5)c 0.9 (0.4) 1.8 (1.1) 
P5-P6 4.2 (2.1) 3.0 (2.0) 5.0 (1.5) 3.2 (2.0) 0.9 (0.4) 1.7 (0.7) 
P6-P7 4.3 (1.7) 3.6 (2.2) 4.4 (1.7) 4.1 (2.4) 0.9 (0.5) 1.6 (0.7) 
P7-P8 4.6 (1.8) 5.0 (1.8) 4.4 (1.7) 5.2 (1.7) 0.8 (0.5) 1.3 (0.6) 
P8-P9 4.7 (1.8) 4.1 (1.4) 4.7 (2.3) 4.5 (1.7) 1.1 (0.6) 1.1 (0.5) 
P9-P10 3.4 (1.7) 3.2 (1.6) 4.2 (1.6) 3.9 (1.5) 0.7 (0.5) 1.2 (0.6) 
P10-P11 4.1 (1.7) 3.7 (1.6) 3.4 (1.6) 3.4 (1.8) 1.0 (0.5) 1.2 (0.6) 
P11-P12 3.4 (1.1) 3.0 (1.4) 4.0 (1.4) 3.3 (1.2) 0.8 (0.4) 1.2 (0.5) 
P12-P13 2.1 (1.3) 2.3 (1.4) 2.9 (1.4) 2.7 (1.1) 0.9 (0.4) 1.1 (0.5) 
Full duration 3.9 (1.8) 3.8 (1.8) 4.0 (1.8) 3.8 (1.9) 0.9 (0.4) 1.3 (0.7) 
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north road in EX2 also gives an indication of the ambient winds within the canopy. 
The mean magnitude (0.9 m·s-1) represents a reduction of 4.3 times the overstory value 
and is likely more representative of the magnitude at flame height. The mean direction 
is similar to that of the Control tower but tends to a more northerly direction, 
particularly in the early stages of the fire. This is likely due to entrainment influences 
on the flow when the fire is initially close to the road. 

To give a picture of the turbulent characteristics of the wind, a sample of the 
time history of ambient (Control tower) horizontal wind magnitudes (12.5 height) is 
provided in Figure 3.12, for each experiment. High frequency turbulence can be seen 

Table 3.6 – Mean (standard deviation) horizontal wind direction from sonic anemometers. 
aoverstory towers at 12.5 m height. broad towers at 12.5 m height. cplume impact (sonic temp 

>100 °C). dloss of data due to plume impact. 
EX1 wind speed [m∙s-1] 

Interval Controla Westa Northa Southa   
Ignition-P1 305 (23) 272 (47) 307 (49) 278 (61)   
P1-P2 298 (63) 256 (45) 7 (132) 256 (48)   
P2-P3 5 (24) 31 (97) 88 (49) 75 (26)   
P3-P4 305 (15) 291 (46)c 350 (97) 5 (104)   
P4-P5 290 (26) 308 (25)c 307 (44)c 5 (87)   
P5-P6 294 (22) 306 (28) ---- d 334 (82)   
P6-P7 354 (49) 316 (23) ---- d 1 (105)   
Full duration 314 (43) 299 (63) 347 (94) 330 (94)   

EX2 wind speed [m∙s-1] 

Interval Controla Westa Northa Southa 
North 
Roadb 

East 
Roadb 

Ignition-P1 301 (23) 292 (21) 290 (23) 291 (22) 282 (33) 288 (87) 
P1-P2 295 (27) 295 (21) 285 (25)c 290 (20) 318 (31) 254 (81) 
P2-P3 309 (30) 291 (19) 325 (56)c 279 (32) 332 (44) 32 (131) 
P3-P4 312 (28) 301 (33)c ---- d 293 (63)c 352 (39) 55 (35) 
P4-P5 293 (23) 297 (40)c 306 (18) 303 (47)c 315 (42) 32 (51) 
P5-P6 295 (25) 295 (37) 306 (17) 302 (41) 321 (51) 330 (40) 
P6-P7 308 (20) 309 (36) 302 (23) 310 (32) 316 (49) 324 (43) 
P7-P8 313 (19) 307 (16) 306 (19) 316 (17) 286 (46) 303 (48) 
P8-P9 315 (19) 325 (22) 321 (23) 327 (17) 349 (60) 345 (38) 
P9-P10 314 (26) 314 (27) 311 (22) 322 (22) 323 (51) 327 (50) 
P10-P11 290 (26) 283 (26) 288 (29) 286 (31) 297 (61) 297 (60) 
P11-P12 325 (22) 325 (24) 309 (20) 320 (23) 314 (51) 310 (52) 
P12-P13 294 (53) 294 (51) 313 (25) 297 (26) 308 (47) 302 (81) 
Full duration 300 (29) 295 (32) 300 (30) 297 (35) 310 (56) 316 (72) 

 



110  Chapter 3 – Experimental overview 

 
 

in the instantaneous data. Nevertheless, performing a 1-min moving average confirms 
the fact that, relative to the low mean values, the wind did not fluctuate greatly over 
large time scales. Fluctuations at either time scale do not appear to correlate with 
changes in fire spread (Figure 3.4). Plots of ambient and intra-block wind magnitude 
and direction during the entire duration of the experiments can be found in 
Appendix A. 
 The intra-block winds in EX1 showed more significant deviations in direction. 
In the early stages of the fire (P2-P3) wind directions within the block shifted more 
to the east than the ambient, which may be traced to the sheltering effect of the 
growing plume. However, winds at the West and North towers aligned again with 
ambient as they were impacted by the plume (sonic temperatures above 100 °C) and 
following in the wake of the fire front. Winds at the South tower fluctuated more 
drastically later in the experiment as the two firelines converged around the tower. In 
EX2 the sheltering effect of the plume was not as visible within the averaging intervals 
shown. Wind directions aligned well with the ambient throughout, and standard 
deviations were low, even during fire impact. In both experiments elevated 
temperatures were measured at the anemometers in advance of the fire arrival (Figure 
3.3), indicating the tendency for the plume to travel downwind even at the height of 
the canopy. Note that not a great deal of attention was attached to the analysis of 
the sonic anemometer data during plume impact, as the sensors were rated only to 
50 °C. 

 
Figure 3.12 – Sample of ambient horizontal wind magnitude measured at the Control tower (12.5 

m) for (a) EX1 and (b) EX2. A 1-min moving average is shown (black line), along with 
instantaneous data (gray line). The times of associated isochrones are marked with vertical lines. 
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3.5 Discussion 

3.5.1 Fire characteristics 
Overall, the fire behavior of the two experiments was comparable, spreading as surface 
fires with localized regions of passive crown fire. The peak spread rate estimates were 
similar, though EX2 had a significant period of slow, low intensity spread through the 
middle of the block (which is discussed below). Consistency between the experiments 
can be attributed to the similar fuel loadings, relatively low wind speeds, and cool 
temperatures. Surface fuel loadings were similar, though slightly higher values in EX2 
lead to increased consumption (1.3 times EX1) and, therefore, a greater peak intensity. 
Both canopy fuel loadings and consumptions were also within similar ranges for the 
two burns. The characterization of fuels agrees with those of Clark et al. (2015) for 
surface fuels  and of Skowronski et al. (2011) for canopy fuels in other Pinelands 
forests. However, this study extends the work to include complementary fuels and fire 
intensity data necessary for the continued development of physics-based models.  

Characteristics of the surface fire are comparable to other studies in forested 
environments with a live shrub layer.  Fernandes et al. (2009) reported similar ranges 
of spread (0.004-0.23 m·s-1) and fireline intensity (30-3530 kW·m-1) for a series of 90 
head fires. These were carried out under similarly mild burning conditions. These were 
carried out under similarly mild burning conditions. Fernandes et al. (2009) developed 
a correlation for flame length, of the same form as Byram (1959a): 

where 𝐼𝐼 is the fire intensity (kW·m-1). Applied to EX1 and EX2, this gives flame 
lengths in the range of 0.8-4.7 m, and similar results are obtained for other correlations 
developed in forested environments (Alexander and Cruz 2012). This extent of surface 
fire flames links to the tendency for consumption in the lower canopy (up to 4 m), 
even in the absence of crown fire (Figure 3.9). 

The calculated fireline intensity was found to significantly increase when 
canopy fuel consumption was included for relevant regions of spread. These crown fire 
intensities (21,000 kW·m-1) are well below reported extreme values (exceeding 
90,000 kW·m-1) for fully active crown fires in other fuel types (Stocks et al. 2004b). 
However, they are closer to values for passive and developing active crown fires 
reported by Van Wagner (1977). 

 𝐿𝐿 = 0.049𝐼𝐼0.543, (3.2) 
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3.5.2 Wind and fuel 
Changes in the observed fire behavior (Figure 3.4) are apparently not directly linked 
to changes in ambient wind direction or magnitude (Table 3.5, Table 3.6, Figure 3.12), 
unlike prior studies (Santoni et al. 2006). In particular, the long period of dramatically 
reduced spread in EX2 (starting from P5-P6) cannot be connected to any obvious 
features of ambient wind magnitude or direction. In general, the direction of fire spread 
also appears to be linked more to the orientation of the ignition line than wind 
direction. These facts can be better understood by examining the non-dimensional 
Byram convective number (𝑁𝑁𝑐𝑐) (Nelson 1993), and is intended to give the ratio of the 
power of the fire (related to buoyancy) and the power of the wind (related to inertia). 
This concept is similar to the non-dimensional Froude number (Sullivan 2007), and 
takes the following form: 

where 𝐼𝐼 is the fire intensity (kW·m-1), 𝜌𝜌 is the air density (kg·m-3), 𝑐𝑐𝑝𝑝 is the specific 

heat of air (kJ·kg-1·K-1), 𝑇𝑇𝑜𝑜 is the ambient temperature (K), 𝑢𝑢𝑜𝑜 is the ambient wind 

speed (m·s-1), and 𝑅𝑅 is the spread rate (m·s-1). If the buoyancy overpowers the inertia 
(Nc>>1) then the fire is considered plume-dominated, and if the opposite is true 
(Nc<<1) then it is wind-driven. For the range of observed spread and surface fire 
intensity, the low ambient winds at surface level (typically ≤1 m ·s-1 when accounting 
for the reduction below canopy height) indicate a plume-dominated behavior (Nc>>1) 
for all but the periods of very low intensity and spread. This means that the buoyancy-
induced momentum will dominate, explaining the fact that spread direction was 
governed by the ignition orientation. Plume-dominated fires have also been linked to 
erratic fire behavior, due to the fact that non-linear processes (radiation) may 
dominate (Morvan 2011), which can contribute to the wide range of behavior observed 
over relatively steady ambient conditions. It should also be mentioned that 
intermittent, local gusts, which are not captured here, can have impacts on fire 
characteristics, and local fire-induced turbulence in general can play a stronger role 
for plume-dominated fires (Raupach 1990). Sullivan and Knight (2001) have discussed 
the issues with correlating remote measurements of wind with fire behavior, and this 
remains an issue as it is very difficult to separate ambient from fire-induced winds in 
proximate measurements, and sensor survivability is a challenge for in-situ 
measurement.  

These conclusions should be considered particular to these cases, where wind 
conditions were not severe in the context of wildland fires. For example, peak wind 

 𝑁𝑁𝑐𝑐 = 2𝑔𝑔𝐼𝐼
𝜌𝜌𝑐𝑐𝑝𝑝𝑇𝑇𝑜𝑜(𝑢𝑢𝑜𝑜 − 𝑅𝑅)3, (3.3) 
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gusts exceeded 22 m·s-1 during a catastrophic fire in the PNR in 1963 (Hughes 1987). 
In such instances, the role of wind is certainly more important. The analysis given is 
also subject to the time resolution of spread data. Intermittent, short-duration gusts 
can have impacts on local fire characteristics which are not captured here. Finally, it 
should be noted that measurements here (at canopy height) will differ from the often 
used values at 6 m above the height of vegetation. Assuming a logarithmic profile 
above vegetation, and using the correlation suggested by Albini and Baughman (1979), 
an estimate of the wind speed above canopy is given by multiplying by a factor of 1.9 
(giving mean values of 3.6 m∙s-1 and 7.4 m∙s-1 for the two experiments). However, 
multiple measurements over height are strongly recommended in the future, in order 
to give a more complete picture of the wind profile through and above the canopy.  
 
Pre-fire surface fuel structure can also be used to understand the fire behavior. First, 
the amount of surface fuel consumed was well correlated with the initial loading 
(Figure 3.6), which is consistent with previous studies of prescribed fires in this region 
(Clark et al. 2010). This is important given that the consumption of these fuels drives 
the fire behavior. Consider the regions of high spread rate with limited canopy fuel 
involvement (e.g. P3-P4 in the center of the EX1 fireline, P2-P3 in EX2 – see the 
corresponding dark regions in Figure 3.8). Given the absent correlation with the 
ambient wind, this rapid spread must be driven by surface fuels. Second, the pre-fire 
structure can also limit spread. The sudden and prolonged reduction in the spread of 
EX2 (with no corresponding wind reduction) appears to be associated with increased 
surface fuel heterogeneity. While the mean shrub loading (diameter <6.35 mm) for 
the plots with low spread (n=18) was 0.41 kg∙m-2, which is close to the total mean 
(Table 3.3), the relative standard deviation was 54%. This is supported by visual 
observation of patchy shrub fuels in the southern portion of the block. Comparatively, 
a mean loading of 0.48 kg∙m-2 and a relative standard deviation 25% were found for 
the plots with more rapid spread, demonstrating the effect of fuel heterogeneity. The 
impact of fuel heterogeneity on fire spread has been studied previously, with critical 
thresholds for non-propagation suggested (Nahmias et al. 2000; Santoni et al. 2006; 
Simeoni et al. 2011). However, in the present experiments, the needle litter remains 
more homogeneous throughout, so that the fire is still able to propagate, albeit more 
slowly, in the absence of direct shrub-to-shrub flame spread. In general, a better 
quantification of both the fire-atmosphere interaction and fine scale fuel structure will 
contribute to description of unsteady fire behavior. 

The surface fuels also provide the energy necessary to support a fire in the 
canopy. Van Wagner (1977) introduced a framework for assessing crown fire potential, 
which has been used extensively (Cruz and Alexander 2010), and can serve as a 
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baseline for understanding the transition to crown fire observed in these experiments. 
A critical intensity to initiate the vertical spread into canopy fuels, Io, is calculated, 
based on crown base height and ignition energy (Van Wagner 1977). In these 
experiments, there is no clear crown base height, with canopy fuels extending to the 
shrub layer (Figure 3.1, Figure 3.9). Taking the height of the interface of the canopy 
with the top of the shrub layer (~1 m) Io = 200 kW∙m-1. This confirms the fact that 
ignition of these fuels will easily occur (observed as low-height consumption and 
torching).  

However, the high level of consumption and associated spread through the 
canopy, occurring only in certain regions (Figure 3.8), is linked to the high density 
found in the pre-fire canopy structure (Table 3.4, Figure 3.9). Following the theory of 
Van Wagner (1977), a certain minimum CBD is required for fire spread in the canopy, 
given a particular surface spread rate. This agrees with the higher CBD present in 
crowning regions. While more studies are required to identify an exact threshold, these 
profiles had peak CBD values around 0.16 kg∙m-3. Agee (1996) observed a threshold 
for crown fire activity for a crown bulk density of ~0.1 kg∙m-3. While the crown bulk 
density was not measured here, a rough estimate can be developed from dividing the 
canopy fuel load by the canopy height in areas of crown fire (Table 3.4). This gives a 
value of 0.11 kg∙m-3 and 0.10 kg∙m-3 for the two experiments, which is highly 
comparable, and helps to explain the transitional/passive crown fire behavior, as 
higher densities are needed to support active crown fire. 

Additionally, because areas of dense canopy fuel are elevated, if we consider a 
height of 4-5 m (roughly the bottom of the elevated band of peak CBD, see Figure 
3.9) the critical intensity becomes Io = 1600-2200 kW∙m-1. This condition is still met 
for periods of fire spread where crown fire was observed, demonstrating that such 
behavior is not unexpected given the state of the pre-fire fuels. The theory of Van 
Wagner (1977) also reinforces the fact that the presence of a CBD profile conducive 
to crowning is a necessary but not sufficient condition in the case of passive crown 
fire. Thus a modification to surface fire behavior, such as through increased shrub 
heterogeneity, can cause an interruption in the crown fire.   

3.6 Concluding remarks 
This general overview of the fire behavior observed in two experiments offers insight 
into the behavior and impact that fires in the PNR can have during the late winter 
and early spring. With similar pre-fire fuel loadings, the fires spread primarily through 
the surface fuels with moderate spread rates (0.01-0.2 m·s-1) and surface fireline 
intensities (200-4400 kW·m-1), though occasional torching and isolated regions of more 
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continuous crown consumption were observed. The impacts of fuel and wind variables 
were considered. It was found that surface fuel consumption was well linked to initial 
loading, regardless of fire behavior. Further, through the analysis of canopy profiles, 
a threshold of peak CBD of 0.16 kg·m-3 is suggested to support crown fire. However, 
this alone is not sufficient, and the occurrence of crown fire will be strongly linked to 
the surface fire. Features of the wind could not be directly linked to changes in fire 
behavior, however, an examination of the Byram convective number showed that, for 
light winds, buoyancy forces should dominate at flame level. This can help account 
for the relatively unsteady behavior of the fires, particularly EX2. It was also found 
that changes in surface fuel heterogeneity could help explain changes in fire intensity. 
Nevertheless, an improved understanding of this behavior in the future can be of value 
for fire fighter safety, both in prescribed and wildland fire operations. 

The number and type of measurements provided and the corresponding 
discussion, both in terms of pre-fire conditions and descriptions of fire behavior, 
represent a minimum necessary for the basic exploration of fire behavior. However, 
studies at even this level of detail are relatively uncommon for individual fires, though 
they are required for the initialization and testing of detailed physics-based models. 
While the non-intrusive approach provided a good global picture, improvements can 
be made to the temporal scale of some measurements (IR images) and the spatial scale 
of others (surface fuel, wind measurements). Such improvements can shed light on the 
cause of the unsteady fire behavior. It is likely that the ambient wind was not a direct 
source, but a greater number of close proximity measurements would help answer this. 
The influence of the surface fuel loading and continuity could also be better 
characterized with more detailed spatial information. Nevertheless, this work provides 
a solid basis for a measurement and analysis framework for future experiments. While 
such studies require significant resources, they are necessary for model improvement, 
which will in turn help lead to a better fundamental understanding of fire behavior.  
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Chapter 4 
Field experiment - localized fire behavior 
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4.1 Summary 
The aim of this chapter is to explore a number of more fundamental fire behavior 
measurements from the second field experiment described in Chapter 3 (EX2). These 
measurements include temperature, flow velocity, and radiative heat fluxes, and were 
conducted simultaneously at specific locations within the burn area. Following a 
presentation of the applied methods, the results are analyzed in an effort to quantify 
localized fire behavior. Viewing the resultant descriptions in the context of the more 
global behavior investigated in Chapter 3, a more complete picture is formed, which 
will subsequently be utilized for model comparison. 
 As in-situ measurements in fire, and particularly wildland fire, offer a number 
of challenges which are not always fully addressed, this chapter aims to discuss such 
challenges as they relate to measurement uncertainty. A particular focus is placed 
upon the measurements of radiative heat flux, given the relative simplicity of the 
instrumentation used to obtain this quantity. Related to this discussion, an analytical 
correction factor is developed which can ideally be applied to any hemispherical 
measurement of incident radiation. The discussion demonstrates the levels of 
uncertainty potentially present in the measurement of wildland fires. It is shown that 
a clear presentation of experimental protocols and their associated uncertainty dictates 
the utility of experimental work to the modeling community, and it is useful to provide 
examples for experimentalists who may not be familiar with what is required by the 
modeling community.     

4.2 Introduction 
In any complex process, an understanding of the underlying, fundamental phenomena 
can provide insight into the more global, or macroscopic, behavior observed. This is 
no less the case with wildland fires. Therefore, when carrying out a field experiment, 
efforts to measure fundamental physical phenomena are highly valuable for explaining 
fire behavior. This value is magnified when such experiments are intended for the 
testing and development of physics-based fire behavior models, whether simplified or 
detailed. As these models aim to resolve the underlying physics (as introduced in 
Chapter 1), any assessment of model capabilities benefits significantly from such 
measurements (Alexander and Cruz 2013).  

Previously, three distinct stages of fire spread were identified: preheating, 
flaming, and intermittent flaming and smoldering combustion (e.g. Ward 2001), and 
are shown again Figure 1.5. While the reader is referred to Chapter 1 for the more 
complete discussion of these stages, it is worth recalling them. Preheating occurs 
through a combination of radiative and convective heat transfer, the relative weight 
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of which will depend on various factors including slope and wind. These mechanisms 
provide the energy to raise the fuel temperature, drive moisture from the fuel, and 
eventually bring it to a temperature which allows for pyrolysis and subsequently 
flaming combustion. When pyrolysis subsides, smoldering combustion often persists in 
the wake of the flaming front, though there can be considerable overlap of the flaming 
and smoldering stages, depending on conditions in the fuel layer (Simeoni et al. 2012; 
Thomas 2016). These stages can be monitored by obtaining various thermodynamic 
measurements. 

 
Figure 4.1 – Pictorial representation of the three stages of fire spread. Arrows give a qualitative 

indication of dominant flow directions. 

In order to quantify some of the processes described above, three fundamental 
measurements were obtained in the field. These are temperature, velocity, and 
radiative heat flux. To start, gas-phase temperature has a long history in the study of 
fire science and fire behavior (Pitts et al. 2003), and it can help reveal details of flame 
spread, flame and plume geometry, and fire-induced turbulence. Velocity also reveals 
information on the flame and plume dynamics as well as interactions with the ambient 
wind (Pitts 1991; Potter 2012a; b). And finally, radiative heat flux gives an indication 
of the preheating strength of the fire front (Anderson 1969). While convective heat 
flux can also be quite important (whether it is through heating or cooling) (Frankman 
et al. 2013a), it is less a feature of the fire front itself, unlike the other chosen variables. 
The rate of convective heating to a fuel element is a function of the boundary layer 
(both velocity and temperature) which forms around the element, as well as the 
temperature of the element itself (Incropera et al. 2007). This makes direct 
measurement of magnitudes related to vegetation elements difficult. However, a sense 
of the tendency for heating or cooling potential, as well as data for modeling, can be 
obtained from the gas-phase temperature and velocity measurements.  

A number of previous field experiments have investigated some combination of 
the aforementioned measurements (Butler et al. 2004, 2016; Cohen 2004; Taylor et al. 
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2004; Santoni et al. 2006; Clements et al. 2007; Silvani and Morandini 2009; Morandini 
and Silvani 2010; Cruz et al. 2011; Wotton et al. 2012; Frankman et al. 2013a). A 
more detailed description of these experiments, including the various measurements 
obtained, can be found in Chapter 2. The analysis provided here adds to the collection 
of field-scale wildland fire behavior measurements, in the context of the Pinelands 
National Reserve (PNR). It also has the advantage that it provides all three 
measurements from within the fire environment at flame level, and they are co-located. 
This is helpful for testing detailed physics-based fire models, as fire behavior will 
inevitably vary locally throughout a field-experiment. Providing a variety of different 
measurements at the same location means that multiple aspects of the representation 
of the highly coupled physical phenomena can be evaluated at the same instant. 

A downside to the types of measurements described here is that they tend to be 
point-based spatially, and therefore can only provide a glimpse at any one moment of 
a fire progression (Wotton et al. 2012). This is particularly true as it is often cost- and 
labor-prohibitive to heavily instrument a moderate- to large-scale experimental fire. 
However, by linking these measurements to the global trends of fire progression, a 
more complete picture of fire behavior can be created. Moreover, by establishing a 
consistent methodology, it is the intention that many more such measurements will 
be carried out in the same environment in the future, thus creating a database of the 
features of physical fire behavior in the PNR. 

4.3 Methods 
Measurements of localized fire behavior in EX2 were carried out in three locations, 
selected based upon an exploratory survey of the burn block. Density of the shrub 
layer (based on visual inspection) and avoidance of any direct contact with canopy 
branches were the two criteria used. The location of these sites, which will be referred 
to hereinafter as F1, F2, and F3, are shown in relation to the progression of the fire 
front in Figure 4.2. The isochrones of the fire front were obtained from aerial IR 
imagery, as detailed in Chapter 3.  

Each site consisted of one ‘primary’ tower, measuring gas-phase temperature, 
and three ‘secondary’ towers, measuring radiative heat flux and flow velocity. The 
layout of these towers can be seen in Figure 4.3, with the ‘secondary’ towers set in a 
line 2.0 m behind the primary tower and placed at a 2.0 m spacing along this line. 
The primary towers were placed upstream in the anticipated direction of fire spread 
so that they would be impacted first. This allowed a simultaneous measurement of 
the environment within the flames (gas-phase temperature) and the impact ahead of 
the front (radiative heat flux). 
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Figure 4.2 – Location of fire behavior measurement sites within the burn block, shown in relation 

to IR-derived fire front isochrones. 

 
Figure 4.3 – Configuration of instrument array for fire behavior measurement, shown in (a) plan 

and (b) section view.  

Temperature measurements were made with K-type sheathed, grounded 
thermocouples, having an outer sheath diameter of 0.25 mm (KMTXL-IM025G-150, 
Omega ®). A small diameter was chosen to minimize response time (~0.2 s) and 
reduce errors related to radiative exchanges (the magnitude of which are related to 
thermocouple surface area) (Pitts et al. 2003). At each site, four thermocouples were 
placed vertically at 60 cm intervals, putting the lowest thermocouple below the 
average shrub layer height (Figure 4.3). The sheaths were insulated by ceramic tubes 
(ORM-11618-6, Omega ®), leaving only the tip exposed, and the leads and 
connections were protected in a wrapping of ceramic wool. The probes were fixed 
securely to the support tower using L-brackets, in order to minimize any potential 
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vibrations. Likewise, steel guy-wires were used to anchor the support tower to 
neighboring trees. In a non-isothermal, transient environment, movement or vibration 
of the thermocouple will modify its response to the surrounding gas phase temperature, 
and is undesirable.  

Errors in gas-phase measurement generally stem from the fact that, in some 
situations, the thermocouple junction temperature may not be a good representation 
of gas temperature (Pitts et al. 2003). Beyond considerations related to response times 
in rapidly fluctuating temperatures, there are a number of potential error sources. 
These include radiation gains and losses as well as conduction losses down the lead 
wires, of which radiation is considered to be more significant in fire environments 
(Pitts et al. 2003). Silvani and Morandini (2009) gave an analysis of the potential for 
radiative errors in both the preheating and flame region for a number of relevant flow 
velocities for wildland fires. They found that errors were <10% and, given that similar 
sized thermocouples are used, no systematic corrections are applied to the 
measurements reported here. 

Gas-phase velocity was measured with differential pressure sensors, or bi-
directional McCaffrey probes (McCaffrey and Heskestad 1976). These record a 
pressure differential between two ports (one static and one dynamic, depending on 
flow direction) and this is converted to gas velocity based on the following: 

where 𝐾𝐾 is a correction factor and a temperature-dependent air density is used. The 
probes were manufactured in-house at the University of Edinburgh, with an inner 
opening diameter of 14.5 mm. A correction factor of 1.08 was estimated for these 
probes in wind tunnel calibration tests (Young Calibration Ltd., Certificate No. 
32217). This factor has been found to vary on the order of ±5% for different probes, 
but this variability is considered acceptable given the numerous other sources of 
uncertainty. Plastic tubing, wrapped in an insulating layer of ceramic wool, was used 
to connect the probes to differential pressure transducers (5266 DPT, Gems Sensors 
and Controls ®). It should be noted that the response time of these transducers was 
on the low end (~1 s) and that, due to the linear pressure-voltage response, but the 
non-linear nature of Equation (4.1), the resolution of the sensors was coarse for low 
(ambient) flow velocities. Three of these probes were utilized at each site at a height 
of ~1.2 m on the center secondary tower (Figure 4.3). They were oriented so as to be 
mutually perpendicular (up/down, north/south, and east/west). However, these 
probes are designed primarily to measure uni-directional flows, and their signal 
response to off-axis velocity vectors does not have an ideal match to a cosine law 

 𝑢𝑢 = 1
𝐾𝐾

�2∆𝑃𝑃
𝜌𝜌

, (4.1) 
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(McCaffrey and Heskestad 1976; Liu et al. 1990), which would give only the 
component of velocity normal to the sensor. Due to a limited number of available 
transducers, velocity measurements were only carried out at sites F1 and F2. As 
reference temperature measurements at the location of the probes were unavailable, 
the measurements from the thermocouple at 1.2 m on the primary tower were used to 
calculate gas density. The measurements were shifted in time so that the temperature 
peak coincided with the peak vertical velocity, as there will be a time delay between 
the temperature rise at the primary tower and that at the secondary tower.  
 Despite the aforementioned uncertainties associated with these sensors, their 
distinct advantage is durability, which has resulted in their use in laboratory studies 
of fire (e.g. Anderson et al. 2010). More accurate sensors which can give a good 
measure of the 3-dimensional velocity vector, such as sonic anemometers, are not able 
to survive the extreme fire environment. As such, use of these sensors in the field is 
restricted to the lower temperature regions of the plume by placing them above flame 
height and/or clearing vegetation around the base of the tower (e.g. Clements et al. 
2007, 2014, 2016). However, bi-directional pressure probes have only been used in a 
few instances in wildland fires (Butler et al. 2010a, 2016), and comparison points for 
in-flame velocity measurements are limited in the literature.  
 Incident radiant heat fluxes were measured using thin-skin calorimeters (TSCs) 
(ASTM International 2011). These sensors were chosen for their simplicity and 
affordability, and have demonstrated prior utility in fire testing scenarios at both 
bench scale (Gollner et al. 2013; Majdalani et al. 2016) and large scale (Amundarain 
2007). Similar devices have also been tested in scenarios related to wildland fires 
(Manzello et al. 2010; Sullivan and McDonald 2014). TSCs fundamentally operate as 
temperature measuring devices. A small, thin stainless steel disk (diameter: 9.6 mm; 
thickness: 1.3 mm) was fixed to the face of a square of ceramic insulation board. 
Thermocouple wires were welded to the back face of the disk, allowing the 
measurement of its temperature. Additionally, the disk was painted black in order to 

maximize its absorptivity/emissivity (we assume 𝛼𝛼 = 𝜀𝜀 = 1). Employing a series of 
assumptions and laboratory calibrations, which will be explored in Section 4.4, it is 
possible to use the disk temperature measurements in order to solve an energy balance 
for the metal element, which in turn yields a calculation of incident radiative heat 
flux. Six of these sensors were used at each measurement site, with two on each 
secondary tower, at heights of 0.9 m and 1.1 m (Figure 4.3). The sensor faces were 
aimed at the primary tower to cover a wider total view angle, due to the uncertainty 
inherent in the actual angle of approach of the fire front. 
 Data loggers (CR3000, Campbell Scientific) were placed in waterproof boxes 
and buried at each site, downstream of the anticipated direction of fire spread. This 
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was done to avoid local effects on fire behavior in the measurement area due to 
vegetation disturbance. Loggers and pressure transducers were powered by 12V marine 
batteries. All sensors were recorded at a frequency of 50 Hz, as a high frequency can 
be important for properly capturing fluctuations and peak values in wildland fire 
measurements (Frankman et al. 2013b). An example of the full instrument array is 
shown in Figure 4.4.    

 
Figure 4.4 – Site F1, fully installed pre-fire. 

4.4 TSC calibration 
The incident radiative flux on the TSCs must be derived from the measurement of 
temperature of the metal disc. Following Hidalgo et al. (2016), this done by considering 
the disk to be thermally-thin, and writing the following energy balance: 

where the subscript 𝑠𝑠 refers to the steel plate. Losses by conduction into the insulation 

material are considered to be a proportion, 𝐶𝐶, of the received radiation: 

giving the following equation for the incident radiation: 

 𝛥𝛥
𝐴𝐴𝑠𝑠

𝑐𝑐𝑝𝑝
𝑑𝑑𝑇𝑇𝑠𝑠
𝑑𝑑𝑑𝑑

 =  𝛼𝛼𝑞𝑞′′
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𝑐𝑐𝑜𝑜𝑖𝑖𝑐𝑐  −  ℎ𝑐𝑐(𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑔𝑔), (4.2) 

 𝑞𝑞′′
𝑐𝑐𝑜𝑜𝑖𝑖𝑐𝑐  =  𝐶𝐶𝛼𝛼𝑞𝑞′′

𝑖𝑖𝑖𝑖𝑐𝑐, (4.3) 

  𝑞𝑞′′
𝑖𝑖𝑖𝑖𝑐𝑐   =   1

𝛼𝛼(1 − 𝐶𝐶)
�𝛾𝛾 𝛥𝛥

𝐴𝐴𝑠𝑠
𝑐𝑐𝑝𝑝

𝑑𝑑𝑇𝑇𝑠𝑠
𝑑𝑑𝑑𝑑

 +  𝜀𝜀𝜎𝜎(𝑇𝑇𝑠𝑠
4 − 𝑇𝑇∞

4) −  ℎ𝑐𝑐(𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑔𝑔)�, (4.4) 



Chapter 4 – Localized fire behavior  125 

 
 

with the factor γ added to account for the tendency for overestimation in highly 
transient stages of heating (LHS of Equation (4.2) is large) (Hidalgo et al. 2016). The 

convective heat transfer coefficient, ℎ𝑐𝑐, was calculated under the assumption of natural 
convection over a vertical plate, as is consistent with the quiescent conditions in the 
laboratory. This is dependent on the Rayleigh number: 

and takes the following form (Incropera et al. 2007): 

All of the gas phase properties in the above equations are evaluated at the film 

temperature (𝑇𝑇𝑓𝑓 = �𝑇𝑇𝑔𝑔 + 𝑇𝑇𝑠𝑠�/2). 
The determination of the correction factors C and γ was carried out in the 

laboratory at the University of Edinburgh using an automated movable radiant panel 
that allows the specification of automated heating curves, following Hidalgo et al. 
(2016). Using a series of long-term heating tests which periodically increase the 
incident flux in steps, the following calibration coefficients were determined: 

with 𝐶𝐶 as a function of disk temperature (°C). An example comparison between the 
applied and measured incident flux, after employing the above correction factors, is 
given in Figure 4.5. The performance of the sensor is quite good, with errors generally 
not exceeding 1 kW·m-2.  

However, the long durations of these calibration tests are not indicative of the 
kinds of residence times typically encountered in wildland fires (Burrows 2001; Taylor 
et al. 2004; Wotton et al. 2012). Therefore, some shorter duration tests, with more 
rapid heating rates, were carried out to check the response of the sensors and the 
validity of the correction factors. Results of these tests, as shown in Figure 4.6, reveal 
that the corrected measurements tend to over-predict in the short-term transient 
stages of heating (by as much as 7 kW·m-2 in the case of the more rapid heating 
curve). In fact, neglecting the use of any correction factors appears to give a better 
result in these conditions (Figure 4.6). It is believed that this behavior is a function of 
the differing thermal response characteristics between the insulation board material 
and the stainless steel which leads to the potential for net zero conductive losses (and 

 𝑅𝑅𝑅𝑅𝐿𝐿  =  
𝑔𝑔�𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑔𝑔�𝐿𝐿3

𝑇𝑇𝑓𝑓𝜈𝜈𝑓𝑓𝛼𝛼𝑓𝑓
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 𝐶𝐶(𝑇𝑇𝑠𝑠) =  0.583 −  7.1 · 10−4 · 𝑇𝑇𝑠𝑠,    𝛾𝛾 =  0.6, (4.7) 



126  Chapter 4 – Localized fire behavior 

 
 

possibly even small amounts of conductive heating). Given that the short-term tests 
are more representative of the expected conditions in a wildland fire than that of the 
long-term tests, subsequent reports of incident flux from the TSC measurements will 
use these two assumptions (corrected and uncorrected) as error bounds. 

 
Figure 4.5 – Initial test of calibration coefficients against long-duration heating curve. Applied 
incident radiative heat flux (dashed black line) versus calibrated TSC measurements (red line). 

 
Figure 4.6 – Short-duration heating curve tests of TSCs. Uncorrected (blue line) and corrected 

(red line) measurements of incident radiative heat flux are compared against applied values 
(dotted black line).  

 In the case of the experimental measurements, the surrounding environment 
differs from the quiescent laboratory, and so the convection was estimated using a 
Reynolds-based correlation for forced convection (Incropera et al. 2007): 
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with gas-phase properties evaluated at the film temperature (𝑇𝑇𝑓𝑓). This information is 
not available at each sensor, but an estimate can be made from the velocity 
measurements and the reference temperatures used to calculate the velocity. While 
this approach introduces uncertainties, it is deemed to be acceptable as we only 
consider heat flux measurements up to the time of the fire arrival at the ‘primary’ 
tower (before the fire reaches the sensors, and convective effects become very 
significant). The convective coefficient assumes that the boundary layer over the 

sensor has not transitioned to turbulence. For a length of 𝐿𝐿 = 0.1 m, the Reynolds 
number will remain below a critical value of 5·105 for transition to turbulence 
(Incropera et al. 2007) if the velocity is below ~75 m·s-1 (assuming ambient 
temperatures, otherwise this critical velocity will be greater). It is reasonable to 
assume that such magnitudes will not be achieved in this experiment. The presence of 
free stream turbulence must also be considered. Studies of free-stream turbulence 
intensities up to 3.8% have shown a negligible effect on the laminar region of heat 
transfer on a flat plate, but a reduction in the critical Reynolds number (Kestin 1966). 
However, as we do not consider the region within the flames, ambient flow should 
remain relatively low and we maintain the relationship in Equation (4.8). Nevertheless, 
this is an area which should receive further attention if these sensors are to be used in 
the future. 

4.5 Results and discussion 

4.5.1 Overview 
Before going into the details of the fire behavior measurements described in Section 
4.3, it is worth giving a general impression of the behavior in the plots. Videos from 
the site locations were invaluable for obtaining a qualitative sense of this behavior 
(Figure 4.7). Unfortunately, the data on the F3 camera was corrupt, so only F1 and 
F2 were available. From the recordings, a clear difference can be seen. F1 exhibits a 
surface fire behavior with occasional torching. Flames are low (1-3 m), with some tilt 
and forward bursts. At F2, flames are taller (>4 m)* and more upright, particularly 
in the area leading up to the site. Upon arrival, a greater fire depth is also observed 

                                        
* At least 4 m at the measurement location, but much taller in the region of high crown consumption 
immediately ahead of the site 
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at F2. Using the aerial visual imagery, fire depths were estimated to be ~5, 10, and 
6 m for the three sites*, respectively. These are characteristics which will be echoed 
throughout the following analysis, as quantitative description is developed. 

 
Figure 4.7 – Video stills from site (a-b) F1 and (c-d) F2. Images correspond to roughly (a,c) 30 s 

before fire arrival and (b,d) the time of fire arrival at the primary tower. 

The IR-based estimates of spread rate give a value of 0.19 m·s-1, 0.13 m·s-1, 
and 0.15 m·s-1 for F1, F2, and F3, respectively (Chapter 3). However, a dramatic drop 
in fire intensity occurred between two isochrones, just after F2, so the estimate here 
is actually an average of a period of rapid spread and a period of slow spread. By 
using the time of arrival at F2 and the preceding isochrone, (P3, Figure 4.2), a much 
higher value of 0.4 m·s-1 is obtained leading up to F2. This is the value that will be 
considered for the remainder of the analysis.  

Another good indicator of the local fire behavior is the measure of LiDAR-
based CBD, as discussed in detail in Chapter 3. Figure 4.8 shows average pre- and 
post-fire thin fuels CBD profiles, obtained from a 3 x 3 pixel region (900 m2) containing 
each of the measurement sites, as noted in Figure 4.2. From these profiles, it is possible 
to see both the difference in pre-fire canopy structure and the subsequent influence of 
the fire behavior. At F1, the pre-fire forest canopy was shorter, with most fuel below 
10 m, and the peak CBD at 5-6 m. On the other hand, F2 and F3 show taller canopies 
(up to ~12 m), with peaks at 6-7 m. Despite the greater similarity between the initial 
structure in F2 and F3, the consumption shows a more consistent fire behavior 

                                        
* Ariel imagery was not available for the exact time of the fire passing F2, so this is an estimate from 
the closest high-intensity image 
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between F1 and F3. In these cases, consumption is generally concentrated below ~7 
m, with a mean value along this range of 0.072 kg·m-3 and 0.053 kg·m-3, respectively. 
These profiles appear consistent with a surface fire exhibiting occasional 
torching/ladder fuel consumption. In contrast, consumption at F2 extended up to 10 
m, with a mean value along this range of 0.091 kg·m-3. Perhaps more telling is the 
significant reduction in the variation of CBD at F2 (shaded region), suggesting a more 
consistent extent to the flames (e.g. crowning behavior) in this region, rather than 
varied consumption due to intermittent torching at the other sites. All three sites 
show peak pre-fire CBD in the realm of the suggested threshold for transition to 
crowning of 0.16 kg·m-3 (see Chapter 3), however the variability at F2 indicates values 
up to 0.22 kg·m-3, which may aid the transition to crown fire. Further, variability in 
the shrub fuel will play an equally important role but is not captured here, as discussed 
in Chapter 3. And finally, the transition between surface and crown fire can also be 
influenced by more stochastic processes such as local wind gusts.  

 
Figure 4.8 – Pre- (circles) and post-fire (triangles) average profiles of thin fuel CBD at (a) F1, (b) 
F2, and (c) F3. Average values (symbols) and standard deviations (shaded region) are taken over 

a 3 x 3 pixel region containing each of the measurement sites (Figure 4.2). 

4.5.2 Temperature  
From the gas-phase time-temperature curves the three regions of preheating, flaming, 
and smoldering combustion (Figure 1.5) can be examined. The strict identification of 
the flaming period (and thus the residence time) can be difficult, and different criteria 
have been used in the past. These include trying to define time that the fuel particle 
spends in the flame (Fons et al. 1962) through visual estimates (Taylor et al. 2004; 
Wotton et al. 2012), by trying to identify the initial temperature rise and definite drop 
in temperature data (Rothermel and Deeming 1980), or by picking some threshold 
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temperature value to represent flaming (Taylor et al. 2004; Morandini and Silvani 
2010; Wotton et al. 2012; Butler et al. 2016), as is done here. When using temperature 
measurements, the height of the sensor is an important factor. Not only will the flame 
depth generally diminish with height, but intermittent flaming at the surface can 
persist well after the fire front passage, particularly for larger (thicker) fuel elements. 
Temperature-based evaluations of the fire front will inevitably also depend on factors 
like sensor response time, sampling frequency, and signal processing. However, by 
establishing a fixed procedure for analysis, direct comparisons can be made between 
different measurements and the numerical predictions. Evaluation from the video 
proved difficult in this case owing to the angle of approach and the obscuration of 
view by flames. 

As an example, signals from the lowest (0.6 m) thermocouple are reported for 
each site in Figure 4.9 (all of the time-temperature curves can be found in Appendix 
A). Given the average shrub layer height of ~0.8 m (Chapter 3), these can be 
considered representative of temperatures within the fuel layer. Following previous 
studies (Taylor et al. 2004; Silvani and Morandini 2009; Wotton et al. 2012; Butler et 
al. 2016), a flame-tip temperature of 300 °C is assumed, based on past field 
measurements (Sullivan et al. 2003). In order to filter out short-lived peaks close to 
this threshold value (which are unlikely to signify the true arrival of the main flaming 
combustion zone), a 1-second moving average is applied to the instantaneous data. 
From this, the first and last temperature in excess of the threshold are taken as the 
bounds of the flaming period (gray region in Figure 4.9).  

 
Figure 4.9 – Instantaneous gas-phase temperature at 𝒛𝒛 = 0.6 m at sites (a) F1, (b) F2, and (c) 

F3. The gray region corresponds to the time between the first and last temperature exceeding 300 
°C, from a 1-second moving average (residence time, 𝒕𝒕𝒓𝒓). 

In each case, temperatures during the preheating stage remain generally low 
with only one or two very short-lived peaks up to 200-300 °C. These are associated 
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with bursts of hot gas ahead of the fire front and last no more than 10 seconds (with 
continuous pulses above 200 °C lasting no more than 2 seconds). The onset of the 
flaming stage is marked by a very rapid rise in temperature, consistent with 
expectations (Butler et al. 2004). Temperatures remain elevated until the later stages 
of the flaming period, at which point they decay more gradually and with a significant 
amount of turbulent fluctuation. It should be noted that this turbulence persists well 
after the passage of the fire front. The intermittent flaming and smoldering 
combustion, along with residual heat in the surface, contribute to turbulent updrafts 
for a time after the flaming period is considered over.  

Information on the flaming period (peak temperature, residence time, and 
intermittency) at all thermocouple heights is contained in Table 4.1. Peak 
temperatures are between 664 and 1017 °C, consistent with the range of roughly 600–
1300 °C observed in a number of other studies including surface/shrub (Silvani and 
Morandini 2009; Morandini and Silvani 2010; Wotton et al. 2012; Butler et al. 2016), 
and crown (Butler et al. 2004) fires. Figure 4.10 shows the height dependency of peak 
temperature more clearly. This figure includes the estimated maximum under-
prediction of temperature in the flame due to radiative losses (taken as 10% following 
Silvani and Morandini (2009)). For sites F1 and F3, the highest peak temperature is 
at the lowest thermocouple with a clear decay along height, a result of the shrub-
based surface fire observed in these locations (e.g. Figure 4.7). However, even the 
upper thermocouples exceeded the threshold value, suggesting that they were not 
completely isolated from flame contact. At F2, the highest peak temperature is 
actually at a height of 1.2 m, but the spread between peak values along height is less. 
A relatively constant temperature along height suggests all thermocouples were within 
the continuous, or persistent flame region (McCaffrey 1979). Different criteria have 
been suggested to identify this region, based on studies over both gas burners 
(McCaffrey 1979) and vegetative fuel (Dupuy et al. 2003). For line fires (non-

axisymmetric), it was shown that height of the continuous flame scales by 𝑄𝑄𝑙𝑙
2/3 (Yuan 

and Cox 1996; Quintiere and Grove 1998), where 𝑄𝑄𝑙𝑙 is the heat release rate per unit 
length (analogous to fireline intensity (Byram 1959a)). Thus, this extension of the 
continuous flame at F2 is consistent with the greater fire intensity (e.g. Figure 4.7).  

Residence times are all between 17 – 34 s, though values at the lowest 
thermocouple should be more representative of the actual fire front residence time and 
are between 20 – 31 s. Higher values were found at F2, with the more intense fire 
behavior. The estimates of local spread and depth from Section 4.5.1 give residence 
times of 26, 25, and 40 s for the three sites respectively. These compare relatively well 
at F1 and F2, and the over-estimation at F3 is a result of an under-estimation of local 
spread, which accelerates rapidly between the ignition line and site F3. 
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Figure 4.10 – Maximum instantaneous gas-phase temperature for each height at F1, F2, and F3. 

Shaded areas represent a maximum estimated temperature error of 10%.  

These values are in a similar range to the findings of other field experiments 
which employed temperature measurement. For example, Wotten et al. (2012) found 
a mean residence time of 37 s in a series of 77 surface fires of varying intensity in a 
eucalypt forest, with a standard deviation of 14 s. In five shrubland fires, Morandini 
and Silvani (2010) report a reference time ranging from 21-31 s. Taylor et al. (2004) 
reported mean residence times of 31-58 s in 10 crown fires, depending on thermocouple 
height, as well as an average 34 s from visual estimates. The relative consistency 
observed in the different studies is an interesting result, given the range of fire 
behaviors covered. Potential factors influencing residence time have been identified as 
fuel particle size (Anderson 1969; Clements and Alkidas 1973; Burrows 2001), bed 
packing (Anderson 1969; Clements and Alkidas 1973; Fuentes and Consalvi 2013), 
and fuel moisture and wind (McArthur 1967). However, there is some disagreement 
on the role of these, and more discussion is given in conjunction with simulation 
results, presented in Chapter 6.  

Flame intermittency is defined as the percentage time during the flaming 
period for which the instantaneous temperature remains over the threshold value. This 
parameter appears frequently in fire plume analysis, and it has been suggested that a 
value of 0.5 can be used to describe the mean flame height (Zukoski et al. 1981). Above 
the continuous flame, intermittency should decrease* with height. Table 4.1 does show 
this overall tendency where there is a surface fire (meaning more of the full flame 
length is captured within the first 2.4 m, as discussed previously). However, in no case 

                                        
* The typical convention may seem counterintuitive, as a decrease in intermittency means a lower value 
(and thus less flame contact), though colloquially the flame might be said to occur more intermittently. 
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is the observed relationship purely monotonic. This highlights a difficulty associated 
with analyzing fire behavior in such a fuel complex. The metrics often used to describe 
a fire plume, such as intermittency, have typically been applied to gas burners 
(McCaffrey 1979), pool fires (Schneider and Kent 1989), or some other fuel bed where 
the height of the fuel structure is less than the flame height (Dupuy et al. 2003; 
Morandini et al. 2005). In these cases, the fuel location is well defined, entrainment is 
not influenced by surrounding obstructions, external flow is non-existent (or not highly 
turbulent), and the fire is statistically steady. It is also clear that, for the lowest 
thermocouple, intermittency less than unity is a result of the transition to intermittent 
surface flaming at the trailing edge of the front (Figure 4.9). Intermittency will go up 
if the upper bound of fire residence is shifted closer to the arrival time, as the 
temperature never drops below the threshold until the turbulent period at the trailing 
edge. 

Table 4.1. Flaming period characteristics for all thermocouple heights at the three sites. 
Measurements are peak temperature (𝑻𝑻𝒈𝒈), residence time (𝒕𝒕𝒓𝒓), and flame intermittency (𝜦𝜦). 

 Additional information about the fire front can be gleaned by comparing the 
signals at different heights in more detail. In Figure 4.11, the filtered temperature 
responses at 0.6 m and 2.4 m are overlaid. This confirms somewhat different behaviors 
at each site. At F1, the upper thermocouple responds, and even reaches its peak value, 
before there is a strong response at the lowest one. Coupled with the lower peak 
temperature this agrees with the assessment of a tilted surface fire with height similar 
to that of the tower. At F2, there is also an earlier response at the upper thermocouple, 
but both are at significantly elevated temperatures for an overlapping time of ~11 s. 
Taken with the similar peak temperatures, this suggests bursts of flame or leaning of 
the whole front caused upper contact first, but the front is generally more vertical 

Site 𝒉𝒉 [m] 𝑻𝑻𝒎𝒎𝒎𝒎𝒎𝒎 [°C] 𝒕𝒕𝒓𝒓 [s] 𝜦𝜦 

F1 

0.6 947 19.8 0.80 
1.2 814 21.2 0.62 
1.8 776 21.9 0.46 
2.4 708 17.7 0.67 

F2 

0.6 814 31.3 0.79 
1.2 966 33.9 0.67 
1.8 887 29.6 0.77 
2.4 875 29.5 0.77 

F3 

0.6 1017 27.8 0.88 
1.2 870 22.3 0.67 
1.8 836 17.4 0.75 
2.4 664 22.2 0.41 
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with flames extending above the height of the tower. Finally, F3 is similar to F1 in 
that the surface fire leads to a clearly greater temperature increase in the shrub layer, 
but the early response of the upper thermocouple is not present, indicating an upright 
front. 

 
Figure 4.11 – Comparison gas-phase temperature at 𝒛𝒛 = 0.6 and 2.4 m at sites (a) F1, (b) F2, 
and (c) F3. Temperatures are 1-second moving averages of the instantaneous data. Times are 

shifted to fire arrival at the base of the primary tower (𝒕𝒕 = 0). 

 Another way to analyze the temperature is through the normalized cross-
correlation between signals. This can be defined as (Cox 1977): 

where 𝑋𝑋 and 𝑌𝑌  are the two temperature signals (if 𝑋𝑋 = 𝑌𝑌  then this is the 

autocorrelation), and 𝜏𝜏 is some time lag. A value approaching 1 indicates a strong 
correlation. By applying the assumption that turbulence is ‘frozen’ in the mean flow 
(Cox 1977) and identifying the time lag leading to a maximum cross-correlation 
between nearby thermocouples, this value has been used to derive gas velocities for 
flows in fires (e.g. Marcelli et al. 2004). While the thermocouples here are too widely 
spaced for such a precise analysis, the cross-correlation can still reveal some interesting 
features about how the temperatures at different heights are related. Figure 4.12 shows 
the normalized cross-correlation to the lowest thermocouple (with the negative lag 
implying a backward shift in time).  

When comparing the lowest thermocouple to the others, the cross-correlation 

(𝜌𝜌12, 𝜌𝜌13, 𝜌𝜌14) at F1 shows delayed peaks with increasing height, reinforcing the 
assessment of angled flames. On the other hand, at F3 the decrease is fairly consistent 
across all heights. As the correlation is diminished by shifts in time, the main peaks 
are at roughly the same time and the plume should be upright. At F2, the values stay 
relatively static up to a 10-second lag, as there is less of a dominant peak and 

 𝜌𝜌𝑋𝑋𝑋𝑋 = 𝑋𝑋(𝑑𝑑 + 𝜏𝜏)𝑌𝑌 (𝑑𝑑)����������������������������������

�𝑋𝑋(𝑑𝑑 + 𝜏𝜏)2��������������������������
1/2

�𝑌𝑌 (𝑑𝑑)2���������������
1/2 , (4.9) 
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temperature fluctuates around a consistent value for a longer portion of the residence 
time.  

 
Figure 4.12 – Cross-correlation between the lowest and other thermocouples at sites (a) F1, (b) 
F2, and (c) F3. Indices refer to thermocouple height, with 1 being the lowest and 4 the highest. 

Arrows indicate local maxima from the F2 signals.   

When comparing the lowest thermocouple against itself, the autocorrelation 
for F1 and F3 decreases in a similar fashion. This is a result of the short-lived dominant 
peaks in these signals, indicative of surface fires. At F2, the decrease in autocorrelation 
is reduced due to the prolonged period of consistent temperatures mentioned 
previously. Interestingly, this is the only instance where the autocorrelation is not 
monotonically decreasing with increasing lag, but instead has local maxima (indicated 
by arrows in Figure 4.12). These peaks also correlate with local peaks in the cross-
correlation across the whole height. They correspond to a frequency of ~0.3 Hz, 

suggesting a consistent puffing behavior. Previous work has demonstrated a 𝑓𝑓 ∝
𝐷𝐷−0.5 relationship for buoyancy-driven puffing in pool fires in a quiescent 

environment, where 𝐷𝐷 is the diameter (Cetegen and Ahmed 1993). For wildland fuels* 

with ambient wind, 𝑓𝑓 ∝ 𝑈𝑈0.2𝐿𝐿−0.6 was proposed, where 𝑈𝑈  is the wind speed and 𝐿𝐿 is 
the flame length (Finney et al. 2015). However, the relationship proposed by Finney 
et al. (2015), for the low level of ambient sub-canopy wind speeds found here, would 

imply a length scale on the order of 𝐿𝐿 ≈ 50 m, and that of pool fires (Cetegen and 

Ahmed 1993) would require 𝐷𝐷 ≈ 25 m. These are both larger than the characteristic 
length scales observed here (such as fire depth or flame height). However, the 
relationship developed with ambient wind was based primarily on laboratory data and 
only one data point was used from a crown fire in a forest canopy, where the nature 
of turbulent structures can differ from that over an open field, and further work is 
required to identify the basis for this low frequency pulsation. Finally, it should be 

                                        
* Both field and laboratory measurements were considered from a number of sources 
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noted that the power spectrum (Appendix A) of the temperature signal at F2 did 
reveal some weaker frequencies around 0.6 Hz and 0.8 Hz, which are closer to the 
range expected from buoyant instabilities, as well as those observed in a shrubland 
field experiment (Santoni et al. 2006). 

4.5.3 Velocity 

The magnitude of vertical velocity (𝑤𝑤) is often of interest in the study of fire plumes. 
This can give an indication of the buoyancy forces at work, and is plotted for F1 and 
F2 in Figure 4.13. The signals are quite noisy, but applying a 1-second moving average 
filter reveals that the value is essentially zero preceding the fire front arrival, as 
expected. Vertical velocity increases as the fire front arrives, reaching peak 
instantaneous maximums of 13.0 m·s-1 and 9.6 m·s-1 for F1 and F2, respectively. 
However, the flow is highly turbulent, with downdrafts in excess of 8.0 m·s-1 occurring 
at both sites. The residence of the fire at the primary tower (hatched area in Figure 
4.13) shows that significant vertical velocities are observed at almost the same time 
at F1, while there is a delay at F2. This is consistent with the description of F1 having 
leaning/bursting flames which may impinge on the secondary tower even as the fire 
arrives at the primary tower. Following the fire front passage, the mean velocity 
quickly returns to near-zero, but the turbulent fluctuations are significantly enhanced 
by a combination of the intermittent flaming, smoldering combustion, and residual 
surface heat.  

As mentioned previously, in-situ measurement of velocities within wildland fire 
flames does not appear frequently in literature. However, there are a few comparison 
points available. In an experimental grassland fire, Clements et al. (2007) measured 
peak vertical velocities of ~10 m·s-1 near the surface (2.0 m), with downdrafts of 
~5 m·s-1. For low-intensity grassland fires, Butler et al. (2016) reported vertical 
velocities up to ~5 m·s-1 at a height of 0.5 m, with downdrafts reaching ~4 m·s-1. These 
values are in a similar order of magnitude range to those measured here, though they 
are closer to the experiment conducted by Clements et al. (2007). This makes sense 
as the intensity was greater than that in the experiment conducted by Butler et al. 
(2016), potentially by as much as 5-10 times, locally.  In high-intensity crown fires, an 
infrared image analysis technique has yielded updraft values of as much as 60 m·s-1 

and downdrafts up to 30 m·s-1 (Coen et al. 2004). However, this technique was not 
strictly validated for the specific application, and is subject to saturation limitations 
for near-surface velocity where temperatures are high (Clark et al. 1999).  
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Figure 4.13 – Vertical velocity, with positive values representing upward flow and negative 

downward, for site (a) F1 and (b) F2. Filtered responses (1-second moving average) are plotted 
over raw data. Hatched regions show the time of residence determined for the respective primary 

towers. 

It is important to recall that generally accepted axisymmetric plume theory 
(McCaffrey 1979) shows that the magnitude of the buoyancy-driven vertical velocity 
will vary along height, increasing in the persistent flame to a maximum value in the 
intermittent flame, and then decaying again in the plume region. Similar results have 
been found for line burners (Yuan and Cox 1996), which are more applicable to a 
fireline. While the three regions are difficult to identify in this case, as discussed 
previously, the measured values may have some dependence on sensor height. For 
example, if the probe at F2 is in the continuous flame region, where temperature does 

not vary much, velocity should increase with height ∝ 𝑧𝑧0.5. However, the significance 
here lies in both the qualitative assessment and providing data for model comparison 
(which can be carried out at the same height).  

Equally interesting in this case, are the horizontal velocity measurements from 

the north/south facing pressure probe (𝑣𝑣), as this was oriented in approximately the 
direction of fire approach for both F1 and F2. Figure 4.14 shows a section of this data 
centered on the arrival of the fire front at each location. During the preheating region, 
a reversal of flow direction occurs the lee of the fire front. This is seen as northward 
(negative) flow which is counter to the ambient direction (discussed in Chapter 3) and 
therefore indicative of buoyancy induced entrainment flow. At the time of ignition, 
both sensors show small values fluctuating about zero, but this coherent northward 
flow increases approximately 240 s before the fire arrives at F1 and 360 s before 
arriving at F2. Given the fact that temperatures remain low until the fire front is very 
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close (Figure 4.11), this flow should be associated with convective cooling of fuel 
particles. However, a few short bursts of air in the direction of fire spread (counter to 
the entrainment draft) are observed in the lead-up to the fire arrival at F1, with the 
first occurring around 35 s before the arrival of the fire. While these gusts are short-
lived, they have magnitudes between 4.2 m·s-1 and 8.1 m·s-1 and may be linked to 
‘long-range’ convective heating. This behavior is absent at F2, which is consistent 
with the description in Section 4.5.2 of taller, more vertical flames resulting in a greater 
entrainment/sheltering effect. The comparison to the time of residence at the primary 
tower shows a delay in flow reversal at the secondary tower at F2 compared to F1, as 
was discussed with the vertical velocity, which also may be associated with a delay in 
convective heating at this height.  

 
Figure 4.14 – Horizontal velocity in the north/south direction, with positive values representing 
flow to the south (the direction of fire spread), for site (a) F1 and (b) F2. Filtered responses (1-
second moving averages) are plotted over raw data. Hatched regions show the time of residence 

determined for the respective primary towers. 

A difference in the role of convection for different fire intensities has been 
identified previously by Frankman et al. (2013a). Their measurements suggest that 
convective preheating played a more significant role for lower intensity surface fires 
than for high-intensity crown fires, though they warned that more measurements were 
necessary. This difference in convection ahead of the fire agrees with the flow patterns 
observed here. 

Following the arrival of the fire, the buoyancy driven flow of the fire has quite 
a strong horizontal effect at the surface level, with peak values of 16.2 m·s-1 and 13.1 
m·s-1 for F1 and F2, respectively. The clear peak at F1 versus the more prolonged 
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region of elevated velocity at F2 mirror the previous discussion of temperature. The 
flow within the flames themselves transitions to a strong, turbulent draft in the wake 
of the fire front, for both F1 and F2. This draft is believed to be an important 
mechanism contributing to the lofting of smoldering firebrands* and will also influence 
the intermittent-flaming and smoldering combustion of fuels in the wake of the fire 
(Figure 4.15).  

 
Figure 4.15 – Video screenshot from F2 showing the different processes which can be affected by 
the strong fire-induced draft in the wake of the fire (intermittent and smoldering combustion, and 

the generation of firebrands). 

These horizontal measurements can also be compared to the few values 
available in literature. In the grassland fire experiment of Clements et al. (2007) fire-
induced drafts of up to ~10 m·s-1 were measured at a height of 2.0 m (2-3 times 
ambient). A flow reversal was noted ahead of the fire front, but only for a brief period 
of ~50 s. Butler et al. (2016) measured velocities up to ~9 m·s-1 in the direction of 
spread, and counter flows of ~5 m·s-1 at a height of 0.5 m, though the timing of these 
with respect to the front was not discussed. Mean ambient winds† were ~1-3 m·s-1. In 
high-intensity crown fires, maximum horizontal flows of ~30 m·s-1 have been reported 
(Coen et al. 2004), but these measurements were subject to the limitations described 
before. The values obtained in this experiment are more consistent with the higher 
intensity grassland fires, however, there is a tendency for a more prolonged flow 
reversal and stronger draft flow. This may be related to differences in fire intensity, 

                                        
* The study of firebrands is an ongoing piece of this experimental work in the PNR (El Houssami et al. 
2015; Filkov et al. 2016). 
† The exact measurement height of these measurements is unclear. 
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but the forest canopy may also play an important role. It can help shelter the upwind 
region and promote a flow reversal, and the fire can also promote a sub-canopy wind 
jet in the wake region where vegetation density is significantly reduced compared to 
the canopy. Such features warrant further investigation. 

4.5.4 Radiative heat flux 
As discussed in Section 4.4, in order to calculate the incident radiative heat flux, it is 

necessary to calculate the convective heat transfer coefficient, ℎ𝑐𝑐, for the TSCs. This 
is done using Equation (4.8). Examples of the calculated values for the center TSC at 
a height of 1.1 m for F1 and F2 for a 2 min period leading up to the arrival of the fire 

are shown in Figure 4.16. Values for ℎ𝑐𝑐 are consistent between the two sites, falling in 
the range of 12–34 W·m-2·K-1 and 11–24 W·m-2·K-1 for F1 and F2, respectively, during 
this time. The slightly higher peak values for F1 are found within the last 30 s, 
corresponding to gusts ahead of the fire front (Figure 4.14). 

 
Figure 4.16 – Example of convective heat transfer coefficient, 𝒉𝒉𝒄𝒄, calculated for the TSC at 1.1 m 

on the center ‘secondary’ tower for sites F1 and F2. Values are shown over a 120 s window, 
ending at the fire arrival at the base of the primary tower. 

 Using the computed values of ℎ𝑐𝑐 and Equation (4.4), it is possible to calculate 
an incident radiative heat flux. As an example, we again consider the TSCs at height 
of 1.1 m on the center secondary tower. The calculated values, for a period of 2 min 
leading up to the arrival of the fire, are shown in Figure 4.17. Immediately obvious is 
the greater radiative flux received at site F2. The peak value here is 52 kW·m-2, 
compared with 35 kW·m-2 at F1. The increase of radiation flux at F2 is also more 
dramatic, going from 1 to 10 kW·m-2 in roughly 22 s. An equivalent increase at F1 
took 92 s. Figure 4.17 also reveals an earlier signal response at F1. The flux at F1 
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permanently exceeds 1 kW·m-2 as early as ~115 s before the arrival of the fire, while 
this occurs at only ~60 s before arrival at F2. This may seem counterintuitive, given 
the more intense fire at F2, but this is due to the slower fire spread at F1, meaning 
that the fire was closer to the sensors at 105 s before arrival than it was at F2. Taking 
the local spread rates, this first response corresponds to a fairly consistent distance of 
23 m and 24 m, respectively.  

 
Figure 4.17 – Example of incident radiative heat flux, 𝒒𝒒′′𝒊𝒊𝒊𝒊𝒄𝒄, calculated for the TSC at 𝒛𝒛 = 1.1 m 
on the center secondary tower for sites F1 and F2. 𝒙𝒙-axes represent (a) time to the fire arrival at 
the base of the primary tower and (b) distance to the heat flux sensor, estimated from the local 
spread rate. Shaded areas represent the two bounding assumptions (corrected and uncorrected) 

and the solid lines are an average of the two. 

Context can be provided by examining other such measurements in field 
campaigns. In the preheating stage, Santoni et al. (2006) found a peak radiative heat 
flux of 7.5 kW·m-2 at 5 m from the edge of an advancing shrubland fire (at a height 
of 2 m). Taking the local spread rates at F1 and F2, rough estimates of the 5 m heat 
flux here are 17 kW·m-2 and 41 kW·m-2, respectively. This suggests a surface/shrub 
fire at F1, not unlike the shrub fire of Santoni et al. (2006), particularly as the flux is 
changing rapidly at this point, so uncertainty in distance can mean a significant change 
in flux (the measurement is 7.5 kW·m-2 at ~6.5 m). However, a much more intense 
fire is observed at F2. At the time of fire front arrival in their shrubland experiments, 
Morandini and Silvani (2010) reported radiative fluxes between ~15-50 kw·m-2, making 
the values here consistent with their more intense fires. They also show initial 
responses 10-20 m from the fire front, again consistent with the values here. As this 
discussion only considers the preheating stage up to the primary towers, peak radiative 
fluxes should be even greater. As an example, Frankman et al. (2013a) reported peak 
radiative fluxes 120-132 kW·m-2 for brush fires and 189-300 kW·m-2 for crown fires. 
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The significance of these flux values can be considered in terms of the impact 
on vegetation. In tests of pine needle litter beds, with natural convection only (no 
wind), critical heat flux* values for piloted ignition in laboratory tests have been 
reported between 8.5-13.0 kW·m-2 (Simeoni et al. 2012; Thomas 2016). At F1, these 
values are exceeded when the fire is <6 m away, while this threshold is passed when 
the fire is 16-17 m away at F2. These critical values are dependent on the test 
conditions, with, for example, increases reported for forced flow (attributed to 
convective cooling and gas dilution) (Thomas 2016). However, they provide a baseline 
for comparison.  

For laboratory tests of vertically oriented samples of wood, a range of values 
have been reported for critical heat flux for autoignition. However, these tend to fall 
between 25-50 kW·m-2 with exposure times ~1-20 min (Babrauskas 2002). These, 
again, depend on test conditions, but it is not unreasonable that the conditions at F2 
(ramp up to ~25 kW·m-2 over ~90 s, then a steady flux for ~15 s, then a ramp up to 
~50 kW·m-2 over ~15 s) could lead to autoignition of wood ahead of the fire front. 
Indeed, this appeared to occur on one of the tree boles captured in video footage at 
F2, as shown in Figure 4.18. Such behavior has also been described in the International 
Crown Fire Modeling Experiment (ICFME), where vapor was observed to be released 
from tree boles, followed by ignition 3-4 m ahead of the fire front (Taylor et al. 2004).  

 
Figure 4.18 – Fire impact on tree bole near F2, with (a) release of vapors followed by 

(b) autoignition. 

Finally, a tolerance limit of 2.5 kW·m-2 has been suggested for pain in human 
skin (greater than 5 min exposure) (Purser and McAllister 2016). Tenable exposure 
times also drop rapidly for increasing fluxes (e.g. 4 s exposure at 10 kW·m-2). This 
demonstrates the harsh environment, particularly at F2, ahead of the fire front. 

                                        
* Defined as the minimum imposed value leading to ignition of a sample. 
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In order to report the data from all TSCs in a more concise manner, the total 
incident radiative flux is obtained by integrating over the 120 s window used in Figure 
4.17. This representation (Figure 4.19) permits a direct assessment of differences 
between the two sites but also between the different sensors in order to investigate 
any influence of their position. Figure 4.19 first confirms the fact that, overall, a 
greater amount of long-distance radiation was seen at F2. It also shows a slight height 
dependency of the measurements. On average, the measurement at 1.1 m is 8% greater 
than the one 20 cm lower, on the same tower. Finally, the difference in the 
measurements due to the secondary tower location is revealed. The full range of 
recorded values spans from 426 to 1158 kJ·m-2. At F1, the largest value is 70% greater 
than the smallest, and at F2 it is 34%. 

 
Figure 4.19 – Integral incident radiative flux, 𝑸𝑸′′

𝒊𝒊𝒊𝒊𝒄𝒄, for sites F1 and F2. Values are integrated over 
a 120 s window, ending at the fire arrival at the ‘primary’ tower.  

 To understand the difference in radiation received at different towers, we must 
consider the ability of the sensor to ‘view’ the fire. Such considerations are generally 
made for parallel surfaces of finite dimensions (Fons et al. 1962; Butler and Cohen 
1998; Cohen 2004; Zárate et al. 2008; Morandini et al. 2013), but usually do not 
consider an angle. Further, the absolute view factor, which is typically solved for, is 
not of interest (as we are not trying to model radiation from the flame). Rather a 
corrective factor is needed which will predict the discrepancy between an oblique 
measurement and what would be obtained if the sensor were exactly parallel to the 
fire front.  

The fundamental equation describing the fraction of radiation leaving one 

surface 𝑖𝑖 and arriving at another surface 𝑗𝑗, known as the view factor, is given as 
(Incropera et al. 2007): 
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where 𝜃𝜃 is the angle between the surface normal and the ray between the two surfaces, 

𝐹𝐹. In the case a TSC looking at a planar fire front, the small area of the metal disc 

means that we can assume 𝜃𝜃𝑖𝑖, 𝜃𝜃𝑗𝑗, and 𝐹𝐹 are independent of position on the surface of 
the disk. The simplified form of the equation is as follows: 

where 𝛽𝛽 is the angle between the normals of the fire front and the sensor. Further, we 
assume the fire front has infinite length (a reasonable assumption given the length of 

the experimental fire compared to the size of the TSC); the flame height is 𝐻𝐻; the 

TSC is located at a fraction of this, 𝑅𝑅𝐻𝐻 (it is below flame height, so 0 ≤ 𝑅𝑅 ≤ 1); and 

the fire is a distance 𝐷𝐷 from the TSC. A graphical representation of this is shown in 
Figure 4.20.  

 
Figure 4.20 - Configuration of fire and TSC sensor for calculation of view factor, shown in (a) 

section and (b) plan view. 

Integrating over the area of the fire, and making use of some helpful trigonometric 
identities, gives the following general form of the view factor: 

 𝐹𝐹𝑖𝑖𝑗𝑗 = 1
𝐴𝐴𝑖𝑖

�
cos 𝜃𝜃𝑖𝑖 cos 𝜃𝜃𝑗𝑗

𝜋𝜋𝐹𝐹2 𝑑𝑑𝐴𝐴𝑖𝑖𝑑𝑑𝐴𝐴𝑗𝑗, (4.10) 

 𝐹𝐹𝑖𝑖𝑗𝑗 =
𝐴𝐴𝑗𝑗

𝐴𝐴𝑖𝑖
�cos2 𝛽𝛽

𝜋𝜋𝐹𝐹2 𝑑𝑑𝐴𝐴𝑖𝑖, (4.11) 
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Since the fire is assumed to have infinite area (𝐴𝐴𝑖𝑖), this factor would technically reduce 

to zero. However, this equation can be normalized against the solution where 𝛽𝛽 =0, 
which will give the change in view factor as the sensor is angled away from looking 

directly at the fire. The variable 𝛼𝛼 is introduced to describe the ratio between fire 

height and distance to sensor (𝐻𝐻/𝐷𝐷). Furthermore, we consider two bounding cases 
of sensor height which, due to symmetry, are when the sensor is at mid-flame height 

(𝑅𝑅 = 0.5) or the sensor is at the bottom or top edge of the flame (𝑅𝑅 = 0,1). This gives 
the following equations, respectively: 

An important result is that for an infinitely tall fire front (𝛼𝛼 → ∞) both equations 

collapse to 𝐹𝐹 ∗ = (cos 𝛽𝛽 + 1)/2, which is the solution for a differential element in front 
of an infinite plane (Modest 2013). 

Some example values of 𝐹𝐹∗, for small and large values of the ratio 𝛼𝛼, are given 
in Figure 4.21. This figure shows that the angle is the dominant factor, with a 

perpendicular viewing angle (𝜋𝜋/2) reducing the received radiation to ~30 – 40% of the 
zero-angle value, though small adjustments around zero have a less significant 
influence. Furthermore, the position of the sensor with respect to the flame height is 

negligible for small values of 𝛼𝛼. As this value increases, the influence of the height 

becomes more pronounced. However, it is still minor compared to the angle. For 𝛼𝛼 = 

2, at the maximum angle of 𝛽𝛽 = 𝜋𝜋/2, 𝐹𝐹∗ changes by only 0.04 between the two 

bounding values of 𝑅𝑅. Therefore, it can be concluded that knowing the viewing angle 

𝛽𝛽 is of particular importance when interpreting experimental results such as the ones 
discussed here.  

 

𝐹𝐹𝑖𝑖𝑗𝑗 =
𝐴𝐴𝑗𝑗
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2
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Further improvements could be made to this approach by considering a flame 
angle (non-vertical fire front) in the formulation of the correction factors. A number 
of studies have discussed the effects of flame angle for radiation, though these have 
largely considered the flux to the fuel bed (a horizontal surface) (e.g. Pagni and 
Peterson 1973; Baines 1990; Mendes-Lopes et al. 2003; Morandini et al. 2005), finding 
that the value can double at maximum flame inclination (Baines 1990). Sullivan et al. 
(2003) considered the effect on forward radiation (to a vertical surface), however, the 
reported test results included too many other changing factors to isolate the role of 
angle alone. Most importantly, we are less interested in the effect of flame angle on 
radiation, so much as whether flame angle will influence the correction for sensor 
angle. Figure 4.21 shows that sensor height relative to the flame and flame distance 
do not play a large role in this correction, and a tilted flame when viewed straight on 
can be approximated by a shorter flame (particularly when it is further away so that 
the distance of forward flame projection is small compared to the distance to the 
sensor). Therefore, it can be assumed that flame angle can be reasonably excluded 
from this first approximation of the correction factor. 

 
Figure 4.21 – Examples of view factor corrections for different flame height to distance ratios (𝜶𝜶 
= 0.5, 𝜶𝜶 = 2) and different sensor heights (𝒂𝒂 = 0.5, Equation (4.13); 𝒂𝒂 = 1, Equation (4.14)). 

 In order to apply these corrections to the experimental data collected here, a 

determination of the angle 𝛽𝛽 must be made. The fire isochrones in Figure 4.2 can 
provide a good first estimate of the angle of approach of the fire front. However, as 
these were recorded at relatively sparse intervals with respect to the fire rate-of-spread, 
additional information was gathered from detailed stem maps made for trees which 
were found to be good visual indicators in the video footage at F1 and F2. Comparing 
the position of the fire to the known geometrical arrangement of the trees yielded 
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improved estimates of the approach angle. Sensors angles were measured relative to 

North prior to the experiment. From these values, the view angle 𝛽𝛽 was obtained 
(Table 4.2).  

Table 4.2. Angle of fire approach, 𝜽𝜽𝑭𝑭, measured clockwise from north, and view angle, 𝜷𝜷, based 
on sensor orientation, for each of the secondary towers (left, center, and right). 

In order to calculate the correction factor, 𝐹𝐹∗, a determination of 𝑅𝑅 and 𝛼𝛼 must 

be made (Figure 4.21). Concerning 𝑅𝑅, it is assumed that the sensors at F1 were closer 
to the top of the flames, while those at F2 were closer to the mid-flame height. 
Therefore, Equation (4.13) and Equation (4.14) are used for the two sites, respectively. 

The ratio 𝛼𝛼 will change with time, as the fire approaches. Given the rate of spread 
and flame heights discussed in Section 4.5.1, over the two-minute window of interest, 

0.05 ≤ 𝛼𝛼 ≤ 0.6 for F1, and 0.48 ≤ 𝛼𝛼 ≤ 1.2  for F2. An example of applying this 
dynamic correction is given for a sensor at F2R in Figure 4.22. For the estimated view-

angle of 33° at this sensor, 1/𝐹𝐹∗ ≈ 1.16 (regardless of 𝛼𝛼). Note that for the center 

tower, as the view angle is small, correction is negligible (𝐹𝐹∗ ≈ 0.99) and the previous 
discussion comparing these values to literature still stands. 

 
Figure 4.22 – Example incident radiative flux from F2R at 𝒛𝒛 = 1.1 m, corrected for view-angle by 

𝟏𝟏/𝑭𝑭∗. 

Using this approach, the correction can then be applied to all of the 
measurements, preceding the integration. The summary of total incident radiative 
energy following this correction is shown in Figure 4.23. The result is that the 

Site 𝜽𝜽𝑭𝑭  [°] 𝜷𝜷𝑳𝑳 [°] 𝜷𝜷𝑪𝑪 [°] 𝜷𝜷𝑹𝑹 [°] 
F1 173 40 13 51 
F2 168 33 10 44 
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measurements from the two sites collapse more closely into two different regimes. 
Taking, as an example the measurements at 1.1 m, the spread of the values in Figure 
4.19 is reduced by 67% and 60% for F1 and F2, respectively. It should be mentioned 
that, beyond the influence of simplifying assumptions (such as considering the fire 
front to be vertical and uniform along length), the results in Figure 4.23 have 
unavoidable discrepancies due to secondary tower position. That is to say, unless the 
fire approaches the measurement sites head-on (𝛽𝛽𝐿𝐿 = 0), the towers will be at different 
distances to the fire front at any given point in time. This will have marginal 
implications when the fire is further away, but will rapidly become more significant as 
the fire approaches, due to the inverse-square dependency of radiant intensity on 
distance (see, for example, Equation (4.10)). The effect is limited in this instance by 
only considering the time up to the arrival of the fire at the ‘primary’ tower, but can 
still be seen in the higher values for F2R1 after correction (as this tower was closest to 
the fire front at its oblique arrival). The fact that the sensors, when corrected, see 
such consistent amounts of energy at a given location demonstrates the robustness of 
radiative heat flux as a metric of fire behavior. While temperature, velocity, and thus 
convective flux, can vary significantly in a field experiment with only a small change 
in sensor position. However, hemispherical radiant heat flux sensors integrate the 
energy over the area of the flame and are less sensitive to small changes position 
changes within a given site (Frankman et al. 2013a). 

 
Figure 4.23 – View-angle corrected integral incident radiative flux, 𝑸𝑸′′

𝒊𝒊𝒊𝒊𝒄𝒄, for sites F1 and F2. 
Values are integrated over a 120 s window, ending at the fire arrival at the ‘primary’ tower. 

Taking the view angle into account is significant, given the fact that radiative 
heat fluxes from field experiments are often reported without consideration of the 
relative approach angle of the fire. This is understandably difficult to quantify, as fires 
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in the field are subject to localized, heterogeneous behavior and so it is usually not 
possible to fully prescribe this beforehand. Therefore, a good means of observing the 
actual approach of the fire is important, whether it is IR-based tracking of the fire 
front, visual cameras, or some other method. Without this, it becomes difficult for a 
modeler to interpret experimental information and make one-to-one comparisons with 
model predictions.  

4.6 Concluding remarks 
Taken together, these quantitative measurements tell a consistent story. The 
differences in the physical phenomena for surface fire behavior (F1 and F3) and crown 
fire behavior (F2) are evident across the different variables. These can be summarized 
as: 

• Tall, upright flames were observed in the region of crown fire (F2) compared 
with shorter flames in the region of surface fire, which could be either upright 
(F3) or angled (F1). 

• Sheltering of the region downwind of the fire (flow reversal) was observed in 
both cases, but this persisted immediately ahead of the crown fire (F2), 
suggesting a limited extent to convective preheating, while the surface fire (F1) 
exhibited clear bursts of flow in the direction of spread. 

• Radiative preheating was observed in both cases, up to about 25 m from the 
fire front, but integrated preheating was about 1.7 times greater in the crown 
fire region (F2) compared to the surface fire (F1). 

These differences show the range of what may occur in this environment under 
relatively constant conditions, and capturing them here is an advantage. The 
assessment of pre-fire fuel structure demonstrates that the presence of canopy fuels 
apparently capable of supporting crown fire behavior is not sufficient for this 
condition, but that surface fuels and other, more stochastic influences, are important 
(also discussed in Chapter 3). By establishing the nature of temperature, velocity, and 
radiant heat flux for both surface and crown spread, it will be easier to evaluate if and 
when the model is capturing one or both of these behaviors.  

Each of the measurements described here can be directly compared to the 
predictions of a detailed physics-based model, and this is the focus of Chapter 7. Such 
comparisons are an important aspect of model testing. It is good to confirm that the 
second-order descriptors of fire behavior (such as spread rate) are captured, but this 
may come about due to several inconsistent descriptions of fundamental behavior 
producing an apparently correct result. This makes clear the importance of a 
combination of broad (Chapter 3) and detailed measurements of fire behavior. The 
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other important aspect of the above analysis, which will apply to the subsequent model 
evaluations, is the discussion of measurement limitation and uncertainty. The model 
can only be compared against what is known, implying that identifying and 
quantifying the limits to this is necessary. Examples include the consideration of 
radiation errors for the thermocouples and the view angle correction to radiation 
measurements, in which cases the use of relatively raw measurements may not provide 
a fair and accurate assessment of the model.  
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4.7 Nomenclature 

 

Variable Description 
𝐴𝐴 surface area [m] 
𝑅𝑅 sensor height (as a proportion of flame height) 
𝐶𝐶 TSC conduction correction factor 
𝑐𝑐𝑝𝑝 specific heat [kJ·kg-1·K-1] 

𝐷𝐷 sensor distance [m] 
𝐹𝐹∗ normalized view factor 
𝑔𝑔 gravitational acceleration [m·s-2] 
𝐻𝐻 flame height [m] 
ℎ𝑐𝑐 convective heat transfer coefficient [W·m-2·K-1] 
𝐾𝐾 pressure probe correction factor 
𝑘𝑘 thermal conductivity [ W·m-1·K-1] 
𝐿𝐿 characteristic length scale [m] 
𝛥𝛥 mass [kg] 

𝑁𝑁𝑢𝑢��������𝐿𝐿 average Nusselt number  
𝑃𝑃  pressure [Pa] 
𝑃𝑃𝐹𝐹 Prandtl number 
𝑄𝑄′′

𝑖𝑖𝑖𝑖𝑐𝑐 integral incident radiative heat flux [kW·m-2] 

𝑞𝑞′′
𝑖𝑖𝑖𝑖𝑐𝑐 incident radiative heat flux [kW·m-2] 

𝑅𝑅𝑅𝑅𝐿𝐿 Rayleigh number 
𝑅𝑅𝑅𝑅𝐿𝐿 Reynolds number 
𝑑𝑑 time [s] 
𝑣𝑣 north/south velocity [m·s-1] 
𝑤𝑤 vertical velocity [m·s-1] 
𝛼𝛼 absorptivity, flame height to sensor distance ratio, thermal diffusivity [m2·s-1] 
𝛽𝛽 angle between sensor and fire front normal [°] 
𝛾𝛾 TSC transient correction factor 
𝜀𝜀 emissivity 
𝜃𝜃𝐹𝐹  fire approach angle [°] 
𝜈𝜈 kinematic viscosity [m2·s-1] 
𝜌𝜌𝑋𝑋𝑋𝑋  normalized cross-correlation coefficient 
𝜌𝜌 density [kg·m-3] 
𝜎𝜎 Stefan–Boltzmann constant [W·m-2·K-4] 

Subscripts 
 

C,L,R sensor location (center, left, right) 
𝑓𝑓 film 
𝑔𝑔 gas-phase 
𝑠𝑠 steel disk temperature  
∞ ambient 
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5.1 Summary 
This chapter is intended to provide the theoretical background of the Wildland-urban 
interface Fire Dynamics Simulator (WFDS) detailed physics-based fire behavior model 
necessary for the reader to understand and interpret the subsequent investigations of 
Chapter 6 and 7. As the underlying model (FDS) has a considerable amount of 
associated documentation related to its formulation and capabilities (McGrattan et 
al. 2013a; b), this chapter provides a broad overview of the numerical approach, with 
only certain critical aspects presented in detail. In particular, more attention is given 
to the formulation directly related to vegetative fuel, which is most relevant to this 
work. 

The chapter goes on to discuss two key inputs related to the numerical 
approach: the specification of fuel and wind distributions at the field-scale. Several 
model developments were implemented to allow these specifications. The definition of 
velocity boundary conditions is of particular interest here, given the recognized role of 
wind in driving wildland fire spread (Byram 1959a; Nelson Jr and Adkins 1986; Beer 
1991; Pitts 1991). A novel method for generating turbulent boundary conditions has 
been applied to WFDS and is tested here - first in a simple, quasi-uniform flow field 
and then in a domain representative of a subset of the full-scale experiment EX2 (see 
Chapter 3). An investigation of the simulated wind fields in this domain in a cold-flow 
situation is of interest in order to: (1) determine the characteristics of flow field 
generated by WFDS as a function of the boundary condition, and (2) understand the 
relative sensitivity of the predicted fire behavior attributes to these characteristics in 
subsequent work. 

5.2 Introduction 
A physics-based approach to modeling wildland fire behavior has been considered in 
a variety of forms by a number of different authors. Examples of these aforementioned 
physics-based models include everything from 2-dimensional models of radiation 
driven spread (Albini 1985) to 1- to 3-dimensional models which solve the 
Computational Fluid Dynamics (CFD) transport equations and include solid and gas-
phase interactions (Grishin 1997; Larini et al. 1998; Morvan and Porterie 2000; 
Porterie et al. 2000; Zhou et al. 2005; Mell et al. 2009). A more detailed discussion of 
these different physics-based modeling approaches, both simplified and detailed, can 
be found in Chapter 1.  

A distinct advantage to a detailed physics-based approach is that these models, 
if properly formulated and applied to scenarios within the limits of their intended use, 
can be expected to yield an accurate representation of the included physical 



Chapter 5 – Numerical approach  155 

 
 

phenomena. The ultimate goal is to provide predictive capabilities for situations in 
which a lack of applicable observations and measurements might limit the use of 
empirical models. Additionally, depending on the level of detail in the model, specific 
scenarios in which the driving physics are not well understood can be simulated in 
order to shed light on these drivers (Morvan 2011).  

Further, an approach which employs a 3-dimensional, multiphase CFD 
formulation, while it may be considered the most complex, is of particular interest for 
simulating fire behavior at the field-scale. With such a model any 3-dimensional 
heterogeneity of fuels, wind, and topography can be represented in order to try to 
understand their influence on fire behavior. Simple examples include the presence of 
fuel breaks on the burn block perimeter, which can affect the spread (Linn et al. 
2012a), or the influence of the  ignition pattern on the fire development (Cheney and 
Gould 1995), both of which require 3-dimensionality to study. Likewise, wind effects 
beyond those purely perpendicular to the advancing fire front can be represented and 
studied. 

Given all of the potential advantages of the approach, enumerated both here 
and in Chapters 1 and 2, a particular 3D CFD model was selected to carry out the 
remaining investigations in this body of work, with the aim of demonstrating and 
understanding its capabilities and limitations and identifying areas for investment in 
further development. The particular caveat with any such model, however, lies in the 
‘proper formulation’ and ‘application within the limits of intended use.’ Thus, before 
simply applying a particular model to study a fire behavior problem, it is of significant 
value to explore the details and relevant assumptions of the formulation. 

This model selected the Wildland-urban interface Fire Dynamics Simulator 
(WFDS) (Mell et al. 2007, 2009). WFDS employs a Large Eddy Simulation (LES)-
CFD approach for solving reacting, turbulent flows. Sub-models are used for the 
representation of various phenomena including combustion, radiation, solid fuel 
thermal transfer, and solid fuel degradation processes. Vegetative fuel, specifically, is 
modeled using a multiphase formulation (Grishin 1997; Larini et al. 1998). WFDS has 
been previously compared to field-scale experiments of fire spread in grasslands with 
positive results (Mell et al. 2007), though the complexity of the fuel and some details 
of the numerical formulation differ from that used here. 

WFDS is an integrated feature in the Fire Dynamics Simulator (FDS) CFD 
code, and much of the underlying, non-vegetative components of the model have been 
under continued development for a number of years. FDS is a considerably well 
documented tool (McGrattan et al. 2013a; b), which has undergone extensive testing. 
These tests include verification and validation cases which are carried out nightly to 
ensure the accuracy of the code is not diminished by ongoing updates (McGrattan et 
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al. 2013a). Additionally, a number of independent studies have been carried out to 
investigate classic problems related to fire safety engineering (e.g. fire plumes (Ma and 
Quintiere 2003), compartment fire dynamics (Zhang et al. 2002), tunnel fires (Lee and 
Ryou 2006), flame spread (Mangs and Hostikka 2011), etc.). 

A key point here is that, while this chapter (and the subsequent studies in 
Chapters 6 and 7) has a specific focus on WFDS, the aim of testing and developing 
detailed physics-based models of fire phenomena at field-scale should be applicable to 
any CFD framework. Some adjustments may be necessary depending on the particular 
approach, but nevertheless, the submodels which relate directly to the problem of 
wildland fire spread, the focus of the investigation, may be implemented in other codes. 
In some cases, aspects of the submodels already are quite similar (e.g. Morvan & 
Dupuy 2004; Dahale et al. 2013; El Houssami et al. 2016). This extends the relevance 
beyond the specific model used here, as the goal here is not necessarily to promote one 
particular tool over another. 

5.3 Overview of basic CFD approach 
As introduced previously, WFDS is integrated into the FDS model. For the work 
presented in this thesis, a specific version of WFDS was adapted, corresponding to a 
stable release currently supported by the USDA Forest Service. This release is built 
upon FDS version 6.0 (Version No. 9977). As such, this section is intended to describe 
the basic approach specific to this version of FDS, while details related to vegetation 
(WFDS) are presented in the subsequent section. More detail related to the modeling 
framework presented here can be found in the FDS documentation and references 
therein (McGrattan et al. 2013a; b).   

FDS uses an LES approach to solving the Navier-Stokes equations. This low-
pass filtering approach implies that turbulent motions larger than a filter width are 
directly resolved, while those smaller are modeled using a turbulence closure scheme 
(Pope 2001). In order to handle flows with density fluctuations, a mass-weighted Favre 

filter is used, such that for scalar 𝜑𝜑, �̃�𝜑 = 𝜌𝜌𝜑𝜑�������/𝜌𝜌 ̅(Cox 1995). The tilde represents the 
Favre filter and the overbar represents a box filter (McGrattan et al. 2013a). The 
resultant LES transport equations shown below:  
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These are the continuity equation, momentum, species, and sensible enthalpy 
transport equations, as well as the equation of state. An implicit filtering approach is 

applied in FDS, such that the filter width is the characteristic grid cell size, ∆ =
(∆𝑥𝑥∆𝑦𝑦∆𝑧𝑧)1/3. Therefore, for simplicity, the filtering notation (tilde and overbar) will 
be dropped hereinafter.  

A low Mach number assumption is applied to the formulation to eliminate the 
possibility of high-velocity acoustic waves (Rehm and Baumt 1978). The result is that 

the pressure is separated into a background (𝑝𝑝𝑜𝑜) and perturbation (𝑝𝑝) pressure, and 
the background pressure is used to both filter out high speed waves and to reduce the 
number of dependent variables to be solved for both the equation of state and enthalpy 
transport.  

In the case of the presented work, subgrid-scale stress, 𝜏𝜏𝑠𝑠𝑔𝑔𝑠𝑠, is computed using 
a Deardorff eddy viscosity model, where turbulent viscosity is a function of subgrid-
scale Turbulent Kinetic Energy (TKE) (Deardorff 1980). This is computed as 

where 𝑘𝑘𝑠𝑠𝑔𝑔𝑠𝑠 is the subgrid-scale TKE and 𝐶𝐶𝑣𝑣 = 0.1. Rather than solving a separate 

scalar conservation equation for 𝑘𝑘𝑠𝑠𝑔𝑔𝑠𝑠, an algebraic scale similarity approach is used to 
determine this quantity from the resolved velocity field (Bardina et al. 1980). 
Additionally, this equation is used to account for the turbulent contribution to species 
and thermal diffusivity in Equations (5.3) and (5.4): 

 𝜕𝜕𝜌𝜌 ̅
𝜕𝜕𝑑𝑑

+ ∇ · (𝜌𝜌�̃̅�𝐮) = �̇�𝛥�����𝑏𝑏′′′ (5.1) 

 𝜕𝜕𝜌𝜌�̃̅�𝐮
𝜕𝜕𝑑𝑑

+ ∇ · (𝜌𝜌�̃̅�𝐮�̃�𝐮) = −∇𝑝𝑝̅ − ∇ · (𝜏𝜏 ̅ + 𝜏𝜏𝑠𝑠𝑔𝑔𝑠𝑠) + 𝜌𝜌�̅�𝐠 + 𝐅𝐅����𝑐𝑐 (5.2) 

 𝜕𝜕𝜌𝜌�̅�𝑌�̃�𝛼
𝜕𝜕𝑑𝑑

+ ∇ · �𝜌𝜌�̃̅�𝐮𝑌𝑌�̃�𝛼� = ∇ · �𝜌𝜌�̅�𝐷�𝛼𝛼∇𝑌𝑌�̃�𝛼� + �̇�𝛥�����𝛼𝛼′′′ (5.3) 

 

𝜕𝜕𝜌𝜌ℎ̃̅
𝜕𝜕𝑑𝑑

+ ∇ · �𝜌𝜌�̃̅�𝐮ℎ̃� = 

D̃𝑝𝑝𝑜𝑜
D̃𝑡𝑡

+ ∇ · ��̃�𝑘∇𝑇𝑇̃ + ∑ 𝜌𝜌�̅�𝐷�𝛼𝛼∇𝑌𝑌�̃�𝛼𝛼𝛼 � − ∇ · 𝐪𝐪�̅�𝑟 + 𝑞𝑞�̇�𝑐
′′′�������� + 𝑞𝑞′̇′′��������+𝑞𝑞�̇�𝑏

′′′�������� 

(5.4) 

 𝜌𝜌 ̅ = 𝑝𝑝𝑜𝑜𝑊𝑊�����

ℛ𝑇𝑇̃ . 
(5.5) 

 𝜇𝜇𝑡𝑡 = 𝜌𝜌𝐶𝐶𝑣𝑣∆�𝑘𝑘𝑠𝑠𝑔𝑔𝑠𝑠, (5.6) 
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where the turbulent Schmidt and Prandtl number are considered constant (Sc𝑡𝑡 = Pr𝑡𝑡 
= 0.5) (McGrattan et al. 2013a). 
 Combustion is modeled by assuming infinitely fast chemistry, using a mixing-
controlled, lumped species formulation. This approach employs conserved scalar 
quantities, the so-called lumped species, to represent the mass fractions of air, fuel, 
and combustion products, respectively. From the lumped species mass fractions, the 
mass fraction of primitive species (e.g. O2, N2, H2O, etc.) can easily be determined. 
For a simple, single-step chemistry approach, as used in this work, only transport 
equations for fuel and combustion products need be solved, as the mass fraction of air 
can be derived from the others. In this case, combustion is assumed to be mixing-
controlled, and the chemical reaction occurs instantaneously and is independent of 
temperature. However, due to the inability to resolve flame sheets, particularly for 
computational cells on the order required for large-scale WFDS simulations, the rate 
of fuel consumption is determined by the Eddy Dissipation Concept (EDC) 
(Magnussen and Hjertager 1977):  

This approach limits the reaction rate by the local lumped mass fractions for fuel and 

air (𝑌𝑌𝐹𝐹 , 𝑌𝑌𝐴𝐴, with 𝑠𝑠 being the stoichiometric coefficient of the air lumped species in the 

combustion reaction) and the local mixing rate, 𝜏𝜏𝑚𝑚𝑖𝑖𝑚𝑚. The mixing rate is determined 
by the minimum of the diffusion time scale, the turbulent advection time scale, and 
the buoyancy time scale, and is bounded on either end by the chemical and flame 
height time scales (note that these limiting cases should not be reached in the case of 
an LES model where grid size does not reach DNS resolution nor exceed flame height) 
(McDermott et al. 2011).  
 Radiation is computed using a Radiative Transport Equation (RTE) (Viskanta 
and Mengüç 1987). Integration of the RTE over the unit sphere gives the following 

for the exchange of radiant energy in the gas phase (∇ · 𝐪𝐪�̅�𝑟 in Equation (5.4)): 

This includes exchanges with particles (subscript 𝑒𝑒), which will be used to account for 
vegetation, as developed later. The RTE is solved over a fixed number of finite solid 
angles (set to 100 by default) by employing a method akin to a finite volume method 
(Raithby and Chui 1990). By default, to reduce computational demand, the RTE is 

 𝐷𝐷 = 𝜇𝜇 + 𝜇𝜇𝑡𝑡
Sc𝑡𝑡

;     𝑘𝑘 =
𝑐𝑐𝑝𝑝(𝜇𝜇 + 𝜇𝜇𝑡𝑡)

Pr𝑡𝑡
, (5.7) 

 �̇�𝛥𝐹𝐹
′′′ = −𝜌𝜌

min�𝑌𝑌𝐹𝐹 , 𝑌𝑌𝐴𝐴 𝑠𝑠� �

𝜏𝜏𝑚𝑚𝑖𝑖𝑚𝑚
. (5.8) 

 ∇ · 𝐪𝐪�̅�𝑟 = 𝜅𝜅[4𝜋𝜋𝐼𝐼𝑏𝑏 − 𝑈𝑈] + 𝜅𝜅𝑒𝑒�4𝜋𝜋𝐼𝐼𝑏𝑏,𝑒𝑒 − 𝑈𝑈�. (5.9) 
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updated every 3rd time step, and then on increments of every 5th angle, so that the 
whole equation is only updated every 15th time step. Soot is considered to be the 
dominant component in the gas phase, both emitting and absorbing radiation, and 
given its limited sensitivity to wavelength, the spectral dependence of the RTE is 
removed using a gray gas assumption. Values for the gray absorption coefficient (𝜅𝜅) 
are tabulated as a function of species composition and gas temperature at the start of 
a given simulation using a narrow-band model, RADCAL (Grosshandler 1994). There 
is a tendency for under-prediction of temperatures in the reaction zone, due to 
unresolved flame sheets in coarse grid cells. Thus, the source term for radiation in cells 
where combustion is occurring is multiplied by a correction factor in order to ensure 
that the global emitted radiation over the flaming region is consistent with a user 
specified radiative fraction of combustion energy, 𝜒𝜒𝑟𝑟.  
 The FDS procedure does not involve a direct solution of enthalpy transport, 
Equation (5.4), but rather the velocity divergence (∇ ∙ 𝐮𝐮) is factored from this equation. 
The solution of the divergence is then used to solve a Poisson equation for pressure, 
which is finally used to update the velocity field while ensuring energy conservation. 
The governing equations are discretized in space, on a 3-dimensional rectilinear grid, 
and in time. Time dependent variables are solved for with a second-order predictor-
corrector scheme, in which the predictor step utilizes an explicit Euler method to 
update the equations, and this is then corrected with an implicit trapezoidal method. 
Spatial discretization is conducted with explicit finite differencing. At the end of the 
predictor step, a modified Courant–Friedrichs–Lewy (CFL) condition is checked to 
ensure stability: 

The velocity divergence is added to the more well-known form of the CFL condition 
in order to prevent the case of all mass leaving a cell due to thermal expansion effects 
with an under-resolved time step. In the case that the CFL condition is exceeded, the 
time step is reduced and the predictor step is repeated. The code is parallelized, and 
computational demand can be divided between different CPU processes via a Message-
Passing Interface (MPI) approach.  

5.4 Multiphase formulation 
The WFDS model uses a multiphase formulation to account for the exchange of mass, 
energy, and momentum between the gas phase and any solid vegetation. This 
formulation was first developed through the work of Grishin (1997) and Larini et 

 𝐶𝐶 = ∆𝑑𝑑�max � 𝑢𝑢
∆𝑥𝑥

, 𝑣𝑣
∆𝑦𝑦

, 𝑤𝑤
∆𝑧𝑧

� + |∇ · 𝐮𝐮|� < 1. (5.10) 
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al. (1998), and has been used in a number of different detailed-physical fire behavior 
models (e.g. Morvan and Porterie 2000; Porterie et al. 2005; Zhou et al. 2005; Mell et 
al. 2009). While certain details of the approach vary between different models, the 
conceptual framework remains the same. The multiphase formulation makes the 

assumption that vegetation can be represented with 𝑅𝑅 = 1…𝑁𝑁 solid phases, each 

composed of many (𝑛𝑛𝑒𝑒) solid fuel particles which are distributed within the gas phase 

and fixed in space (Larini et al. 1998). These fill a fraction of the total volume, 𝛽𝛽𝑒𝑒 =
𝑖𝑖𝑒𝑒𝑉𝑉𝑒𝑒
𝑉𝑉𝑏𝑏

. For a given solid phase, 𝑅𝑅, the geometric and thermophysical properties are 

assumed identical for all particles. In this way, rather than treating every particle 

individually (for which there are ∑ 𝑛𝑛𝑒𝑒𝑒𝑒 ), the bulk influence on mass, energy, and 

momentum transfer within a control volume can be considered for each solid phase. 
The governing equations are developed by considering local mean gas- and solid-phase 
properties in a control volume which is large with respect to particle spacing but small 
with respect to macroscopic variations in the system (Anderson and Jackson 1967), as 
presented by Larini (1998). A theoretical representation is given in Figure 5.1. The 
following sections will highlight how this vegetation and its behavior is modeled, via 
interactions with the previously established gas-phase solver (Section 5.3). 

 

Figure 5.1 – Example vegetation in the multiphase formulation considering a single solid phase (in 
this case live pine needles). The many (𝒏𝒏𝒆𝒆) fuel elements are represented by their bulk influence 

within a larger control volume (𝑽𝑽𝒆𝒆 ≪ 𝑽𝑽𝒃𝒃). 

5.4.1 Chemistry 
In WFDS, a single, 1-step chemical reaction is used to model the combustion of gaseous 
fuel generated from the pyrolysis of vegetation, following Ritchie et al. (1997). The 
form of this reaction is: 
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This assumes a chemical formula of C0.9H0.1 for soot, and a 2% soot yield (by mass, 
compared to the fuel), which is in the range determined for flaming combustion of 
wood (Bankston et al. 1981). Similar equations have been used in WFDS (Mell et al. 
2007, 2009), as well as other simulations involving wood combustion (Mangs and 
Hostikka 2011). This is a simple formulation, in that it considers only a single step 
and does not account for the influence of ventilation conditions on the products of 
combustion. While options for more complex combustion have been integrated into 
FDS (e.g. multi-step reactions, flame extinction models) (McGrattan et al. 2013a), 
these can add significantly to computational cost, particularly in large-scale 
applications. Currently, sufficient data does not exist on the ventilation conditions in 
real wildland fires to justify the integration of such complexity, much less to test its 
performance. However, this can certainly be considered as one of the areas for future 
model development.  

The lumped species approach is used to solve for the constituent components, 
as described in Section 5.3. In this case, adding an extra lumped species to track water 
vapor is an important addition. The background humidity is tracked by the air lumped 
species, and the water vapor produced by is tracked by the combustion products 
lumped species, but neither will account for water vapor resulting from drying 
vegetation (McGrattan et al. 2013b), which can play an important role in fire behavior 
(Byram 1959a; Van Wagner 1967; Cheney 1981), as discussed in Chapter 1. WFDS is 
capable of calculating an enthalpy source term from the heats of formation of the 
products. However, given the approximate nature of Equation (5.11) with respect to 
the actual vegetation species which may be under consideration, a more usual practice 

is to specify a heat of combustion, ∆𝐻𝐻𝑐𝑐. 

5.4.2 Solid fuel behavior 
The governing equation for the energy of the solid-phase involves a thermally-thin 
approximation, upon which the detailed physics-based models tend to be built 
(Porterie et al. 2000; Morvan and Dupuy 2004; Zhou et al. 2005; Mell et al. 2009). 
This follows the precept that the internal thermal gradient can be ignored for the thin 

fuel which is predominantly consumed in the flames (𝑑𝑑 < 6 mm) (Morvan et al. 2009). 
This assumption is accepted, with this thesis mainly focusing on the testing of this 
existing modeling framework. However, continued discussion can be found in 
Appendix B.   

C3.4H6.2O2.5 + 3.6(O2 + 3.76N2) → 3.3CO2 + 3.1H2O + 13.5N2

+ 0.16C0.9H0.1, 
(5.11) 
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Considering thermally thin fuel, the temperature of vegetation elements within 
a bulk volume is given as (Mell et al. 2009): 

where the left-hand side represents energy storage, and the right-hand terms represent 
the endothermic vaporization of moisture, the endothermic process of pyrolysis, the 
exothermic process of char oxidation, the net divergence of convective heat flux, and 
the net divergence of radiative heat flux, respectively. These terms not only dictate 
the temperature evolution of the vegetation based on the surrounding conditions, but 
also appear in Equation (5.4), ensuring the link to the gas-phase. While WFDS 
includes capabilities to model the effects of char oxidation, this process is not included 
in all simulations in this work*, effectively removing the third term on the RHS of 

Equation (5.12). Note that, in this term, 𝛼𝛼𝑠𝑠𝑔𝑔 represents the proportion of energy 
released to the solid phase from the char oxidation reaction and is taken here as 0.5, 
with the other half released in the gas phase (Morvan and Porterie 2000). The bulk 
density and specific heat of vegetation take into account components of dry virgin 
vegetation, moisture, char, and ash: 

where 𝑐𝑐𝑝𝑝,𝐻𝐻2𝑂𝑂 = 4.19 kJ·kg-1·K-1 (Incropera et al. 2007), 𝑐𝑐𝑝𝑝,𝑎𝑎𝑎𝑎ℎ = 0.8 kJ·kg-1·K-1 (Grishin 
1997) (note that terms related to ash also do not appear if char oxidation is not 
considered, as ash is not formed). The specific heat of dry virgin vegetation (Ritchie 
et al. 1997) and char (Grønli and Melaaen 2000) are temperature dependent: 

                                        
* An assessment of the importance of char oxidation, in terms of predicting wind-aided fire spread, is 
undertaken in Chapter 6, as previous tests of WFDS have not included it, and other authors have 
demonstrated difficulties in modeling this process. More detail can be found in Chapter 6. 

 

𝜌𝜌𝑏𝑏,𝑒𝑒𝑐𝑐𝑝𝑝,𝑒𝑒
𝑑𝑑𝑇𝑇𝑒𝑒
𝑑𝑑𝑑𝑑

 =  

−∆𝐻𝐻𝑣𝑣𝑣𝑣𝑝𝑝��̇�𝛥′′′
𝑒𝑒,𝐻𝐻2𝑂𝑂�𝑉𝑉𝑏𝑏

 − �1 − 𝜒𝜒𝑒𝑒,𝑐𝑐ℎ𝑣𝑣𝑟𝑟�∆𝐻𝐻𝑝𝑝𝑝𝑝𝑟𝑟��̇�𝛥′′′
𝑒𝑒,𝑣𝑣�𝑉𝑉𝑏𝑏

  

−𝛼𝛼𝑠𝑠𝑔𝑔∆𝐻𝐻𝑐𝑐ℎ𝑣𝑣𝑟𝑟��̇�𝛥′′′
𝑒𝑒,𝑐𝑐ℎ𝑣𝑣𝑟𝑟�𝑉𝑉𝑏𝑏

 −�𝑞𝑞′̇′′
𝑐𝑐,𝑒𝑒�𝑉𝑉𝑏𝑏

− �𝛻𝛻 · 𝒒𝒒𝑟𝑟,𝑒𝑒�𝑉𝑉𝑏𝑏
, 

(5.12) 

 𝜌𝜌𝑏𝑏,𝑒𝑒  =  𝜌𝜌𝑏𝑏,𝑣𝑣 +  𝜌𝜌𝑏𝑏,𝐻𝐻2𝑂𝑂 +  𝜌𝜌𝑏𝑏,𝑐𝑐ℎ𝑣𝑣𝑟𝑟 +  𝜌𝜌𝑏𝑏,𝑣𝑣𝑠𝑠ℎ, (5.13) 

 𝑐𝑐𝑝𝑝,𝑒𝑒  =
 𝜌𝜌𝑏𝑏,𝑣𝑣𝑐𝑐𝑝𝑝,𝑣𝑣 +  𝜌𝜌𝑏𝑏,𝐻𝐻2𝑂𝑂𝑐𝑐𝑝𝑝,𝐻𝐻2𝑂𝑂 +  𝜌𝜌𝑏𝑏,𝑐𝑐ℎ𝑣𝑣𝑟𝑟𝑐𝑐𝑝𝑝,𝑐𝑐ℎ𝑣𝑣𝑟𝑟 +  𝜌𝜌𝑏𝑏,𝑣𝑣𝑠𝑠ℎ𝑐𝑐𝑝𝑝,𝑣𝑣𝑠𝑠ℎ

 𝜌𝜌𝑏𝑏
, (5.14) 

 𝑐𝑐𝑝𝑝,𝑣𝑣  =  0.01 +  0.0037 · 𝑇𝑇𝑒𝑒, (5.15) 

 𝑐𝑐𝑝𝑝,𝑐𝑐ℎ𝑣𝑣𝑟𝑟  =  0.42 +  0.00209 · 𝑇𝑇𝑒𝑒  +  0.00685 · 𝑇𝑇𝑒𝑒
2. (5.16) 
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The solid fuel degrades over a two- or three-step process, depending on whether char 
oxidation is considered. In this case, an Arrhenius-type temperature-dependent model 
is used, in which char oxidation can be switched on or off. The following equations are 
used to model mass exchanges due to moisture vaporization, pyrolysis, and char 
oxidation, respectively: 

The 1 + 𝛽𝛽𝑐𝑐ℎ𝑣𝑣𝑟𝑟�𝑅𝑅𝑅𝑅𝑒𝑒 term in Equation (5.19) is intended to adjust the char oxidation 
reaction rate based on the amplifying effects of increased oxygen supply from local air 

flow (Porterie et al. 2005). The Reynolds number, 𝑅𝑅𝑅𝑅𝑒𝑒 = 4 |𝑢𝑢|/(𝜎𝜎𝑒𝑒𝜈𝜈), is defined for 

flow around a cylinder with radius 2/𝜎𝜎𝑒𝑒. The values used for the various coefficients 
(for both approaches) are presented in Table 5.1, as taken from literature (Grishin 
1997; Porterie et al. 2005) and used in other studies (e.g. Morvan and Porterie 2000; 
Morvan and Dupuy 2001; Zhou et al. 2005). 

Table 5.1 – Value of empirical coefficients for various mass exchange equations, as taken from 
literature (Grishin 1997; Porterie et al. 2005). 

The final two terms in Equation (5.12) (the net divergence of the convective 
and radiative heat fluxes, respectively) are also important to consider here. The 
convective term can be written as: 

The convective coefficient, ℎ𝑐𝑐, is taken from the a well-established form used for forced 
convection over cylinders in cross-flow (Incropera et al. 2007): 

 ��̇�𝛥′′′
𝑒𝑒,𝐻𝐻2𝑂𝑂�𝑉𝑉𝑏𝑏

 =  𝜌𝜌𝑏𝑏,𝐻𝐻2𝑂𝑂𝐴𝐴𝐻𝐻2𝑂𝑂𝑇𝑇𝑒𝑒
0.5𝑅𝑅𝑥𝑥𝑝𝑝�

−𝐸𝐸𝐻𝐻2𝑂𝑂

ℛ𝑇𝑇𝑒𝑒
�, (5.17) 

 ��̇�𝛥′′′
𝑒𝑒,𝑣𝑣�𝑉𝑉𝑏𝑏

 =   𝜌𝜌𝑏𝑏,𝑣𝑣𝐴𝐴𝑝𝑝𝑝𝑝𝑟𝑟𝑅𝑅𝑥𝑥𝑝𝑝 �
−𝐸𝐸𝑝𝑝𝑝𝑝𝑟𝑟

ℛ𝑇𝑇𝑒𝑒
�, (5.18) 

 ��̇�𝛥′′′
𝑒𝑒,𝑐𝑐ℎ𝑣𝑣𝑟𝑟�𝑉𝑉𝑏𝑏

 =  𝐴𝐴𝑐𝑐ℎ𝑣𝑣𝑟𝑟
𝜈𝜈𝑒𝑒,𝑂𝑂2

𝜌𝜌𝑔𝑔𝑌𝑌𝑂𝑂2
𝜎𝜎𝑒𝑒𝛽𝛽𝑒𝑒𝑅𝑅𝑥𝑥𝑝𝑝�−𝐸𝐸𝑐𝑐ℎ𝑣𝑣𝑟𝑟

ℛ𝑇𝑇𝑒𝑒
� �1 + 𝛽𝛽𝑐𝑐ℎ𝑣𝑣𝑟𝑟�𝑅𝑅𝑅𝑅𝑒𝑒�. (5.19) 

Coefficient Value Coefficient Value 

∆𝐻𝐻𝑣𝑣𝑣𝑣𝑝𝑝 2259 kJ·kg-1 ∆𝐻𝐻𝑐𝑐ℎ𝑣𝑣𝑟𝑟 -1.2 ·104 kJ·kg-1 

𝐴𝐴𝐻𝐻2𝑂𝑂 6 ·105 K0.5·s-1 𝐴𝐴𝑐𝑐ℎ𝑣𝑣𝑟𝑟 430 m·s-1 
𝐸𝐸𝐻𝐻2𝑂𝑂

𝑅𝑅   5800 K 𝜈𝜈𝑒𝑒,𝑂𝑂2
 1.65 

∆𝐻𝐻𝑝𝑝𝑝𝑝𝑟𝑟 418 kJ·kg-1 𝐸𝐸𝑐𝑐ℎ𝑎𝑎𝑎𝑎
𝑅𝑅   9000 K 

𝐴𝐴𝑝𝑝𝑝𝑝𝑟𝑟 3.63 ·104 s-1 𝛽𝛽𝑐𝑐ℎ𝑣𝑣𝑟𝑟 0.2 
𝐸𝐸𝑝𝑝𝑝𝑝𝑎𝑎

𝑅𝑅   7250 K   

  �𝑞𝑞′̇′′
𝑐𝑐,𝑒𝑒�𝑉𝑉𝑏𝑏

= 𝜎𝜎𝑒𝑒𝛽𝛽𝑒𝑒ℎ𝑐𝑐,𝑒𝑒�𝑇𝑇𝑒𝑒 − 𝑇𝑇𝑔𝑔�. (5.20) 
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where thermal properties of the gas-phase are evaluated at the ‘film temperature’  

(𝑇𝑇𝑔𝑔 + 𝑇𝑇𝑒𝑒)/2, and the coefficients 𝑛𝑛 and 𝛥𝛥 are based on the particle Reynolds number, 
as defined in Table 5.2. The Reynolds-dependent nature of this term indicates its 
sensitivity to the representation of flow conditions in the fuel layer, potentially 
spanning an order of magnitude, for example ~50 – 500 W·m-2·K-1 for a pine needle in 

a range of flow velocities of 0.1 - 22 m·s-1 (6 < 𝑅𝑅𝑅𝑅𝑒𝑒 < 1252) at ambient temperature 

(𝑇𝑇𝑔𝑔 = 293 K). 

Table 5.2. Coefficient values used for determination of heat transfer coefficient forced convection 
over a cylinder in cross flow (Incropera et al. 2007). 

The radiative transfer term for the solid fuel, which appears in Equation (5.12), 
but also in the RTE and thus Equation (5.4), is written as 

where 𝜅𝜅𝑒𝑒 = 𝜎𝜎𝑒𝑒𝛽𝛽𝑒𝑒/4 is the extinction coefficient, 𝛼𝛼𝑒𝑒 is the absorptivity of the vegetation, 

𝑈𝑈 is the total irradiance, and 𝜎𝜎 = 5.67 ·10-8 m-2·K-4 is the Stefan-Boltzmann coefficient. 
The proposed relationship for the extinction coefficient was investigated by Monod et 
al. (2009) and found to be acceptable (though a species-dependent correction factor of 
0.94 – 0.98 was suggested, but is not included here). The vegetation is considered to 

be a perfect absorber (𝛼𝛼𝑒𝑒 = 1), an assumption which has appeared in a number of 
studies (Morvan and Porterie 2000; Morvan and Dupuy 2001; Mell et al. 2007, 2009), 
due to the fact that vegetation characteristically has an absorptivity/emissivity ~0.9 
or greater in the spectral range anticipated for wildland fires (Monod et al. 2009). 

However, values as low as 𝛼𝛼𝑒𝑒 = 0.85 have also been suggested for Pitch Pine, as well 
as char, and may be considered more appropriate in future efforts (El Houssami et al. 
2016). 
 Finally, the effect of the vegetation on the gas-phase momentum, Equation 
(5.2), is a sink term in the form of a bulk drag force. This represents the summation 
of the influence of all subgrid particles within the computational volume: 
 

 ℎ𝑐𝑐,𝑒𝑒 = 
𝑘𝑘𝑔𝑔𝑁𝑁𝑢𝑢

𝐿𝐿
=

𝑘𝑘𝑔𝑔𝜎𝜎𝑒𝑒

4
𝑛𝑛𝑅𝑅𝑅𝑅𝑒𝑒

𝑚𝑚𝑃𝑃𝐹𝐹0.333, (5.21) 

Ree 𝒎𝒎 𝒏𝒏 
< 0.4 0.989 0.330 

0.4 - 40 0.911 0.385 

40 - 4000 0.683 0.466 

 �∇ · 𝐪𝐪𝑟𝑟,𝑒𝑒�𝑉𝑉𝑏𝑏
= 𝜅𝜅𝑒𝑒𝛼𝛼𝑒𝑒�𝑈𝑈 − 𝜎𝜎𝑇𝑇𝑒𝑒

4�, (5.22) 
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where 𝐴𝐴𝑘𝑘 is the projected frontal area of a single vegetation element, 𝑐𝑐𝑐𝑐 is the drag 

coefficient, and 𝑐𝑐𝑆𝑆 is a shape factor based upon the assumed particle geometry. If the 
vegetation is approximated by cylinders in cross-flow, then the drag coefficient is based 
upon the Reynolds number: 

and the shape factor is 𝑐𝑐𝑠𝑠 = 1/2𝜋𝜋. Similar approaches have been used by others, 
though this approach does not take into account the type of wake interactions that 
may affect drag through a bed of closely packed cylinders. The accuracy of this 
formulation, when applied to vegetation, has yet to be studied in close detail (putting 
aside the complexities introduced when simulating a scenario involving fire). However, 
in many studies of flow within forest canopies the drag force is written as (Finnigan 
2000): 

In this case, the coefficient 𝑐𝑐𝑑𝑑 is a constant and 𝑎𝑎𝑓𝑓 is the one-sided leaf area density. 
Values ranging between ~0.1 – 0.4 have been reported in literature, and this approach 
has shown success in a number of LES simulations of flow within and above forest 
canopies (e.g. Shaw and Schumann 1992; Su et al. 1998; Yang et al. 2006a; b; Cassiani 
et al. 2008; Dupont and Brunet 2008; Pimont et al. 2009b; Dupont et al. 2011; Aumond 
et al. 2013; Mueller et al. 2014). It has been suggested that the leaf area density can 

be approximated as 𝑅𝑅𝑓𝑓 = 𝜎𝜎𝑒𝑒𝛽𝛽𝑒𝑒/2 (e.g. Pimont et al. 2009b), however this assumes that 
all vegetation elements are oriented normal to the flow. Considering the vegetation to 

be isotropically oriented, this factor is better approximated by 𝑅𝑅𝑓𝑓 = 𝜎𝜎𝑒𝑒𝛽𝛽𝑒𝑒/4. A 
disadvantage to this approach is that the drag coefficient is not well defined, and likely 
a function of vegetation type. As both of these drag formulations have been utilized 
with positive results in various studies, the sensitivity of the model to either choice 
will be considered in Chapter 6.  

 �𝐹𝐹𝑐𝑐,𝑒𝑒,𝑖𝑖�𝑉𝑉𝑏𝑏
= −𝜌𝜌 1

𝑉𝑉𝑏𝑏
�1

2
𝑐𝑐𝑐𝑐𝐴𝐴𝑒𝑒𝑢𝑢𝑖𝑖|𝐮𝐮|, (5.23) 

 �𝐹𝐹𝑐𝑐,𝑒𝑒,𝑖𝑖�𝑉𝑉𝑏𝑏
= −𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑆𝑆𝜎𝜎𝑒𝑒𝛽𝛽𝑒𝑒𝑢𝑢𝑖𝑖|𝐮𝐮|, (5.24) 

 𝑐𝑐𝑐𝑐 =

⎩
�
�
�
⎨
�
�
�
⎧ 10

𝑅𝑅𝑅𝑅𝑒𝑒
0.8 ,                                   𝑅𝑅𝑅𝑅𝑒𝑒 ≤ 1,

10(0.6 + 0.4𝑅𝑅𝑅𝑅𝑒𝑒
0.8)

𝑅𝑅𝑅𝑅𝑒𝑒
,        1 < 𝑅𝑅𝑅𝑅𝑒𝑒 < 1000,

1,                                    1000 ≤ 𝑅𝑅𝑅𝑅𝑒𝑒,

 (5.25) 

 �𝐹𝐹𝑐𝑐,𝑒𝑒,𝑖𝑖�𝑉𝑉𝑏𝑏
= −𝜌𝜌𝑐𝑐𝑐𝑐𝑅𝑅𝑓𝑓𝑢𝑢𝑖𝑖|𝒖𝒖|. (5.26) 
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 Related to the wind-vegetation interaction in raised fuel beds, it should be 
noted that a number of studies have been conducted to understand the bulk drag 
coefficient for an isolated plant. These studies reveal that, for both trees (Rudnicki et 
al. 2004; Cullen 2005; Vollsinger et al. 2005) and shrubs (Cao et al. 2012), the 
flexibility of vegetation results in streamlining which gives a less than quadratic 
relationship between bulk drag and velocity. However, the ability of these models to 
capture the complex flow dynamics within the vegetation, rather than just total drag, 
has not been tested. Similarly, the importance of capturing these nuances of vegetation 
flexibility when it comes to full-scale fire spread simulations, particularly within a 
large forest canopy, has not been evaluated. The refinement of the multiphase 
formulation to include flexibility effects in the drag force model is considered beyond 
the scope of this work, but is noted as an area for potential future research. Especially 
for the simulation of fire spread and firebrand transport in the WUI, where accurate 
representation of the flow within and behind single trees or shrubs may be of particular 
importance. 

5.4.3 Boundary fuels 
In some cases, the fuel layer which is to be incorporated in the simulation has a height 
much smaller than the gas-phase grid cell dimensions. This can be particularly 
important in field-scale simulations where it is not computationally feasible to resolve 
the gas-phase very highly (O(10) cm or less) over a large area, but where there exists 
a relatively thin layer of litter fuels which is important to the overall fire behavior. 
This is the case in the Pinelands National Reserve (PNR) where the dead needle litter 
layer is ~5-6 cm (see Chapter 3). Stretching of the grid divisions in the z-direction to 
increase resolution within and above this fuel layer might be considered, however this 
can have an adverse effect on numerical stability if the aspect-ratio of cells becomes 
too asymmetrical (McGrattan et al. 2013b). One solution to this problem, and that 
taken by WFDS as described by Mell et al. (2007), is to treat this fuel as a boundary 
condition in the gas-phase. This approach sub-divides the so-called ‘boundary fuels’ 
into a number of discrete layers in the z-direction. Calculations related to the solid-
phase heating and degradation are carried out on this independent mesh, with mass, 
energy, and momentum exchanges taking place on the boundary between the gas-
phase domain and the boundary fuels. Thus, the solid phase temperature (Equation 
(5.12)) is evaluated for each discrete level of the boundary fuel, assuming the gas-
phase temperature and velocity, obtained from the gas-phase solutions at the interface 
with the boundary fuel, is uniform along the vertical depth of the fuel layer at a given 
location.  
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There are some limiting simplifications to this approach, which will be discussed 
here. First, due to the 1-dimensional nature of the boundary fuel calculations, 

radiation transport is only considered in the ±𝑧𝑧-directions, with the incident value at 
the top of the layer obtained from the normal component obtained from the RTE at 
the interface of the gas-phase. The upward component at the bottom of the fuel layer 
(soil) is set such that the net radiative flux at this point is zero. This assumption was 
taken from Albini (1986), and has shown previous success in WFDS (Mell et al. 2007). 
However, this assumption implies that there are no radiation losses into the soil (any 
downward component of the radiative flux at the soil is effectively reflected upward), 
and a supplementary approach is mentioned in Appendix D in which the upward 
component of radiation at the soil level is determined based on an assumed ‘back-face’ 
temperature.  

Second, the lack of gas-phase resolution of the boundary fuel means that the 
flow interactions are difficult to model directly. An approach is taken of specifying a 
drag model in the gas-phase cells immediately adjacent to the interface with a form 
similar to that of the raised fuel, but scaled by the ratio of vegetation height to grid-
cell height: 

where 𝑐𝑐𝑐𝑐,𝑠𝑠 is unique drag coefficient selected for the surface fuels, and 𝐻𝐻𝑏𝑏/∆𝑧𝑧 is the 
ratio of vegetation height to cell height (which will reduce as the vegetation is 
consumed). This approach has not been experimentally validated. However, because 
of the fact that the flow within the boundary fuel layer itself is anticipated to be quite 
low, particularly when it is under both a shrub layer and a forest canopy (as in the 
needle litter of the PNR), sensitivity to this representation is reduced. A simplified 
form of the convective heat transfer coefficient is taken here, similar to that used by 
Mell et al., but modified for horizontal cylinders (needle litter bed) (Holman 1986): 

This form does not depend on the Reynolds number, and so is less coupled to 
uncertainties in the flow (i.e. the drag) within the boundary fuel layer. Nevertheless, 
its validity has also not been studied in detail, so a comparison between the use of 
Equation (5.21) and Equation (5.28) for boundary fuel convection is carried out in 
Chapter 6. 

Finally, a more basic model is used to represent solid fuel degradation in the 
boundary fuels. This was used due to the simplified numerical description of the 

 �𝐹𝐹𝑐𝑐,𝑒𝑒,𝑖𝑖�𝑉𝑉𝑏𝑏
= −𝜌𝜌𝑐𝑐𝑐𝑐,𝑠𝑠𝜎𝜎𝑒𝑒𝛽𝛽𝑒𝑒

𝐻𝐻𝑏𝑏
∆𝑧𝑧

𝑢𝑢𝑖𝑖|𝒖𝒖|, (5.27) 

 ℎ𝑐𝑐,𝑒𝑒 =  1.32�
�𝑇𝑇𝑒𝑒 − 𝑇𝑇𝑔𝑔�

4 𝜎𝜎⁄
�

1/4

. (5.28) 



168  Chapter 5 – Numerical approach 

 
 

boundary fuel, described above, and follows the successful implementation by Mell et 
al. (2007) for the same boundary approach. The approach uses a linear formulation to 
model mass exchanges due to moisture vaporization and pyrolysis, respectively, as 
proposed by Morvan and Dupuy (2004): 

 

A corresponding simple model has not been formulated for char oxidation, and so it 
is excluded by default when this linear approach is implemented in the boundary fuel.  

5.5 Fuel distribution 
One of the key considerations when using the multiphase approach is the spatial 
distribution of vegetative fuel bulk density (i.e. the 3-dimensional structure of the 
vegetation). Because of the fully 3-dimensional approach of models such as WFDS, 
the spatial variation of bulk density may have implications for the simulated fire 
behavior (Pimont et al. 2009a, 2011; Dahale et al. 2013). A novel aspect of the 
experimental portion of this work is the measurement of the spatial variation of fuels 
at relatively high resolution, particularly within the forest canopy. Not only did this 
allow a detailed analysis and discussion of the effects of such features on the observed 
fire behavior, as covered in Chapter 3, but this provides a level of input detail to 
WFDS which is relatively unprecedented. The use of LiDAR data for high-resolution 
model inputs has been suggested previously (Mell et al. 2010, 2011), but has only 
begun to be tested in a robust fashion more recently (Mueller et al. 2015). 
 Due to the ‘brute-force’ nature of the current WFDS vegetation initialization 
for large data sets – spatial variations of bulk density are input by essentially defining 
a whole new classification of vegetation for each grid cell – modifications to the source 
code were necessary. Adaptations were implemented to read in formatted auxiliary 

��̇�𝛥′′′
𝑒𝑒,𝐻𝐻2𝑂𝑂�𝑉𝑉𝑏𝑏

=  

⎩
�
⎨
�
⎧0,                                                  𝑇𝑇𝑒𝑒 < 373 𝐾𝐾,

 �𝑞𝑞′̇′′
𝑖𝑖𝑒𝑒𝑡𝑡�𝑉𝑉𝑏𝑏

∆𝐻𝐻𝑣𝑣𝑣𝑣𝑝𝑝
,             𝑇𝑇𝑒𝑒 = 373 𝐾𝐾, 𝜌𝜌𝑏𝑏,𝑒𝑒,𝐻𝐻2𝑂𝑂𝑉𝑉𝑏𝑏 > 0,

 (5.29) 

��̇�𝛥′′′
𝑒𝑒,𝑣𝑣�𝑉𝑉𝑏𝑏

=

⎩
��
��
�
⎨
��
��
�
⎧0,                                                       𝑇𝑇𝑒𝑒 < 400 𝐾𝐾,

 �𝑞𝑞′̇′′
𝑖𝑖𝑒𝑒𝑡𝑡�𝑉𝑉𝑏𝑏

∆𝐻𝐻𝑝𝑝𝑝𝑝𝑟𝑟
�𝑇𝑇𝑒𝑒 − 400

100
�,          400 𝐾𝐾 ≤  𝑇𝑇𝑒𝑒  ≤  500 𝐾𝐾,

 �𝑞𝑞′̇′′
𝑖𝑖𝑒𝑒𝑡𝑡�𝑉𝑉𝑏𝑏

∆𝐻𝐻𝑝𝑝𝑝𝑝𝑟𝑟
,                                        500 𝐾𝐾 <  𝑇𝑇𝑒𝑒,

𝑓𝑓𝑓𝑓𝐹𝐹 𝑅𝑅𝑎𝑎𝑎𝑎,                                𝜌𝜌𝑏𝑏,𝐹𝐹 𝑉𝑉𝑏𝑏 > 𝜒𝜒𝑒𝑒,𝑐𝑐ℎ𝑣𝑣𝑟𝑟𝜌𝜌𝑏𝑏,𝑒𝑒,𝑣𝑣𝑉𝑉𝑏𝑏.
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text files containing the raster data of canopy bulk density (CBD), previously obtained 
by applying vegetation models to the LiDAR measurements as described in Chapter 
3. The process, as shown in Figure 5.2, dramatically cut down on initialization time 
at the outset of a simulation. This was even more essential in a case such as this, 
where the number of input lines required by the previous method resulted in an input 
file so large that it was unable to be opened without crashing the text editor (Vim). 
This method can be adapted for many different scenarios and can also be streamlined 
by encoding the auxiliary files in binary format to reduce size. Further, the same 
approach would apply for spatial variation in other variables (fuel moisture, surface-
to-volume ratio, etc.). This also provides a path forward for future efforts to directly 
couple detailed models of forest growth and structure with detailed physics-based fire 
behavior models (Pimont et al. 2016). Details of the necessary modifications to the 
source code can be found in Appendix A. 

 

Figure 5.2 – Schematic of the process for feeding LiDAR-derived bulk density measurements to 
WFDS. 

5.6 Wind specification 
Along with the fuel characteristics, wind is another important driving force in wildland 
fire behavior (Byram 1959b; Beer 1991; Pitts 1991; Fendell and Wolff 2001) (see 
Chapter 1). Therefore, the specification of the boundary conditions related to wind 
are a key aspect to consider in the numerical formulation. Previous studies, using a 
representation for the drag influence of canopy elements analogous to Equation (5.26), 
have shown the ability of LES-CFD models to represent the characteristics of mean 
flow and turbulent statistics within and above forest canopies (Shaw and Schumann 
1992; Su et al. 1998; Yang et al. 2006a; b; Cassiani et al. 2008; Dupont and Brunet 
2008b; Pimont et al. 2009b; Dupont et al. 2011; Aumond et al. 2013). This 
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methodology has been applied to test models developed specifically for simulating fire 
behavior (including WFDS) (Pimont et al. 2009b; Mueller et al. 2014). However, these 
studies rely on the use of cyclic (periodic) lateral boundary conditions (up- and 
downstream, as well as spanwise) to both help drive the flow within the domain and 
to maintain coherent turbulent structures established by the effect of canopy shear on 
the initial flow field. This approach can be problematic for simulations of fire spread. 
If the encompassing computational domain is not sufficiently large (to dissipate fire 
effects), fire-induced mean and turbulent flow features have the potential to reach the 
cyclic domain boundaries. For example, the direction of entrainment flow should be 
mirrored on opposite sides of an axisymmetric fire plume, but flow vectors on a pair 
of cyclic boundaries will be a direct copy, leading to a physical inconsistency. For this 
reason, the remainder of this work focuses on the use of a prescribed ‘inlet’ velocity 
profile upwind of the fire front, while implementing ‘open’ boundary conditions 
downwind of the fire front (allowing a free exchange of flow with the ambient). A 
similar approach has been adopted in previous field-scale studies (Mell et al. 2007; 
Canfield et al. 2014). 

5.6.1 Mean profile 
In order to adopt the above inlet approach, it is necessary to specify a mean velocity 
profile. Because only single point measurements of wind, not profiles, were obtained 
experimentally for a given location in this work, this is done using basic correlations 
available in literature. The wind profile above a forest canopy has long been 
acknowledged to take on an approximately logarithmic shape (Inoue 1963). The form 
of this equation most generally cited is 

where 𝑢𝑢∗ is the friction velocity, 𝜅𝜅 is the Von Karman constant (0.41), 𝑑𝑑 is the zero-

plane displacement height, and 𝑧𝑧𝑜𝑜 is the roughness length. The friction velocity is 
defined as (Clements et al. 2008) 

and is measured in the constant shear layer above the canopy (Finnigan 2000). Since 

the sonic anemometers were located in at the base of this layer (ℎ), these 

measurements can be used to determine 𝑢𝑢∗. Using the whole duration of EX2 to 
evaluate the velocity moments, a value of 0.85 m·s-1 was found at the control tower 
(see Chapter 3 for location). The zero-plane displacement has been found to be around 

0.75ℎ for experiments over a number of different natural canopies (Kaimal and 

 𝑢𝑢(𝑧𝑧) = 𝑢𝑢∗
𝜅𝜅

ln �𝑧𝑧 − 𝑑𝑑
𝑧𝑧𝑜𝑜

�, (5.31) 

 𝑢𝑢∗ = [𝑢𝑢′𝑤𝑤′������������2 + 𝑣𝑣′𝑤𝑤′�����������2]1/4, (5.32) 
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Finnigan 1994). Given these values, and the mean velocity at canopy height of 3.9 

m·s-1, it is possible to calculate 𝑧𝑧𝑜𝑜 = 0.5 m. While a more accurate determination of 
these coefficients could be established using a vertical profile of above-canopy 
measurements, this estimation is considered acceptable based on the available data. 
 Below the canopy height, a simple expression of exponential form is used to 
obtain the wind profile (Inoue 1963): 

Here, the only unknown parameter is 𝛼𝛼, the attenuation coefficient. A value of 3.0 is 
used, based upon typical values obtained for canopies, particularly that of a spruce 
forest (Cionco 1978). This simple expression has several limitations, such as the fact 
that it does not enforce a zero velocity at ground level and does not collapse to a 
logarithmic shape for sparse canopies, which have led to studies to obtain a more 
representative description (Wang 2012). However, it tends perform reasonably well in 
the upper part of the canopy (Raupach and Thom 1981). Further, it is only used to 
initialize the flow field and as an upwind boundary condition. As the flow develops 
downstream of the boundary, the sub-canopy profile will be determined by momentum 
transfer by the more dominant flow above as well as the distribution of bulk density 
within the canopy. The combination of Equations (5.31) and (4.10), as shown in Figure 
5.3, give the full initial and upwind inlet boundary condition for mean velocity. 

 

Figure 5.3 – Mean velocity profile, developed from Equations (5.30) and (5.32), used as an initial 
and upwind lateral boundary condition. 

 

 𝑢𝑢(𝑧𝑧) = 𝑢𝑢ℎ𝑅𝑅−𝛼𝛼(1−𝑧𝑧/ℎ). (5.33) 
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5.6.2 Divergence Free Synthetic Eddy Method 
A particular concern with this approach is that a steady-state inlet velocity does not 
allow for the generation of appropriate turbulent flow characteristics. One way around 
this is to build a ‘fetch’ into the computational domain, in which a long stretch of 
upwind canopy is used to ‘trip’ the flow and establish a turbulent boundary layer as 
a result of the shear forces at the canopy top. However, this requires a significant 
increase in computational cost purely for the sake of improving upwind turbulence. 
As such, a new approach is suggested which adopts the Divergence-Free Synthetic 
Eddy Method (DFSEM) proposed by Poletto et al. (2013). This allows the generation 
of turbulent fluctuations at the inlet boundary, with the goal of creating a more 
realistic turbulent flow field on a computational domain of limited size and without 
periodic recycling of the flow or the use of precursor simulations. 

The DFSEM is based upon the principals of the Synthetic Eddy Method 
(SEM) of Jarrin et al. (2009). By applying a divergence-free constraint to the inlet 
flow, Poletto et al. (2013) show an improvement in performance of this method, mainly 
as a result of reducing pressure perturbations at the inlet. While FDS/WFDS does 
not inherently assume incompressibility (zero divergence), this constraint on the inlet 
is consistent with the assumption of a divergence free velocity field often used to model 
atmospheric boundary layer flows (Stull 2012), and has been applied for simulations 
of flow within and above forest canopies (e.g. Shaw & Schumann 1992). In this 
method, 𝑁𝑁 coherent velocity perturbations, or eddies, are randomly generated in a 
theoretical volume bisected by the inlet plane (and set upwind of the fire region, in 
this case). These eddies are advected through this volume and, upon reaching the 
downstream face, are recycled and randomly regenerated at the upstream face, 
maintaining a continuous flow. The eddies are superimposed and their combined effect 
on the inlet plane velocity field is directly used to specify the upwind boundary 
velocities in the LES simulation. The eddy amplitude, length-scale, and shape 
functions can be specified to meet certain criteria of the turbulence, and in this case 
the main goal is to reproduce the components of a desired Reynolds stress tensor. A 
conceptual representation of the SEM/DFSEM approach is shown in Figure 5.4. 
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Figure 5.4 – Representation of a collection of eddies being advected through the inlet plane, 
outlined in blue. The extent of each eddy is determined by the length-scale. Extracted from 

Poletto (2014). 

 
 The DFSEM takes the previous approach and applies a divergence-free 
constraint to the velocity perturbation field. This is done by first specifying 
perturbations to the vorticity field using an SEM-like approach (Jarrin et al. 2009) 
and then using a Poisson equation to obtain velocity fluctuations, ensuring the 
divergence constraint is met. A much more detailed description of the derivation can 
be found in Poletto (2014). The resulting equation for the perturbation at a location 

𝐱𝐱 takes the following form: 

where 𝛽𝛽 = 1,2,3 are the three velocity components, 𝑁𝑁 is the number of eddies, 𝐱𝐱𝑘𝑘 is 
the location of the kth eddy, 𝜎𝜎𝑘𝑘 is the length-scale of the kth eddy, 𝜀𝜀𝛽𝛽𝑗𝑗𝑙𝑙 is the Levi-

Civita symbol, 𝐹𝐹𝛽𝛽
𝑘𝑘 = 𝑚𝑚𝛽𝛽−𝑚𝑚𝛽𝛽

𝑘𝑘

𝜎𝜎𝛽𝛽
𝑘𝑘 , 𝑞𝑞𝛽𝛽 is the eddy shape function, and 𝛼𝛼𝛽𝛽

𝑘𝑘 is the eddy intensity, 

as defined below: 

 𝑢𝑢𝛽𝛽
′ (𝐱𝐱) = 1√

𝑁𝑁
�𝑞𝑞𝛽𝛽(𝐱𝐱, 𝐱𝐱𝑘𝑘, 𝜎𝜎𝑘𝑘)𝜀𝜀𝛽𝛽𝑗𝑗𝑙𝑙𝐹𝐹𝑗𝑗

𝑘𝑘𝛼𝛼𝑙𝑙
𝑘𝑘

𝑁𝑁

𝑘𝑘=1
, (5.34) 

 𝑞𝑞𝛽𝛽 = �
𝜎𝜎𝛽𝛽[1 − 𝑑𝑑𝑘𝑘],      𝑑𝑑𝑘𝑘 < 1
0,                  𝑑𝑑𝑘𝑘 ≥ 1,

 (5.35) 

 𝛼𝛼𝛽𝛽
𝑘𝑘 = �

𝜆𝜆𝑗𝑗/𝜎𝜎𝑗𝑗
2 − 2𝜆𝜆𝛽𝛽/𝜎𝜎𝛽𝛽

2

2𝐶𝐶
�

0.5

. (5.36) 
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In the above equations, 𝑑𝑑𝑘𝑘 = ��𝐹𝐹𝑗𝑗
𝑘𝑘�2 , 𝜆𝜆𝑗𝑗 are the desired normal stresses in the 

principal reference system, and 𝐶𝐶 is a constant based on length scale ratios 𝜎𝜎𝑚𝑚/𝜎𝜎𝑧𝑧 and 
𝜎𝜎𝑚𝑚/𝜎𝜎𝑝𝑝 (for a discussion of constraints on these ratios and choices of 𝐶𝐶, refer to Poletto 

et al. (2013)). The fluctuations (Equation (5.34)) were further scaled by � 945𝑉𝑉𝐵𝐵
32𝜋𝜋𝜎𝜎𝑥𝑥𝜎𝜎𝑝𝑝𝜎𝜎𝑧𝑧

 

to reproduce the desired stress components. The above formulation uses Einstein 
tensor notation, with no summation applied over repeated Greek indices. 

With the above representation of the summed effects of eddy perturbations on 
the velocity field in the theoretical volume, the specific effect on the inlet plane (Figure 
5.4) can be determined for each time step, as the eddies traverse this plane. This 
approach calculates velocity perturbations in the principal reference system (rotated 
so the Reynolds stress tensor has only diagonal components - the eigenvalues), and so 
the perturbations must then be rotated back into the original reference system to 
obtain the desired Reynolds stress tensor.  

As a final technical note on the implementation of this feature in WFDS, initial 
tests revealed that the formulation for the Werner Wengle wall model in FDS revision 
9977, which generates the near-wall subgrid velocity gradient, was inadequate. This 
model is used when coupling a prescribed, non-zero, tangential velocity at a surface 
with the flow field, as is necessary in DFSEM. Spurious high values of velocity were 
being generated which led to large, sudden drops in the computational time step (in 
order to maintain the CFL condition). The overall effect severely limited the usefulness 
of DFSEM. As a result, an updated version of the Werner Wengle model, currently 
employed by the most recent releases of FDS, was implemented in WFDS, and this 
alleviated the problem. Details of both the addition of DFSEM and the updated wall 
model can be found in Appendix C. 

5.6.3 Simple inflow test 
As a first pass, the DFSEM was tested in a very basic configuration. A 50 m x 30 m 
x 50 m numerical domain was created in WFDS (Figure 5.5), with a grid cell resolution 
of 1 m x 1 m x 1 m. The aim was to apply the DFSEM to a flow with uniform mean 

characteristics, specified on an inlet at the minimum bound of the 𝑦𝑦-direction. The 
domain geometry was intended to cover several eddy length scales, with the extent in 
the streamwise direction being of less importance as the focus here was to confirm the 
specified behavior at the inlet rather than investigate the flow development 
downstream. 
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Figure 5.5 – Numerical domain for simple DFSEM test. Streamwise flow is in the y-direction, with 

the inlet boundary condition (gray) specified at 𝒚𝒚 = 𝟎𝟎 m.  

The desired characteristics of the flow were obtained from a 30-min interval of 
the experimental measurements taken at the control tower in EX2 (see Chapter 3), 
starting at the time of ignition. For simplicity in these tests, the flow is rotated to line 

up in the 𝑦𝑦 -direction, so that the mean magnitudes in the 𝑥𝑥- and 𝑧𝑧-direction (𝑈𝑈,𝑊𝑊 ) 

go to zero, and the mean velocity in the 𝑦𝑦-direction (𝑉𝑉 ) is ~3.9 m·s-1 (i.e. the mean 

flow is normal to the 𝑥𝑥-𝑧𝑧 plane). Experimental Reynolds stress components were then 
obtained on a 1-min basis. This has been done for other experimental studies related 
to fire (e.g. Clements et al. 2008), and here it helps reduce bias from low-frequency 
wind fluctuations which are not associated with canopy-induced turbulence. The 
averages of these 1-min components over the whole 30-min interval were used to 
prescribe the turbulent boundary conditions, as described below.  

 Having rotated the flow to the 𝑦𝑦-direction, as described above, the average 
Reynolds stress tensor measured in the experiment is as follows: 

Rotated into the principal reference system, the principal stresses (𝑅𝑅𝑖𝑖𝑖𝑖 =
[1.70, 2.83, 0.67]) and a rotation matrix are obtained: 

 𝑅𝑅𝑖𝑖𝑗𝑗 = 𝑢𝑢𝚤𝚤
′𝑢𝑢𝚥𝚥

′����������� = �
  1.75   0.24 −0.04
  0.24   2.58 −0.61
−0.04 −0.76   0.87

�.  

 𝑄𝑄𝑖𝑖𝑗𝑗 = �
−0.98 −0.21 −0.03
  0.19 −0.93   0.31
−0.10   0.30   0.95

�.  
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Given the turbulence anisotropy from the above Reynolds stresses, and based on the 
resulting location in the Lumely triangle* (Pope 2001), we can use the guidance of 

Poletto et al. (2013) to obtain a length-scale criteria of 𝜎𝜎𝑝𝑝/𝜎𝜎𝑚𝑚  = 𝜎𝜎𝑝𝑝/𝜎𝜎𝑧𝑧 =
√

2 . Taking 
streamwise coherent structures to have a length scale on the order of canopy height 

(ℎ) (Finnigan 2000), 𝜎𝜎𝑝𝑝 = 12 m, 𝜎𝜎𝑚𝑚 = 𝜎𝜎𝑧𝑧 = 8.485 m are chosen. A snapshot of the 
instantaneous 𝑣𝑣-velocity field (Figure 5.6) shows the effect of these characteristic 
eddies as they are advected through the inlet plane by the otherwise uniform flow. 

 Averages of the Reynolds stresses, obtained along 𝑥𝑥 = 16 – 34 m (to focus on 
the interior flow region, ~2 eddy length scales from the edge), give a picture of the 
vertical profile of turbulent characteristics. These profiles are shown in Figure 5.7. It 
can be seen that, overall, the DFSEM does an adequate job of replicating the desired 
Reynolds stresses on the inlet plane. Taking averages along an equivalent extent in 

the 𝑧𝑧-direction (𝑧𝑧 = 16 – 34 m) gives a relative error of 0.4%, 2%, and 11% for the 

normal stresses (for 𝑅𝑅11,𝑅𝑅22,𝑅𝑅33, respectively). The relative error in the shear 

components was greater at 22%, 114%, and 23% (for 𝑅𝑅12,𝑅𝑅13,𝑅𝑅23, respectively). In 

particular, the high relative error for 𝑅𝑅13 is due to the very small absolute value of 
the stress component, and the influence on the flow dynamics should be minimal.  

 
Figure 5.6 – Example of instantaneous inlet plane velocity field with a mean flow of 4.0 and 

perturbations generated by DFSEM. The white dotted line shows the region to which eddy centers 
are bounded, as they must be at least one length-scale away from the domain boundaries. 

 

                                        
* By plotting the two invariants of the Reynolds-stress anisotropy tensor on a plane, one can characterize 
the state of the turbulence anisotropy. Special states of anisotropy form a triangle on this plane, the 
Lumely triangle (Pope 2001). 
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Figure 5.7 – Vertical profiles of (a) normal, and (b) shear Reynolds stress components, 𝑹𝑹𝒊𝒊𝒊𝒊. Solid 
lines represent simulated values, and dotted lines represent the desired values, as obtained from 

experiment.  

This reduction of turbulence at the domain edges can be seen in the 𝑧𝑧-direction 

but is also present in the 𝑥𝑥-direction, due to symmetry. This feature is due to the fact 
that the eddy center is only permitted to be within one length-scale (8.485 m in this 
case) from the domain edge (as noted in Figure 5.6), so that no part of the eddy is 
considered outside of the domain. This presents a tricky problem, computationally, as 
multiple coupled meshes will be used in full-scale simulations, and accounting for 
superposition of eddies across mesh boundaries can be difficult when using MPI to 
parallelize the meshes across different computational processes. There are a number 
of potential ways to improve this, including allowing the eddy length to scale with 
proximity boundaries, allowing smaller and smaller eddies close to the edge, as 
suggested by Poletto (2014). However, while highly realistic turbulence is an eventual 
goal, a primary objective for this work is to provide a baseline turbulence which will 
help ‘trip’ the flow and allow a faster development of more realistic turbulent 
structures, as generated by the canopy shear. For this objective, the aforementioned 
limitation is considered acceptable. 

5.6.4 Canopy simulations 
In order to test the success of DFSEM in an atmospheric profile within and above a 
forest canopy, a series of cold-flow simulations were carried out on a numerical domain 
which was representative of a segment of the EX2 block. This domain was selected 
based on that used for later simulations of fire spread (see Chapter 6). The 
configuration of the numerical domain, along with the coordinate axis conventions, 
are given in Figure 5.8. The domain was 240 m x 240 m x 76.5 m, with a horizontal 
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grid spacing of 1 m x 1 m and a vertical grid spacing of 0.5 m up to 2ℎ, 1 m up to 3ℎ, 
and 1.5 m above this. This stretching was used to provide higher resolution close to 
the canopy and to save on computational cost well above the canopy, where resolution 
requirements can be relaxed.  

 
Figure 5.8 – Numerical domain for cold-flow canopy wind simulations. Volumes within dotted lines 
correspond to individual meshes used for MPI parallelization. Streamwise flow is in the y-direction, 

with the inlet boundary condition (dark gray) specified at 𝒚𝒚 = 𝟎𝟎 m. The extent of canopy 
vegetation is shown in light gray. 

The upwind boundary employed DFSEM, with the mean wind profile 
described in Section 5.6.1 and the turbulent characteristics outlined in Section 5.6.3. 
The downwind boundary was open, and spanwise lateral boundaries employed periodic 
boundary conditions. The upper boundary was restricted to a ‘no-flux’ criteria which 
forces the normal (vertical) velocity to zero. This was implemented due to an inability 
of the current open boundary implementation to represent the effect of the 
atmospheric motion above the domain, allowing flow to deflect off the forest canopy 
and easily escape the domain. Such a ‘capping’ of the numerical domain has been used 
in various forms for other numerical simulations of forest canopy flows (Shaw and 
Schumann 1992; Mueller et al. 2014). This feature has been equated to a strong 
inversion in the atmosphere (Shaw and Schumann 1992), and its effect is minimized 

by keeping the boundary well above the canopy (>6ℎ). The lower boundary used a 
boundary fuel representation of the dead needle litter layer, as described in Section 
5.4.3. Above this, shrub fuels and canopy fuels contributed to the momentum drag 
within the computational domain. The characteristics assigned to all vegetation 
(surface-to-volume ratios, bulk densities, etc.) are identical to those discussed in 
Chapter 6, Section 6.3.1, and for brevity, the reader is directed ahead to this section 
for specific values. Raised fuel drag was modeled with Equation (5.26), and a static 
drag coefficient of 0.25 was used for all vegetation types. 
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Cases were run for 850 seconds of simulation time, allowing 200 seconds for the 
flow to establish a quasi-steady state and 600 seconds for investigation of the mean 
and turbulent characteristics of the flow. Velocity values were stored at 1 Hz. The 
computational domain was distributed evenly between 12 meshes, each assigned to a 
unique core on Intel® Xeon® E5-2630 v3 processors. Total runtime for these 
simulations were between 13-19 hours. The longer simulations were a result of the 
DFSEM which, due to turbulent gusts, had higher peak flow velocities and thus a 
smaller time step to maintain the CFL condition.    

5.6.4.1 Inlet check 
The first step in analyzing the canopy wind simulations was a basic check of the 
specified inlet conditions, particularly as DFSEM was now applied to an atmospheric 
profile, rather than a uniform mean flow field as in Section 5.6.3. In this case, velocity 
perturbations (Equation (5.34)) are scaled vertically by the mean velocity profile 
shown in Figure 5.3. These perturbations are analyzed against the 10-min mean 
velocity components for each grid location along the inlet plane. Spatial averaging is 

applied in the 𝑥𝑥-direction in order to give a mean vertical profile for each component 
of the Reynolds stress tensor along the inlet. These profiles are shown in Figure 5.9.  

 
Figure 5.9 – Mean vertical profiles of (a) normal, and (b) shear Reynolds stress components. 

Profiles have been spatially averaged horizontally along the entire inlet plane. The experimentally 
determined values at canopy height are shown as symbols. 

Comparison to experimental values at canopy height show a very agreeable 
reproduction by the DFSEM model. While the comparison is against a single point 
along height, it is clear that the added fluctuations have given statistical 
characteristics to the flow which are within a realistic range. Further, while the sub-
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canopy turbulence profile could be improved with more measurement points, more 
realistic profiles should develop downstream, driven by the interaction of eddies from 
the constant shear layer above the canopy (following the discussion in Section 5.6.1). 

5.6.4.2 Downstream flow 
Having found DFSEM capable of generating realistic statistical features of the flow 
along the inlet plane, the remaining step is to assess how this affects the simulated 
development of the flow downstream, within the domain itself. Using the same 
numerical configuration described above, a comparison is made between a static inlet 
and one employing DFSEM. Figure 5.10 shows the development of streamwise velocity 

on a horizontal plane (𝑧𝑧 = ℎ), normalized to the prescribed inlet value. It is apparent 
that, for the static inlet, there is a decay of the flow which is initially uniform along 
the spanwise direction. After around 100 m, the flow becomes more heterogeneous and 
some localized accelerations are even observed. These localized fluctuations in the 
mean flow, which become increasingly smaller further from the inlet, are associated 
with the transition of the flow from laminar to turbulent, aided by the canopy shear. 
Figure 5.11 shows this development on a vertical slice along the spanwise centerline 

of the domain (𝑥𝑥 = 120 m). The downstream transition to turbulence is apparent in 
both the velocity vectors, where there is a deflection of the mean flow direction after 
~180 m, as well as in the TKE values. The TKE does not exceed 0.1 m2·s-2 for over 

 
Figure 5.10 – Downstream development of mean streamwise velocity at canopy height (𝒉𝒉), using a 

static inlet. The top of the figure (𝒚𝒚 = 0 m) corresponds to the inlet plane. 
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Figure 5.11 – Vertical slice of mean velocity vectors (𝒗𝒗,𝒘𝒘) overlaid on mean TKE (𝒌𝒌) values, using 

a static inlet. The left of the figure (𝒚𝒚 = 0) corresponds to the inlet plane, and the plane is 
obtained at the spanwise centerline of the domain (𝒙𝒙 = 120 m). 

130 m. Note that the mean measured TKE, from the experimental Reynolds stresses 
reported in Section 5.6.3, is 2.6 m2·s-2. At a certain point along the domain these values 
increase. The increase is both initiated at and reaches peak values at the upper surface 

of the canopy (𝑧𝑧 = ℎ).  
The results of DFSEM are contrasted in Figures Figure 5.12 and Figure 5.13. 

The horizontal slice of streamwise velocity at canopy height reveals that there is some 
heterogeneity along the spanwise direction, with values varying between roughly 80-
110% of the inlet value. The streaks of higher velocity correspond to boundaries of 
discrete numerical meshes (as shown in Figure 5.8). The faster flow is linked to the 
limitations of the current implementation of DFSEM, described in Section 5.6.3. 
However, a considerable improvement is seen in terms of the downstream consistency 
of the velocities, as the already turbulent flow does not undergo the distinct transition 
observed in the case of the static inlet. Figure 5.13 shows that there is a considerable 
initial decay of the higher TKE values above the canopy. However, values at and 
below canopy height remain more consistent along the length of the domain. For the 
simulation of local fire behavior, capturing the flow at these heights is considered more 
important, as flame heights are not expected to exceed canopy height, except in the 
limited case of intense crown fire (see Chapter 3).  
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Figure 5.12 – Downstream development of mean streamwise velocity at canopy height (𝒉𝒉), using 

DFSEM. The top of the figure (𝒚𝒚 = 𝟎𝟎 m) corresponds to the inlet plane. 

 
Figure 5.13 – Vertical slice of mean velocity vectors (𝒗𝒗,𝒘𝒘) overlaid on mean TKE (𝒌𝒌) values, using 
DFSEM. The left of the figure (𝒚𝒚 = 𝟎𝟎) corresponds to the inlet plane, and the plane is obtained at 

the spanwise centerline of the domain (𝒙𝒙 = 𝟏𝟏𝟏𝟏𝟎𝟎 m). 

5.7 Concluding remarks 
This chapter provides the foundation material for understanding the detailed physics-
based fire behavior model, WFDS. It is the intention that the reader will now have 
an understanding of the physical descriptions and numerical strategies employed, 
sufficient to guide the interpretation of the results obtained in the following chapters. 
The underlying CFD formulation, relating to the solution of the main gas-phase 
transport equations, is presented in the form of an overview, and the reader is 
encouraged to turn to the detailed documentation associated with FDS (McGrattan 
et al. 2013a) where more specific questions may arise (as the goal of this thesis is not 
the improvement of well-established CFD techniques). A greater amount of detail is 
provided on the multiphase formulation for representing vegetation. Important 
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assumptions and simplifications are highlighted, including the problem of under-
resolved ‘boundary’ vegetation.  
 Following the establishment of the baseline numerical approach, difficulties 
associated with defining boundary and initial conditions are addressed. Related to 
fuel, the task of implementing complex, spatially heterogeneous LiDAR-based 
measurements of vegetation bulk density are handled by the implementation of a new 
numerical routine. Pre-formatted files of LiDAR raster data are read during simulation 
initialization, cutting down on computational costs. In terms of wind (velocity 
boundary conditions), the basis for a mean vertical profile is established. A relatively 
new method for specifying synthetic turbulent fluctuations (DFSEM) was 
implemented, and is described in the chapter. A basic test of this functionality is 
carried out by attempting to replicate desired Reynolds stress components in a quasi-
uniform flow field. Having demonstrated initial success, the test is extended to 
vertically varying flow in a domain with a forest canopy (essentially a cold-flow 
analogue to the upcoming fire spread simulations of Chapter 6). Comparisons to a 
static inlet approach demonstrate a marked improvement in both establishing and 
maintaining mean and turbulent flow characteristics downstream of the inlet.  
 The model developments highlighted in this chapter, and laid out in detail in 
Appendix A, represent a first step. A number of improvements can already be 
suggested. For one, limitations of the current DFSEM, especially when multiple 
meshes are employed in MPI simulations, can be addressed, as discussed above. 
Further, user accessibility for these features can be improved. As an example, 
specification of the rotation matrix between the principal and local reference systems 
used in DFSEM is currently hard-coded and requires re-compilation of the source for 
different scenarios. While such modifications may seem superficial, improved 
accessibility increases the chance that these developments will be tested, and possibly 
improved upon, by others. However, improvements aside, the developments here 
represent important steps forward in providing model capabilities required for field-
scale simulations, and they strike a balance between physical accuracy and numerical 
realizability.  
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5.8 Nomenclature 
Variable Description 
𝐴𝐴 projected frontal area [m2] 
𝑅𝑅𝑓𝑓  leaf area density [m-1] 

𝐶𝐶 Courant number, DFSEM normalization coefficient  
𝐶𝐶𝑣𝑣 eddy viscosity constant 
𝑐𝑐𝑐𝑐 drag coefficient 
𝑐𝑐𝑝𝑝 specific heat [kJ·kg-1·K-1] 

𝑐𝑐𝑠𝑠 drag shape factor 
𝐷𝐷 mass diffusivity [m2·s-1] 
𝑑𝑑 zero-plane displacement height [m] 
𝐸𝐸
𝑅𝑅  activation energy [K] 

𝐅𝐅𝑐𝑐 drag force per unit volume [N·m-3] 
𝐠𝐠 gravitational acceleration [m·s-2] 
𝐻𝐻 boundary fuel height [m] 
ℎ specific enthalpy [J·kg-1], canopy height [m]  
ℎ𝑐𝑐 convective heat transfer coefficient [kW·m-2·K-1] 
𝑘𝑘 thermal conductivity [kW·m-1·K-1], turbulent kinetic energy [m2·s-2] 
𝐿𝐿 characteristic length scale [m] 
�̇�𝛥′′′ volumetric mass production or consumption [kg·m-3·s-1] 
𝑁𝑁𝑢𝑢 Nusselt number  
𝑃𝑃𝐹𝐹 Prandtl number 
𝑝𝑝 hydrodynamic pressure [Pa] 
𝑝𝑝𝑜𝑜 thermodynamic pressure [Pa] 
𝑄𝑄𝑖𝑖𝑗𝑗 coordinate rotation matrix 

𝑞𝑞′̇′′ heat release rate per unit volume [kW·m-3] 
𝑞𝑞�̇�𝑏

′′′ enthalpy from gas-solid interaction [kW·m-3] 
𝑞𝑞�̇�𝑐

′′′ convective divergence [kW·m-3] 
𝐪𝐪𝑟𝑟 radiative heat flux [kW·m-2] 
𝑞𝑞𝜷𝜷 eddy shape function 

ℛ universal gas constant [kJ·mol-1·K-1] 
𝑅𝑅𝑖𝑖𝑗𝑗 Reynolds stress tensor [m2·s-2] 

𝑅𝑅𝑅𝑅 Reynolds number 
𝑆𝑆𝑐𝑐 Schmidt number 
𝑠𝑠 mass stoichiometric coefficient of air lumped species 
𝑇𝑇  temperature [°C] 
𝑑𝑑 time [s] 
𝐮𝐮 velocity [m·s-1] 
𝑢𝑢∗ friction velocity [m·s-1] 
𝑉𝑉𝐵𝐵 volume of eddy containing box [m3] 
𝑊𝑊  mixture average molar mass [kg·mol-1] 
𝑌𝑌  species mass fraction 
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𝑧𝑧𝑜𝑜 roughness length [m] 
𝛼𝛼 absorptivity, canopy drag attenuation coefficient 
𝛼𝛼𝑠𝑠𝑔𝑔 solid- to gas-phase proportion of char energy release 

𝛽𝛽 packing ratio 
𝛽𝛽𝑐𝑐ℎ𝑣𝑣𝑟𝑟 char blowing coefficient 
∆𝐻𝐻𝑐𝑐 heat of combustion [kJ·kg-1]  
∆𝐻𝐻𝑐𝑐ℎ𝑣𝑣𝑟𝑟 heat of char oxidation [kJ·kg-1]  
∆𝐻𝐻𝑝𝑝𝑝𝑝𝑟𝑟 heat of pyrolysis [kJ·kg-1] 

∆𝐻𝐻𝑣𝑣𝑣𝑣𝑝𝑝 heat of vaporization [kJ·kg-1] 

𝜀𝜀𝑖𝑖𝑗𝑗𝑘𝑘 Levi-Citiva symbol 

𝜅𝜅 von Karman constant 
𝜆𝜆𝑖𝑖 normal stress [m2·s-2] 
𝜇𝜇 dynamic viscosity [kg·m-l·s-1] 
𝜈𝜈𝑒𝑒,𝑂𝑂2

 stochiometric coefficient for O2 in char reaction 

𝜌𝜌 density [kg·m-3] 
𝜎𝜎 surface-to-volume ratio [m-1], Stefan–Boltzmann constant [W·m-2·K-4] 
𝜎𝜎𝛽𝛽 eddy length scale [m] 

𝜏𝜏  viscous stress tensor [Pa] 
𝜏𝜏𝑚𝑚𝑖𝑖𝑚𝑚 mixing time [s] 
𝜒𝜒𝑒𝑒,𝑐𝑐ℎ𝑣𝑣𝑟𝑟 char fraction 
  
Subscripts  
𝑏𝑏 bulk vegetation 
𝑅𝑅 solid phase class 
𝐹𝐹  gaseous fuel 
𝑔𝑔 gas-phase 
𝑑𝑑 turbulent  
𝑣𝑣 virgin dry vegetation 
𝛼𝛼 gaseous species 
  
Superscripts  
𝑘𝑘 eddy index 
𝑠𝑠𝑔𝑔𝑠𝑠 Subgrid-scale 
  
Operators  
〈𝜑𝜑〉𝑉𝑉𝑏𝑏

 anisotropic box filter 
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Chapter 6 
Numerical parametric study 
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6.1 Summary 
In the following chapter, a parametric study is conducted using the Wildland-urban 
interface Fire Dynamics Simulator (WFDS) detailed physics-based model, as 
introduced in Chapter 5. A sub-section of the second experimental burn block (EX2) 
in the Pinelands National Reserve (PNR) is selected for simulation, and the 
descriptions of wind and fuel are simplified. This is done to reduce the complexity of 
the scenario while still allowing comparison to experimental measurements to assess 
the performance. 
 Six different parameters are selected for investigation, due to associated 
uncertainties and a belief that they may play an important role in the predicted fire 
behavior. The effects on simulated fire behavior as a result of adjusting each of these 
are analyzed, and linked to the changes in the underlying physical processes. It is 
revealed that, while independent adjustment of these parameters (over the selected 
range) does not put the model outside the range of observed real fire behavior, a 
number of them have significant implications. Identification of these sensitivities is a 
critical step in providing both increased understanding and confidence in model 
results. This also provides guidance for future research, both in terms of model 
development and the experimental measurements needed to support it. 

6.2 Introduction 
The success of a detailed physics-based model, such as WFDS, in simulating the kind 
of fire behavior described in Chapters 3 and 4 is far from guaranteed. This is due to 
the highly complex nature of both the actual physical processes, as well as that of the 
model itself. There are a number of broad assumptions which are applied when 
creating the physical and mathematical formulation, as have been discussed in 
Chapter 5. 
 Previous efforts to identify and quantify the impact of various uncertain 
parameters in the formulation of this type of physics-based model have been quite 
limited. Studies have been conducted on external factors such as wind speed (Morvan 
and Dupuy 2004; Mell et al. 2007), or fuel moisture and bulk density (Dahale et al. 
2013; Cohn et al. 2014). However, for field-scale applications, examination of the 
fundamental model description tends to be limited to grid resolution studies (Mell et 
al. 2007; Cohn et al. 2014). At a smaller scale, recent studies have examined aspects 
such as the formulation of convective heat transfer (El Houssami et al. 2016) or 
momentum drag (El Houssami 2016). Nevertheless, when changing scales, or indeed 
even when studying different problems at the same scale, the same parameters may 
not always dominate and sensitivities to uncertainty can change. 
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In this study, several parameters/submodels were identified for exploration. 
There are a considerable number of such values which might be included, and here we 
choose to focus on a subset. These parameters tend to be related to the description of 
the vegetation, as those related to other aspects (e.g. turbulence modeling, combustion 
chemistry, etc.) are under the domain of an active community of CFD and fire-CFD 
research modelers, but those related to vegetation have been explored relatively little 
and are core to the approach here. Further, the parameters tested are those for which 
there is some uncertainty or variable approaches have been presented in the literature. 
That being said, the exclusion of some parameter or submodel from this study does 
not suggest it is unimportant. The aspects chosen are: 

 

• The canopy/shrub drag coefficient: The first parameter chosen 
for investigation was the drag coefficient for the raised fuel. A constant 
coefficient approach has been used for previous simulations in forest 
canopies (e.g. Dupuy et al. 2011). However, particle-based Reynolds-
dependent coefficients have also been employed (e.g. Morvan and 
Dupuy 2001; Zhou et al. 2005; Mell et al. 2009; Dahale et al. 2013), so 
the two approaches are compared. This parameter will play a direct 
role in the flow profile within and above the canopy (Pimont et al. 
2009b; Mueller et al. 2014). Given the well-recognized influence of wind 
on fire behavior (Byram 1959b; Beer 1991; Pitts 1991; Fendell and 
Wolff 2001), it is expected that the choice of drag coefficient will 
strongly influence the fire rate of spread. Changes to the strength of 
entrainment flow may also affect the fire behavior. 
 

• The boundary convective heat transfer coefficient: A number 
of studies involving well-resolved fuel beds/structures have used forced-
flow Reynolds-dependent convective heat transfer coefficients (e.g. 
Morvan and Dupuy 2001; Zhou et al. 2005; Mell et al. 2009; Dahale et 
al. 2013). However, a simplified expression has been suggested by Mell 
et al. (2007) for the under-resolved surface fuels which may be applied 
to the boundary in WFDS. El Houssami et al. (2016) have also 
suggested a Grashof-based correlation for natural convection in samples 
of Pitch Pine, arranged as an idealized the litter layer resembling that 
in the PNR. Thus, the effects of different surface (boundary) convective 
coefficients are examined here. As this parameter dictates the rate of 
energy transfer to and from the fuel bed from convection, changes to 
both ignition time and burning dynamics are expected. Higher local 
values should decrease the time to ignition in circumstances where 
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convective heating is important, but may have the opposite effect if 
the pre-ignition role of convection is predominantly through cooling. 
 

• The exothermic effect of char oxidation: In the baseline 
simulations considered here, a simplified approach was taken, following 
Mell et al. (2007, 2009), in which the exothermic effects of char 
oxidation are not considered. In this study, the impact of this approach 
is assessed by comparison to a simulation including char oxidation in 
the raised fuel. Note that the current model formulation does not allow 
for the inclusion of char oxidation in the boundary fuel. It has been 
suggested that, for a wind-aided fire of the intensity observed 
experimentally, the effects of the char oxidation process on the driving 
mechanisms of flame spread may be small (Babrauskas 2006; Mell et 
al. 2009). Therefore, it is not expected that the spread will change 
significantly, though the fuel consumption may increase with the added 
energy. Properly capturing this process will have a varying degree of 
importance depending on the model application, for example predicting 
the type and quantity of emissions (Urbanski 2014), and may even be 
quite significant for modeling no-wind or backfire spread. 
 

• The heat of combustion: This value determines the energy released 
per unit mass of volatile. This is an important distinction given that 
many studies discuss the effective heat of combustion (the energy 
released per unit of material mass loss in fire test conditions (ASTM 
International 2016), but this may differ from the volatile value due to 
factors such as moisture and char oxidation (Babrauskas 2006). The 
heat of combustion is important in the simulations, as it determines 
the heat release rate (which is also directly used to calculate the flame 
radiosity). Uncertainty in the actual volatiles released in the fuels 
germane to the PNR implies that this parameter is worth considering. 
This not only includes uncertainty for a particular piece of plant 
material but also the fact that the current model approach only 
considers one chemical fuel species (and thus heat of combustion) for 
all vegetation types. This is not to say that a full treatment of the 
volatile release and chemical kinetics is reasonable to attempt for a 
field-scale simulation, and a pragmatic approach must find a way 
around this. The first step is then to explore the model sensitivity, as 
is done here. Modifying the heat of combustion will, of course, alter the 
energy release in the flame, which can be expected to alter the heating 
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conditions for unburnt fuel (and thus the spread rate). The change in 
the flaming region can also change the burning dynamics and thus the 
fuel consumption. 
 

• The numerical resolution: From a purely numerical standpoint, it 
is necessary to assess the sensitivity of the predicted fire spread to 
changes in the resolution used in the domain (Mell et al. 2007). A 
significant challenge in using CFD techniques to simulate wildland fire 
behavior in the field is the wide range of scales involved, from 
combustion scales at <O(1) mm, to fuel and wind at ~O(10-100) m, 
and possible atmospheric effects at even greater scales (Mell et al. 2007; 
Simeoni 2016). If the fidelity of overall results relies greatly on high-
resolution grids, the issues related to computational cost can become 
problematic. While total grid-independence is not expected, moderate 

changes around a feasible resolution for field-scale simulations (∆𝑥𝑥 ~ 
0.5 m) are not expected to drastically alter fire behavior (Mell et al. 
2007; Cohn et al. 2014). 
 

• The fuel moisture content: Unlike the previous adjustments, which 
deal with the underlying physical and numerical aspects of the model, 
this variable is related to the environmental conditions. However, fuel 
moisture is well known to be one of the key factors in determining fire 
behavior (Byram 1959a; Van Wagner 1967; Cheney 1981). More so, 
this variable has significant associated uncertainty in the current case 
(the values originate from EX1, due to a lack of data for EX2). While 
the two burns were conducted under relatively similar conditions 
(Chapter 3), fuel moisture values vary seasonally in the PNR (up to 
40% for pitch pine needles) (Clark et al. 2009), and it is worthwhile to 
evaluate the sensitivity of fires spread predictions to changes in this 
parameter. Here we consider changes to both the dead and live fuel, 
which may have varying degrees of importance for different processes. 
For example, in a series of experimental fires, Fernandes et al. (2009) 
found that live fuel moisture did not have a statistically significant 
impact on spread rate. It was suggested that this was linked to lower 
variability, which makes sense as live plants will regulate their moisture 
content. Nevertheless, it is acknowledged that there are still significant 
questions related to the fire behavior of live, moist fuel (Finney et al. 
2013). Generally speaking, however, moisture acts as an energy sink, 
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both in the solid and gas phase, and is well known to have a damping 
effect of fire spread, particularly for dead fuels (Sullivan 2009a). We 
expect to find similar results here.  
 

 The impact of these different parameters is assessed on simulated fire behavior 
in a sub-section of the EX2 block. This corresponds to a region of relatively rapid fire 
spread and a concentrated analysis of fire spread (see Chapter 3 and 4). The 
assessment is conducted through an examination of both simulated fire front 
characteristics and fuel consumption. For some applications, predictions of spread rate 
or flame height may be a key consideration. For others, such as understanding efficacy 
and efficiency of fuel reduction treatments, fuel consumption may be the main output 
of interest. However, the two go hand-in-hand when checking how the fundamental 
processes are being represented by the model, as the consumption of solid biomass 
provides the necessary energy for fire spread.  

6.3 Numerical details 

6.3.1 Vegetation description 
As discussed in Chapter 5, the modeling approach used here is built upon the 
assumption that thin fuels will be the dominant contributors to forward energy release 
in the spreading fire front. Keeping this in mind, three fuel ‘layers’ are considered in 
the following simulations. These are the dead needles that make up the litter layer on 
the forest floor, the thin woody fuel in the shrub layer, and the live needles in the 
canopy layer. This description may appear to be relatively simplistic when compared 
to a real forest. However, few studies of fire spread with detailed, physics-based models 
have focused on more than a single layer of a single fuel type and aimed to include 
the effect of different fuel strata with different fundamental characteristics (Morvan 
and Dupuy 2004).  
 Considering the above fuel types, the required physical properties for model 
inputs are given in Table 6.1. The surface-to-volume ratio and dry density (both dead 
and live) of Pitch Pine needles were obtained from laboratory measurements (e.g. 
Thomas et al. 2014). For woody shrub fuel, field measurements were made of 1-hr 
fuels (𝑑𝑑 <~6 mm). However, for the numerical study these were subdivided into three 
different size classifications (𝑑𝑑 = 0-2 mm, 𝑑𝑑 = 2-4 mm, and 𝑑𝑑 = 4-6 mm), assuming 
that the shrub fuel mass was evenly distributed between them. This subdivision was 
done for two reasons. First, previous numerical simulations have found that this order 
of resolution was necessary to obtain accurate results (Mell et al. 2009), and second, 
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preliminary experimental results have shown that the consumption of fuel within these 
categories was not always uniform, with larger particles having a greater tendency to 
remain (depending on fire intensity) (El Houssami et al. 2015). The dry density for 
shrub material was not measured but was set to typical value for wood (Ritchie et al. 
1997), and surface-to-volume ratios were specified based on a commonly used 
relationship for cylinders (𝜎𝜎 = 4/𝑑𝑑). For all fuel types, moisture content was based on 
the EX1 field measurements, as only estimates were available for the EX2 values (see 
Chapter 3). However, the values are expected to be quite similar between the two 
experiments. It was found that limitations in the simplified approach for modeling 
surface fuel required a maximum bound be specified on the mass burning rate. Such 
a bound has been applied in WFDS previously (Overholt et al. 2014b). In this case, a 
maximum mass loss per unit area of 0.05 kg·m-2s-1, which is estimated from the 
experimental fuel consumption and residence time. This is in reasonable agreement 
with a peak mass loss 0.06 kg·m-2s-1 as can be inferred from a laboratory study of Pitch 
Pine litter for an equivalent bulk density (El Houssami et al. 2016). The radiative 
fraction of the heat release rate (𝜒𝜒𝑟𝑟) was taken as 0.35, which is in the range of 0.2-
0.4 measured for wood crib fires. The char fraction (𝜒𝜒𝑐𝑐) was set to 0.25, which falls in 
the range of ~0.2-0.3 found for foliage and stems from a variety of different vegetative 
species (Susott 1982). Finally, soot yield (𝜒𝜒𝑎𝑎) was set to 0.02 based on measurements 
for flaming combustion of Douglas fir (Bankston et al. 1981). Similar values have been 
employed successfully before by Mell et al. (2009).  

Table 6.1 – Key input values for surface-to-volume ratio (𝝈𝝈), bulk density (𝝆𝝆𝒃𝒃), element density 
(𝝆𝝆𝒆𝒆), moisture content (𝑴𝑴), radiative fraction (𝝌𝝌𝒓𝒓), char fraction (𝝌𝝌𝒄𝒄), and soot yield (𝝌𝝌𝒔𝒔). 

Subscripts refer to live canopy needles (𝒍𝒍𝒏𝒏), dead litter layer needles (𝒅𝒅𝒏𝒏), and fine woody shrub 
fuels (s1-3). Shrub fuels are subdivided into diameter categories of 0-2 mm (s1), 2-4 mm (s2), and 

4-6 mm (s3). 

 The spatial distribution of litter and shrub fuel was based upon experimental 
fuel loading and bulk density measurements, while live needle bulk density was 

Property Value  Property Value 

𝜎𝜎𝑙𝑙𝑖𝑖, 𝜎𝜎𝑐𝑐𝑖𝑖 4661 m-1  𝜎𝜎𝑠𝑠2 1333 m-1 

𝜌𝜌𝑏𝑏,𝑙𝑙𝑖𝑖 see Figure 6.1  𝜎𝜎𝑠𝑠3 800 m-1 

𝜌𝜌𝑒𝑒,𝑙𝑙𝑖𝑖 787 kg·m-3  𝜌𝜌𝑏𝑏,𝑠𝑠1−3 0.186 kg·m-3 

𝑀𝑀𝑙𝑙𝑖𝑖 114%  𝜌𝜌𝑒𝑒,𝑠𝑠1−3 512 kg·m-3 

𝜌𝜌𝑏𝑏,𝑐𝑐𝑖𝑖 20.6 kg·m-3  𝑀𝑀𝑠𝑠1−3 60% 

𝜌𝜌𝑒𝑒,𝑐𝑐𝑖𝑖 615 kg·m-3  𝜒𝜒𝑟𝑟 0.35 

𝑀𝑀𝑐𝑐𝑖𝑖 20%  𝜒𝜒𝑐𝑐 0.25 

𝜎𝜎𝑠𝑠1 4000 m-1  𝜒𝜒𝑠𝑠 0.02 
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obtained from LiDAR measurements (see Chapter 3). In the case of this chapter, 
horizontal means within the burn block were used for all fuel bulk densities, and the 
only spatial variation was in the vertical direction in the canopy (Figure 6.1). This 
removal of spatial variation was intended to establish a quasi-steady spread rate, for 
which the influence of modifying individual parameters could more easily be examined. 
Note that the model used to obtain the needle bulk density is different from that used 
for all ‘available fuels’ which was used in Chapter 3 (Clark et al. 2013). This is due to 
the fact that the ‘available fuels’ class considers large diameter material (up to 25.4 
mm), and only foliage is considered in this first approach*. Gaps were created in the 
litter, shrub, and canopy fuel layers along access roads, including the center fuel break, 
the location of which was determined from a combination of GPS point measurements 
and satellite imagery.  

 

Figure 6.1 – Block average of live needle CBD used for the parametric study simulations, as 
determined from calibrated LiDAR data. Note that as shrub fuels dominate below 1 m, the bulk 

density within this volume is specified from field sampling values (see Table 6.1) and are not 
included here.  

 The shrub and canopy (raised) vegetation was modeled using the multiphase 
formulation (Larini et al. 1998), following the details presented in Chapter 5. An 
Arrhenius degradation model was used. In the baseline simulation, drag was modeled 
using the approach of the leaf area density and a constant drag coefficient, where a 
value of 0.25 was selected as an initial value, representing a mid-range value as used 
in other studies of intra-canopy wind (e.g. Dupont and Brunet 2008a; Pimont et al. 
2009b). This was subsequently varied in the parametric investigation. The boundary 
fuel model with the linear degradation model (see Chapter 5) was applied for the 

                                        
* Chapter 7 also includes thin woody material (branches) in the canopy fuel description, but this was 
found to have a minimal effect on fire behavior.  
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needle litter layer, due to the under-resolution of the litter depth (0.05 cm) by the 
grid-cell dimension (0.5 m). Thin (1-hr) dead woody material on the forest floor was 
not included, as the current model implementation does not readily accommodate 
more than one vegetation type in the boundary fuel. However, this only accounted for 
~13% of the total mass consumed in this layer. An equivalent weight of pine needles 
might also be introduced (which accounts for the contribution of the 1-hr fuel). 
However, this would not consider the effect of the potential size range (up to ~6 mm) 
which may also alter the way the heat transfer mechanisms and the manner in which 
this additional fuel is consumed. Thus the simpler approach of only considering pine 
needles is used. 

6.3.2 Computational domain 
In order to simplify the parametric analysis and reduce the computational cost 
associated with running a number of simulations, only a sub-section of the 
experimental block is considered in this work. The extent of the domain, which was 
240 m x 225 m x 76.5 m, is shown in Figure 6.2. The volume in which fire spread was 
to be simulated (shown in brown in Figure 6.2b) employed a horizontal grid cell 
spacing of 0.5 m x 0.5 m. The surrounding volume, which was only used to simulate 
the flow and to limit any numerical boundary effects, used a 1.0 m x 1.0 m spacing. 

Throughout the entire domain, the vertical resolution was 0.5 m up to 26 m (2ℎ), 1.0 
m up to 39 m and 1.5 m thereafter. This stretching technique was used to again 
balance computational demand with the need to move boundary conditions far away 
from the region of interest (fire spread within the canopy). 
 The upstream boundary condition utilized a static inlet velocity profile, 
following the form presented in Chapter 5, as did the initialized velocity field. In the 
case of this parametric study, the driving wind (3.9 m·s-1 at canopy height) was 

simplified by rotating it to originate purely from the north (𝑢𝑢0 = 𝑤𝑤0 = 0), as opposed 
to northwest wind of the experiment (see Chapter 3). The downstream and spanwise 
lateral boundary conditions were set to ‘open’ and the upper boundary was set to a 
no-flux condition (see Chapter 5). The lower boundary employed a ‘boundary fuel’ 
description of the needle litter layer, as discussed previously, with a drag coefficient 
of 0.25.  
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Figure 6.2 – Numerical domain (a) overlaid on satellite imagery, and (b) shown in 3-dimensions. In 
(a) the dotted blue line marks the domain boundaries, the simulated ignition line is shown in red, 
and the area used for fuel consumption analysis is shown in gray. In (b) the footprint of the high-

resolution grid is marked in brown, the inlet boundary condition is in blue (𝒚𝒚 = 𝟎𝟎 m), and the 
extent of canopy vegetation is shown in green. Volumes within dotted lines correspond to 

individual meshes used for MPI parallelization. In both cases, streamwise flow is in the positive y-
direction. 

 The ignition line was simulated only on the section of the experimental domain 
which these simulations were focused on. It was represented numerically as a ‘burner’ 
which was prescribed to inject gaseous fuel at a rate to generate a heat release rate of 
250 kW·m-2 along its length. This value was selected, based upon trial and error, to 
provide sufficient energy to initiate fire spread while not having a significant impact 
on the subsequent behavior. The entire length of the simulated ignition line was ignited 
simultaneously.   

6.3.3 Parametric adjustments 
The various adjustments made to the model parameters of interest, as introduced in 
Section 6.2, are detailed in Table 6.2. The simulation naming designations will be used 
for the remainder of the chapter, and the reader is referred to this table for 
interpretation. For mathematical details of the various models explored (e.g. drag, 
convection, etc.), refer to Chapter 5. Note each parameter is adjusted independently, 
while the rest are kept at their baseline value. 

For the raised fuel drag coefficient, the constant model was first used with the 

value set to 𝑐𝑐𝑐𝑐 = 0.125 and 𝑐𝑐𝑐𝑐 = 0.375 (±50% of the baseline). The values represent 
a span encompassing previously suggested drag coefficients, ranging from 0.15 to 0.37 
(Amiro 1990; Shaw and Schumann 1992; Gillies et al. 2002). Finally, the Reynolds-
dependent cylindrical drag model is compared to this range of constant coefficients. 
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Note that the drag of the boundary fuel is modeled by applying a force term to the 
lowest gas-phase grid scale, which is scaled by vegetation height to grid cell height 
(Equation (5.27)), and is given a coefficient of 0.25 here. This was not adjusted, but 
the sensitivity is expected to be low given the small ratio of litter layer height to grid 
cell height, and the fact that flow will already be greatly reduced owing to the drag 
above. 

Table 6.2 – Reference table of different parametric adjustments and the naming designation for 
the corresponding numerical simulation. 

 The baseline formulation for the boundary fuel convective heat transfer 
coefficient (ℎ𝑐𝑐) is taken a generalized from of natural convection for horizontal 
cylinders (Holman 1986). This is compared to a Reynolds-based forced convection 
formulation (Incropera et al. 2007). However, a recent numerical investigation of 
ignition and burning dynamics in a pine needle fuel bed under has suggested that a 
natural convective coefficient in the range of 10-20 W·m-2·K-1 produces accurate results 
in a Pitch Pine needle layer (El Houssami et al. 2016). While it is recognized that the 
quiescent laboratory conditions are not fully representative of the field, a constant 
coefficient of 15 W·m-2·K-1 is taken to test a likely lower limit.  
 The baseline simulation employed a value of 17000 kJ·kg-1 for the heat of 
combustion (∆𝐻𝐻𝑐𝑐), similar to a previously suggested value successfully used for 
Douglas Fir (Mell et al. 2009). Values for an effective heat of combustion for 

Simulation Adjustment 

S1 Baseline parameters (as described in text) 

S2.X Raised fuel drag coefficient 

S2.1 𝑐𝑐𝑑𝑑 = 0.125 

S2.2 𝑐𝑐𝑑𝑑 = 0.375 

S2.3 𝑐𝑐𝑑𝑑 =  Equation (5.25) (dynamic, cylinder)  

S3.X Boundary fuel convective heat transfer coefficient 

S3.1 ℎ𝑐𝑐 =  Equation (5.21) (dynamic, cylinder) 
S3.2 ℎ𝑐𝑐 = 15 W·m-2·K-1 

S4 Char oxidation reaction included 

S5 Heat of combustion ↑ (∆𝐻𝐻𝑐𝑐 = 18700 kJ·kg-1) 

S6.X Grid resolution 

S6.1 ∆𝑥𝑥𝑖𝑖 = 0.33 m 

S6.2 ∆𝑥𝑥𝑖𝑖 = 1.0 m 

S7.X Moisture content 

S7.1 𝑀𝑀 = 10% 

S7.2 𝑀𝑀 = 30% 
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huckleberry and pitch pine range between 16500 – 17700 kJ·kg-1 (Dibble et al. 2007). 
However, this study did not consider moisture effects or the difference between the 
heat of combustion for flaming and char oxidation, of which the latter tends to be 
greater (Susott 1982; Babrauskas 2006). An average value of 18700 kJ·kg-1 is often 
used for the net heat of combustion dry vegetative fuel (Alexander 1982), though this 
also usually ignores the impacts of char oxidation and is equated to the energy release 
of the volatiles. However, given its prevalence, this second value is also tested. It also 
represents a 10% error on the baseline value, a range which has been cited for 
uncertainty in net heat of combustion in vegetative fuel (Alexander 1982). 
 The influence of numerical resolution is assessed by increasing and decreasing 

the horizontal spacing to ∆𝑥𝑥𝑖𝑖 = 0.33 m and ∆𝑥𝑥𝑖𝑖 = 1.0 m, respectively. The aim was 
not to determine a level of complete grid-independence, but rather to test model 
sensitivity at the kind of scales likely to be used for field scale simulations (Mell et al. 
2007; Linn et al. 2012a; Hoffman et al. 2013; Cohn et al. 2014). These are restricted 
both by computational demand as well as potential limitations in generating very 
high-resolution vegetation input data at field scale. 
 Finally, as a first approximation the dead fuel moisture (that of the needle 
litter layer) was adjusted by ±50% of the baseline values (between 10-30% fuel 
moisture). Dead fuel moisture has been found to be a significant factor in previous 
attempts to model fire spread (Sullivan 2009a), while live fuel moisture may be less 
important (e.g. Fernandes 2001; Fernandes et al. 2009). This may be due to the fact 
that live fuels, especially foliage, tend to regulate their moisture, and so the variability 
is simply not very significant (see the live needle moisture in Table x). However, the 
dormant shrub fuels may still have some sensitivity to driving environmental factors 
(ambient temperature, relative humidity, precipitation etc.), and coupled changes may 
be a necessary consideration in the future.  

6.4 Simulation results 
In the following subsections, the quantitative results obtained by modifying the 
parameters of interest are presented. Outputs of both fire front characteristics and 
fuel consumption are considered, particularly in terms of how these change as 
parameters are adjusted from the baseline case. Due to the highly coupled nature of 
these different aspects, discussion of the physical and numerical drivers behind these 
changes is saved until after the results have been presented. This discussion of the 
‘why’ can be found in Section 6.5. 
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6.4.1 Baseline simulation 
Prior to investigating the influence of the parameters identified in Section 6.2, some 
context is provided by describing the baseline simulation results in more detail. Figure 
6.3 shows an example of the location of the simulated pyrolysis front at a given time 
(3 min after ignition). Qualitatively, the simulation replicates the relatively flat shape 
of the experimental fire front and the orientation of the spread (driven by the ignition 
line and the roads on either flank). The simulation does not represent the lagging flank 
fires near the roads. However, these features are linked to the gradient in fuel loading 
close to the roads, which is not well specified here. Fire progression, for both the 
experiment and simulation, is determined by finding the location of the fire front along 
a transect which bisects the area between the center and east roads. For the 
simulations, the fire front location is determined every 10 s. This progression (Figure 
6.4) shows that the simulation has a quasi-steady spread rate (0.23 m·s-1), which is 
initially more rapid than the experiment, but a closer match during the more intense 
periods of fire behavior (P2-P4). The drop in experimental fire spread following P4 is 
tied to fuel heterogeneity (see Chapter 3) and is not a feature of the simulations (which 
have homogeneous fuel loading). The slight decay in spread observed at the end of the 
simulation is instead due to boundary condition effects, as the fire front approaches 
the southern boundary. To remove this influence, further analysis is only carried out 
on fire spread up to a distance of 125 m from the ignition line. 

Along with progression in time, flame geometry is investigated. This is done 

by extracting volumetric heat release rate on an 𝑦𝑦𝑧𝑧 plane, roughly bisecting the fire 
front. Note that, due to limitations of the rectilinear nature of the computational grid, 
this plane is not always strictly perpendicular to the longitudinal axis of the fire front. 
However, the angular deviations are small and assumed to have little impact on the 
following analysis. An example of this data is given in Figure 6.5a. 
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Figure 6.3 – Example comparison of experimental fire isochrones (dashed lines) to numerical 
pyrolysis front in the litter (yellow region) from S1. The ignition line is shown in red. Simulation 
time-frame is shifted to match the experiment at P1. Spread rate is determined along the dotted 

line bisecting the fire front. 

 
 

 
Figure 6.4 – Simulated fire front progression (solid line) compared with experimental progression 

(symbols). Due to uncertainties associated with modeling the ignition process, the simulation times 
have been shifted so that the time of the fire at P1 is consistent for all cases and only the 

progression following this point is considered. 
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Figure 6.5 – Example (a) volumetric heat release rate and (b) gas-phase temperature contour on 
𝒚𝒚𝒛𝒛 plane at ~200 s. The estimated simulation flame height, based on the two different criteria 

described in the text, is marked by an x. 

 The geometry of the flame is determined by considering a threshold value of 
50 kW·m-3. This was obtained by determining the height for which 99% of the heat 
release occurred below and taking the maximum heat release rate at this height. A 
similar approach a has been previously used to determine flame height in numerical 
simulations with good success (Ma and Quintiere 2003). From this, the flame height, 
fire depth (at base), and angle were determined at a frequency of 1 Hz. This analysis 
was carried out over the period of quasi-steady fire spread (up to a distance of 125 m 
from the ignition line). Note that temperature is not used to determine the flaming 
region, as was done experimentally (Chapter 4), and has been used with another 
detailed physics-based model (Padhi et al. 2016). This is because simulation of 
experimentally measured flame temperatures is known to be problematic, due to the 
relatively coarse numerical resolution (McGrattan et al. 2003). However, a comparison 
using a 300 °C threshold is shown in Figure 6.5b. The results are qualitatively similar. 

For S1, the average flame height was 4.8 ± 2.8 m, the fire depth was 5.4 ± 1.9 
m, and the angle was 16 ± 29° (measured from the vertical axis). A wide range of 
behavior was observed in EX2, with flame heights from 1 - 12 m (low surface to crown 
fire), and depths from 1 - 11 m. However, the simulation does fall close to the middle 
of this range, which is reasonable given the average properties used.   
 Simulated fuel consumption was also investigated, focused within the region 
marked in Figure 6.2. Consumption in the needle litter layer was 94 ± 3% and 83 ± 
6% in the shrub layer. This is an over-prediction of the EX2 values which were 74% 
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and 76%, respectively, though the shrub prediction is closer. It is worth noting that 
for the sub-categories used in the simulation (Table 6.1), size classes s1 and s2 
averaged 99% consumption, so the remaining fuel tended to be in class s3 (~50%). 
This demonstrates a clear impact of particle size (surface-to-volume ratio) on the 
predicted fire behavior. A preliminary experimental study of similar categories 
suggested that 100% of s1, 50% of s2, and 0% of s3 fuels were consumed (El Houssami 
et al. 2015), though further investigation in EX2 found that this is dependent on fire 
intensity and that there was complete consumption of fuel in some cases. The 
resolution of size class appears important, both experimentally and numerically, and 
the typical 1-hr designation falls short of adequately describing the behavior. While 
improved over the baseline (only modeling a single, 1-hr fuel class), the numerical 
representation of the shrub material is still roughly defined (equal mass in all three 
sub-categories). It is possible that improving this description further will change the 
total consumption predictions further and improve the overall simulation results.  
 Total remaining mass of live needles in the canopy in S1 amounted to a 38 ± 
22% change from the initial loading. This level of consumption is above the average 
of 19% observed in all of EX2, but falls between the 12% and 52% values estimated 
for surface and crown fires, respectively (see Chapter 3). While these experimental 
values represent ‘available fuels’, not just live needles, the percent consumption will 
be the same regardless. This is due to the nature of the fuel calibration models (Clark 
et al. 2013), which lead to the result that a percent consumption in any fuel class is 
the same as the percent difference in raw LiDAR-return data.  

Average pre- and post-fire vertical profiles, as well as the percent consumption 
are shown in Figure 6.6. Canopy consumption in S1 reaches a height similar to the 

experimental average, becoming negligible after 𝑧𝑧 = 9 m. However, the consumption 
is greater at lower heights in the canopy, with the simulation predicting 100% 
consumption at the base compared to an experimental average of ~50%. While this 
over-consumption may be linked to a number of uncertainties in model formulations 
and parameters (as explored in the parametric analysis of Section 6.4.2), it is also 
worth noting that the vegetation models applied to the raw LiDAR data are height 
invariant (Clark et al. 2013). Therefore, the mass of live needles is assumed to be a 
fixed percentage of the total mass, while in reality there may be a height dependence 
based on plant morphology. This makes sense, given that the trees should allocate 
resources for live needle generation in areas where photosynthetic potential will be 
maximized (i.e. the upper layers of the canopy, where sunlight is greatest). Evidence 
for such a distribution of foliage versus branch wood can be seen in experimental 
measurements of jack pine (Stocks et al. 2004b) or kermes oak shrubs (Morvan et al. 
2007). Therefore, live needles which are very close to the burning shrub layer may be 
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fully consumed (as predicted by the model), while accounting for a small proportion 
of the total biomass compared to higher up in the canopy. As the LiDAR models 
divide biomass (and changes in it) into fuel classes the same way at any height, the 
experimental curves can miss this fact. This would also imply that the initial mass of 
live needles used in the model is an over-estimation lower in the canopy (and the 
opposite may be true at the top). However, given the overall low values of CBD 
compared to the bulk density of other fuels, such discrepancies are not expected to 
strongly influence the simulated fire behavior. This assumption is corroborated by the 
fact that the fire behavior in the experiments was largely driven by the surface fuels 
(Chapter 3).   

 
Figure 6.6 – Pre- and post-fire average vertical profiles of live needle CBD for (a) EX2, and (b) 

simulation S1, as well as (c) average percent mass consumption. Simulation averages are obtained 
over the area shown in Figure 6.2, and EX2 averages are for the whole block. Shaded areas 

represent ±1 SD. 

6.4.2 Parametric influence 

6.4.2.1   Fire front characteristics 
The preceding analysis of the baseline simulation, S1, demonstrates qualitatively 
satisfactory results when compared to the range of experimental observations. This 
must be considered in the context of the simplified approach of using average 
quantities (fuel loads, wind, etc.) and a smaller fire front. However, the interest here 
is to simulate fire behavior which is generally characteristic of the experiments and 
then to investigate the sensitivity of model results to the particular parameters 
selected for investigation. This will now be developed, in the context of the baseline 
simulation. Normalizing the outputs of the different simulations to those obtained for 
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S1, Figure 6.7 shows the relative change in spread rate (𝑅𝑅∗), fire depth (𝐷𝐷∗), flame 

angle (𝜃𝜃∗), flame height (𝐻𝐻∗), and residence time (𝑑𝑑𝑟𝑟∗). Contour plots of average flame 
geometry are also shown in Figure 6.8 and give a more visual representation of the 
differences in the simulations. 

 
Figure 6.7 – Mean relative spread rate (𝑹𝑹∗), fire depth (𝑫𝑫∗), flame angle (𝜽𝜽∗), flame height (𝑯𝑯∗), 

and residence time (𝒕𝒕𝒓𝒓
∗) for the different simulations, with errorbars representing ±1 SD. 

Quantities are normalized to the value determined for the baseline simulation (S1). The gray 
region corresponds to the range observed in the experiment. 

The most apparent result is that, despite a range of variation, the predicted 
values for all simulations fall within the bounds observed experimentally*. Note that 
a wide range of fire behavior was observed in the experiment (see Chapter 3), while 
individual simulations give quasi-steady behavior. However, the expected fire behavior 

                                        
* The experimental range for spread rate and fire depth were determined in Chapter 3, flame height was 
estimated to be between 1 m (from video footage) and 12 m (minimum for full canopy consumption), 
flame angle was not readily quantifiable but was estimated from video and images to roughly fall between 
45° and 90°, and residence time was determined in Chapter 4. 
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for the selected fuel and wind inputs is in the range of an intense surface fire, thus 
simulation results which tend towards the experimental bounds are considered less 
accurate representations. In other words, it would be unexpected if, for example, 
inputting averaged quantities (fuel load, wind, etc.), as is done here, led to a prediction 
of a very low intensity surface fire (which was not the ‘average’ of observed fire 
behavior). 

Of all characteristics, across the different of parameters, the spread rate had 

the greatest sensitivity, changing between 𝑅𝑅∗ = 0.48-1.65. This was followed by fire 

depth (𝐷𝐷∗ = 0.62-1.55) and flame height (𝐻𝐻∗ = 0.68-1.58). Flame angle was the least 

sensitive (𝜃𝜃∗ = 0.74-1.09), followed by flame angle (𝑑𝑑𝑟𝑟∗ = 0.87-1.34). Spread rate and 
depth were also less variable in a given simulation. This is compared to the variability 
in height, angle, and residence time, which meant that none of the parametric changes 
lead to a change in one of these outputs in excess of ±1 standard deviation of the 
baseline value. 

 
Figure 6.8 – Mean flame geometry for the different simulations. Averages are determined by using 
a moving reference frame, centered on the maximum volumetric heat release rate (�̇�𝑸′′′) at ground 

level, sampled at 1 Hz.  

 The static raised fuel drag coefficient (S2.1-2) was changed by ±50%. The 
change introduced by using the dynamic coefficient (S2.3) cannot be evaluated as 
directly, however the resulting model resembles the static case with a coefficient 
increase of 175% of the baseline value (this will be discussed later). Modification across 
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this range has clear influence on the simulation results. Spread rate varies from 𝑅𝑅∗ = 

1.33 to 0.56, fire depth from 𝐷𝐷∗ = 1.32 to 0.59, and flame height from 𝐻𝐻∗ = 1.18 to 
0.84. Flame angle and residence time are less sensitive, with the greatest deviations 

being 𝜃𝜃∗ = 0.89 (S2.2) and 𝑑𝑑𝑟𝑟∗ = 1.08 (S2.2). Variability in the geometry also decreases 
with increasing drag, particularly for flame angle. Given the range of values, it appears 
that for the present simulation the model is more sensitive to decreases in drag than 
increases. 

The choice of convective heat flux coefficient for the surface fuel (S3.1-2) 
appears to have little effect on spread rate when switching to the Reynolds-dependent 

approach (𝑅𝑅∗ = 1.02). However, using the constant value reduces the spread to 𝑅𝑅∗ = 
0.64. The fire depth, while also less sensitive compared to drag coefficient, changes 

from 𝐷𝐷∗ = 0.89 to 0.86. This results in a variation in residence time from 𝑑𝑑𝑟𝑟∗ = 0.87 
to 1.34. The change in both spread rate and residence time implies that the time to 
ignition of the virgin fuel and the subsequent burning time are both affected. Flame 

height varies from 𝐻𝐻∗ = 1.13 to 0.76, while flame angle does not vary significantly 

given the overall variability (𝜃𝜃∗ = 1.04 to 1.06). 
The inclusion of char oxidation (S4) does not have a significant effect on most 

of the indicators of fire behavior examined in Figure 6.7. Spread rate increases by 5% 
and fire depth increases by 4%. As a result, the fire residence time decreases by less 

than 1%. Flame height is more sensitive, however, with an increase to 𝐻𝐻∗ = 1.27. 
 Conversely, using the alternative value for the heat of combustion (S5) has a 

notable effect on spread rate, (𝑅𝑅∗ = 1.47) depth (𝐷𝐷∗ = 1.44) and flame height (𝐻𝐻∗ = 
1.40). The change in spread rate is mirrored by the change in depth, the influence on 

residence time is very small (𝑑𝑑𝑟𝑟∗ = 0.98). The effect on flame angle is also small, in 
this case negligible. Given that the increase in the heat of combustion value is 10% of 
the baseline, which may not be considered far outside the bounds of reasonable 
experimental uncertainty, the sensitivity to this parameter is considerable. 
 Altering the grid size (S6.1-2) demonstrates how relatively well adapted the 
model is in terms of numerical resolution. Increasing the resolution does result in an 

increased flame height and a decrease in angle (𝐻𝐻∗ = 1.22, 𝜃𝜃∗ = 0.81) (Figure 6.7). 
Spread rate and fire depth time only decrease by 4% and 2%, respectively, and the 
result is a 2% increase in residence time. For the case of increased cell size (decreased 
resolution) the opposite is true. The changes in flame geometry are less pronounced 

(𝐻𝐻∗ = 0.93, 𝜃𝜃∗ = 0.96, and 𝐷𝐷∗ = 0.91). The rate of spread and residence time, on the 
other hand, change by -20% and +31%. It should be noted that the adjustments in 
numerical resolution are not equivalent. That is to say, the higher resolution 
simulation had a 33% decrease in characteristic cell size, while the lower resolution 
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simulation had a 100% increase. However, computational time is well documented to 
increase non-linearly with cell size, and further decreases in cell size were beyond the 
scope of the resources for this work. 
 Finally, adjusting the dead fuel (needle litter) moisture content by a relative 

amount of ±50% has a notable effect. Spread rate varies from 𝑅𝑅∗ = 1.65 to 0.48, for 

decreased and increased fuel moisture, respectively. The fire depth varies from 𝐷𝐷∗ = 

1.55 to 0.62 and the flame height from 𝐻𝐻∗ = 1.58 to 0.68. The residence time indicates 
some effect on the flaming time after ignition for the case of increased fuel moisture 

(𝑑𝑑𝑟𝑟∗ = 1.28), but less so for reduced fuel moisture (𝑑𝑑𝑟𝑟∗ = 0.94). Flame angle is also 

minimally affected (𝜃𝜃∗ = 0.91 to 1.09). The relative changes are the same magnitude 
as those made to the static drag coefficient, for example, but the span of resulting 

normalized spread rate is larger in this case (∆𝑅𝑅∗ = 1.17 vs 0.52). This helps to 
highlight the considerable importance of moisture in influencing fire behavior. 
  

The preceding results show that, in many instances, the residence times 
predicted by different simulations fall into a fairly narrow range. The largest change 
resulted from the use of the constant boundary convective heat transfer coefficient, 
giving a 34% increase from the baseline value of residence time. The implication is 
that, despite the adjustments made to the model, the simulated fire depth is generally 
proportional to the spread rate. This is made clear in Figure 6.9, where a linear 
regression of depth versus spread rate gives an r2 value of 0.89. Note that the 
simulation trend is forced through the origin (zero spread at zero slope), as a closer 
match is obtained with an offset, such that the fire will only have forward spread for 
a depth >~60 cm. This is not the case, as very low-intensity fires have been observed 
to spread in the PNR with a smaller value, though how linear the actual relationship 
may even be at small depths is unknown.  

To provide experimental comparison, the fire depth during a given interval of 
spread (between two EX2 IR isochrones) is estimated by taking the average of the 
measured fire depth (which is also an average along the length of the fire front) at the 
start and end of the interval. The experimental points follow a similar trend, though 
the regression gives a smaller slope. The estimated residence times from the local fire 

behavior measurements (Chapter 4) varies from 𝑑𝑑𝑟𝑟∗ = 0.77 to 1.22, though the sample 
size is only three and more data needs to be collected on this aspect. Nevertheless, 
this is a small range compared to the experimental variation observed in other 

variables, such as spread rate (e.g. 𝑅𝑅∗ = 0.07 - 1.75). This suggests some 
proportionality between depth and spread, which can be seen in Figure 6.9.  
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We can turn to literature to investigate what, if any, variables should influence 
residence time. A number of investigations have proposed a direct relationship between 
residence time and particle diameter (Anderson 1969; Clements and Alkidas 1973; 
Burrows 2001). Anderson (1969) proposed an empirical correlation based on 

measurements from different porous fuel beds : 𝑑𝑑𝑟𝑟 = 75600 · 𝜎𝜎−1, and Burrows (2001) 
proposed an empirical correlation based on measurements for a pile of round wood: 

𝑑𝑑𝑟𝑟 = 208500 · 𝜎𝜎−1.236. For the experimentally obtained surface-to-volume ratio of Pitch 

Pine needles, these equations give 𝑑𝑑𝑟𝑟 = 16 s and 𝑑𝑑𝑟𝑟 = 6 s, respectively. For the 
approximated surface-to-volume ratio of the largest class of shrub fuel modeled (s3) 

the values are 𝑑𝑑𝑟𝑟 = 189 s and 𝑑𝑑𝑟𝑟 = 127 s. The Pitch Pine estimates are both under-
predictions of the experiment and numerical results presented here, while the shrub 
values are significant over-predictions. The fact that residence time is not driven by 
residence of the largest fuel class is not surprising. These s3 fuels are sparsely 
distributed, not arranged in a packed fuel bed as the needle litter. If they are able 
sustain flaming after the front has passed in the litter (which does not occur in the 
simulation and is also not demonstrably proven in the experiments), the localized 
flames are not likely to contribute to the experimental determination of residence time 
(unless they are directly contacting a thermocouple). The fact that simple correlations 
under-predict the residence time in the needle litter is likely the result of other factors 
which are not considered in the correlation, and these are discussed below. 

 
Figure 6.9 – Fire depth (𝑫𝑫) compared to spread rate (𝑹𝑹).  The dashed line represents the linear 

best-fit to the simulations. Estimates of the bounding experimental values are shown as black dots.  

The importance of fuel bed packing (or porosity) on residence time has been 
acknowledged previously (Anderson 1969; Clements and Alkidas 1973; Fuentes and 
Consalvi 2013), however, it is not considered by the above equations. Fuel moisture 
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has been cited as yielding a roughly proportional decrease in residence time for 
increasing moisture content (McArthur 1967), and both laboratory studies of flame 
spread in wood cribs (Rios et al. 1967) and field observations (McArthur 1967) have 
found a decrease in residence time with increasing wind speed. However, some 
laboratory work has suggested neither wind (Byram et al. 1966; Steward and 
Tennankore 1981) nor fuel moisture (Rothermel and Anderson 1966) play a major 
role, and an extensive field campaign found no strong correlation between residence 
time and any other observed condition or fire property (though wind and fuel moisture 
were not highly variable in the experiments) (Wotton et al. 2012). The study of 
Fuentes and Conslavi (2013) also found an apparent lack of dependence of residence 
time on externally applied heat flux. 

The simulations here do indicate some influence of fuel moisture, with a 50% 
increase leading to a 28% increase in residence time, from the baseline value. The 
boundary convection coefficient, however, had a greater effect, with the static (lower) 
value leading to a 34% increase in residence time. It is not surprising that the choice 
of this coefficient would affect residence time, as its modification produces similar 
effects to using the baseline value but changing the flow conditions in the fuel bed. 
Changes in flow can similarly be linked to modifying the packing ratio and/or wind, 
which others have suggested as relevant parameters for residence time, as discussed 
above. However, there is clearly no universal explanation for residence time which 
holds across a wide range of fuel types and conditions. Thus, further measurement is 
needed in order to build upon the experimental data in Figure 6.9 and provide a more 
robust basis for model evaluation. As a final note, the simulated residence, if complete 
consumption of the surface fuel occurs, is bound to a minimum of 20.6 s for a given 
cell, assuming the peak burning rate is attained instantaneously and maintained for 
the duration. Thus, residence time should continue to be a characteristic under 
investigation, both experimentally and numerically, to better understand the 
implications of specifying such a bound. 

6.4.2.2   Fuel consumption 
Having investigated the sensitivity of the fire front behavior to the selected 
parameters, the other model prediction of interest is the overall consumption of fuel. 
The first variable considered is the relative mean consumption in the shrub layer 

(∆𝛥𝛥∗), as shown in Figure 6.10. Note that consumption in the litter layer tended to 
be relatively complete (>90%) and is not discussed in detail here. As with the 
descriptors of the fire front, shrub consumption is normalized to the S1 prediction 
(83% of initial shrub fuel consumed). Taken at a plot by plot basis (as in Figure 3.6) 
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the range (standard deviation) in EX2 is estimated to be between ∆𝛥𝛥∗ = 0.73 to 1.10. 
The simulated consumption tends towards the upper end of the experimental range, 
and for many of the parameters the deviation is not substantial (<10%). However, 
there are a few variables which do have a notable impact. 
 Adjusting the drag coefficient has a negligible effect on the shrub fuel 
consumption (1-2%). The modification to the boundary convection, however, has the 

biggest effect. A range of ∆𝛥𝛥∗= 0.75 to 1.11 is obtained for the Reynolds-dependent 
and constant coefficients, respectively. Adding char oxidation results in a negligible 
increase (1%), while the more general heat of combustion value has a slightly greater 

effect (∆𝛥𝛥∗= 1.10). The effect of numerical resolution on shrub mass consumption is 

less pronounced, with ∆𝛥𝛥∗= 0.96 to 1.02. Finally, changing the dead fuel moisture 

has a negligible impact, with values of ∆𝛥𝛥∗= 0.99 and 1.01, though relative spatial 
variability (the standard deviation in Figure 6.10) decreases and increases for low and 
high moisture contents, respectively.  

 
Figure 6.10 – Mean relative shrub fuel consumption (∆𝒎𝒎∗) for the different simulations, with 

errorbars representing ±1 SD. Averages are obtained over the area shown in Figure 6.2. Quantities 
are normalized to the value determined for the baseline simulation (S1). The gray line corresponds 

to the experimental observation. 

 It is also useful to consider the simulation predictions of canopy fuel 
consumption, and mean vertical profiles are shown in Figure 6.11. The profiles vary 
along height depending on the specific case. However, consumption tends to be 
complete at the base of the canopy, with the slight exception of simulation S7.2 
(increased fuel moisture content), and go to zero at the canopy top, with the exception 
of S5 (general heat of combustion value) and S7.1 (decreased fuel moisture content). 
One can expect that flame height will be related to the consumption of canopy fuels, 
particularly if the flame height tends not to exceed the depth of the vegetation layer 
(as is the case here, with flame height below the canopy height). Increased flame height 
implies an increase in heat transfer at higher levels of the fuel layer, particularly where 
flame contact occurs. It should also be the case that increased pyrolysis at higher 
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levels will provide a taller flame, so there is a compounding effect. Comparison to 
Figure 6.7 and Figure 6.8 confirms this, with greater consumption occurring where 
flame heights are large (S7.1, S5, S4, S2.1) and less where flame heights are small 
(S7.2, S2.3, S3.2).  

 
Figure 6.11 – Mean profiles of canopy fuel consumption for the different simulations. Averages 

obtained over the area shown in Figure 6.2. 

6.4.2.3   Fireline intensity 
Another useful characteristic to consider is the fireline intensity. This links the fire 
front characteristics (spread rate) and the fuel consumption to give an energy release 
per unit length of fire front (Byram 1959a). While this value is often calculated by 
using measurements or estimations of the aforementioned quantities (see Chapter 3), 
the model allows us to easily record the total heat release rate in the entire numerical 
domain at a given time step. When divided by the length of the fire front (~90 m), 

this gives the fireline intensity, 𝐼𝐼. Simulated values fall between 1910 kW·m-1 and 
8970 kW·m-1, and the baseline (S1) value is 4370 kW·m-1. In EX2, the surface fire 
intensities were in the range of 180-4370 kW·m-1 (Figure 3.X). However, during the 
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time of more steady head fire spread, and considering the light average canopy 
consumption, the total intensity (which is what is obtained from WFDS) is closer to 
3500-5000 kW·m-1 (Figure 3.11). Thus, the simulations, with the primary exceptions 
of S5 (increased heat of combustion) and S7.1 (decreased fuel moisture), generally 
agree with the experimental range. Note that, in Chapter 3, a peak local crown fire 
intensity of 21 MW·m-1 was estimated, which is well beyond any intensity found here 
(though none of the other characteristics of fire behavior suggest a full crown fire, so 
it is expected the simulations should show values similar to the surface fire intensity). 
As mentioned previously, these simulations are not a direct representation of EX2, 
and the benefit of experimental comparison is in checking for any obvious 
inconsistencies, particularly as a result of any particular parametric adjustment.    

Byram (1959a) proposed a correlation between fireline intensity and flame 

length (𝐿𝐿), which provides an alternate means of estimating the quantity. The 

functional form of this equation, 𝐼𝐼 = 𝑅𝑅𝐿𝐿𝑏𝑏, has since been used by many different 
researchers, summarized by Alexander and Cruz (2012). Mean flame length, obtained 
from the mean flame height and angle values discussed previously, is plotted against 
fireline intensity in Figure 6.12. Included in the figure are Byram’s (1959a) original 

equation (𝐼𝐼 = 259.8𝐿𝐿2.174), a correlation determined by Thomas et al. (1963) (𝐼𝐼 =
233𝐿𝐿1.5), and the power-law regression of the simulation results (𝐼𝐼 = 212𝐿𝐿1.82). The 
simulation results are a reasonable match to a power-law regression, though the fit of 
the curve suggests that not all of the simulation variation can be fully explained by 

this simple correlation (𝐹𝐹2 = 0.77). The regression falls between the two previous 
models, however, Byram (1959a) acknowledged that the correlation gave too short 
flame lengths at high intensities (crown fires) due to the involvement of fuels at 
significant heights above the ground, and it has been suggested that the equation of 
Thomas et al. (1963) works better in such conditions (Rothermel 1991). While the fire 
intensities in question may be greater than those considered here, the issue of elevated 
fuels can still play a role (as they are found to be involved to at least some degree). 
Further, differences in specific forms of this equation are found for different fuel types 
(Alexander and Cruz 2012), and it has been suggested that fireline intensity should 
not be used for direct comparisons of fire behavior in disparate fuel types (Cheney 
1990). Keeping all of this in mind, the data does confirm a strong relationship between 
flame length and fire intensity, which is not significantly altered by any change in the 
investigated parameters. 
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Figure 6.12 – Flame length (𝑳𝑳) compared with fireline (𝑰𝑰) intensity for the various simulations. 

The black line corresponds to Byram’s correlation (Byram 1959a), the gray line to Thomas et al. 
(1963), and the dashed line is a power-law regression of all simulation points. 

6.5 Physical and numerical analysis 

6.5.1 Drag 
Adjusting the drag coefficient was found to affect the geometry of the flame front as 
well as the spread rate. Numerically, the drag coefficient modifies the body force sink 
term in the momentum equation (Chapter 5), altering how the velocity is damped 
within vegetation. The influence on the flame geometry can thus be linked to the 
restrictions (or lack thereof) on flow around and within the flame. The influence on 
spread is a secondary result of modifications to heat transfer mechanisms. The effects 
on heat transfer will be seen by changes in flow magnitude (changes the magnitude of 
the Reynolds-based heat transfer coefficient) and potential changes in flow patterns 
(changes the sign of the convective heat transfer by modifying where fuel is exposed 
to relative hot versus cold gases). In terms of wind-driven versus plume-dominated 
fire behavior, less drag means an increased flow of air associated with ambient 
momentum, driven by the winds above the canopy, but there can also be effects on 
the strength of buoyancy induced flow (entrainment and plume velocities). Howeverm 
these do not necessarily change in proportion. Associated modifications to the overall 
flow patterns can have a significant effect on the mechanisms for heating the unburnt 
fuel.  

The effect of drag can be seen by plotting streamlines of the average velocity 
field over the average flame shape (as generated in Figure 6.8). Such a comparison is 
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given for S2.1 and S2.2 (the highest and lowest static drag coefficient, respectively) in 
Figure 6.13. The case of lower drag (Figure 6.13a) results in higher local velocities and 
thus characteristics of more of a wind-driven fire when compared to the case of higher 
drag (Figure 6.13b), which appears as more of a plume-dominated fire. In particular, 
this can be seen in the region in front (to the right) of the flame, at its base. When 
drag is low, momentum can be seen to traverse the fire front, resulting in convective 
heating. When drag is high, however, the buoyancy of the fire plume dominates, and 
a sheltered region is created ahead of the front. This means that ambient air is pulled 
in and convective cooling is able to dominate.  

 
Figure 6.13 – Mean velocity (from 𝒗𝒗,𝒘𝒘 components) and streamlines overlaid on flame geometry 

(see Figure 6.8) for the period of quasi-steady spread in (a) S2.1 and (b) S2.2. Averages are 
determined from a moving reference frame.   

Differences can also be seen in the overall flame geometry in Figure 6.13. The 
case of lower drag has slightly taller flames, as well as a greater depth with more of a 
protrusion over the surface fuels (at ~5-10 m in Figure 6.13a). The flames in the lower 
drag scenario also appear to be associated with increased turbulence, amplifying the 
fluctuations in quantities like flame angle, which has a 14% increase in relative 
standard deviation from the high to the low static drag coefficient (refer to Figure 
6.7). These different effects on the flame envelope serve to modify the total flame 
surface and its proximity to unburnt surface fuels, the result of which is increased 
radiation. 

 The differences in the mechanisms of heat transfer described above, which 
explain the linkage between drag coefficient and spread rate, can be seen by mapping  
the net surface radiative and convective heat fluxes for S2.1 and S2.2 (Figure 6.14). 
The greater preheating (both convective and radiative) can be seen in S2.1. Outside 
of the flaming region in Figure 6.14, for the instance in time considered, the mean 
radiative flux (>1 kW·m-2) is 7 kW·m-2 for S2.1, compared to 6 kW·m-2 for S2.2. This 
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does not appear substantial, but it does not account for the greater area over which 
the energy is distributed. The total radiative heat transfer rate outside the flaming 
region (again only considering areas >1 kW·m-2)* is increased by 90% in S2.1, 
compared to S2.2. For the convective flux, the differences are even more obvious, with 
a large area of convective preheating for S2.1 (and almost no cooling ahead of the 
front), versus a band of cooling ahead of the front for S2.2. The mean flux outside the 
front (with an absolute value >1 kW·m-2) is 3 kW·m-2 for S2.1, compared to 0 kW·m-2 
for S2.2. The values of total transfer rate are 3840 kW and -118 kW for S2.1 and S2.2, 
respectively. It should be noted that differences to the heat transfer can also be  

 
Figure 6.14 – Comparison of (a-b) net surface radiative heat flux and (c-d) net surface convective 

heat flux for simulations (a,c) S2.1 and (b,d) S2.2. Values correspond to roughly 250 s after 
ignition, and the dotted lines represent the region of active surface pyrolysis. Note that the 

colorbar for convective heating (c-d) is non-linear. 

 

                                        
* The somewhat arbitrary cutoff of 1 kW·m-2 is used to account for the fact that small fluxes exist 
throughout the domain which do not affect fire behavior and would affect the calculation of a meaningful 
average. This value is on the order of solar irradiance (Drysdale 2011), and smaller values should not 
drive immediate fire behavior, particularly as critical (minimum) heat fluxes for piloted ignition of needle 
litter layers have been reported to be (on the low end) 8 to 12 times greater than this (Simeoni et al. 
2012; Thomas 2016). 
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observed within the flaming region. However, the minimal changes to the residence 
time and the shrub consumption suggest that this did not have a great effect on the 
overall burning behavior. 

Finally, the dynamic drag model (S2.3) produces fire behavior consistent with 

using a constant drag model with a large coefficient (𝑐𝑐𝑐𝑐 > 0.375). This is a logical 
result, given the similar shapes of the model responses to velocity magnitude, as shown 
in Figure 6.15. While the dynamic model has a more fundamental physical foundation, 
and should therefore require less calibration on a case-by-case basis, its formulation 
(see Chapter 5) ignores a number of important facts, such as the potentially isotropic 
orientation of vegetation elements, wake interaction effects from closely spaced 
obstructions, and the effect of flexibility (streamlining). The addition of all of these 
aspects should compound to reduce the overall bulk drag. On the other hand, while 
the more empirical drag model is capable of producing reasonable results, it is still 
sensitive to the choice of coefficient. 

 
Figure 6.15 – Comparison of bulk drag force over a range of velocity magnitudes. The different 

drag coefficient formulations are applied to flow in a (S1 and S2.1-3) to a characteristic volume of 
canopy (𝝈𝝈 = 4661 m-1, 𝜷𝜷 = 6.4 ·10-5). 

6.5.2 Boundary convection 
Modification of the boundary convection model shows the potential to modify all 
outputs studied. In the model, the convective coefficient appears in the solid-phase 
energy equation for the needle litter and the gas-phase energy equation in the lowest 
grid cell (Chapter 5). A comparison of the different boundary convective heat transfer 
coefficients is given in Figure 6.16. For the Reynolds-dependent model (S3.1), the 
coefficient is significantly greater, particularly for high velocities. At 1 m·s-1 and high 
gas temperatures it is over three times the baseline, and this increases for smaller 
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temperature differences. The occurrence of higher velocity values may be associated 
with convective heating, as the ambient flow is low compared to velocity in the hot 
gases. However, the difference to cooling effects from entrainment air may also be 
important. This can be seen in Figure 6.17, where greater dark blue areas (cooling) 
can be seen ahead of the S3.1 front, despite in the increase in heating within the front. 
This suggests some balance between preheating and cooling in the surface, which 
prevents any increase to overall spread rate in this case (Figure 6.7).  

For the constant approach (S3.2), the value of the coefficient is about 35% of 
the baseline model at high temperature differences. In this case, the fire spread and 
geometry are modified significantly, which is linked to a decrease in convective heating, 
both short-range preheating and heating within the burning region (Figure 6.17). 
However, the discrepancy between the two models reduces for low temperature 
differences (Figure 6.16), so longer range preheating and, particularly, cooling appear 
similar between the two models. The reduction in the higher levels of convective 
heating in and around the fire, without significant changes to cooling, help explain the 
reduction of fire spread.    

 
Figure 6.16 – Comparison of different boundary convective heat transfer coefficients (𝒉𝒉𝒄𝒄) for a 
pine needle (𝝈𝝈 = 4661 m-1) over a range of conditions. The baseline model (S1) is a function of 

temperature difference (lower axis), the Reynolds-dependent model (S3.1) is a function of velocity 
(upper axis) and gas temperature, and the constant model (S3.2) is invariant. 

To fully understand the complexities of these changes, we must also consider 
the changes to the burning dynamics, as can be observed in changes in residence time 
and shrub consumption. For S3.1, the residence time decreases, while the opposite is 
true of S3.2. There is also reduction in shrub fuel consumption for S3.1, while S3.2 
exhibits an increase (despite the reduced spread rate). This can be better understood 
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by examining the mass loss of the shrub components compared with that of the litter 
layer. A comparison of the evolution of dry mass in an example grid cell is shown in 
Figure 6.18. It can be seen that S3.1 results in an earlier onset of ignition in this layer 
relative to the shrubs above it, as the sensitivity to convective heating from the shrubs 
is high. There is also a faster attainment of peak mass loss rate, leading to a more 
rapid burn out. Thus, by the time the thickest fuel elements of the shrub layer (s3) 
have reached a temperature initiating the onset of pyrolysis, burning in the litter layer 
has ceased. Without the significant energy contribution from the burning litter (which 
has 2.3 times the mass of the whole shrub layer) the pyrolysis of the larger diameter 
fuels ceases. This applies to the s2 fuel as well, which is not fully consumed in the 
example cell. The balance between increased burning rate in the surface and decreased 
total consumption can also help explain the fact that spread rate does not change. 

 
Figure 6.17 – Comparison of net surface convective heat flux for simulations (a) S1, (b) S3.1, and 

(c) S3.2. Values correspond to roughly 250 s after ignition, and the dotted lines represent the 
region of active surface pyrolysis. Note that the colorbar is non-linear. 

The increased residence time and consumption in S3.2 can be explained by an 
equivalent but opposite effect. Here, there is a delayed ignition of the litter relative to 
the shrub layer, and the attainment of peak mass loss rate is less immediate. Therefore, 
the litter layer is still burning strongly when the thick fuels ignite. This provides an 
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energy source which can support the thick fuel consumption, which would otherwise 
cease.  

 
Figure 6.18 – Mass evolution of the three size classes of shrub branch in an example 

computational grid cell at the base of the shrub layer for the Reynolds-dependent (S3.1) and 
constant (S3.2) convective heat transfer coefficient. All variables are normalized by the initial 

mass of dry virgin material in a given size class. 

6.5.3 Char oxidation 
The char oxidation reaction is exothermic and, therefore, increases the overall energy 
release associated with the fire. Numerically, it is assumed that the energy from this 
reaction is evenly divided (using the char enthalpy fraction) between source terms in 
the solid and gas-phase energy equations (see Chapter 5). Both of these sources can 
feed back to enhance pyrolysis, though the former is a direct process and the latter 
relies upon heat transfer from the gas phase. However, the influence of these effects is 
governed not only by the amount of char available, but also by the reaction rate, 
which is determined by the solid-phase temperature. It is also possible that, if a 
significant difference in vegetation temperature is achieved due to the added energy 
feedback, this will affect radiation from the solid phase.  

In this scenario, however, including char oxidation in the raised fuel (S4) has 
a generally negligible effect on all of the indicators studied. The minimal modification 

of fire front characteristics, such as spread rate (𝑅𝑅∗ = 1.05), is tied to the fact that 
this process does not contribute a substantial amount of energy, compared to the 
flaming process. Char oxidation is only included in the raised fuels here, which 
contribute less mass overall than the litter, and further, only 25% of the initial mass 

has the potential to be oxidized as char (𝜒𝜒𝑐𝑐 = 0.25). The heat of char oxidation, which 
determines the total energy release to be divided between the gas and solid phases, is 

also about 70% of the heat of combustion (∆ℎ𝑐𝑐ℎ𝑣𝑣𝑟𝑟 = 12000 kJ·kg-1). Because of these 
factors, feedback to gas-phase combustion is small, with fireline intensity only 
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increased by ~8% from the baseline when including char oxidation (Figure 6.12). The 
biggest effect on the fire front characteristics was an increase in flame height of 27%. 
Since flame height is determined here by heat release rate from combustion, there will 
not be a direct effect, but the added energy slightly enhances the consumption of the 
needles in the canopy (as seen in Figure 6.11), which can directly increase flame height. 
However, as the added energy is small (as discussed before), the effect on radiation, 
for example, is not sufficient to dramatically change spread rate. 

In the model, char oxidation is found to occur in the later stages of the burning, 
where the influence on heat transfer from the leading edge (and thus spread) may be 
reduced. This can be seen in the mass evolution of different components in an example 
grid cell, as compared in Figure 6.19. For all sizes, the formation of char starts with 

the pyrolysis reaction. For shrub classes s1 (𝑑𝑑 = 0 – 2 mm) and s2 (𝑑𝑑 = 2 – 4 mm), 
the char mass reaches a peak during the later stages of pyrolysis and then begins to 
reduce as the char is oxidized to form ash. The fact that both levels of char reach the 
peak possible value indicates that the consumption does not occur concurrently with 
pyrolysis. In fact, the char oxidation appears to occur with the pyrolysis of the next 
larger size class, and is likely driven by the energy release from the burning of this 

gaseous fuel. In the case of the largest class, s3 (𝑑𝑑 = 4 – 6 mm), char is formed but 
the surrounding conditions (cessation of burning in the litter) cause the solid-phase 
temperature to drop before any significant oxidation can occur. The lack of increased 
shrub consumption from the baseline also indicates that indirect energy transfer (from 
either the contribution to the gas-phase energy equation or enhanced particle 
radiation), is not sufficient to alter the burning behavior of the virgin material in the 
s3 class fuels.  

Using a similar modeling approach, El Houssami et al. (2016) identified the 
fact that char oxidation rate did not sustain after flame-out as a potential limitation 
of the current model, though flow conditions play a role in this issue (El Houssami 
2016). In reality, char oxidation may persist well after flame extinction, though the 
overlap of the phases has been shown to depend on flow conditions in tests of pine 
litter (Santoni et al. 2014). The continued char oxidation of the larger fuel elements 
is not likely to alter the characteristics of the spreading flame front in this type of 
configuration. However, it may be more important for cases such as downslope and 
opposed flow (backing) fire spread, as in this case the flames tilt away from the fuel 
bed (Van Wagner 1988) but an increased oxygen supply is available (Murphy et al. 
1966). Smoldering can also be critical for wind-aided spread in very moist fuels 
(Valdivieso and de Dios Rivera 2014). Beyond fire spread, char oxidation can be 
important for understanding the ultimate fire severity and vegetation mortality, as 
well as determining the quantity and type of emissions (Urbanski 2014) for 
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applications such as environmental impact assessment. Char oxidation in the litter 
layer may also be important for these reasons, and this process should be included in 
future modeling efforts.     

 

Figure 6.19 – Mass evolution of the three size classes of shrub branch in an example 
computational grid cell at the base of the shrub layer for simulation S4 (char oxidation). The solid 
lines represent the dry virgin material and the dashed lines represent char. The dotted line is the 
char fraction of the original mass (𝝌𝝌𝒄𝒄 = 0.25). All variables are normalized by the initial mass of 

dry virgin material in a given size class. 

6.5.4 Heat of combustion 
The alternative value for heat of combustion, considered generally acceptable for 
vegetative fuels in rough calculations of fire behavior (Alexander 1982), is found to 
affect spread rate, flame geometry, and fuel consumption. Physically, this parameter 
directly controls the energy of the fire. Numerically, this affects the combustion source 
term in the gas-phase energy equation, but it also plays a role in the radiative 
transport equation, as the WFDS approach corrects the gas-phase radiative emission 

by a prescribed fraction (𝜒𝜒𝑟𝑟) of the combustion source term (Chapter 5). Therefore, 
the broad effect of modifying the heat of combustion is not a surprising result, as the 
energy available to raise the temperature of the fuel and to drive drying and pyrolysis 
is increased. What is of note is the significant potential influence on the simulation 
results (e.g. 41% spread rate increase), given the relatively small change in the 
parameter (10% increase in heat of combustion). This is due to the coupling effect of 
increased energy release leading to increased fuel consumption leading to even greater 
energy release, with the fireline intensity increasing by 105% as a result of this 
modification (Figure 6.12). The fact that this increase is much greater than the 
increase to spread rate highlights the fact that not all fuels contribute equally to the 
spread. There is greater consumption in the upper levels of the canopy, for example, 
but these fuels are sparse and the small additional radiation is not able to easily 
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penetrate to the surface fuels, while the convective energy tends to be transported up 
and away.  

6.5.5 Numerical resolution 
In this type of CFD simulation, increasing the numerical resolution allows for a more 
accurate solution of the various vector and scalar fields by directly resolving more of 
the important length scales and reducing dependence on aspects such as turbulence 
submodels, depending on the problem of interest. In this case, the important length 
scales are related to flame and vegetation geometry. Figure 6.20 shows the number of 
grid cells used to resolve the depth of the fire front for the three different resolutions 
tested. 

Increasing the numerical resolution (Figure 6.20) did not significantly affect 
spread rate, depth, residence time, or fuel consumption, in this case (no change greater 
than 4% from the baseline). This indicates that the more fundamental characteristics 
of the fire spread (overall heat transfer and burning dynamics) remain quite consistent 
compared to the baseline numerical resolution. Some changes in flame geometry are 
observed, particularly in terms of flame height (+22%). This suggests greater 
sensitivity in the less energetic region of the flame, where canopy fuels are only 
partially consumed to begin with, which is not surprising that the sensitivity is greatest 
where the fire is weakest. However, such a modification does not alter the main fire 
spread. Further, the change in mean flame height is still within the bounds of flame 
height variability for the baseline case Figure 6.7.  

 
Figure 6.20 – Effect of increasing the grid resolution on the footprint of the fire from simulation 

(a) S6.2, to (b) the baseline S1, to (c) S6.1. Images give a snapshot of the region of surface 
pyrolysis ~350 s after ignition.  
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In the case of decreasing numerical resolution, the fire depth and the flame 
height stay fairly consistent with the baseline simulation. However, the spread rate 
and the residence time change more significantly (-20% and +30%, respectively). This 
implies that the representation of the underlying phenomena of heat transfer and 
burning dynamics are not as well preserved. This is understandable, as the approach 
of averaging gas and vegetation properties over a 1 m2 area is likely approaching the 
range where the important length scales are no longer well represented, as discussed 
below. 

Mell et al. (2007) found that WFDS was able to produce satisfactory results 

at and above resolutions ∆𝑥𝑥 = 1 m, with a 15% or less change in spread rate 

predictions for ∆𝑥𝑥 = 1 - 3.33 m. However, in addition to the fact that the referenced 
study involved a simpler fuel (a single layer of a single type), head fire depths were in 
excess of 10 m, meaning the fire front could be more adequately resolved by a coarser 
grid. More generally, this implies the simulations of Mell et al. (2007) were considered 
adequate with ~10 grid cells across the depth of the fire, and the same is true here 
(0.5 m resolution across a nominally 5 m fire). This criterion can help explain why the 
1 m resolution is inadequate in the current scenario, and provides a basic first guidance 
for future field-scale modeling. While 10 grid cells may seem few compared to 
previously suggested criteria for LES CFD, it should also be noted that FDS has 
included developments to better handle under-resolved combustion zones (McDermott 
et al. 2011). Another important consideration is the radiation extinction length scale 

(Morvan 2011), which can be defined as 4 ⁄ 𝜎𝜎𝛽𝛽. This is smallest for the fuel with the 

greatest combination of bulk density (𝛽𝛽) and surface-to-volume ratio (𝜎𝜎), which in 
this case is the s1 shrub fuel. The coefficient has a value of 1.06 m, though the s2 and 
s3 fuels in the same cell will serve to increase the extinction (and decrease this length), 
so that a 1 m cell will not adequately resolve the radiation transport. 

6.5.6 Moisture content 
Needle litter moisture content had a significant influence on the aspects of fire behavior 
considered here. A greater mass of water requires more energy to raise in temperature 
(increased sensible heat) and subsequently vaporize (increased latent heat) (Anderson 
1969). Therefore, time to ignition, and thus spread rate, will be affected, as observed. 
Further, the addition of water vapor to the gas phase serves as an energy sink, 
reducing the flame temperature (Byram 1959a). Anderson (1969) reported a reduction 
in flame temperature of up to 200 °C as fuel moisture in laboratory tests of ponderosa 
pine needles was increased from 2-20%, and the tests of Mendes-Lopes et al. (2003) 
for maritime pine needles suggest the effect can be even greater. The result will be a 
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damping of the energy feedback to the fuel layer. Therefore, not only is ignition time 
affected (and thus spread rate), but the modified energy feedback to dry virgin fuel 
affects the burning rate (and thus flame geometry) and total consumption. 
Numerically, moisture appears as an additional resistance to temperature increase in 
the solid-phase energy equation, followed by an energy sink during vaporization. The 
subsequent increase in water vapor will also increase resistance to temperature change 
in the gas-phase. 

A number of authors have derived empirical correlations for spread rate which 
include the effects of dead fuel moisture content (Sullivan 2009a). Examples of these 
include the model derived by Catchpole (1998), Fernandes (2001) and Fernandes et 
al. (2009). Each of these was determined over a range of dead fuel moisture contents 
which encompasses the needle litter moisture content used here. For each model, the 
effect of fuel moisture appears as a damping coefficient, given in Table 6.3. These 
generally come in the form of an exponential function, based on fitting to experimental 
data. Because of their form, these models, and thus the experimental data, all predict 
a more significant change in spread rate for a reduction in moisture compared to the 
effect for a proportional increase in moisture, and this is also the case for the WFDS 
results. Additional simulations were conducted with a relative littler moisture change 
of ±25%, in order to give a better picture of the impact on the model over a range of 
values (Figure 6.21), and fitting an exponential model to the predictions gives a 

moisture damping term which is similar to the previous studies (𝑅𝑅−6.1𝑀𝑀 , see Table 
6.3). It should be noted that proposed damping factors appear to vary significantly 
for different fuel types (Sullivan 2009a), and sufficient data does not yet exist to 
provide a robust experimental comparison for the PNR.  

Table 6.3 – Normalized spread rate (𝑹𝑹∗) predicted by several empirical models of fire spread, 
accounting for the range of fuel moisture tested in WFDS. 

Consideration must also be given to the fact that only dead fuel moisture was 
modified. While the moisture of the live foliage may be quite invariant at this time of 
year, the dormant shrub materials can have relative variability >10% (see, for 
example, Table 3.2), and this may have some importance. Supplementary simulations 

  Damping 
factor 

𝑹𝑹∗ 
Model Fuel type 𝟎𝟎. 𝟓𝟓𝑴𝑴 𝟏𝟏. 𝟓𝟓𝑴𝑴 
1. Burrows et al. (1991) Spinifex −2.28𝑀𝑀 1.42 0.58 

2. Marsdens-Smedley and Catchpole (1995) Buttongrass 𝑅𝑅−2.43𝑀𝑀  1.28 0.78 

3. Fernandes (2001) Shrub/heath 𝑅𝑅−6.7𝑀𝑀  1.95 0.51 

4. Fernandes  et al. (2009) Pine (surface) 𝑅𝑅−3.9𝑀𝑀  1.48 0.68 

5. Current study Pine forest 𝑅𝑅−6.1𝑀𝑀  1.65 0.48 
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were conducted where the fuel moistures for all fuel classes was modified by a relative 
amount of ±25% (Appendix D). These showed spread rates similar to only modifying 
dead fuel by ±50%, and had more significant impacts for shrub fuel consumption. 
Considering the needle litter and shrubs (the main contributors to fire spread), these 
two different approaches end up adding a similar loading of water (~0.1 kg·m-2), so 
the similarity is reasonable. While this is an arbitrary variation, and likely too high 
for realistic conditions in live fuels, possible changes in these fuels should not be 
ignored. The link between live fuel moisture and the dead litter may therefore need to 
be quantified more directly in order to provide improved model inputs for the future.  

  
Figure 6.21 – Damping of spread rate as a function of dead fuel moisture content (water mass per 
dry fuel mass) for a number of empirical models developed in the field with different fuel types, as 
well as the WFDS predictions for the PNR (symbols, mean ± standard deviation). See Table 6.3 

for the forms of the various models. 

6.6 Concluding remarks 
When compared to the range of experimental observations, the selected parameters 
were not found to produce completely unrealistic or unphysical results. This, of course, 
relies on the range over which particular parameters are adjusted, and the presented 
work aimed to cover a large range of reasonable possibilities, given what is known 
about the PNR (e.g. likely drag coefficients for a forest canopy, heats of combustion 
for similar natural fuels, typical fuel moisture). Additionally, compounding effects are 
not considered here. Adjusting two or more parameters coincidently (for example low 
drag and low fuel moisture) does appear to be able to produce fire behavior outside of 
the experimental bounds. Thus, by applying a particular combination of ‘reasonable’, 
or largely justifiable, assumptions it is possible that the model might produce 
‘unreasonable’ results. However, in a large part, this comes down to the careful 
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selection of certain input parameters, though this can require additional experimental 
measurement, before considering improvements to various formulations in the model. 
For example, what might be considered a reasonable choice of drag coefficient for a 
general forest canopy may have a larger range than a reasonable coefficient for a 
specific forest canopy.  

The range of experimental behavior observed, coupled with the number of 
uncertain parameters, prevents this analysis from unequivocally identifying any 
particular parametric choice as fundamentally ‘correct’. However, the fact that the 
baseline simulation tends to rest in the middle of the experimental range suggests 
these choices are a good starting point. More importantly, the sensitivities uncovered 
identify the work that needs to be done to reduce uncertainty. The potential sensitivity 
to both drag and convective heat transfer coefficients, both of which were tied to 
changes in overall heat transfer mechanisms, was high. Extensive experimental 
measurement is still required, both in the canopy and at the surface, to accurately 
quantify the flow, and thus drag. Laboratory measurement with representative litter 
layers under relevant flow conditions can then be used to develop convective 
coefficients. However, as a starting point, the results suggest that the current 
formulation of the Reynolds-based drag coefficient yields a drag force that is higher 
than realistic. Additionally, an invariant convective coefficient, while adequate for 
studies under certain conditions, appears to be an over-simplification here, given the 
significant differences when compared to even the simple baseline model. Therefore, 
future use of these specific models should be undertaken with caution. 

Fuel moisture and heat of combustion values also showed the potential to 
significantly affect results by providing energy sinks and sources, respectively. 
However, these are less fundamental issues, in some sense. That is to say, each is well 
defined as a parameter, and can simply be determined with a greater degree of 
accuracy in future research efforts (though this is more difficult with the heat of 
combustion of volatiles compared to moisture content). Once the parameters are 
known with greater certainty, studies can then be focused to check the way the model 
interacts with the parameter. Experiments (laboratory or field) with a range of very 
well measured moisture content values, for example, can be used to determine if the 
effect on, say, spread rate does indeed agree with what is shown by the model. 

In general, the exploration of the physics highlights that, first, the energy 
release from the combustion of the fuel needs to be correctly accounted for. 
Specification of the heat of combustion is key for this, as well as perhaps the moisture 
content if we are considering only the energy which can be fed back to the fuel (as 
opposed to that which is absorbed by water vapor). Char oxidation is also important 
for completeness, but appears less critical for wind-aided fire spread predictions. The 
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second aspect is the proper identification of how the energy released interacts with the 
fuel. This includes the considerations of drag, convection, and fuel moisture. The fact 
that the model sensitivity can be explained by logical physical arguments suggests 
that the various fundamental aspects of the model work together properly. What is 
necessary, however, is to refine the details of each of these components through 
rigorous and directed experimental efforts (discussed more in Chapter 8). 

Finally, another important result of this analysis stems from the different 
aspects of fire behavior examined. Take, for example, the drag coefficient. Changes in 
the fire behavior characteristics, particularly spread rate, were significant compared 
to some of the other parameters. The effect on shrub fuel consumption, however, was 
negligible. This highlights the fact that different parameters, and more generally the 
modeling choices, will have different degrees of importance depending on the particular 
scenario and outputs of interest. Ideally, as more such sensitivity studies are conducted 
for different cases, future model users will have a greater understanding of the salient 
uncertainties for a specific application, and will better be able to focus their efforts. 
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7.1 Summary 
This chapter presents an evaluation of the use of the Wildland-urban interface Fire 
Dynamics Simulator (WFDS), a detailed physics-based fire behavior model, in 
replicating a field-scale experimental fire (EX2). Two approaches for introducing field-
scale heterogeneity are examined: one for wind and one for canopy fuel, both of which 
were first introduced in Chapter 5 (along with the details of the numerical model). 
General aspects of fire behavior are evaluated for four different simulations, and the 
effects of introducing heterogeneity are found to be minimal. 
 A single simulation is then selected for a more detailed investigation of the 
accuracy of the more fundamental mechanisms driving fire behavior. This is done 
through direct comparison to the detailed measurements of temperature, flow, and 
radiative heat flux from EX2, as analyzed in Chapter 4. While some discrepancies are 
found, particularly with the long distance radiative flux, the overall trends are 
qualitatively consistent, and some improvement needs are pointed out.  

7.2 Introduction 
Testing the ability of detailed physics-based wildland fire behavior models to replicate 
field-scale fires is an important step in building confidence and understanding in the 
current capabilities of the model, while also helping to identify specific areas for 
development (Mell et al. 2010; Morvan 2011; Alexander and Cruz 2013). However, 
carrying out such one-to-one comparisons poses a significant challenge. The difficulty 
is a function of the level of detail provided in measurements and the associated 
experimental uncertainty for a particular scenario of interest. Potentially important 
details can encompass anything from local environmental conditions, to the manner 
in which ignition was conducted. In many cases, insufficient information related to 
one such aspect means that an attempted one-to-one comparison between experiment 
and simulation cannot be made. It is not necessarily difficult to simply run the model 
out of the box, so to speak (though insightful interpretation of results poses a whole 
other challenge), and the reason that such field-scale assessments of the model are 
relatively uncommon lies mostly with the availability of suitable datasets. The 
experimental investigations of Chapter 3 and Chapter 4, however, provide a relatively 
detailed description of the second of two field-scale experimental fires (referred to as 
EX2). Therefore, the aim of this chapter is to carry out such a comparison in order to 
evaluate the model.  
 Some previous work has been conducted to compare detailed physics-based fire 
behavior models to measurements from field-scale experimental fires in grasslands 
(Linn and Cunningham 2005; Mell et al. 2007; Morvan et al. 2009, 2013; Dupuy et al. 
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2014), and forested environments (Linn et al. 2012a; Pimont et al. 2014). However, a 
number of these studies have employed the same dataset for evaluation (Linn and 
Cunningham 2005; Mell et al. 2007; Morvan et al. 2009, 2013). While valuable for 
cross-model comparison, more such tests are needed, encompassing a range of fuel and 
environmental conditions. Moreover, spread rate is typically the main, or only, direct 
point of comparison and only the work of Dupuy et al. (2014) and Pimont et al. (2014) 
has attempted to investigate model predictions of more fundamental point 
measurements (of quantities such as temperature, velocity, and heat flux) at field-
scale. In no case has the WFDS model been tested against such measurements, though 
it has been tested against similar laboratory measurements with promising initial 
results (Mell et al. 2009; Menage et al. 2012; Overholt et al. 2014b)*. Therefore, 
carrying out such a comparison is justified and will lead to important insights into the 
model and its current suitability for simulating such phenomena.   
 While the previous chapter focused on a simplified description (simplified 
domain, wind, ignition line, etc.) to carry out a basic parametric study, this 
investigation attempts to replicate the experimental parameters as closely as possible. 
This includes the use of a larger computational domain, a time-varying ignition line, 
and a wind direction oblique to the main direction of spread (matching the 
experimental conditions). Further, the effects of both the generation of upstream 
spatio-temporal wind fluctuations and the specification of a heterogeneous spatial 
distribution of canopy fuel density are investigated. While introducing heterogeneity 
in the wind and in the canopy fuel are intended to achieve the aforementioned goal of 
more accurately replicating the experimental conditions, the actual importance of 
including these features remains to be determined. Due to the often strongly 
dominating feedback effects of the fire itself, as well as the spatial averaging inherent 
in the multiphase formulation of the model, local heterogeneity may not play a strong 
role.  
 Very little research has been conducted previously to investigate the role of 
ambient wind fluctuations on fire behavior using detailed physics-based models. Linn 
et al. (2012a) assimilated experimental data to drive velocity fluctuations to with 
those measured in a crown fire experiment. These were of varying intensity and 
frequency. It was found that both the frequency of fluctuations and the timing gusts 
with respect to fire ignition and growth could affect spread rate, with a delay of 
ignition time of 2 min (relative to the imposed data-driven wind fluctuations) changing 
average spread rate by up to 47%. Likewise, driving wind fields directly with 0.2 Hz 

                                        
* More details of the previous research using detailed physics-based models, including but not limited to 
comparison to field-scale experiments, can be found in Chapter 2. 
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wind data versus a 1-min average of this data modified spread rate by up to 37%, 
indicating the potential importance of high frequency fluctuations (though the relative 
importance depended on the dominance of these fluctuations in the wind signal as a 
whole). Morvan (2014) investigated the effects of introducing sinusoidal fluctuations 
(with an amplitude of 50% of the mean and a frequency of 0.5-3.0 Hz) to a mean inlet 
velocity and found negligible effects on spread. However, while the fire intensity was 
not affected with higher frequency fluctuations (1 Hz), gusts which were roughly twice 
the frequency of the Kelvin-Helmholtz instability of canopy shear (Kaimal and 
Finnigan 1994), doubled the relative fluctuations in fire intensity. It was suggested 
that the effect of the inlet fluctuations was to enhance the Kelvin-Helmholtz 
instability, which then affected flames at the top of the canopy (which played less of 
a role in fire spread, but modified intensity).  

Beyond the implications of the previous studies, the application of a Divergence-
Free Synthetic Eddy Method (DFSEM) (Poletto et al. 2013) to inject upstream 
turbulence in a wildland fire simulation, as introduced in Chapter 5, appears novel 
and requires evaluation. This approach is closer to that of Morvan (2014) in that the 
flow is statistically steady despite the introduction of instantaneous deviations. Based 
on the previous work, it is not expected that the introduction of DFSEM will largely 
alter the underlying fire behavior, however it should help to create a more uniform 
flow field (by removing spatial effects that arise from the transition from a laminar 
inlet to a canopy-induced turbulent flow, as discussed in Chapter 5). Further, the lack 
of an accurate representation of ambient turbulence has been identified as in issue in 
using detailed physics-based models to study plume dynamics (Dupuy et al. 2014), 
and the implementation of DFSEM takes a step towards rectifying this.  

The level of spatial detail required when modeling canopy fuels is another 
important question. A coarse, spatially homogenous description is generally easier to 
obtain and to input into the model. Recent advances in remote sensing, however, have 
allowed for more detailed for more detailed determination of canopy fuel structure 
(Skowronski et al. 2011; Clark et al. 2013). Likewise, advances in modeling techniques 
have facilitated the numerical description of more detailed canopies and allowed for 
frameworks to directly input such detail into physics-based models (Mell et al. 2011; 
Pimont et al. 2016), such as the framework that was specifically implemented in 
Chapter 5. However, methods for determining fuel structure at a very fine scale may 
be more resource consuming and less validated at present, so a balance must be struck 
based upon model sensitivity in the context of the intended application. For example, 
investigations of fire spread at a large stand scale, such as carried out here, may 
require a different level of detail when compared to a detailed study of fire behavior 
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in individual trees/plants (Parsons et al. 2011; Dahale et al. 2013), as may be 
important in the WUI. 

Some prior work has been carried out on the effects of canopy fuel heterogeneity 
on physics-based modeling predictions at field-scale. Of particular interest is the 
impact of introducing heterogeneity while maintaining the overall mass (as changing 
the amount of total mass will understandably affect fire behavior). Often, at the 
canopy- or stand-scale, heterogeneity is considered in terms of cover fraction (i.e. the 
proportion of canopy versus void space) and clump (e.g. single tree crown) size. Some 
of these attributes may not be well defined for a given scenario, or, for the sake of 
modeling simplicity, mass might even be distributed uniformly everywhere (as in 
Chapter 6). The implications of such assumptions are worth investigation. 

One investigation into canopy heterogeneity, included in a study by Pimont et 
al. (2011), focused on the impact of different arrangements of identical fuel loads on 
wind fields and fire behavior in a fuel break. In another study, Pimont et al. (2009a) 
took a simplified approach to evaluating the effect of canopy structure on radiative 
heating, with the intent that results could be extrapolated for detailed physics-based 
models. In both cases, it was suggested that the sensitivity of model behavior to 
heterogeneity is dependent on the global properties of the vegetation type. More 
specifically, the spatial arrangement played a greater role in fuels with higher bulk 
densities, or leaf area densities (both momentum and radiative transfer are affected 
by the surface-area density of vegetation)  (Pimont et al. 2009a, 2011). Continued 
investigation into heterogeneity effects may help to further illuminate the ranges of 
parameters (e.g. cover fraction, leaf area density, etc.) for which these spatial features 
are important in the model, and those for which the effect is negligible. It is also worth 
noting that a key feature of the EX2 fire behavior was a range of fire intensities linked 
to transitions into and out of the canopy (passive crowning). Comparing homogenous 
and heterogeneous canopies will reveal whether such behavior can be simulated by 
introducing local changes in just canopy structure. Given the generally low canopy 
density considered here (Chapter 3), it is not expected that altering the canopy 
structure will have a dramatic effect on fire behavior, but the exact impact warrants 
investigation. 

The evaluation of the influence of these two heterogeneities (wind and fuel) on 
fire behavior is conducted by examining spread and fuel consumption. The remainder 
of the chapter is then focused on the comparison of simulation results against the 
detailed measurements of local fire behavior analyzed in Chapter 4. As mentioned 
previously, comparison to this type of point-based physical measurement at the field-
scale has been carried out to a limited extent (Dupuy et al. 2014; Pimont et al. 2014). 
The presented analysis builds upon such work to: (1) increase the confidence in the 



234  Chapter 7 – Large Scale Simulations 

 
 

capability of detailed physics-based models to represent a range of relevant physical 
phenomena, and (2) highlight areas where more extensive measurements are required 
to inform model development.  

7.3 Numerical details 

7.3.1 Computational domain 
The computational domain was selected to allow simulation of the fire spread up to 
the south overstory tower (Figure 6.2)*. This follows the approach in Chapter 6, and 
is done both because no detailed point measurements were made past this point, and 
to limit the computational cost as the fire dropped dramatically in intensity after this 
point. This decrease in intensity was likely associated with shrub fuel continuity 
(Chapter 3) which is not considered in the simulations and so it is not expected to 
appear in the simulations.  

In total, an area of 390 m x 288 m x 121.5 m was used for the computational 
domain, of which a sub-region of 230 m x 160 m contained the area of actual fire 
spread (Figure 6.2). This sub-region employed a horizontal grid cell spacing of 0.5 m 
x 0.5 m, while the surrounding domain (included to simulate the flow and limit any 
numerical boundary effects) used a 1.0 m x 1.0 m spacing. Throughout the entire 

domain, the vertical resolution was 0.5 m up to 26 m (2ℎ), 1.0 m up to 39 m and 
1.5 m thereafter. As with the previous study, this stretching technique was used to 
balance computational demand with the need to move boundary conditions far away 
from the region of interest. 

 Both the north (𝑦𝑦 = 0) and west (𝑥𝑥 = 0) lateral boundaries were set as specified 
velocities (either static or DFSEM). As with the previous study, the velocity profile 
utilized for initial and boundary conditions was of the form defined in Chapter 5. Both 
the magnitude and direction were based on the measurements at the control tower in 
EX2. Unlike in previous chapters, the wind direction was not assumed to be pure 
north, but rather took on the average value of 300°. As this study included the testing 
of DFSEM, a rotation matrix between the principal and local reference systems needed 
to be defined which reflected this wind direction (see Chapter 5): 

                                        
* See Chapter 3 and 4 for a more complete description of the experimental fire progression and the 
location of measurements within the experimental block. 

 𝑄𝑄𝑖𝑖𝑗𝑗 = �
−0.89   0.41   0.21
  0.38 −0.93 −0.16
−0.25   0.06   0.97

�.  
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The remaining lateral boundary conditions were set to ‘open’ and the upper boundary 
was set to a no-flux condition, which was set to help maintain the horizontal flow 
driven by the surrounding atmosphere. The lower boundary employed a ‘boundary 
fuel’ description of the needle litter layer (discussed in Chapter 5 and 6).  
 The ignition line was simulated along the length of the north edge of the burn 
block. It was represented numerically as a ‘burner’ which injected gaseous fuel in order 
to maintain a heat release rate of 250 kW·m-2. This value was selected, based upon 
trial and error, to provide sufficient energy to initiate fire spread while not having a 
significant impact on the subsequent behavior. In the experiment, the ignition by drip 
torch progressed from east to west along the road and was tracked with GPS. Based 
on the available information, the simulated burner was switched on from east to west 
in segments at a rate roughly equivalent to 0.7 m·s-1, with each segment staying on 
for 60 s.  

The computational domain was distributed evenly between 78 meshes, each 
assigned to a unique core on Intel® Xeon® E5-2630 v3 processors. The subdivision of 
the domain between these cores can be seen in Figure 6.2. Total runtime for these 
simulations were between 36-44 h (for 900 s of simulation), with the longer runtimes 
associated with the use of DFSEM. 

 
Figure 7.1 – Numerical domain (a) overlaid on satellite imagery, and (b) shown in 3-dimensions. In 
(a) the dotted blue line marks the domain boundaries, the simulated ignition line is shown in red, 
and fire measurement sites are marked as triangles. In (b) the footprint of the high-resolution grid 

is marked in brown, the inlet boundary condition is in blue (𝒙𝒙 = 𝟎𝟎, 𝒚𝒚 = 𝟎𝟎 m), and the extent of 
canopy vegetation is shown in green. Volumes within dotted lines correspond to individual meshes 

used for MPI parallelization.  

7.3.2 Vegetation properties 
For the presented simulations, the vegetation properties are based upon the preceding 
parametric study. They are summarized in Table 7.1, and more detail can be found 
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in Chapter 6. However, it is important to note that, while Chapter 6 only considered 

live needles in the canopy, here we introduce another class: 1-hr canopy wood (𝑑𝑑 = 0-
6.35 mm). This addition serves to make the analysis of canopy mass consistent with 
the size of material considered important in the experimental analysis of Chapter 3. 
While this is intended to provide a more accurate representation of the canopy 
composition, there are several limitations that must be addressed. First, to create a 
balance between computational cost and accuracy, this class is not divided into sub-
categories of size, as was done with the 1-hr shrub fuel. An addition of even one extra 
fuel class in all computational cells containing canopy fuel represents a significant 
computational burden, and adding three was computationally prohibitive. Further, in 
reality this class is a combination of live and dead material (Clark et al. 2013). 
However, the ratio of live-to-dead is roughly 2:1, and so here we use the moisture 
content of the live 1-hr stems (Table 3.2). This description can certainly be refined in 
the future, but given the low density and larger size compared to the needles, this 
class is expected to only play a minor role, if any, in driving the fire spread.    

Table 7.1 – Key input values for surface-to-volume ratio (𝝈𝝈), bulk density (𝝆𝝆𝒃𝒃), element density 
(𝝆𝝆𝒆𝒆), moisture content (𝑴𝑴), radiative fraction (𝝌𝝌𝒓𝒓), char fraction (𝝌𝝌𝒄𝒄), and soot yield (𝝌𝝌𝒔𝒔). 

Subscripts refer to live canopy needles (𝒍𝒍𝒏𝒏), dead litter layer needles (𝒅𝒅𝒏𝒏), canopy woody fuels 
(𝒄𝒄𝒘𝒘), and fine woody shrub fuels (s1-3). Shrub fuels are subdivided into diameter categories of 0-2 

mm (s1), 2-4 mm (s2), and 4-6 mm (s3). 

The other aspects of vegetation modeling follow a combination of simulations 
S2.2 and S4 in Chapter 6 (baseline assumptions with a drag coefficient of 0.375 and 
char oxidation included for raised fuel). The inclusion of char oxidation was deemed 
to be more realistic, while the choice of drag coefficient was related the tendency for 
more rapid fire spread with the baseline value. Since radiative flux was a key 
measurement intended for comparison (Chapter 4), the accuracy of the radiation 
solver was improved by increasing the number of solid angles used to discretize the 
radiative transport equation. The default in WFDS is 100 (Chapter 5), but studies 
involving simulations of pool fires have suggested values between 300 (Hostikka et al. 

Property Value Property Value Property Value 

𝜎𝜎𝑙𝑙𝑖𝑖, 𝜎𝜎𝑐𝑐𝑖𝑖 4661 m-1 𝜎𝜎𝑐𝑐𝑐𝑐 1333 m-1 𝜌𝜌𝑏𝑏,𝑠𝑠1−3 0.186 kg·m-3 

𝜌𝜌𝑏𝑏,𝑙𝑙𝑖𝑖 see Figure 6.1 𝜌𝜌𝑏𝑏,𝑐𝑐𝑐𝑐 see Figure 6.1 𝜌𝜌𝑒𝑒,𝑠𝑠1−3 512 kg·m-3 

𝜌𝜌𝑒𝑒,𝑙𝑙𝑖𝑖 787 kg·m-3 𝜌𝜌𝑒𝑒,𝑐𝑐𝑐𝑐 512 kg·m-3 𝑀𝑀𝑠𝑠1−3 60% 

𝑀𝑀𝑙𝑙𝑖𝑖 114% 𝑀𝑀𝑐𝑐𝑐𝑐 85% 𝜒𝜒𝑟𝑟 0.35 

𝜌𝜌𝑏𝑏,𝑐𝑐𝑖𝑖 20.6 kg·m-3 𝜎𝜎𝑠𝑠1 4000 m-1 𝜒𝜒𝑐𝑐 0.25 

𝜌𝜌𝑒𝑒,𝑐𝑐𝑖𝑖 615 kg·m-3 𝜎𝜎𝑠𝑠2 1333 m-1 𝜒𝜒𝑠𝑠 0.02 

𝑀𝑀𝑐𝑐𝑖𝑖 20% 𝜎𝜎𝑠𝑠3 800 m-1   
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2003) and 500 (Lin et al. 2009), and here a value of 500 is adopted. However, it is 
worth noting that these previous studies did not investigate fluxes at significant 
distances (>1 m). Hostikka (2008) suggested that 1000 angles should be used when 
investigating radiation at 10 m in a wildland fire related scenario (though no 
intermediate tests were made between 100 and 1000 angles).  

Using the above mentioned vegetation descriptions, the spatial distribution of 
canopy fuel density still remains to be determined. This is an important consideration 
when attempting to replicate the experimental fire behavior. In the parametric study 
of Chapter 6, vegetation density was considered to be horizontally homogeneous (with 
the exception of the presence of roads). However, the examination of fire behavior in 
the experiment revealed localized changes in behavior which are, if not fully explained 
by, at least linked to heterogeneity in the structure of fuels (Chapter 3 and 4). While 
information of the distribution of shrub fuels is sparse, and these are modeled as 
homogeneous, the LiDAR-derived Canopy Bulk Density (CBD) gives spatial 
information for the canopy fuel (live needles and 1-hr wood) and can be input using 
the method highlighted in Chapter 5. This provides a horizontal resolution on a 10 m 
x 10 m grid, which is on the higher resolution end when compared to other LiDAR-
derived measurements of forest canopies (Andersen et al. 2005; Skowronski et al. 
2011).  

Despite the state-of-the-art use of LiDAR to obtain this detailed description 
of the canopy, there is still a question of how well this represents the actual 
components of the forest structure which will govern fire behavior. The fuel mass is 
modeled as uniformly distributed within a particular 10 m x 10 m x 1 m voxel. 
However, in reality the tree crowns (and needle clusters within the crowns (Parsons 
et al. 2011)), will occupy only a portion of this volume. This means that the bulk 
density will be under estimated (volume is too large) and there will be no 
representation of void spaces between clusters of vegetation, which can affect features 
like wind fields (Pimont et al. 2011) and radiative transfer (Pimont et al. 2009a). As 
a first attempt at testing the importance of capturing such structure in the canopy, a 
new method was employed for processing the LiDAR data. The tree crown extraction 
feature in Tiffs (A Toolbox for Lidar Data Filtering and Forest Studies) software 
(Chen 2007) was used to interpolate individual tree canopies, or groups of similar 
canopies. In this method, filtering is used to find the local ‘top’ of the canopy and 
then iteratively looks for local minimum returns to identify the edge of each canopy 
groupings. A 2-dimensional map of polygons, representative of these tree crown 
groupings, was then created. Polygons were then used to spatially agglomerate the 
LiDAR data in order to model CBD profiles for each polygon. This methodology is 
identical to that of (Skowronski et al. 2007) the derived polygons are used as a 
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grouping feature, instead of employing a uniform regular grid. The resultant effect on 
CBD tends towards an increase in bulk density within the tree crowns while adding 
void spaces.  

The differences between these three approaches for distributing canopy CBD 
are shown in in Figure 6.1. In Figure 6.1a, the vertical profile of bulk density applied 
everywhere for the homogeneous method is shown (similar to Chapter 6). Figure 6.1b-c 
show example vertical and horizontal slices of the CBD for the 10 m x 10 m grid and 

polygon method, respectively. For reference, the height of the horizontal slice (𝑧𝑧 = 

5.75 m) is marked in the vertical slice, and the location of the vertical slice (𝑥𝑥 = 144 
m) is shown in the horizontal slice. Note that all three configurations have vertical 
heterogeneity in CBD, but in the 10 m and polygon distribution methods (Figure 6.1b-
c), the vertical profile is also a function of the horizontal location. Finally, Figure 6.1d 
shows the cumulative distributions, indicating the distribution of CBD values 
throughout the burn block. 

While the first method, by definition, retains no features of horizontal 
heterogeneity, the 10 m x 10 m grid and polygon methods show the same large-scale 
patterns in the canopy (Figure 6.1b-c), with more detail in the latter. Cumulative 
distributions of the different methods (Figure 6.1d) help quantify the differences. With 
increasing spatial detail, the mean CBD of vegetation-containing volume increases 
from 0.092 kg·m-2 to 0.109 kg·m-2 to 0.208 kg·m-2 for the three methods, respectively. 
Likewise, the maximum values are 0.159 kg·m-2, 0.412 kg·m-2, 0.943 kg·m-2 (note that 
while more sensitive, the maximum values represent only a very small portion of the 
whole canopy). While both the homogenous and grid methods generate a continuous 
fuel layer, the top of the canopy is spatially dependent in the grid method (Figure 
6.1b). The polygon method, however, introduces void spaces, with the vegetation 
occupying only ~60% of the canopy volume defined in the grid method. This explains 
the more notable relative increase in CBD values for the polygon method, as the same 
mass must be distributed throughout a smaller volume occupied by vegetation within 
the whole canopy.  
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Figure 7.2 – Comparison of the (a) homogenous, (b) 10 m x 10 m grid, and (c) polygon methods 
for distributing canopy CBD, with (d) the cumulative distribution for all. Dashed lines in the 2-D 
slices (b-c) give the location of the complementary slice. Cumulative distributions are generated 
only for vegetation containing volume within the area of the burn block (e.g. canopy gaps in the 
polygon method are excluded). Note that as shrub fuels dominate below 1 m, the bulk density 

within this volume is specified from field sampling values and are not included here. 

7.3.3 Simulation details 
As has been mentioned previously, instead of adjusting the fine-scale description of 
vegetation (as in Chapter 6), the influence of large (field-scale) heterogeneity is the 
focus here. The result is four simulations which utilize the three different models of 
canopy fuel heterogeneity (described in Section 7.3.2): (1) homogenous, (2) 10 m x 
10 m grid, and (3) tree crown polygons; and the two different approaches for wind 
boundary conditions (see Chapter 5): (1) a static inlet flow and (2) inlet turbulence 
generated with DFSEM. For clarity these simulations are given simple names, shown 
in Table 7.2. 
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Table 7.2 – Reference table of the different simulations approaches and the associated naming 
designation. 

Since radiative flux was a key measurement intended for comparison (Chapter 
4), the accuracy of the radiation solver was improved from the parametric study by 
increasing the number of solid angles used to discretize the radiative transport 
equation (for all simulations reported here). The default in WFDS is 100 (Chapter 5), 
but studies involving simulations of pool fires have suggested values between 300 
(Hostikka et al. 2003) and 500 (Lin et al. 2009), and here a value of 500 is adopted. 
However, it is worth noting that these previous studies did not investigate fluxes at 
significant distances (>1 m). Hostikka (2008) suggested that 1000 angles should be 
used when investigating radiation at 10 m in a wildland fire related scenario (though 
no intermediate tests were made between 100 and 1000 angles). However, a value of 
500 was chosen here in order to increase accuracy while maintaining an acceptable 
computational cost*. 

Simulation outputs included 2-dimensional slices of gas-phase temperature, 
three components of velocity, and volumetric heat release rate, traversing the whole 
domain (as with Chapter 6) and point measurements of fire behavior, obtained at 
locations matching those in EX2 (Figure 6.2a). Numerical ‘sensors’ were arranged in 
the same layout as the experiment. However, all heat flux measurements (at the 
different angles) were moved to the location of the center ‘secondary’ tower (Chapter 
4) in order to separate the differences arising from different view angles from the 
effects of having sensors at different locations. While experimental point measurements 
at various locations are compared directly with simulation outputs, the numerical 
resolution limits the exact spatial detail that can be provided. For example, for a 
scalar quantity like temperature, the output will be an average (filtered) temperature 
for the computational volume which encompasses the spatial location of the point 
measurement. This effect is less important for small computational volumes or large 
distances between point measurements, but it is worth pointing out for the relatively 
coarse resolution employed here in relation to sensor spacing.  
 Temporally, the upper limit of numerical measurement resolution is defined by 
the numerical time step. Here, the frequency of numerical iterations tended not to 

                                        
* With this angular resolution, the radiation solver accounted for ~20% of the total CPU time. 

Simulation Description 

SL1 10m canopy grid; static inlets 

SL2 10m canopy grid; DFSEM 

SL3 homogenous canopy; DFSEM 

SL4 polygon canopy; DFSEM 
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drop below ~60-80 Hz (this can be increased but at the expense of computational 
efficiency). However, due to practical considerations it is usually necessary to specify 
an output frequency less than this, particularly if a large number of values are being 
obtained over a certain spatial extent. For the following simulations, point 
measurements at the fire measurement sites were recorded at 25 Hz, 2-dimensional 
slices in the gas-phase were recorded at 10 Hz, and contours of the fire footprint in 
the boundary fuel were recorded at 0.1 Hz. Domain-wide fuel consumption was 
recorded only at the start and end of the simulation. 

7.4 Simulation results and discussion 

7.4.1 General behavior 

7.4.1.1   Fire progression 
A logical place to begin the simulation evaluation is with the general shape of the fire 
front. As an example, several contours of the pyrolysis front from simulation SL2 are 
overlaid on the experimental isochrones in Figure 7.3. One notable feature is that the 
initial acceleration of the simulated fire at the eastern edge lead to a front which is 
not fully parallel to the road (unlike the experiment). This is likely due to uncertainty 
associated with the experimental ignition procedure. Both the progression of the 
ignition line and the very early growth stages of the fire near the road are only roughly 
captured in the simulation. However, the orientation of the fire front does shift over 
time to agree with the experiment. This implies that, given the proper specification of 
ignition line orientation, burn block boundary configuration, and wind direction, the 
model will tend to overcome reasonable amounts of uncertainty in the exact ignition 
technique. Nevertheless, a detailed description from the experimental procedure is 
desirable. 

Another interesting feature is that the western flank of the fire does not 
advance significantly and, in fact, diminishes in depth and eventually fully 
extinguishes, moving from west to east. This behavior can be linked to the ambient 
wind direction. Figure 7.4 shows the horizontal surface flow field as the western flank 
starts to diminish and drop in spread rate. The ambient wind flows from the 
northwest, almost parallel to the orientation of the flank, and is drawn into the main 
front. This coherent flow both limits the ability of the flank to entrain air from ahead 
and prevents bursts of convective heating perpendicular to the front. The experiment, 
also with a northwest ambient flow, did not spread as far on the western portion of 
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the front. For example, the fire traveled ~15 m between P3 and P4, compared to ~50 
m over the same time on the eastern side (as seen in Figure 7.3, and in Chapter 3). 
However, the fire front did not extinguish on this side in the experiment. This may be 
an issue with the simulated flow field magnitude at the sub-canopy level, an over-
prediction of ambient convective cooling, an under-prediction of radiative heating from 
the flank, or some combination of the above. This occurs in all simulations in Table 
7.2 and, therefore, are not significantly affected by the prescribed heterogeneity in 
vegetation or wind. Mell et al. (2007) noted the potential difficulties associated with 
simulating flank fires using the boundary fuel approach in WFDS, particularly given 
their limited depth with respect to numerical resolution. The extinction was not found 
in trial simulations with wind directed purely from the north (Appendix D), reinforcing 
the fact that sensitivity to the wind direction can be significant. However, as the 
measurement points of interest are not on the very western edge, and occur before this 
effect becomes significant, so this does not preclude the simulations from meaningful 
analysis. 

 
Figure 7.3 – Snapshots of the surface pyrolysis front in simulation SL2 along with EX2 IR 

isochrones. Experimental time is given in minutes from ignition. Simulation location is shown every 
100 seconds, with times adjusted so the fire location matches at P1 (as in Figure 7.5). 

To compare the fire spread for the different simulations, transects are selected on 
either side of the center road (Figure 7.3) and the progression of the fire along these 
lines is compared to the experiment, as shown in Figure 7.5. In all cases, the curves 
show an initial growth rate on the east side of the road (Figure 7.5b) which is in good 
agreement with the experiments. As the full fire line is established, by around 400 s, 
the simulated fire fronts advance more rapidly than the experiment. Between 400 – 
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500 s the spread rates of all simulations peak around 0.35 m·s-1, which is close to, but 
below, the local maximum of 0.4 m·s-1 estimated for EX2 between P3 and site F2 
(Chapter 4). This suggests at least a high intensity surface fire in the simulations, 
more so than the largely prevalent surface fire behavior observed experimentally (with 
average experimental spread peaking around 0.2 m·s-1). From 500 – 700 s the spread 
tapers off, and the DFSEM simulations have a mean value in the range of 0.25-0.26 
m·s-1, while the static simulation has a mean of 0.19 m·s-1.  On the west side of the 
road (Figure 7.5a) there is a similar rapid spread, however this decays after about 500 
s due to the flank effect described previously. The four simulations are generally quite 
similar, with the fuel heterogeneity having a negligible effect. The use of DFSEM does 
appear to promote a steadier fire spread, as these simulations do not slow to the same 
degree as the static inlet case (SL1). Overall, the global behavior appears 
representative enough to warrant further comparison to the experimental data. 

 
Figure 7.4 – Horizontal velocity vectors overlaid on the surface pyrolysis front. The velocity vector 
field represents a 10-second average at 𝒕𝒕 = 440 s after ignition, 1 m above ground level (AGL). 
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Figure 7.5 - Simulated fire front progression compared with the experiment for the (a) west and 

(b) east sides of the burn block. Due to uncertainties associated with modeling the ignition 
process, the simulation times have been shifted so that the time of the fire at P1 is consistent for 

all cases and only the progression following this point is considered. 

7.4.1.2   Fuel consumption 
Along with fire spread, fuel consumption is an important metric for evaluating the 
predictive capacity of the model, as this provides the fundamental source of energy 
which drives the fire behavior. Comparisons for the litter and shrub layer are 
summarized in Table 7.3, with the averages taken over the area shown in Figure 7.6. 
For both fuel layers, and for all simulations, there is a tendency for over-consumption. 
Litter layer consumption is ~90% in the simulations, versus only 74% in EX2. As 
discussed previously, in the context of the parametric study (Chapter 6), discrepancies 
in the litter layer may be a result of fuel moisture gradients along the depth of the 
layer, which are not accounted for in the model. Particularly in early spring fires, cool 
damp needles at the base of the layer may inhibit full consumption in all but the most 
intense fire behavior. There is also some question as to the suitability of the model 
description of the radiative boundary condition at the bottom of the layer (Chapter 
5). The model’s predictive capabilities related to larger woody fuels (up to ~6 mm), 
as with the shrub fuels here, are known to be sensitive to subdivision of the fuel into 
different size categories (Mell et al. 2009). In this case, the subdivisions are rough 
estimates (equal mass in each of 3 size classes), and this may affect the consumption. 
However, the shrub layer predictions are better than those in the litter layer, with the 
consumption percentage off by <10%. It is also important to note the context of the 
tendency for over-prediction in fire spread compared to the average surface fire 
behavior during the experiment. Therefore, higher-than-average consumption is not 
unexpected.     
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Figure 7.6 – Area used to compute average fuel consumption values, shown in gray. This was 

selected in order to capture the region of roughly quasi-steady behavior. 

Table 7.3 – Comparison of mean (standard deviation) fuel consumption in the litter and shrub 
layers for EX2 and the simulation results. Simulation values are obtained from the region of quasi-

steady behavior shown in Figure 7.6. 

Vertical profiles of mean percent canopy consumption are given in Figure 7.7. 

Note that experimental profiles are only shown up to heights where ∆𝛥𝛥 > 
0.005 kg·m-3, as anything less produced significant noise in the percent consumption, 
with a negligible contribution to the overall mass consumed. The figure includes 
comparisons to the experimental average for the whole burn block, only the region in 
Figure 7.6 (the region used to generate the simulation averages), and only the regions 
of crown fire (as determined in Chapter 3). As expected, based on the fire progression 
and surface consumption, there is essentially no difference between the simulations 
with the different fuel arrangements (SL2-4). There is a slight tendency for lower 
canopy consumption with the static inlet (SL1), which can be linked to the diminished 
fire spread. However, the differences are small compared to the experimental variation 
between regions of crown fire and the average for the whole area of interest. There a 

Case Litter Shrub 

 ∆𝛥𝛥 [kg·m-2] %∆𝛥𝛥 ∆𝛥𝛥 [kg·m-2] %∆𝛥𝛥 
EX2 0.76 (0.37) 74 0.34 (0.20) 76 

SL1 0.91 (0.12) 89 0.46 (0.07) 82 

SL2 0.93 (0.06) 91 0.47 (0.04) 83 

SL3 0.94 (0.02) 91 0.47 (0.03) 84 

SL4 0.95 (0.04) 92 0.47 (0.04) 84 
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fairly good agreement between the simulations and the experiments, when considering 
the same averaging area (crosses in Figure 7.7), particularly at heights of ~3-9 m.  

Given the features of fire spread discussed previously, it is reasonable that the 
level of canopy consumption should be close to the experimental average, as a high 
intensity surface fire was anticipated from the spread rates. Further, it is important 
to note, as discussed in Chapter 3, that the experimental predictions in the high-
consumption areas of crown fire (diamonds) are likely an under-estimate to begin with, 
as visual inspection of the regions of full crown fire behavior showed essentially 

complete consumption of thin fuels (𝑑𝑑 < ~6 mm). Therefore, the simulated 
consumption is certainly below that of a crown fire and more representative of an 
intense surface fire with torching. The over consumption close to the shrub layer (<3 
m) is difficult to diagnose, particularly as the LiDAR may be noisier at low heights. 
Likewise, there was some scrub oak (Quercus spp.) present at these heights, and it 
tends not to be consumed. This can serve to reduce the estimated canopy consumption, 
as the presence of any vegetation (i.e. LiDAR return) is assumed to have a portion of 
needles (Clark et al. 2013). Thus, continued refinement of the experimental canopy 
fuel measurements may be required in the future, but the initial predictions are quite 
promising.  

 
Figure 7.7 – Vertical profiles of mean percent canopy consumption for EX2 and simulations SL1-4. 
The experimental averages are obtained from the whole burn block (circles), the area of interest 

for the simulations (crosses), and only the areas of crown fire, as identified in Chapter 3 
(diamonds). Simulation averages are obtained from the area of interest in Figure 7.6. 

To further compare the three degrees of canopy heterogeneity, maps of fuel 
consumption (integrated along height) are shown in Figure 7.8. While the simulations 
have outputs at a 0.5 m x 0.5 m resolution, the total consumption is grouped into 
10 m x 10 m pixels for easier visual comparison with consumption estimates from pre- 
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and post-fire LiDAR data from EX2. Here again, the results are in qualitative 
agreement in terms of the range of observed values. Maximum pixel values are 
0.83 kg·m-2, 0.89 kg·m-2, and 0.85 kg·m-2 for SL2, SL3, and SL4, respectively, compared 
to 1.03 kg·m-2 in EX2, underpinning the fact that the simulations do not reach quite 
the same level of consumption as the areas of crown fire. Further, the simulations do 
not show a tendency for greater relative consumption in the region of crown fire 
identified in EX2 (red outline in Figure 7.8). As suggested in Chapter 3, this behavior 
can also depend heavily on shrub fuel heterogeneity, and here the simulations consider 
uniform shrub loading. Therefore, it is not necessarily surprising that canopy 
heterogeneity alone is not enough to capture the transitions to and from heavy canopy 
consumption. Instead, there simulations show a region of more significant consumption 
in the northwest corner of the experimental block. The fact that this occurs in each 
simulation, regardless of canopy fuel distribution (particularly considering the case of 
a homogenous distribution) implies that this is not result of pre-fire fuel structure. 
This leaves only some interaction between the ambient wind and the whole of the fire 
plume, though the exact mechanism has not been determined. 

 
Figure 7.8 – Canopy consumption integrated along height [kg·m-2] at a resolution of 10 m x 10 m 
for (a) EX2, (b) S2 – 10 m canopy, (c) S3 – homogeneous canopy, (d) S4 – polygon canopy. The 

experimental data is obtained from the LiDAR measurements (Chapter 3). 
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7.4.1.3   Discussion of wind and fuel heterogeneity effects 
The specification of turbulent boundary conditions had a small effect on fire spread, 
which remained more consistent compared to the case with static inlet flow (SL1) 
throughout the period considered (Figure 7.5). However, these slight differences did 
not serve to significantly alter the surface fuel consumption (Table 7.3), and only 
marginally affected the canopy fuel consumption (Figure 7.7). Morvan (2014) found, 
when introducing a fluctuating inlet velocity of a sinusoidal nature, that spread rate 
was not affected by wind gusts, while fire intensity had the potential to have its 
relative fluctuations roughly doubled (depending on the ratio of the inlet frequency to 
the frequency of the canopy-shear induced instability (Kaimal and Finnigan 1994)). 
The negligible change in spread was attributed to the lower part of the flame (within 
the fuel layer), which was much less affected by gusts, playing a greater role in fire 
spread. In a dimensionality analysis of simplified plume theory, Raupach (1990) 
suggested that relative importance of ambient turbulence on plume growth could be 

determined through comparison of the friction velocity, 𝑢𝑢∗, and the plume vertical 

velocity, 𝑤𝑤. If 𝑢𝑢∗ < 𝑤𝑤, then the ambient turbulence will not affect the plume growth, 

and if 𝑢𝑢∗ ≪ 𝑤𝑤 then the instability mechanism of buoyancy will dominate over that of 

canopy shear. Given that 𝑤𝑤 had a scale of ~10 m·s-1 in the experiment (Chapter 4) 

and 𝑢𝑢∗ had a scale of ~1 m·s-1 (Chapter 5), the arguments of Raupach (1990) suggest 
the role of ambient turbulence should be negligible for the kind of plume-dominated 
fire simulated here. Further, in this case turbulence will develop over the canopy even 
with the static inlet, and the role of DFSEM will be more important in terms of 
generating a more uniform mean flow field. 
 The ambient wind characteristics over a 10-min period for EX2, SL1, and SL2 
are given in Table 7.4. For the experiment, this corresponds to 10 min prior to ignition. 
For the simulations, cases without fire were run, with statistics obtained after the first 
200 s. Values measured at the overstory by sonic anemometers are compared to 
equivalent locations in the simulations. The tendency for more localized differences in 
the flow-field without turbulent boundary conditions can be observed, due to the 
transition from laminar to turbulent flow (as discussed in Chapter 5). This results in 
the considerably lower mean value at the North tower (~40% of the measured value), 
and the transition from no turbulent kinetic energy near an inlet boundary (Control 
tower) to high values further within the canopy (South tower). The use of synthetic 
turbulence, on the other hand, provides a more consistent flow field when compare to 
the experiment, both in terms of mean velocity and turbulent kinetic energy.  
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Table 7.4 – Mean horizontal velocity magnitude (𝐮𝐮) and turbulent kinetic energy (𝒌𝒌) at the 
various overstory tower anemometer locations for EX2 and simulations SL1 and SL2. Values are 

obtained over a 10-min interval, with 𝒌𝒌 being calculated from the average of 1-min values. 

It should be mentioned that the results found here are specific to the wind 
direction and boundary conditions, and that the introduction of turbulence can play 
a more significant (and different) role in other scenarios. While not fully within the 
scope of this work, a related discussion is presented in Appendix D. Further work is 
required to understand the effects of ambient turbulence, and must occur in 
conjunction with continued investigation of canopy drag, as the two will interact 
directly. However, the result here is a promising first step, as Dupuy et al. (2014) have 
commented on the difficulty of using physics-based models to compare with 
measurements of fire-induced turbulence when the ambient turbulent statistics are 
poorly represented. 

The introduction of differing canopy fuel structure had very little effect on fire 
spread. The fire progression and litter and shrub consumption remained virtually 
unchanged, while some minor effect was observed in the map of canopy consumption. 
These changes, however, are due to local differences in the pre-fire structure, and the 
average profiles are essentially the same (Figure 7.7). Using the FIRETEC physics-
based model, Pimont et al. (2011) explored canopy heterogeneity in fuel treatments 
with homogenous shrub layer. They found that, for a given total load of canopy fuel 
and a range of vegetation clump sizes, horizontal heterogeneity did not strongly impact 
mean flow or fire progression, though it was found to have local effects on mean flow 
variability (as may be expected). However, this conclusion was qualified as being 
dependent on the total fuel load. The effect of vegetation heterogeneity on numerical 
modeling of radiative transfer has also been explored (Pimont et al. 2009a), and a 
potential for over-prediction of integrated irradiance was demonstrated when using 
homogenized representations of vegetation. This was also qualified as being dependent 
on the density of vegetation. Both studies reinforce the notion that the canopy bulk 
density is too low for heterogeneity effects to dominate, though capturing shrub 
heterogeneity may play a more significant role, given its higher bulk density. The 
important role that can be played by shrub fuel heterogeneity has been discussed 
previously (Chapter 3), and others have demonstrated its impact on fire behavior 

 𝐮𝐮 [m·s-1] 𝒌𝒌 [m2·s-2] 
Site EX2 SL1 SL2 EX2 SL1 SL2 
Control 4.2 4.0 4.9 3.5 0.0 3.3 
West 4.1 3.2 3.8 2.5 0.9 2.0 
North 4.5 1.9 3.8 2.7 1.0 1.8 
South 3.5 3.1 3.6 2.7 2.1 2.2 
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(Nahmias et al. 2000; Santoni et al. 2006; Simeoni et al. 2011). It is also the case that 
even the polygon method is still a rough representation of the actual clustering of 
vegetation (with live needles being tightly clumped on the shoots), and further 
refinements should be considered in the future. 

7.4.2 Localized behavior 
Having explored the general characteristics of fire behavior, the final step is the 
investigation of the detailed experimental fire behavior measurements obtained at the 
locations in Figure 6.2, as described in Chapter 4. Of the previously discussed 
simulations, SL2 is selected for the analysis of localized fire behavior. While no large 
differences were found in the general behavior for the different fuel and wind conditions 
tested, SL2 is taken as the best case. It uses the canopy fuel description which has an 
intermediate degree of spatial heterogeneity, but has undergone rigorous validation 
(Clark et al. 2013) (as opposed to the polygon model). It also employs the DFSEM 
technique, giving ambient flow properties which are more representative of the 
experiment (Table 7.4). Note that, for clarity, references to the experimental 
measurement sites end in an ‘E’ (e.g. F1E), while equivalent sites in the simulation 
end in an ‘S’ (e.g. F1S). 

7.4.2.1   Overview 
As in Chapter 4, it is useful to start with a general description of the behavior at the 
two sites. This provides some context against which the various measurements can be 
discussed. Using the contours of the surface pyrolysis front (Figure 7.3), local spread 
rates of 0.37 m·s-1, 0.3 m·s-1and 0.32 m·s-1 were found for sites F1S, F2S, and F3S, 
respectively. These fall between the local estimates of F1E and F2E in EX2 (0.2 and 

0.4 m⋅s-1, respectively). The consistency in the simulation between locations falls in 
line with the observation of generally steady spread during much of the fire (Figure 
7.5). An examination of the simulated local crown consumption at the three sites is 
given in Figure 7.9. In all cases, there is a simulated over-prediction in the lower levels 

of the canopy (𝑧𝑧 < 3 m), with ~95% consumption at the base. Higher up in the 
simulation, site F1S had the highest consumption and was closely matched to the 
experimental consumption at F2E (the area of crown fire). F2S and F3S had very 
similar consumption, and were in between the experimental values for a surface fire 
(F1E and F3E) and crown fire (F2). However, it has been discussed previously (Section 
7.4.1.2, and in Chapter 3) that the experimental data is a likely an under-prediction 
of the true consumption in the region of crown fire. Further, given the previous 
evidence that the low bulk densities of the canopy minimize its impact on the surface 
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fire behavior, we expect the simulated point measurements of temperature, velocity, 
and heat flux to be representative of a surface fire, with a slightly higher intensity at 
F1S compared to F2S and F3S. 

 

Figure 7.9 – Vertical profiles of mean percent canopy consumption for EX2 and SL2 over a 900 m2 

area at each of the measurement sites. Experimental profiles are only shown up to heights where 
∆𝒎𝒎 > 0.005 kg·m-3, as anything less is too noisy.  

7.4.2.2   Temperature 
A comparison of simulated and experimental gas-phase time-temperature curves, at 
the lowest and highest thermocouples, is given in Figure 7.10. For visual clarity, a 1-
second moving average is applied to both experimental and simulated measurements. 
A threshold value of 300 °C is chosen to signify the onset of flaming, as used in previous 
field studies (and discussed in more detail in Chapter 4). As discussed in Chapter 6 
(and used previously in this chapter), a heat release rate threshold may be more 
appropriate to define the flame region in the simulations. However, the interest here 
lies in directly assessing the predicted gas-phase temperatures. 

In the preheating stage, prior to flame arrival, simulated temperatures at the 
shrub level (0.6 m) stay near-constant at ambient, indicating a limit to the magnitude 
of long-range convective preheating, similar to the experiment. However, at F1S and 
F2S in the simulation, there are some small bursts of warm air, around 10 s and 5 s 
ahead of the main arrival, respectively. Note that the steady, gradual temperature 
increase observed at F2E in EX2 is likely associated with thermocouple errors due to 
radiative heating (Silvani and Morandini 2009), which was particularly strong at this 
location. The simulation gives a fundamental measure of the gas-phase and does not 
represent such a bias. The upper temperatures (2.4 m) show an earlier temperature 
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increase, particularly at F1S, which indicates more convective heating higher up, 
resulting from an earlier arrival of the smoke and flames, due to tilting of the plume. 

 
Figure 7.10 – Gas-phase temperature for EX2 and simulation SL2 at measurement sites (a-b) F1, 
(c-d) F2, and (e-f) F3, at heights of (a,c,e) 0.6 m and (b,d,f) 2.4 m. The flaming threshold (300 
°C) is noted by the dashed line. Curves represent a 1-second moving average and time scales are 

adjusted to the arrival of the fire at the base of the primary tower (𝒕𝒕 = 𝟎𝟎 s).  

During the fire residence, the qualitative trends of the simulated temperatures 
at the lowest height match the experiments quite well, showing a rapid temperature 
rise up to the peak values followed by a period of sustained high temperatures. At the 
upper thermocouple, the simulated trends show lower peaks with less sustained flame 
contact. This response agrees with the surface fire behavior at F1E and F3E in the 
experiment, but the simulated response at F2S does not show the same prolonged high 
temperatures which resulted from the crown fire behavior at F2E. This is not 
surprising, given the overall fire behavior and fuel consumption in the simulation. It 
is worth noting that the temperature peak at the upper thermocouple at F1S is delayed 
compared to the experiment. However, the peak at the lower thermocouple is also 



Chapter 7 – Large scale simulations  253 

 
 

delayed, and so the response along height is agreeable. In general, while these are only 
point measurements, they serve to support the description of a fire intensity in 
between that at F1E and F2E in the experiment.   

Obvious discrepancies at both heights occur in the wake of the passing front, 
during the period of intermittent, low-intensity flaming and smoldering combustion. 
Smoldering combustion is not considered in the boundary fuel (see Chapter 5) and, 
upon complete consumption of the virgin vegetation, the surface temperature takes on 
the value of the gas-phase temperature at the interface. This means that neither the 
energy associated with smoldering combustion nor the effect of residual heat in the 
surface are included, while in reality these phenomena contribute to the more gradual 
and turbulent temperature decay observed in the experiments. 

A quantitative comparison of the flaming characteristics, based on the 300 °C 
threshold, is given in Table 7.5. Simulated temperatures within the shrub layer (0.6 m) 
fall between 954 – 1062 °C, a narrower range than the experimental observations (814 
– 1017 °C) and shifted to the higher end. However, the experiments are not a direct 
measure of gas-phase temperature, and depending on the surrounding environment, 
the thermocouples may be on the order of 10% lower than the actual value (Silvani 
and Morandini 2009). Along height, the simulated values span 34 °C, 110 °C, and 
191 °C for the three sites, respectively. While the simulated peak temperatures do not 
reduce along height as dramatically as the surface fires in the experiment (F1E and 
F3E), there is an overall tendency for decrease, particularly at F2S and F3S.  

The simulated residence times in the shrub layer (0.6 m) are relatively 
consistent between the sites, and resemble the ~20-30 s experimental range. However, 
the residence time at the uppermost thermocouples is not as prolonged, showing only 
50-60% of the residence in the crown fire site of the experiment (F2). There is also a 
general increase in intermittency along height. Taken with the lower residence times, 
this demonstrates the difference in flame contact between the lowest and highest 
thermocouples, as seen in Figure 7.10. It must be noted, as discussed in Chapter 4, 
that the choice of a temperature threshold and the effect of intermittent and post-
flaming combustion can complicate the exact determination of residence time. Take 
for example, Figure 7.10c, where the main envelope of the flame residence appears 
well represented, but the residence times differ by ~13 s (Table 7.5), as a result of the 
threshold chosen. Overall, the duration of the fire in the shrub layer appears well 
reproduced. 
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Table 7.5 – EX2 and simulation SL2 flaming characteristics at the three sites. Measurements are 
peak temperature (𝑻𝑻𝒈𝒈), residence time (𝒕𝒕𝒓𝒓), and flame intermittency (𝜦𝜦) (as introduced in 

Chapter 4). 

As a final point, the canopy fuel consumption was high at F2S and F3S (Figure 
7.9), despite the fact that the flaming contact (residence time multiplied by 
intermittency), was low in the simulation. The implication is a tendency of the canopy 
fuel to be consumed too easily (though given its very low bulk density, the effect of 
this combustion on overall fire behavior is small). Outside of the arguably crude 
representation of the forest canopy in this simulation, the physics of the drying and 
combustion of live fuels are still poorly understood (Finney et al. 2013) and are not 
differentiated in the model (except through increased moisture). This certainly hints 
at an area for investigation and continued model development, particularly for 
applications which are focused on live forest canopies. 
 A distinct advantage to the simulations, and one of the reasons why 
development is worthwhile, lies in the capability to query a vast number of quantities 
over any spatial extent (within the constraints of the discretization). In this case, a 
more complete profile of the temperature rise (showing its decay along height) can be 
generated, both in both the flaming region and the plume above. Focus is placed on a 
2-dimensional transect bisecting the fire front on the eastern half of the burn block 
over the quasi-steady period of 300 – 700 s. Studies of axisymmetric (McCaffrey 1979) 
and line fires (Yuan and Cox 1996) have shown that separating the continuous flame 
region, the intermittent flame, and the plume are useful for analyzing temperature 
and velocity profiles. Here we use the volumetric heat release rate cutoff of 50 kW·m-3 
to determine the flame tip (as established in Chapter 6). To define the different 
regions, the continuous flame is considered to have an intermittency above 0.95 and 

Site 𝒉𝒉 [m] 𝑻𝑻𝒎𝒎𝒎𝒎𝒎𝒎 [°C] 𝒕𝒕𝒓𝒓 [s] 𝜦𝜦 
  EX2 SL2 EX2 SL2 EX2 SL2 

F1 

0.6 947 1062 19.8 26.4 0.80 1.00 
1.2 814 1047 21.2 24.3 0.62 0.76 
1.8 776 1050 21.9 22.2 0.46 0.49 
2.4 708 1028 17.7 20.5 0.67 0.32 

F2 

0.6 814 954 31.3 18.1 0.79 0.95 
1.2 966 980 33.9 22.1 0.67 0.66 
1.8 887 936 29.6 14.8 0.77 0.72 
2.4 875 844 29.5 15.2 0.77 0.53 

F3 

0.6 1017 965 27.8 18.0 0.88 0.97 
1.2 870 970 22.3 16.3 0.67 0.76 
1.8 836 892 17.4 14.6 0.75 0.69 
2.4 664 774 22.2 15.5 0.41 0.60 
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the intermittent flame extends to an intermittency of 0.05 (Dupuy et al. 2003; 
Morandini et al. 2006). The profile of intermittency is shown in Figure 7.11 and shows 
the continuous flame up to 1.5 m and the intermittent flame up to 13.4 m. This covers 
a large range, however, the situation deviates from the traditional buoyant plume 
analysis (over a burner or pool fire) in that there is the potential for vegetation to 
contribute to the gaseous fuel stream over a range of heights (~12 m). In a field 
experiment of fire spread in shrublands, Morandini et al. (2006) used thermal imaging 
techniques to study the flame intermittency. The intermittent region was found to 
account for 75% of the maximum flame height, greater than the value of 65% found 
in laboratory studies of pine needle beds (Morandini et al. 2005). In this case, the 

intermittent region is ~89% of the maximum height (estimated as 𝛬𝛬 = 0.05, using the 
>50 kW·m-3 heat release criteria), which is greater but still comparable. The large 
extent of the intermittent region highlights the turbulent nature of flames in the 
wildland environment, and may also be enhanced in this case by the potential for 
canopy consumption to intermittently add pyrolysis products to the fuel stream. 

 
Figure 7.11 – Flame intermittency (𝜦𝜦) profile for simulation SL2 during the period of 300 – 700 s 

post-ignition. Flame height at a given instant is determined by the threshold volumetric heat 
release rate value of 50 kW·m-3. The hatched region corresponds to the intermittent flame, 

defined by 0.05 < 𝜦𝜦 < 0.95. 

The decay of centerline temperature in a buoyant plume is driven by the 
entrainment and turbulent mixing of ambient air with the combustion products. 
Therefore, the temperature can be linked to the distance from the base of the plume 
to a given location, as this relates to the amount of entrainment which can occur. In 
a purely buoyant plume in a quiescent atmosphere, height and distance are 
synonymous. However, in the case of a plume that is tilted by ambient wind, as is the 
case here, the height no longer equates to the total distance traveled. Using the mean 
velocity vectors determined along the plume centerline in the simulation (location of 
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greatest temperature rise), the lateral translation of the smoke can be estimated, giving 

a relationship between height (𝑧𝑧) and total linear distance (𝑠𝑠). This is shown in Figure 
7.12. Horizontal translation has a clear effect here, with smoke at a height of 60 m 
having traveled a distance closer to 200 m, for example. Therefore, only considering 
the height will not account for all of the entrainment, and the following discussion 

instead employs the distance, 𝑠𝑠.  
 

 
Figure 7.12 – Approximate relationship between linear distance traveled and height for smoke in 

the centerline of the plume. 

Previously, temperature rise above axisymmetric fires has been scaled by heat 
release rate (McCaffrey 1979), and in the case of line fires this is typically heat release 

rate per unit length (analogous to fireline intensity) to the two-thirds power (𝑄𝑄𝑙𝑙
2/3) 

(Yuan and Cox 1996; Quintiere and Grove 1998). For SL2, during the period of 
interest, this was estimated locally as 5500 kW·m-1, based on the 2-dimensional 
transect of heat release rate per unit volume. The scaled average maximum 
temperature rise, determined on the same transect, is shown in Figure 7.13.  

The defining work of McCaffrey (1979) on axisymmetric fires  shows a constant 

temperature region (𝜂𝜂 = 0) in the continuous flame, an inversely proportional decay 

in the intermittent region (𝜂𝜂 = -1), and a steeper decay in the plume (𝜂𝜂 = -5/3). 
However, it has been suggested by Yuan and Cox (1996) that for line fires the decay 
will remain inversely proportional in the plume region (potentially up to 6 flame 
heights, though the height of measurements prevented this from being rigorously 
demonstrated). This was attributed to the wide linear plume restricting lateral 
entrainment to the center, though eventually at certain height 3-dimensional effects 
can become significant, enhancing the decay. Here, the temperature rise follows a 
similar relationship, where the temperature is roughly constant in the continuous 

region and then follows a slope close to 𝜂𝜂 = -1 both in the intermittent and plume 
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region (Figure 7.13). The exact divisions between the regions (based on Figure 7.11) 
are subject to some uncertainty, particularly as the flame tip criteria may require 
further refinement and the 3-dimensional nature of the flow relative to the 
measurement plane (i.e. the conversion of flame height to distance traveled) adds 
uncertainty to the analysis. It is worth pointing out that the magnitude of the largest 
temperature rise (in the continuous flame) is sensitive to sampling frequency. Sampled 
at 10 Hz, the average maximum temperature at the base of the flame does not exceed 
800 °C (Figure 7.13). However, the 25 Hz point measurements suggest that in the 
shrub layer this value should be higher (Table 7.5). This raises questions about the 
importance of high frequency fluctuations and the appropriate sampling rate to use, 
not only for the experiments but also for the model. This work does not aim to answer 
such questions, but it is worth considering for the sake of completeness and future 
experimental design. 

 
Figure 7.13 – Average maximum temperature rise against scaled distance. Estimates of the 

continuous, intermittent, and plume regions are separated by dashed lines. Typical exponents for 
the temperature relationship are given (𝜼𝜼). 

7.4.2.3   Velocity 
The vertical velocity magnitude is useful for comparing the simulated buoyancy flow 
against the experiment, and a comparison of the point measurements and simulation 
at F1 and F2 is given in Figure 7.14. Leading up to the fire, both the experiment and 
simulation have nominally zero vertical velocity. There are small turbulent 
fluctuations in the experiment (with magnitude <1 m·s-1) which are essentially non-
existent in the simulation. However, the experimental fluctuations fall into the range 
of poor instrument resolution (see Chapter 4), and a great deal of significance should 
not be attached to these. There is a clear signal response in the simulations at the 
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time of fire arrival, and the instantaneous simulated maxima are 6.4 m·s-1 and 7.4 
m·s-1 for F1S and F2S, respectively. These are lower than the instantaneous 
experimental maxima of 13.0 m·s-1 and 9.6 m·s-1 by 51% and 23%, respectively, though 
the maxima from the 1-second moving averages show generally good agreement in the 
peak values (Figure 7.14). The simulation also shows downdrafts, with instantaneous 
maxima of 3.0 m·s-1 and 1.9 m·s-1, respectively. However, this behavior is intermittent 
and does not show up as strongly in the filtered signals at either site (which is what 
are shown in Figure 7.14). Strong downdrafts (up to 8.0 m·s-1) were also observed in 
the experiment but the peaks were also intermittent and only appeared in the 
instantaneous data (Chapter 4). The highly turbulent nature of the flow in both the 
experiment and simulation, and the large influence of filtering on model agreement, 
suggests that the sensor response time of the pressure probe should be improved in 
future efforts in order to provide more robust measurements for comparison. 

 
Figure 7.14 – Vertical velocity for EX2 and simulation SL2 at measurement sites (a) F1 and (b) 
F2. In both cases, curves represent a 1-second moving average. Time scales are adjusted to the 

arrival of the fire at the primary tower (𝒕𝒕 = 𝟎𝟎 s). 

 Following the fire front passage, the simulated values return to zero quickly, 
and they do not fluctuate significantly, particularly after ~120 seconds from fire 
arrival. This is contrasted with the experimental measurements which fluctuate 
significantly well after the flaming front has passed. However, this difference is not 
unexpected, due to the restrictions on the post-flaming behavior of the simulated 
surface vegetation, following the previous discussion on temperature fluctuations (see 
Section 7.4.2.2). It can also be seen that at both sites in the simulation there is a brief 
period in the immediate wake of the fire, after ~30 s from fire arrival, where the flow 
is consistently biased to the negative direction, though the magnitude is light (<1 
m·s-1). Downdrafts have been observed behind fire fronts previously (Potter 2012b), 
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but this is in contrast to the continuing turbulent flow in the experiments, where the 
strong fluctuations that persist long after the fire front passage mask any periods of 
consistent downward flow which may occur in the wake of the fire. Measurement 
height should be a particularly important factor here. At greater heights, the passage 
of the buoyant plume followed by the ambient supply of air to the fire front may show 
a downdraft. However, buoyancy supplied by residual flaming and smoldering will 
dominate the features of the flow close to the surface, as demonstrated by the 
experimental measurements in Figure 7.14. 
 As with the temperature, the simulations also allow an investigation of the 
plume velocity along a greater range of heights. The profile is obtained at the location 
of maximum temperature for a given height, and then converted to distance traveled, 

as before (using Figure 7.12). The distance is again scaled by heat release rate (𝑄𝑄𝑙𝑙
2/3) 

and considered with respect to the continuous flame, intermittent, and plume regions 
(Figure 7.15) (McCaffrey 1979; Yuan and Cox 1996; Quintiere and Grove 1998). The 
study of axisymmetric plumes has found that velocity in the continuous region 

increases with a square root dependency (𝜂𝜂 = 1/2), is constant in the intermittent 

region (𝜂𝜂 = 0), and decays with a one-third dependency in the plume (𝜂𝜂 =-1/3) 
(McCaffrey 1979). However, it has also been suggested for line fires that the velocity 
remains constant in the lower plume region (Yuan and Cox 1996).  

 
Figure 7.15 – Average maximum vertical velocity against scaled distance. The continuous, 

intermittent, and plume regions are separated by dashed lines. Classical exponents for the velocity 
relationship (𝜼𝜼) are given in each region (McCaffrey 1979). 

Despite the added complexity of the reacting canopy along height, the 
vegetation-induced drag, and the oblique cross-wind, some features of the theory still 
appear in SL2. The buoyancy-driven velocity undergoes a rapid acceleration near the 
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ground, but the slope is greater than the anticipated square root dependency (with 

𝜂𝜂 ≈ 1). The velocity does plateau to a constant value in the intermittent region, as 
anticipated. In the lower plume region there is a continuation of the constant velocity, 

agreeing with the results of Yuan and Cox (1996). At a certain point (𝑠𝑠/𝑄𝑄𝑙𝑙
2/3 ≈ 0.3) 

the vertical velocity begins to decay along distance, though with a stronger dependence 

than the theory (with 𝜂𝜂 ≈ -3/4). It must be stressed that the differences between the 
current simulation scenario and the idealized studies in the laboratory mean that a 
perfect match is not expected. Instead, the value of comparison is in identifying if the 
simulation predictions generally agree with the expected trends or if some other 
behavior clearly dominates (which would then need to be explained either physically 
or as a function of the model itself). In this context, the simulation trends agree 
reasonably well with what is predicted by the simple theory. Further investigation of 
the plume dynamics should also take into account atmospheric characteristics, such 
as stability, which can play a role (Potter 2012b), and are likely not well represented 
in laboratory conditions.  
 The influence of the fire front on horizontal flow is also of interest, and the 
simulated predictions are again compared to the experimental measurements at site 
F1 and F2 (Figure 7.16). Positive values indicate flow from the north (in the direction 
of fire spread). The downstream effect of entrainment is visible, with a light (typically 
<3 m·s-1) but largely negative flow (from the south, counter to ambient wind) 
establishing in both the experiment and simulation. In the experiment, this reversal is 
first observed 240 s and 360 s before the arrival of the fire for F1E and F2E, 
respectively. An estimation from the progression puts the fire front 45 m and 80 m 
away from F1S and F2S at these times. In this simulation, the reversal times are 
roughly 160 s and 260 s, and the distances are 50 m and 90 m, respectively. Given the 
approximate nature of the distance estimation, the simulated downstream influence 
of the fire is quite consistent with the experiment. It should also be noted that the 
onset of the flow reversal at F1S is close to the time of ignition and early fire growth 
at this segment of the block, and this distance might be in greater agreement with 
that at F2S if the fire had established much further away.  

In a mass fire experiment, Countryman (1969) observed entrainment effects at 
least 150 m from the plume. On the other hand, in a grass fire experiment, Clements 
et al. (2007) only observed a change in wind direction immediately ahead of the fire 
(no distance was given). In a numerical study using FDS, Roxburgh and Rein (2008) 
found that the distance of the flow reversal was a function of both wind and fire 
intensity. This result may be expected, as these aspects will dictate the strength of 
the downstream entrainment flow and the ability of upstream momentum to traverse 
the fire front. For wind speeds and intensities similar to those found here, a distance 
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of ~70 m was suggested, which is comparable to both the experimental and simulation 
results. However, Roxburgh and Rein (2008) employed a 2-dimensional approach, 
which may have a tendency to over-predict such effects (Linn et al. 2012b), and this 
phenomena warrants further investigation. Along with the relative strength of ambient 
wind and buoyant flow, differences in past studies may also be liked to terrain and 
vegetation features which can serve to enhance sheltering in certain situations.  

 
Figure 7.16 – Horizontal velocity (streamwise direction) for EX2 and simulation SL2 at 

measurement sites (a) F1 and (b) F2. Positive values are in the direction of fire spread. In both 
cases, curves represent a 1-second moving average from a 10 Hz sample rate. Time scales are 

adjusted to the arrival of the fire at the primary tower (𝒕𝒕 = 𝟎𝟎 s). 

 As the simulated fire front approaches F1S, the flow remains counter to the 
direction of spread, until the main reversal. There are three small bursts at F2S, with 
peak magnitudes between 1.4-5.6 m·s-1, though these are closer to the main flow 

reversal (starting at 𝑑𝑑 = -9 s in Figure 7.16b) compared to the experimental 
measurements. The simulated gas-phase temperature signals at the velocity probe can 
be investigated, giving more information about these bursts. At F1S, the temperature 

does not exceed 200 °C before the fire arrival at the primary tower (𝑑𝑑 = 0 s), despite 
the flow changing direction before this. Further, peaks above 100 °C tend to be short-
lived (~1 s). Thus, long-range convective heating is likely only moderate. Likewise, at 
F2S the temperature does not exceed 200 °C in any of the bursts before the main flow 
reversal. Rather than dominating the heating directly, these longer-range changes in 
the flow patterns are more likely to enhance radiative heating by preventing any 
convective cooling of fuel particles. In the experiment, a few bursts of forward flow 
were observed at F1E. These appear slightly earlier than any such burst in the 
simulation (~35 s before the fire arrival), and are greater in duration. However, the 
extent to which these signify strong convective heating is not known. 
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With arrival and passage of the fire front, the flow quickly reverses to match 
the direction of fire spread and ambient wind, following a very similar response to the 
experiments. The simulated velocities reach instantaneous maxima of 8.9 and 7.9 m·s-1 
for F1S and F2S, respectively. As with vertical velocity, these are lower than the 
instantaneous experimental maxima (16.2 m·s-1 and 13.1 m·s-1), in this case by ~40-
45%. The filtered values, however, do show a closer agreement with the experiment 
(Figure 7.16). Thus, the dominant flow trends are replicated, while the higher 
frequency peaks are missed. This may, again, have to do with differences in sampling 
frequencies, as well as limitations in the experimental data in terms of accurately 
preserving very high-frequency traits of the signal. Following the peak, the simulated 
horizontal velocity decays following a similar trend to the experiment, but with much 
lower magnitudes and without the tendency for a strong persistent draft well after the 
passage of the front, as exhibited in the experiments. This simulated velocity in this 
region is inevitably linked to the drag of the remaining vegetation, the formulation of 
which requires further investigation (see Chapter 6). However, it is also not entirely 
clear to what extent the poor representation of the post-fire thermal boundary 
condition plays a role here. It may be that buoyancy from residual heat, interacting 
with the downdraft of ambient air typical in the wake of the fire (Potter 2012b), can 
generate vortical structures which can enhance horizontal flow. Regardless, this strong 
draft after the front is important for the oxygen supply to promote smoldering (Rein 
2013), as well as being particularly key for understanding the mechanism for the 
generation of firebrands (El Houssami et al. 2015), and so the under-prediction in the 
simulation requires further investigation. 

7.4.2.4   Radiative Heat flux 
The final detailed fire behavior measurement available for comparison is the incident 

radiative heat flux. Examples of time histories for the center heat flux sensor at 𝑧𝑧 = 
1.1 m, adjusted to arrival at the base of the primary tower, are shown for F1 and F2 
in Figure 7.17a-b. The simulation shows less of a response prior to arrival in both 
cases, most significantly at F2S (where large fluxes were observed experimentally due 
to the occurrence of local crown fire behavior). For example, 15 s prior to arrival, the 
simulated flux is only 22% and 21% of the measured value for F1 and F2, respectively. 
The signals increase rapidly with as the fire approaches, with the arrival at the primary 

tower (𝑑𝑑 = 0) giving simulated flux values 20 kW·m-2 and 19 kW·m-2 at F1S and F2S, 
respectively, and the overall signals are qualitatively similar (Figure 7.17a). There is 
a significant potential sensitivity of the ‘arrival’ flux value to the definition of fire 
arrival (a temperature criterion may not be the best indicator, as discussed in Chapter 
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6). Due to the fact that incident flux is increasing rapidly at the time of arrival, a 
difference of 2 seconds can serve to double the value.  

Another useful way to view the flux ahead of the fire is with respect to distance, 
particularly due to the discrepancies in spread rate between the simulation and 
experiment. Figure 7.17c-d give this representation by applying the estimates of local 
spread. Here, the under-prediction remains but the agreement of the trends is 
improved at F1. As mentioned previously, sensitivity to the definition of fire arrival 
can serve to shift the curves somewhat. However, there is little justification to make 
specific adjustments, and the tendency for under-prediction in long-range radiation at 
both sites is quite clear.  

 
Figure 7.17 – Comparison of incident radiative heat flux, 𝒒𝒒′′𝒊𝒊𝒊𝒊𝒄𝒄, between simulation SL2 and EX2 
for measurement sites (a,c) F1 and (b,d) F2 at 𝒛𝒛 = 1.1 m on the center secondary tower. 𝒙𝒙-axes 
represent (a-b) time to arrival at the primary tower and (c-d) distance to the heat flux sensor. 

Shaded areas on the experimental data represent the uncertainty from the calibration (Chapter 4). 

 As the fire front passes, the peak simulated incident radiative heat flux is 
105 kW·m-2 and 87 kW·m-2 for F1S and F2S, respectively, at a height of z = 1.1 m. 
At z = 0.9 m, these values are 157 kW·m-2 and 136 kW·m-2. These peak values, close 
to the shrub layer, are generally consistent with the range of 120-130 kW·m-2 reported 
for brush fires by Frankman et al. (2013a) and that of 150-175 for high intensity 
shrubland fires in Cruz et al. (2011), but are below the 200-300 kW·m-2 range for that 
has been reported for crown fires (Butler et al. 2004; Frankman et al. 2013a). This 
places the peaks of the simulation in a reasonable range, as full crown consumption 
was not simulated and such high values are not expected. 
 The above discussion only considers the center sensors. As was done in Chapter 
4, the total radiative energy associated with preheating for all sensors is obtained by 
integrating up to the time of fire arrival, allowing a comparison of radiation-driven 
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preheating potential between both the different sites and the individual sensors at a 
site. Figure 7.18a shows the original integration from each sensor, while Figure 7.18b 
applies correction factors for sensor view angle, following the method established in 
Chapter 4. The experimental averages are also given in Figure 7.18b. In order to apply 
the view angle corrections, the approach angle of the simulated fire front was 
determined locally from fire contours (e.g. Figure 7.3), while the sensor orientations 
were set in the model to be identical to the experiments. The view angle correction is 
successful in rectifying the differences caused by sensor angle and providing more 
comparable measurements, however, the improvements are largely masked when 
comparing the large discrepancies in long-range energy transfer with the experimental 
values. Overall, the differences between the two sites are small, with the average 

corrected energy at 𝑧𝑧 = 1.1 m being 187 kJ·m-2 and 254 kJ·m-2 for F1S and F2S, 

respectively. At 𝑧𝑧 = 0.9 m the differences are even less (95 kJ·m-2 and 119 kJ·m-2).  

Compared to the experiment, at 𝑧𝑧 = 1.1 m they are only about ~21-27% of the 

equivalent values, and at 𝑧𝑧 = 0.9 m they are ~10-15%. This also highlights the fact 
that the simulation response appears more sensitive to the sensor height. While the 
experiment showed a 7-8% difference between the two heights, the lower values are 
51% and 47% of the upper values for the simulation at F1S and F2S, respectively. 
However, the simulation values are not true representations of point measurements at 
these specific heights, as discussed in Section 7.3.3, and a greater difference is expected 
as the measurements are obtained in adjacent grid cells which have separation (0.5 
m) of over twice the experimental sensor separation (0.2 m).  

 
Figure 7.18 – Integral incident radiative flux, 𝑸𝑸′′

𝒊𝒊𝒊𝒊𝒄𝒄, for simulation SL2 at sites F1 and F2, both (a) 
uncorrected and (b) corrected for sensor view angle. Values are integrated over a 120 s window, 

ending at the fire arrival at the ‘primary’ tower. 

 The significant under prediction of radiative transport appears to be the most 
problematic aspect of the numerical results. Pimont et al. (2014) found a satisfactory 
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prediction of radiative flux up to 30 m from a crown fire using the FIRETEC physics-
based model. However, FIRETEC uses a Monte-Carlo method for radiation which is 
not directly comparable to WFDS. Hostikka et al. (2008) used FDS to study WUI fire 
scenarios and showed radiative fluxes of ~25 kW·m-2 at 10 m from a 6000 kW·m-1 fire. 
This is more comparable to the values measured in the crown fire region in EX2, but 
there the local fire intensity was estimated to exceed 21000 kW·m-1. However, they 
achieved this intensity with a fixed flow rate from a burner for which the fire geometry 
may differ from a crown fire and direct comparison is non-trivial. Mell et al. (2009) 
showed good agreement with radiative fluxes from vegetative fuel (a single tree crown) 
in laboratory studies, though these were measured at maximum distance of 3 m. 
Further, all of the above studies focus on radiative transfer across open spaces, while 
this study is novel in that it considers radiation at significant distances within the fuel 
layer, where uncertainty in the vegetation extinction coefficient may play a role. 
Effects of angular discretization may also play a role at large distances, and Hostikka 
et al. (2008) recommend 1000 angles for 3-dimensional simulations, though other 
studies have indicated that 500 should be sufficient (as used here). Further, the degree 
of difference between 100 and 1000 angles for moderate- to high-intensity fires shown 
by Hostikka et al. (2008) does not appear sufficient to explain the discrepancy here. 
The interplay between heat of combustion, radiative fraction, and soot yield may also 
need to be considered. All of these will affect the relative importance of radiation in 
the model, and none were uniquely determined for the fuel types investigated here. 

The simulated values do reach similar levels compared to the experiment at the 
point of fire arrival, and it has been suggested that only the short distance radiation 
is key in driving fire spread and that fuel may reach thermal equilibrium further away 
as a result of convective cooling (Baines 1990). This is especially true for thin fuels, 
which can efficiently cool by convection (Finney et al. 2013), and these are generally 
accepted to play the main role in fire spread. This can explain why spread rates similar 
to the experiments are achieved despite the under-prediction of long distance radiative 
fluxes, and this is examined further in the following section. However, the simulations 
do not appear to replicate the kind of behavior that led to auto-ignition of a tree bole 
at F2 (Chapter 4). Thus, if the model is to be used for applications beyond fire spread, 
such as studying the thermal impact on tree boles or ignition of thick fuels related to 
the WUI, this problem must be addressed. 

7.4.2.5   Vegetation heating mechanisms 
The numerical model also allows the interrogation of different vegetation heating 
mechanisms within a particular grid cell. While no experimental measurements are 
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available for direct comparison here, and indeed such information would be quite 
difficult to obtain in the field, this warrants a brief discussion. Particularly, this helps 
close the understanding of how the different processes discussed above actually 
interact with the fuel to drive the ignition. The net convective and radiative heating 
of vegetation, as well as solid phase temperature, are shown in Figure 7.19 for an 
example computational volume (0.125 m3) in the shrub layer at site F1S. This figure 

contrasts the thinnest shrub fuel class (s1, 𝑑𝑑 = 0-2 mm) against the thickest shrub 

fuel class (s3, 𝑑𝑑 = 4-6 mm), and a clear difference can be seen between the two classes. 
To aid in the understanding of the ignition process, the energy balances (Figure 7.19a-

b) are both shown up to the time of ignition* (𝑑𝑑 = 0) for the respective fuel size. 
Additionally, vertical lines are drawn to show the time that moisture vaporization 

starts (𝑇𝑇𝑒𝑒 = 100 °C), and the time that the flame arrives (𝑇𝑇𝑔𝑔 = 300 °C), which will be 
the same for both as they occupy the same gas-phase cell. 

For the thin fuel (s1), as radiative heating from the approaching front 
increases, some convective cooling occurs. These mechanisms are not balanced, and so 
the fuel temperature rises due to radiation, though not very significantly at first 
(Figure 7.19c-d). Closer to ignition, pulses of convective heating occur, first exceeding 
the magnitude of radiation ~2 s before drying begins. Immediately prior to flame 
arrival the convective transfer increases, but this is also accompanied by a sharp 
increase in radiation coinciding with flame arrival. Thus, the ignition behavior appears 
to be strongly coupled between convection and radiation. Further, the main 
temperature rise occurs only <5 s before ignition (Figure 7.19d), with convection 
helping to limit preheating before this. This helps explain the fact that the model 
represents characteristics of an intense surface fire despite the under-prediction of 
long-range incident radiative flux (Section 7.4.2.4). Using the local spread rate, the 
fire is ~2 m away at 5 s from arrival, at which distance the simulated radiative flux 
becomes more representative of the experimental measurement for a surface fire 
(Figure 7.17c). Nevertheless, this aspect must be investigated more in the future. 

The thicker fuel (s3) shows a different response, with a positive net convective 
heating contributing to the radiative heating for the entire duration. This is a result 
of the slower thermal response of these fuels, which gives lower solid phase 
temperatures compared to the gas-phase, particularly after the fire has arrived. The 
diminished response compared to the s1 fuel, despite an equivalent bulk density, 
remains low owing to the larger surface-to-volume ratio. This reduces the surface 

                                        
* Ignition is approximated by a solid phase temperature of 227 °C, which has been used as the temperature 
of peak pyrolysis for simplified degradation of vegetation (Mell et al. 2009), as no clear threshold occurs 
in the Arrhenius model used here (Chapter 5).  
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available for radiation absorption and diminishes convection (despite a larger 
temperature gradient between gas- and solid-phase) as a result of the larger length 
scale (diameter) in the Nusselt number. In this case, it is even more difficult to identify 
a dominance of convection or radiation at any given instance.  

 
Figure 7.19 – Net convective and radiative heat transfer in an example computational volume at 
site F1, for (a) shrub fuel size class s1 and (b) shrub fuel class s3. Times are relative to ignition 
for the particular class (𝒕𝒕 = 0 s at 𝑻𝑻𝒆𝒆 = 227 °C). Vertical line (i) corresponds to the start of 

drying for the particular class (𝑻𝑻𝒆𝒆 = 100 °C) and line (ii) gives the time of flame arrival (𝑻𝑻𝒈𝒈 = 300 
°C). (c) Gas and solid-phase temperature and (d) solid-phase temperature gradient for classes s1 

and s3. Times are relative to ignition for class s1. 

It must be mentioned that this discussion only focuses on a single example grid 
cell. Due to the heterogeneous, 3-dimensional nature of the simulation, there will be 
various local differences (e.g. more or less significant bursts of convective heating at 
different locations). However, the discussion serves to highlight a great strength of the 
detailed physics-based approach, in that it does not require an assumption of the 
dominance of one heating mode over another. The simulations clearly depict a mixed-
mode environment. The differences in preheating behavior between the size classes 
also demonstrate the importance of separating the broad category of 1-hr fuels into 
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smaller sub-categories. The range of sizes encompassed leads to important differences 
in the heating mechanisms, and the overall thermal response. 

7.5 Concluding remarks 
This work represents a first test of the ability of WFDS to replicate a field-scale 
experimental in a forested environment. In an effort to determine the level of detail 
necessary when recreating the conditions of the experiment, a method for specifying 
turbulent boundary conditions and three different levels of canopy fuel heterogeneity 
were considered. The introduction of ambient turbulence was found to slightly increase 
the steadiness of fire spread rate, but did not affect surface fuel consumption. The 
three different levels of detail in the spatial distribution of canopy fuels produced fires 
with essentially identical mean characteristics. In all cases, spread rate and fuel 
consumption were indicative of the higher end of experimentally observed behavior, 
tending towards a high intensity surface fire, and while canopy consumption was 
significant, it was not as complete as would be expected from a full crown fire. One of 
the most important aspects appeared to be wind direction, with the fire struggling to 
spread on the flank most directly exposed to oblique prevailing winds. This feature 
demands further investigation, as previous work has primarily focused on 
perpendicular wind (either with or opposed to the direction of spread). 
 Simulation predictions were compared to point-based measurements of local 
fire behavior. Qualitatively, the trends tended to agree well, with the shape and 
residence of temperature and velocity signals following the experiment, particularly 
close to the shrub layer. This must also be considered in the context of the somewhat 
stochastic nature of field measurements. Small changes in sensor location may affect 
point measurements (due to the nearby arrangement of vegetation, etc.), despite an 
overall consistency to the local fire behavior. This can be further compounded by 
uncertainty associated with instrumentation limitations, as discussed in Chapter 4. 
The most notable discrepancies in the point measurements were the under-predictions 
of simulated peak fire-induced, surface-level velocities, as well as the intensity of long-
range incident radiative fluxes. More minor discrepancies, at least from the perspective 
of fire spread, were found to arise from a poor representation of the post-flaming 
behavior of the vegetation, particularly in the litter layer. It was found that, in the 
model, preheating of the shrub layer was driven by radiation, though convection 
certainly played an important role close to ignition. 

These results provide some focused guidance for future efforts. More detailed 
interrogation of simulated velocities will require better instrumentation, as the 
measurements here are limited by sensor response times and directional sensitivity. 
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On the modeling side, further investigation into the modeling of vegetation drag is 
warranted, as was established in Chapter 6. Radiation measurements can also be 
improved through the use of sensors which give measurements through the entire 
passage of the fire. However, there are important considerations, such as cooling and 
gas purging (to keep the sensor free of soot in the flames) which can lead these to 
become expensive and logistically difficult to implement (Silvani and Morandini 2009; 
Frankman et al. 2013a). The simple devices used here are still able to provide useful 
information, and they should be the most reliable over longer distances (such as 
analyzed here), when uncertainties in convection are lower. The model discrepancies 
in terms of radiation can be addressed by further assessment of the radiation 
formulation in both the gas-phase (radiative fraction, gas-phase absorption coefficient) 
and solid-phase (vegetation absorption coefficient). This will require both field and 
laboratory studies. Finally, given that shrub fuel had a relatively high density 
(compared to the canopy) it is possible that both velocity and radiation near this layer 
will be more substantially affected by heterogeneity than for the canopy. Therefore, 
further testing involving the refinement of the spatial arrangement of this layer in the 
model is also suggested.  
 This work highlights the fact that the model capabilities are present to describe 
a range of fire behavior aspects spanning multiple scales. While many of the features 
of the physics are qualitatively representative of the experimental observations, the 
exact agreement or discrepancies can certainly be tweaked by adjusting uncertain 
parameters, such as those which were shown to have a clear effect on fire behavior in 
Chapter 6. This type of exercise can be carried out ad nauseam in order to produce 
desired results. However, such an undertaking is not fundamentally beneficial, and 
model advancement will come from further validation of specific sub-models and 
parameters.  
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8.1 Summary 
This chapter provides a summary of the benefits of the thesis to the research 
community. The benefits are grouped into two categories, which are considered here. 
The first pertains to the set of direct quantifiable outcomes of the analysis. In this 
case, they come in the form of the evaluations of a range of different metrics of fire 
behavior at field scale and the ability of a detailed physics-based modeling approach 
to recreate this behavior. The second pertains to the perspectives for future research 
which can be gained from the aforementioned outcomes. These can be further 
separated into the needs for both experimental and modeling research. However, they 
are inevitably linked, and the needs of one type of research will drive the other, and 
vice versa. 

8.2 Thesis aims 
To put the conclusions into context, it is worthwhile to restate the aims of the thesis. 
The primary goal was to test the capabilities of a detailed physics-based, 
Computational Fluid Dynamics (CFD) model of wildland fire behavior to simulate 
field-scale fires. The particular model was the Wildland-urban interface Fire Dynamics 
Simulator (WFDS). However, in order to meet this goal, detailed measurements of 
fire behavior at field-scale were required in order to provide direct comparison points 
for the model. As a consequence, obtaining such measurements then became a 
significant goal of the thesis as well, particularly as such measurement has merit on 
its own, both in improving the current understanding of the driving mechanisms of 
fire spread and in providing data for other modeling efforts. Finally, an important aim 
for this work was to inspire more of its kind. Both the execution of field-scale 
experiments and the development of detailed physics-based models are no small 
undertakings, and this thesis certainly does not signify an end. Therefore, a significant 
goal was to specifically identify areas for future improvement and research, and these 
will be discussed here. 

8.3 Research outcomes 

8.3.1 Experimental 
The first part of the research presented here focused on measurements of field-scale 
experimental fires in a forested environment. First, a broad analysis of fire behavior 
was provided for two such experiments. These were carried out under similar, 
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moderate burning conditions (e.g. relative humidity, temperature, and wind). Pre- and 
post-fire fuel structure was characterized by both destructive sampling (for surface 
fuels) and LiDAR-based remote sensing techniques (for canopy fuels). Ambient 
environmental temperature and wind measurements were made with thermocouples 
and 3-D sonic anemometers, while fire behavior was tracked with aerial IR-imagery. 
The fires were observed to spread predominantly in the surface fuels (litter and shrub 
layer) with intermittent torching in the tree crowns, and mean spread rates were 
between ~0.1-0.2 m·s-1 during periods of steady spread, with surface fire intensities in 
the range 1600-4400 kW·m-1. However, fire behavior was not steady, overall, and 
periods of passive crown fire were observed, as well as a substantial period of 
diminished fire spread in the second experiment (with rates around 1 cm·s-1). The 
detailed characterization of pre- and post-fire canopy fuel structure was a unique 
contribution of these experiments, and while certain limitations* were identified in 
both the sensor design and the detail of information able to be extracted, these 
measurements were particularly valuable for identifying the regions of crown fire 
activity. An estimate for crown fire intensity of as much as 21 MW·m-1 was provided. 
This transitional behavior between surface and crown fire was examined in terms of 
fuel and wind conditions. Crown fire was linked to higher-than-average canopy 
density, suggesting the possibility of a critical peak bulk density of ~0.16 kg·m-3, or a 
critical integrated† bulk density of ~0.1 kg·m-3, which is consistent with previous 
observations for crown bulk densities (Agee 1996). However, this could not be 
identified as the sole driver. Shrub fuel heterogeneity is likely to have played a role 
here, but detailed spatial information was not available, and localized wind gusts could 
have also contributed. The unsteady behavior of the fires could also be linked to the 
fact that the buoyant forces of the plume overpowered the momentum of the ambient 
wind, given the mild conditions for these fires. This type of, so-called, plume-
dominated fire tends to be governed by non-linear mechanisms of radiation and fire-
induced turbulence, and thus are more erratic, helping to explain the shifts in fire 
behavior (Morvan 2011). However, neither the shrub fuel heterogeneity nor the nature 
of localized wind gusts could be adequately quantified with the available measurement 
resolution, and further studies are needed. Beyond providing an analysis of the range 
of fire behavior observed, this chapter provided the foundation for setting up the 
detailed physics-based model later on, giving necessary inputs for fuel and weather 
conditions.  

                                        
* Specifically, these limitations refer to the multiple-time-around (MTR) zones in the LiDAR acquisition 
(leading to systematic data loss) and the current approach for modelling fuel distribution based upon the 
LiDAR returns (which does not account for height dependency in the proportion of various fuel classes). 
† Total canopy fuel load divided by canopy height, for a given location. 
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 The chapter following this broad analysis was dedicated to a discussion of 
point measurements of local fire behavior made in the second of the two experiments. 
Specifically, these were temperature, velocity, and heat flux. The measurements were 
made at the nominal level of the flames, at different sites within the experimental 
block. The analysis provided a range of observed flame temperatures and residence 
times. Differences were compared between sites of surface fire behavior and a site of 
greater intensity, with crown fire involvement. Along with flame heights, differences 
in heat transfer mechanisms were identified. The appearance of lower radiative heat 
fluxes and several significant forward burst of gas, which may be linked to long-range 
convective preheating (up to 35 s before the arrival of the main front), were identified 
in the surface fire, as compared with higher radiative fluxes and no obvious forward 
bursts in the crown fire (at the level of the shrub layer). In both cases, a long-range 
flow reversal was identified ahead of the fire front, as well as strong fire-induced flow 
in the wake, concurrent with ambient winds but significantly greater in magnitude. 

The measurement analysis was carried out considering the context of the 
limitations and uncertainties in the techniques, and particular focus was given to the 
influence of view angle on radiative heating measurements. This aspect can be difficult 
to prescribe ahead of time in a field experiment, and so an analytical correction factor 
has been proposed, with promising results. Once again, the benefit of this chapter 
extends beyond a pure discussion of various aspects of fire behavior, by providing 
specific data for model testing (though these measurements are certainly interesting 
as they add to a relatively small collection of such studies). Owing to the nature of 
the detailed physics-based approach, such thermodynamic measurements are highly 
valuable for direct comparison to model predictions, and were used as such in the 
work that followed. 

8.3.2 Modeling 
The modeling section of the thesis began with an investigation of the underlying 
formulations and assumptions which make up the Wildland-urban interface Fire 
Dynamics Simulator (WFDS) detailed physics-based model. This was accompanied by 
a description of two specific improvements which were made to the model. These are: 
(1) a method for reading in high-resolution spatial information pertaining to fuels 
(currently employed for bulk density information, but equally applicable for any other 
fuel property), and (2) an improved method for specifying synthetic turbulence at 
wind inlet boundaries (the Divergence-Free Synthetic Eddy Method – DFSEM). The 
former of these two can be developed to directly link models of forest growth and 
structure to simulations of fire behavior (Pimont et al. 2016). The latter was subjected 
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to some very simple tests for reproducing a flow with prescribed turbulent statistics, 
and the results were shown to be promising in terms of the ability to generate the 
components of a given turbulent Reynolds stress tensor along an inlet plane. 
 The next step was to quantify the influence of acknowledged uncertainty in 
various model parameters or formulations. While the complexity of detailed physics-
based models means that there are a large number of such parameters which may be 
considered, the focus here was placed on several which relate more directly to the 
modeling of vegetative fuel (rather than the general CFD approach). These were: the 
drag coefficient in the raised fuel layers, the convective heat transfer coefficient in the 
surface layer, the inclusion of the char oxidation reaction in the raised fuel layer, the 
value used for the heat of combustion of the volatiles, and the fuel moisture content. 
While not related to the modeling of vegetation, the effect of numerical resolution was 
also included, as this is an important consideration for any CFD study. The 
investigation was conducted using a reduced domain, representative of a portion of 
the second field experiment, with simplifications introduced into the specification of 
the ignition pattern, canopy fuel density, and wind. The results of the study showed 
that no parameter, when modified to a justifiable extent, produced entirely unrealistic* 
fire behavior. However, changes to spread rate were modified by up to 65% of the 
baseline simulation (initial assumptions). Further, the only basis for acceptability of 
the sensitivity was on the experimental observations, and, as discussed above, 
considerable variation was present. Of all parameters, the dead fuel moisture had the 
greatest influence on fire behavior, changing spread rate, for example by as much as 
65% for a 50% increase. Heat of combustion also had a considerable impact, 
particularly given that a spread rate increase of 47% was observed for a modification 
of only 10%. The drag and convective coefficients, while both important, played 
different roles, with the drag tending to modify spread rate more and the convection 
also changing the fuel consumption. Similarly, the inclusion of the char oxidation 
reaction was significant for fuel consumption but not for fire spread. This highlights 
the fact that different submodels have varying degrees of importance depending on 
both the application (e.g. a study of spread rate vs. a study of fuel consumption) and 
even the details of the scenario (e.g. wind-driven or plume-dominated physics, slope 
or no-slope). The effects of modifying numerical resolution suggest that a grid size of 
0.5 m was sufficient for this type of broad analysis of fire behavior, though sensitivity 
may not be negligible at larger grid sizes.  

                                        
* Unrealistic being defined, in this case, as simulated characteristics of fire behavior which were outside 
of the range of experimentally observed variation. 
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 The final focus of this thesis was a more direct application of the WFDS model 
to recreate both the general and detailed features of fire behavior measured in the 
second field-scale experiment. Included in this study was an investigation of the 
significance of incorporating field-scale heterogeneities to the fuel and wind conditions. 
Three levels of spatial resolution were tested for the specification of canopy fuel bulk 
density, and the DFSEM method was used to generate turbulent fluctuations at the 
‘inlet’ boundaries used to drive the flow. A comparison of the general features of fire 
behavior revealed that the canopy fuel heterogeneity introduced had a negligible effect 
on fire behavior. The use of DFSEM resulted in a more stable mean flow field by 
reducing the spatial development of turbulence, and resulted in a steadier fire spread, 
though the difference was not dramatic for the wind conditions tested*. The simulation 
employing a moderate degree of spatial information in the canopy and the DFSEM 
method was then selected for a comparison of the point measurements of temperature, 
velocity, and radiative heat flux discussed previously. Many of the features of the 
measurements were well produced, particularly in terms of the trends of the signal 
response curves and the residence times. However, fuel consumption tended towards 
an over-predicted in the lowest levels of the canopy and in the litter layer. Under-
predictions were identified in the peak velocity values, and most significantly, the 
magnitude radiative preheating. While measurements of peak values during flame 
residence were not available for comparison, these fell within a realistic range 
compared to past research. Combined with the reasonable spread rate predictions, this 
suggests that long-range preheating plays a minimal role in the spread. This should 
be confirmed with further measurement, particularly in the short-range and flaming 
stages, as spread rate is a second-order feature of the fire behavior. It was also observed 
that features related to the fire behavior (temperature and velocity) in the wake of 
the fire front were poorly predicted. This was likely linked to the limitations in the 
physical description of the boundary surface fuels built into the model (i.e. no char 
oxidation or residual heat after complete consumption of virgin fuel), but is of limited 
importance for fire spread in the conditions investigated.   

                                        
* The importance of introducing ambient turbulence can depend on the details of the domain and other 
boundary conditions, as shown by preliminary investigation in Appendix C. 



Chapter 8 – Conclusions  277 

 
 

8.4 Perspectives 

8.4.1 Experimental 
Field-scale experimental efforts, such as presented in this work, are inherently 
challenging. There will always be variables that cannot be completely controlled, 
compromises which must be made, and gaps in data which cannot be corrected by 
simply repeating an experiment. Nevertheless, they are critically important for 
advancing both the fundamental understanding of the mechanisms that govern fire 
behavior as well as the development of mathematical tools to accurately describe this 
behavior. Therefore, to best leverage future experimental work a frank assessment of 
previous efforts, both the successes and failures, must be carried out.  

At the scale of macroscopic fire behavior, this project was successful in 
demonstrating the application of remote sensing techniques. Both the aerial IR-
imagery and the LiDAR data provided valuable insights into the fire behavior, as well 
as providing direct inputs and comparison points for the model. However, there were 
also limits to these tools. The low frequency of IR data (due to turnaround times of 
the aircraft) led to significant underestimations of the peak period of fire spread, and 
more continuous data would be highly valuable in the future. The LiDAR data was 
also subject to equipment limitations. Further, while the fuel models developed to 
transform the LiDAR point clouds into meaningful physical quantities are novel, 
future refinements are needed. These include a better representation of the height 
dependency of relative fuel classes and more detailed assessment of the accuracy in 
areas of very high fire intensity (where fuel consumption appeared to be under-
predicted). Wind measurements from the sonic anemometers were also key, but were 
limited in this case by the low spatial resolution. In terms of vertical resolution, a 
number of measurement points along height would give a clearer picture of sub-canopy 
(flame-level) winds, and how these relate to overstory winds. In terms of horizontal 
resolution, the distance between measurement points and the fire front may have 
masked some important localized effects on fire behavior. Further, issues related to 
the accuracy and robustness of the sensors in high temperature environments must 
also be addressed if they are to be used for flow characterization in the immediate 
region of the fire.  

In terms of the point-based measurements of fire behavior at the scale of the 
flames, the biggest issue was related to simply obtaining measurements in the harsh 
fire environment. This resulted in the use of simple but robust sensors, such as the bi-
directional pressure probes and the thin-skin calorimeters (TSCs). The downside is, of 
course, the limits that are placed on what can be measured, and how accurately. For 
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example, the pressure probes had a low response time and a poor directional sensitivity 
(which limits their ability to be used to construct an actual wind vector). The TSCs 
rely on additional temperature and velocity measurements for heat flux calculation, 
and are not particularly suited to accurate measurement within the flame. Overall, 
sensor response time (and sampling frequency) is an important consideration, as a low 
response hinders the ability to critique high frequency aspects of the behavior in the 
model predictions. Sampling frequency has also been identified previously as being 
important for capturing certain behavior in a fire, such as intermittent convective 
heating (Frankman et al. 2013b). Another issue encountered was the importance of 
the approach angle of the fire for interpreting measurements. In this respect, the IR 
imagery and local video footage were critically important. In fact, a particular success 
of this project was the recording of high-definition video footage in a relatively harsh 
environment, as this data ended up being particularly useful for extracting meaning 
from the various measurements.   

Perhaps the biggest restriction of the local measurements however, was the 
limited number. It is recognized that larger collections of such measurements will help 
to raise confidence in any single one, and provide more of the valuable information 
required to test models. Of course, the ability to collect measurements at a high spatial 
resolution is tempered by resource availability. This need has been recognized, 
however, and iteration has already begun for a new generation of fire measurement 
packages for other projects*,† following the work of this thesis. Improved pressure 
transducers are now being used; more robust tower and TSC construction has been 
developed; more accurate reference temperatures are being collected; the number of 
cameras at a site has been expanded to capture different angles. Even the temperature 
measurements, which appear relatively straightforward, have been improved by 
extending the primary tower height to capture more of the relevant flame and plume 
dynamics. All of these improvements have arisen from lessons learned in this work. It 
can be hoped that other experimentalists will use the recommendations from this and 
equivalent works, implementing their own improvements, and the catalogue of such 
measurements will expand considerably.  

The future of this kind of research may also benefit from the development of 
some more consistent measurement criteria. This may come in the form of specifying 
the best type of measurements to obtain, or perhaps advocating for greater consistency 

                                        
* SERDP project RC-2641 – Multi-scale Analyses of Wildland Fire Combustion Processes in Open-
canopied Forests using Coupled and Iteratively Informed Laboratory-, Field-, and Model-based 
Approaches (https://www.serdp-estcp.org) 
† JFSP project 15-1-04-55 – Measurement of firebrands generated during fires in pine-dominated 
ecosystems in relation to fire behavior and intensity (http://www.firescience.gov/) 
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in data analysis. The present work has discussed, for example, the disparity which can 
exist in techniques for determining flame residence time, and others have touched on 
this point (Wotton et al. 2012; Butler et al. 2016). These issues can make datasets 
difficult to compare directly. However, standardization can have its downfalls, as it 
presupposes the importance and applicability of various measurements practices and 
physical processes. Therefore, while an agreement on a baseline of practices would be 
beneficial, the most important takeaway, especially for model development, is to 
simply be as detailed and transparent about the measurement techniques employed 
so the same can be used to test the model. 

Encouraging for the future of field-scale fire behavior research, are the ever 
increasing capabilities provided by technological development. Remote sensing 
technologies circumvent the aforementioned issues of spatial resolution encountered 
when using point measurements for model testing and development. They can even 
help avoid difficulties linked to destructive sampling or fuel disturbance when 
deploying sensors. These techniques have only recently come to the foreground in 
wildland fire research, and demonstrations of their usefulness will help to drive the 
continued development for these applications. This current work is certainly one 
example, but other recent efforts have also capitalized on remote sensing (Ottmar et 
al. 2016), even demonstrating the potential of remotely piloted aircraft (Zajkowski et 
al. 2016). Thus, while the occurrence of field experiments is likely to continue to be 
limited, the amount useful data obtained has the potential to increase tremendously, 
particularly as accessible digital archives of data become more commonplace. 

Finally, it is worth noting that, somewhat unique to such large-scale research, 
experiments are usually reliant upon the sanctioning and participation of non-
scientists. The importance of cultivating a strong relationship with local firefighting 
and forest management authorities is key. This places a particular burden upon the 
researchers (both experimentalists and the modelers in their wake) to effectively 
communicate the benefits of the work to these organizations and individuals. Viegas 
et al. (2002) provided an excellent example of how research opportunities can be 
coupled with training exercises in order to promote the involvement of local fire 
brigades. If these relationships are neglected, it is all too possible that opportunities 
to carry out field experiments will become even rarer, and this could be quite 
problematic for any efforts to provide the kind of robust, science-based understanding 
of wildland fires that is so desperately needed. 
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8.4.2 Modeling 
The exploratory and extrapolatory studies of previous authors, detailed in Chapter 2, 
clearly demonstrate the potential for detailed physics-based models. These can be used 
to explore the details of the physical mechanisms (Morvan 2011), but also to study 
scenarios with more direct, practical implications. These might include evaluating 
complex fireline interactions (to study suppression tactics), the roles of insect 
outbreaks on fire behavior, or the thermal impact to firefighters or structures in the 
WUI. Indeed, these models allow for the simulation of phenomena and the extraction 
of variables which may be beyond the scope of other current tools. Furthermore, the 
detailed physics-based approach can even be used to develop or improve appropriate 
simplified tools for specific applications. The broad potential applications for such 
models, thus, provides significant motivation for the further development of various 
submodels.  

The parametric study contained in this work shows the effect of current 
uncertainties in these models, and one might use this type of study to effectively tune 
the model, narrowing in on appropriate parameters for a scenario or application of 
interest. However, if such a model is to live up to its true potential of flexibility, this 
approach is not desirable. Take, for example, the drag formulations studied here. The 
static coefficient introduces an additional parameter which must be selected based on 
vegetation type, but is typically not well defined. While the current formulation of the 
dynamic coefficient appears to currently be an over-estimation, an approach which is 
both developed from a robust physical formulation and reduces the number of inputs 
required from the user is certainly preferable, as it should work over a range of 
conditions (if developed properly). Therefore, it is only natural that future research 
should include efforts to improve these models. Interestingly, the calls for specific 
interrogation of various submodels, such as the drag and convection, which can be 
found in literature (e.g. Mell et al. 2007, 2009) appear to remain largely unaddressed, 
with a few exceptions (e.g. El Houssami et al. 2016). The models also currently avoid 
certain complexities, such as the fire behavior of live fuels, which is also known to be 
poorly understood (Finney et al. 2013), and so there is room not only to improve the 
model description but to actually expand it. While this thesis does not contain the 
amount of focused data needed to develop specific submodels, it does provide more 
concrete evidence for the necessity of their development and helps set the stage for 
such focused research.  

 In particular, the model sensitivity to drag coefficient and convective heat 
transfer demonstrates the need for further studies which assess the robustness of these 
submodels. Further, there is a clear need to improve the modeling the post-flaming 
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features of the front. The current approach did not include char oxidation in the 
boundary fuel, nor did it appear to capture the kind of residual heat which was 
observed experimentally. Likewise, while char oxidation was included in the raised 
fuel, it did not persist in the absence of flaming combustion. Similar issues were 
identified by El Houssami et al. (2016) for a different detailed physics-based modeling 
approach. The importance for these areas for model improvement are certainly 
application dependent. For the simulation of wind-aided fire spread, they are likely to 
play a diminished role. The presence and accuracy of char oxidation models may be 
much more important, on the other hand, for downslope and opposed flow (backing) 
fire spread where flames can tilt away from the fuel bed (Van Wagner 1988), or in 
very moist conditions where smoldering material may play a key role in heat transfer 
(Valdivieso and de Dios Rivera 2014). Post-flaming behavior is also critical if such a 
tool is to be used for studies focused on emissions generation (Urbanski 2014) or the 
study of plant and soil impacts, which may rely on the proper consideration of residual 
heat. Evidence has suggested that the turbulent post-flaming front environment is an 
important source of firebrand material (El Houssami et al. 2015), and these conditions 
should be appropriately captured if the models are to be used to study firebrand 
generation and transport. 

In order to actually carry out the development of these submodels, a focused 
experimental effort is needed. This should include both laboratory- and field-scale 
experiments. At the laboratory scale, specific aspects of fire behavior can be isolated 
and studied with a high degree of control and the benefit of very detailed diagnostics. 
For example, detailed experiments can be carried out to specifically quantify the 
convective transfer to a densely packed needle litter bed, in contrast to more sparsely 
arranged live needle clusters. However, this must be accompanied by continued field-
scale measurement in order to ensure relevant and representative conditions are being 
explored. A positive of the challenges which arise in modeling efforts such as these, is 
to help focus future experimental work. In this case, there is a clear need for 
measurement of temperature, flow, and heat flux conditions at, and within, the litter 
layer. This type of measurement has yet to be made in the field, but would provide 
excellent reality-checks for physics-based models. 

This work also highlights needs of detailed physics-based models which are 
specific to the numerical challenges of field-scale applications. In order to retain the 
high resolution necessary to capture the details of the needle litter behavior, while still 
keeping computational demands at a reasonable level, WFDS has employed the so-
called boundary fuel approach for this fuel layer. However, this can require additional 
submodeling approaches (such as the alternative convective coefficient studied in this 
work). It has been suggested, even, that the current formulation for boundary fuels 
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has limited success in simulation certain low intensity (e.g. flanking) fire behavior 
(Mell et al. 2007). This opens the door for another critical area of research. It may be 
that the answer is in developing more complex meshing in the gas-phase, which allows 
this thin layer to be resolved with the standard multiphase approach while retaining 
a sufficiently efficient resolution elsewhere in the domain. Or, some assumptions of the 
boundary fuel approach, which appear to work for moderate- to high-intensity fires 
but break down otherwise, may need to be reexamined and improved. These are the 
kinds of challenges which can only be explored by continued testing of these models 
at large scales. 

There are clearly plenty of opportunities for model improvement, and this work 
has helped to shed light on them. However, it is also important to note that the 
breadth and complexity of the wildland fire problem can be seen as a benefit. That is 
to say, the many fields involved are actively producing research which can be leveraged 
to help solve the problem. Whether it is efforts to model wind flows in vegetation or 
examinations of the various approaches for modeling radiation in combustion 
environments, studies which do not actively consider wildland fires still have great 
relevancy. In such a context, the development of these complex models appears less 
daunting. Indeed, by seeking out the relevant experts as we put together the 
constituent components of a model, the end result is only strengthened. In this case, 
it is foremost the specific mechanisms which determine the heat transfer to and 
subsequent degradation of vegetation which must receive our attention. No other 
community can be expected to take an active interest in these areas, without at least 
the strong push from those invested in the wildland fire problem. 

8.5 Concluding remarks 
The wildland fire problem is one which will not disappear any time soon. Current 
trends in both the climate and the continued movement of humans to wildland areas 
show this to be the case. Unfortunately, optimal strategies for dealing with this 
problem, both in terms of management and suppression, have yet to be quantified, let 
alone implemented. This is due, in a large part, to the fact that the current tools 
available are limited by the gaps in the current understanding of the fundamental 
mechanisms that drive wildland fire behavior.  

Understanding wildland fire behavior is a significant challenge in its own right. 
These events cover a large range of both spatial and temporal scales, and involve 
processes that full under the domain of a variety of different scientific disciplines. 
Detailed physics-based fire behavior models show promise, however, in helping to 
broaden this understanding. They can be used to build upon experimental data, 
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particularly over scales and conditions which are difficult, or even impossible, to 
address experimentally. This can also be done while systematically altering individual 
aspects in order to uncover meaningful trends. Further, this modeling approach has 
the potential to address specific scenarios of interest for management or even to guide 
the development of suitable simplified tools for such tasks. 

Nevertheless, the development and use of detailed physics-based fire behavior 
models has been hampered by the lack of appropriate measurements for comparison. 
This is particularly true at the scale of relevancy for the problem. While this is 
partially a result of the complexity involved in obtaining the right measurements, a 
greater obstacle has been the lack of a clear mandate for specific measurements which 
address the most pressing needs of the model. This work, by investigating the 
underlying physics in such a model, through a comparison to field-scale measurements, 
has provided a better understanding of where the modeling approach is currently 
successful, where potential pitfalls are for model usage, and where real fundamental, 
measurement-driven model development is necessary.
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Appendix A 
Supplementary experimental data 

A.1 EX1 and EX2 wind measurements 
Below are the full horizontal wind speed and direction measurements from EX1 & 2 

 
 

 

Figure A.1 – EX1 horizontal wind (a-d) magnitude and (e-h) direction at the overstory tower sonic 
anemometers. Time is in minutes from ignition. See Chapter 3 for sensor locations and fire 

isochrones P1-7. 
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Figure A.2 – EX2 horizontal wind magnitude at overstory tower and road sonic anemometers, 

divided by time into (a-e) part 1 and (f-k) part 2. Time is in minutes from ignition. See Chapter 3 
for sensor locations and fire isochrones P1-13. 
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Figure A.3 – EX2 horizontal wind direction at overstory tower and road sonic anemometers, 

divided by time into (a-e) part 1 and (f-k) part 2. Time is in minutes from ignition. See Chapter 3 
for sensor locations and fire isochrones P1-13. 
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A.2 EX2 local measurements 
Below are all EX2 point measurements which were not explicitly shown in Chapter 4. 

 
Figure A.4 – EX2 gas temperature measurements at sites F1, F2, and F3, and at all heights. Gray 
areas represent estimated duration of fire residence (see Chapter 4 for this determination). Time is 

in seconds from ignition. 
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Figure A.5 – EX2 incident radiative heat flux measurements at sites F1 and F2. See Chapter 4 for 
a description of sensor location and calibration/assumptions. Time is in seconds from fire impact 

at the primary tower for a given site (𝒕𝒕 = 0). 

 

 
Figure A.6 – Power Spectral Density (PSD) of the temperature signal of the lowest thermocouple 

(0.6 m) on the primary tower at site F2. 
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Appendix B 
Thermal analysis 

B.1 Thermal response of fuels 
Revisiting the assumption that fuel <6 mm in diameter is thermally thin, the first 
consideration is the Biot number (the ratio of resistance to heat transfer via internal 
conduction versus external convection). This is defined as: 

and should be 𝐵𝐵𝑖𝑖 < 0.1 for thermally thin fuel (Incropera et al. 2007). Consider a 

wood cylinder (branch) on the upper end of this size range (𝐹𝐹𝑒𝑒 = 3 mm). For Pitch 

Pine, we take a value of 𝑘𝑘𝑒𝑒 = 0.15 W·m-1·K-1 (TenWolde et al. 1988). This is for a 
fixed FMC (12%) and does not take into account the anisotropic nature of wood, nor 
temperature effects, but is useful for an order of magnitude analysis. Using the 

Reynolds dependent formula for ℎ𝑐𝑐,𝑒𝑒, introduced in Equation (5.21), we see that for a 
cylinder on the upper end of this size range, the Biot number can be closer to a value 
of 1.0 (Figure B.1).  

 
Figure B.1 – Biot number for 6 mm Pitch Pine particle in different flow conditions. 

However, an approximate solution is available for the transient 1-dimensional 

conduction within a cylinder with initial temperature 𝑇𝑇𝑖𝑖 suddenly immersed in a fluid 

with temperature 𝑇𝑇𝑔𝑔. This approximation depends on the Fourier number (a 
dimensionless time used in conduction problems): 

 𝐵𝐵𝑖𝑖 =  
ℎ𝑐𝑐,𝑒𝑒𝐹𝐹𝑒𝑒

𝑘𝑘𝑒𝑒
, (B.1) 
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and only applies when 𝐹𝐹𝑓𝑓 > 0.2 (Incropera et al. 2007). For the Pitch Pine cylinder, 

a thermal diffusivity of 𝛼𝛼𝑒𝑒 = 1.8 ·10-7 m2·s-1 is taken, based on the material density 
and specific heat capacity (TenWolde et al. 1988). This means that the approximation 
applies for an immersion time O(10) s or greater. Using available tables for the 
approximate solution to the conduction equation (Holman 1986), we can find the non-
dimensional temperature rise ratio for the cylinder centerline and surface under 
various conditions. Examples for both 6 mm and 3 mm particles are given in Figure 
B.2.  

  
Figure B.2 – Ratio of centerline temperature (𝑻𝑻𝒄𝒄) to surface temperature (𝑻𝑻𝒔𝒔) of a (a) 6 mm and 

(b) 3 mm Pitch Pine particle, as a function of immersion time (𝒕𝒕) and gas temperature (𝑻𝑻𝒈𝒈). 
Assumes 𝑻𝑻𝒊𝒊 = 20 °C. 

It can be seen that, while a temperature gradient may not always be negligible, 
the effect is reduced for lower gas temperatures and longer immersion times, as well 
as for thinner particles. Shorter duration pulses of convective heating may be 
important in wildland fire spread (Frankman et al. 2013b), however, they will never 
be instantaneous, making the preceding assessment conservative. This analysis also 
does not take into account radiative effects, which may help to more steadily preheat 
the fuel. In the end, the assumption of thermally thin is considered an acceptable 
approximation, particularly as the fuel at this upper diameter limit only makes up a 
small proportion of the fuel contributing to the fire spread, and given the level of 
approximation applied to many other areas of the modeling approach.

 𝐹𝐹𝑓𝑓 = 𝛼𝛼𝑒𝑒𝑑𝑑
𝐹𝐹𝑒𝑒

2 . (B.2) 
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Appendix C 
Code changes 

C.1 Guide to interpretation 
The following sections of the appendix detail the main code changes implemented in 
WFDS 9977, required to carry out the studies presented in this thesis. These 
modifications are separated into three independent sections related to: (A.2) reading 
in custom bulk density files; (A.3) adopting improved wall viscosity model, as in the 
most recent FDS releases; and (A.4) improved capabilities for synthetic turbulent 
boundary conditions. The associated changes are separated so that the reader can 
implement any or all modifications of interest.  
 The following sections are generated with the diff functionality from ‘Git’ 
version control. For those unfamiliar with the output, Figure C.1 provides an example. 
Changes are divided by containing source file. Within these, continuous blocks of 
changes are introduced by highlighted ‘chunk header’ lines (starting with: ‘@@’). For a 
particular change, this gives the starting line number in the original file (-), the 
number of continuous lines to be removed, the starting line number of the modified 
file (+), and the number of lines to be added. The chunk header also attempts to 
provide some context of the containing structure in the code. Below the chunk header, 
the exact lines to be added in the modified file (+) are given. Note that, to save space, 
the lines to be deleted from the original file (-) are not written in full, but can be 
identified from chunk header. Further, the three main changes are meant to be carried 
out sequentially. If, for example, only section A.3 is implemented the line numbers 
may not be perfectly accurate (as the changes in A.2 will shift lines around). However, 
using context clues, the reader should still be able to identify the lines to modify. 

 
Figure C.1 – Example of code change format showing the meaning of different sections. 
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C.2 Bulk density read 
--- a/cons.f90 
+++ b/cons.f90 
@@ -236 +236 @@ INTEGER :: N_TREES,N_TREES_OUT 
+INTEGER :: 
N_CONE_TREES,N_FRUSTUM_TREES,N_CYLINDER_TREES,N_RECTANGLE_TREES,N_CUSTOM_TREES,N_RING_TREES 
@@ -243,0 +244,2 @@ REAL(EB), ALLOCATABLE, DIMENSION(:) :: 
XS_RECT_VEG,XF_RECT_VEG,YS_RECT_VEG,YF_RE 
+!custom bulk veg volumes 
+REAL(EB), ALLOCATABLE, DIMENSION(:) :: 
XS_CUST_VEG,XF_CUST_VEG,YS_CUST_VEG,YF_CUST_VEG,ZS_CUST_VEG,ZF_CUST_VEG 
@@ -250 +252 @@ LOGICAL :: 
CONE_TREE_PRESENT,FRUSTUM_TREE_PRESENT,CYLINDER_TREE_PRESENT,RING_TRE 
+           RECTANGLE_TREE_PRESENT,CUSTOM_TREE_PRESENT,IGNITOR_PRESENT 
@@ -278 +280 @@ LOGICAL, ALLOCATABLE, DIMENSION(:) :: IGN_ELEMS 
+INTEGER, ALLOCATABLE, DIMENSION(:) :: 
N_TREE_OUT,TREE_CFCR_INDEX,TREE_FRUSTUM_INDEX,TREE_RING_INDEX,TREE_RECT_INDEX,TREE_CUSTOM_IND
EX, & 
 

--- a/data.f90 
+++ b/data.f90 
@@ -780,3 +780,7 @@ OUTPUT_QUANTITY(440)%SHORT_NAME = 'pwt' 
+OUTPUT_QUANTITY(441)%NAME = 'VEG BULK DENSITY'                      
+OUTPUT_QUANTITY(441)%UNITS = 'kg/m3'                        
+OUTPUT_QUANTITY(441)%SHORT_NAME = 'vbd' 
+ 
+OUTPUT_QUANTITY(434:441)%PART_APPROPRIATE = .TRUE. 
+OUTPUT_QUANTITY(434:441)%SLCF_APPROPRIATE = .FALSE. 
+OUTPUT_QUANTITY(434:441)%DEVC_APPROPRIATE = .FALSE. 
 

--- a/dump.f90 
+++ b/dump.f90 
@@ -3342,0 +3343,2 @@ PARTICLE_CLASS_LOOP: DO N=1,N_PART 
+            CASE(441)  ! VEG BULK DENSITY 
+               QP(NPP,NN) = LP%VEG_FUEL_MASS 
@@ -6113,6 +6115,6 @@ MESH_LOOP: DO NM=1,NMESHES 
+    TREE_OUTPUT_DATA_TOTAL(N_TREE,3) = TREE_OUTPUT_DATA_TOTAL(N_TREE,3) + 
TREE_OUTPUT_DATA(N_TREE,3,NM) !kg 
+    TREE_OUTPUT_DATA_TOTAL(N_TREE,4) = TREE_OUTPUT_DATA_TOTAL(N_TREE,4) + 
TREE_OUTPUT_DATA(N_TREE,4,NM) !kg 
+    TREE_OUTPUT_DATA_TOTAL(N_TREE,5) = TREE_OUTPUT_DATA_TOTAL(N_TREE,5) + 
TREE_OUTPUT_DATA(N_TREE,5,NM) !kg 
+    TREE_OUTPUT_DATA_TOTAL(N_TREE,6) = TREE_OUTPUT_DATA_TOTAL(N_TREE,6) + 
TREE_OUTPUT_DATA(N_TREE,6,NM) !kg 
+    TREE_OUTPUT_DATA_TOTAL(N_TREE,7) = TREE_OUTPUT_DATA_TOTAL(N_TREE,7) + 
TREE_OUTPUT_DATA(N_TREE,7,NM) !kW 
+    TREE_OUTPUT_DATA_TOTAL(N_TREE,8) = TREE_OUTPUT_DATA_TOTAL(N_TREE,8) + 
TREE_OUTPUT_DATA(N_TREE,8,NM) !kW 
@@ -6120,2 +6122,2 @@ MESH_LOOP: DO NM=1,NMESHES 
+    TREE_OUTPUT_DATA_TOTAL(N_TREE,10) = TREE_OUTPUT_DATA_TOTAL(N_TREE,10) + 
TREE_OUTPUT_DATA(N_TREE,10,NM)  
+    TREE_OUTPUT_DATA_TOTAL(N_TREE,11) = TREE_OUTPUT_DATA_TOTAL(N_TREE,11) + 
TREE_OUTPUT_DATA(N_TREE,11,NM)  
 

--- a/read.f90 



316  Appendix C 

 
 

+++ b/read.f90 
@@ -3686,0 +3687 @@ N_RECTANGLE_TREES    = 0 
+N_CUSTOM_TREES       = 0 
@@ -3705,0 +3707 @@ COUNT_VEG_LOOP: DO 
+   IF (FUEL_GEOM == 'CUSTOM')     N_CUSTOM_TREES = N_CUSTOM_TREES + 1 
@@ -3727,2 +3729,2 @@ TREE_CASE = .TRUE. 
+print*,'read: 
N_TREES,N_CONE_TREES,N_FRUSTUM_TREES,N_CYLINDER_TREES,N_RECTANGLE_TREES,N_CUSTOM_TREES,N_RING
_TREES', & 
+N_TREES,N_CONE_TREES,N_FRUSTUM_TREES,N_CYLINDER_TREES,N_RECTANGLE_TREES,N_CUSTOM_TREES,N_RIN
G_TREES 
@@ -3795,0 +3798,20 @@ ENDIF 
+!for array index used to find parameters only for custom veg volume 
+!arrays for custom volume specific parameters 
+NDIM = N_CUSTOM_TREES 
+IF (NDIM > 0) THEN 
+ ALLOCATE(TREE_CUSTOM_INDEX(N_TREES),STAT=IZERO) 
+ CALL ChkMemErr('READ','TREE_CUSTOM_INDEX',IZERO) 
+ ALLOCATE(XS_CUST_VEG(NDIM),STAT=IZERO) 
+ CALL ChkMemErr('READ','XS_RECT_VEG',IZERO) 
+ ALLOCATE(XF_CUST_VEG(NDIM),STAT=IZERO) 
+ CALL ChkMemErr('READ','XF_RECT_VEG',IZERO) 
+ ALLOCATE(YS_CUST_VEG(NDIM),STAT=IZERO) 
+ CALL ChkMemErr('READ','YS_RECT_VEG',IZERO) 
+ ALLOCATE(YF_CUST_VEG(NDIM),STAT=IZERO) 
+ CALL ChkMemErr('READ','YF_RECT_VEG',IZERO) 
+ ALLOCATE(ZS_CUST_VEG(NDIM),STAT=IZERO) 
+ CALL ChkMemErr('READ','ZS_RECT_VEG',IZERO) 
+ ALLOCATE(ZF_CUST_VEG(NDIM),STAT=IZERO) 
+ CALL ChkMemErr('READ','ZF_RECT_VEG',IZERO) 
+ENDIF 
+ 
@@ -3986,0 +4009 @@ N_RECTANGLE_TREES = 0 
+N_CUSTOM_TREES      = 0 
@@ -4042,0 +4066,9 @@ VEG_LOOP: DO NN=1,N_TREES_0 
+    
+   IF (FUEL_GEOM == 'CUSTOM') THEN 
+    X_TREE_MIN = -1000._EB 
+    X_TREE_MAX =  1000._EB 
+    Y_TREE_MIN = -1000._EB 
+    Y_TREE_MAX =  1000._EB 
+    Z_TREE_MIN = -1000._EB 
+    Z_TREE_MAX =  1000._EB 
+   ENDIF 
@@ -4114,0 +4147,19 @@ VEG_LOOP: DO NN=1,N_TREES_0 
+!   
+     IF (FUEL_GEOM=='CUSTOM') THEN 
+     N_CUSTOM_TREES  = N_CUSTOM_TREES + 1 
+     TREE_CUSTOM_INDEX(N) = N_CUSTOM_TREES 
+     XS_CUST_VEG(N_CUSTOM_TREES) = XB(1) 
+     XF_CUST_VEG(N_CUSTOM_TREES) = XB(2) 
+     YS_CUST_VEG(N_CUSTOM_TREES) = XB(3) 
+     YF_CUST_VEG(N_CUSTOM_TREES) = XB(4) 
+     ZS_CUST_VEG(N_CUSTOM_TREES) = XB(5) 
+     ZF_CUST_VEG(N_CUSTOM_TREES) = XB(6) 
+     IF (IGNITOR_ELEMENTS) THEN 
+      N_IGNITORS                      = N_IGNITORS + 1 
+      TREE_IGN_INDEX(N)               = N_IGNITORS 
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+      TON_IGN_ELEMS(N_IGNITORS)       = TON_IGNITOR_ELEMENTS 
+      TOFF_IGN_ELEMS(N_IGNITORS)      = TOFF_IGNITOR_ELEMENTS 
+      T_RAMPON_IGN_ELEMS(N_IGNITORS)  = T_RAMPON_IGNITOR_ELEMENTS 
+      T_RAMPOFF_IGN_ELEMS(N_IGNITORS) = T_RAMPOFF_IGNITOR_ELEMENTS 
+     ENDIF 
+      ENDIF 
 

--- a/vege.f90 
+++ b/vege.f90 
@@ -44 +44 @@ REAL(EB) DX_RING,DZ_RING,INNER_RADIUS,OUTER_RADIUS,R_CTR_CYL,  & 
+         RING_BOTTOM,RING_TOP,SLANT_WIDTH,TFLAG 
@@ -46,3 +46,3 @@ REAL(EB) V_CELL,XLOC,YLOC,ZLOC,X_EXTENT,Y_EXTENT,Z_EXTENT 
+INTEGER NCT,NLP_TREE,NLP_RECT_VEG,N_TREE,NXB,NYB,NZB,IPC,IJK_CT(6) 
+INTEGER N_CFCR_TREE,N_FRUSTUM_TREE,N_RECT_TREE,N_CUST_TREE,N_RING_TREE,N_IGN 
+INTEGER I,II,I_OUTER_RING,JJ,KK,K_BOTTOM_RING,LU_CBD 
@@ -49,0 +50,2 @@ INTEGER, INTENT(IN) :: NM 
+CHARACTER(30) :: CBDFILE,NMFILE,NTFILE 
+LOGICAL :: EX 
@@ -74,0 +77 @@ RECTANGLE_TREE_PRESENT = .FALSE. 
+CUSTOM_TREE_PRESENT    = .FALSE. 
@@ -299 +302,55 @@ TREE_LOOP: DO NCT=1,N_TREES 
+   ENDIF IF_RECTANGULAR_VEGETATION   
+    
+! 
+! Build a custom volume containing vegetation 
+! 
+   IF_CUSTOM_VEGETATION:IF (VEG_FUEL_GEOM(NCT) == 'CUSTOM')THEN 
+       WRITE(NMFILE,*) NM 
+       WRITE(NTFILE,*) NCT 
+       CBDFILE = 'CBD_'//TRIM(ADJUSTL(NTFILE))//'_'//TRIM(ADJUSTL(NMFILE))//'.txt' 
+       INQUIRE(FILE=CBDFILE,EXIST=EX) 
+       IF (EX) THEN  
+           LU_CBD=GET_FILE_NUMBER() 
+           CUSTOM_TREE_PRESENT = .TRUE. 
+           N_CUST_TREE            = TREE_CUSTOM_INDEX(NCT) 
+           NLP_TREE               = 0 
+           OPEN(LU_CBD,FILE=CBDFILE,FORM='FORMATTED') 
+           READ(LU_CBD,*) IJK_CT 
+           !diagnostic check  
+           !print*,IJK_CT(1),IJK_CT(2),IJK_CT(3),IJK_CT(4),IJK_CT(5),IJK_CT(6) 
+           DO NZB=IJK_CT(5),IJK_CT(6) 
+              DO NXB=IJK_CT(1),IJK_CT(2) 
+                 DO NYB=IJK_CT(3),IJK_CT(4) 
+                  READ(LU_CBD,*) TFLAG 
+                  IF (TFLAG.NE.0) THEN 
+                   NLP  = NLP + 1 
+                   NLP_TREE = NLP_TREE + 1 
+                   IF (NLP>NLPDIM) THEN 
+                    CALL RE_ALLOCATE_PARTICLES(1,NM,0,1000) 
+                    PARTICLE=>MESHES(NM)%PARTICLE 
+                   ENDIF 
+                   LP=>PARTICLE(NLP) 
+                   LP%TAG = PARTICLE_TAG 
+                   !Decide whether to show particle in smokeview 
+                   IF (MOD(NLP,PC%SAMPLING)==0) THEN 
+                      LP%SHOW=.TRUE. 
+                   ELSE 
+                      LP%SHOW=.FALSE. 
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+                   ENDIF 
+                   LP%X = REAL(NXB,EB) 
+                   LP%Y = REAL(NYB,EB) 
+                   LP%Z = REAL(NZB,EB) 
+                   LP%CLASS = IPC 
+                   LP%PWT   = 1._EB  ! This is not used, but it is necessary to assign a 
non-zero weight factor to each particle 
+                   VEG_PRESENT_FLAG(NXB,NYB,NZB) = .TRUE. 
+                   LP%VEG_VOLFRACTION = 1._EB 
+                   LP%VEG_FUEL_MASS = TFLAG 
+                  ENDIF 
+               ENDDO  
+             ENDDO 
+           ENDDO 
+           CLOSE(LU_CBD) 
+           NLP_VEG_FUEL = NLP_TREE 
+      ENDIF 
+   ENDIF IF_CUSTOM_VEGETATION  
+    
@@ -379 +436 @@ TREE_LOOP: DO NCT=1,N_TREES 
+        IF (VEG_FUEL_GEOM(NCT) == 'RECTANGLE'.OR.VEG_FUEL_GEOM(NCT) == 'CUSTOM')THEN 
@@ -393 +450 @@ TREE_LOOP: DO NCT=1,N_TREES 
+        IF (VEG_FUEL_GEOM(NCT).NE.'CUSTOM') LP%VEG_FUEL_MASS=PC%VEG_BULK_DENSITY 
@@ -398 +455 @@ TREE_LOOP: DO NCT=1,N_TREES 
+        LP%VEG_PACKING_RATIO = LP%VEG_FUEL_MASS/PC%VEG_DENSITY  
@@ -400 +457 @@ TREE_LOOP: DO NCT=1,N_TREES 
+        LP%VEG_KAPPA = 0.25*PC%VEG_SV*LP%VEG_FUEL_MASS/PC%VEG_DENSITY 
@@ -419,2 +476,15 @@ TREE_LOOP: DO NCT=1,N_TREES 
+         !update for custom veg to have a predefined section of veg output to the tree csv 
data 
+         IF (VEG_FUEL_GEOM(NCT).EQ.'CUSTOM') THEN 
+            IF (LP%X.GT.XS_CUST_VEG(N_CUST_TREE) .AND. LP%X.LT.XF_CUST_VEG(N_CUST_TREE)) 
THEN 
+               IF (LP%Y.GT.YS_CUST_VEG(N_CUST_TREE) .AND. LP%Y.LT.YF_CUST_VEG(N_CUST_TREE)) 
THEN 
+                  IF (LP%Z.GT.ZS_CUST_VEG(N_CUST_TREE) .AND. 
LP%Z.LT.ZF_CUST_VEG(N_CUST_TREE)) THEN 
+                     IJK_VEGOUT(II,JJ,KK) = 1 
+                     LP%VEG_N_TREE_OUTPUT = N_TREE_OUT(NCT) 
+                  ENDIF 
+               ENDIF 
+            ENDIF 
+         ELSE 
+            IJK_VEGOUT(II,JJ,KK) = 1 
+            LP%VEG_N_TREE_OUTPUT = N_TREE_OUT(NCT) 
+         ENDIF 
+ 
@@ -499,3 +569,8 @@ ENDIF 
+IF (CUSTOM_TREE_PRESENT) THEN 
+ DEALLOCATE(TREE_CUSTOM_INDEX) 
+ DEALLOCATE(XS_CUST_VEG) 
+ DEALLOCATE(XF_CUST_VEG) 
+ DEALLOCATE(YS_CUST_VEG) 
+ DEALLOCATE(YF_CUST_VEG) 
+ DEALLOCATE(ZS_CUST_VEG) 
+ DEALLOCATE(ZF_CUST_VEG) 
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C.3 Wall model update 
--- a/cons.f90 
+++ b/cons.f90 
@@ -23 +23 @@ INTEGER, PARAMETER :: CONVECTIVE_FLUX_BC=-
1,NET_FLUX_BC=0,SPECIFIED_TEMPERATURE= 
+INTEGER, PARAMETER :: 
WALL_MODEL_BC=2,FREE_SLIP_BC=3,NO_SLIP_BC=4,INTERPOLATED_VELOCITY_BC=6,& ! Velocity BC 
@@ -111,2 +111,2 @@ REAL(EB) :: CPOPR,RSC,RPR,TMPA,TMPA4,RHOA,P_INF,& 
+            Y_WERNER_WENGLE=11.81_EB,PARTICLE_CFL_MAX=1.0_EB,LIMITING_DT_RATIO= 1.E-
4_EB,HRRPUVCUT_MAX=200._EB, & 
+            SCALAR_ENERGY_TOLERANCE=1.E-12_EB,TKE_TOLERANCE=1.E-
6_EB,DT_MEAN_FORCING=1.E10_EB, & 
 

--- a/func.f90 
+++ b/func.f90 
@@ -1546,0 +1547,8 @@ END FUNCTION AMBIENT_WATER_VAPOR 
+REAL(EB) FUNCTION LES_FILTER_WIDTH_FUNCTION(DX,DY,DZ)    
+   REAL(EB), INTENT(IN):: DX,DY,DZ 
+   IF (TWO_D) THEN 
+      LES_FILTER_WIDTH_FUNCTION = SQRT(DX*DZ) 
+   ELSE 
+      LES_FILTER_WIDTH_FUNCTION = (DX*DY*DZ)**ONTH 
+   ENDIF 
+END FUNCTION LES_FILTER_WIDTH_FUNCTION 
 

--- a/init.f90 
+++ b/init.f90 
@@ -106,0 +107,2 @@ CALL ChkMemErr('INIT','MU',IZERO) 
+ALLOCATE(M%MU_DNS(0:IBP1,0:JBP1,0:KBP1),STAT=IZERO) 
+CALL ChkMemErr('INIT','MU_DNS',IZERO) 
@@ -244,0 +247,4 @@ CALL ChkMemErr('INIT','WORK8',IZERO) 
+ALLOCATE(M%IWORK1(0:IBP1,0:JBP1,0:KBP1),STAT=IZERO) 
+CALL ChkMemErr('INIT','IWORK1',IZERO) 
+M%IWORK1=0 
+ 
 

--- a/mesh.f90 
+++ b/mesh.f90 
@@ -17 +17 @@ TYPE MESH_TYPE 
+            MU,MU_DNS,TMP,Q,FRHO,KAPPA,QR,QR_W,UII,RSUM,D_LAGRANGIAN,D_REACTION, & 
@@ -33,0 +34 @@ TYPE MESH_TYPE 
+   INTEGER, ALLOCATABLE, DIMENSION(:,:,:) :: IWORK1 
@@ -133 +134 @@ REAL(EB), POINTER, DIMENSION(:,:,:) :: & 
+          MU,MU_DNS,TMP,Q,FRHO,KAPPA,QR,QR_W,UII,RSUM,D_LAGRANGIAN,D_REACTION, & 
@@ -147,0 +149 @@ REAL(EB), POINTER, DIMENSION(:,:,:) :: 
WORK1,WORK2,WORK3,WORK4,WORK5,WORK6,WORK7 
+INTEGER, POINTER, DIMENSION(:,:,:) :: IWORK1 
@@ -250,0 +253 @@ MU=>M%MU 
+MU_DNS=>M%MU_DNS 
@@ -320,0 +324 @@ WORK8=>M%WORK8 
+IWORK1=>M%IWORK1 
 

--- a/read.f90 
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+++ b/read.f90 
@@ -6137 +6137 @@ PROCESS_SURF_LOOP: DO N=0,N_SURF 
+   SF%VELOCITY_BC_INDEX = WALL_MODEL_BC 
 

--- a/turb.f90 
+++ b/turb.f90 
@@ -20 +20 @@ PUBLIC :: NS_ANALYTICAL_SOLUTION, INIT_TURB_ARRAYS, VARDEN_DYNSMAG, & 
+          GET_REV_turb, WALL_MODEL, COMPRESSION_WAVE, 
VELTAN2D,VELTAN3D,STRATIFIED_MIXING_LAYER, & 
@@ -744 +744 @@ END SUBROUTINE TOPHAT_FILTER_1D 
+SUBROUTINE WALL_MODEL(SLIP_FACTOR,U_TAU,Y_PLUS,U,NU,DY,S) 
@@ -746,2 +746,2 @@ SUBROUTINE WERNER_WENGLE_WALL_MODEL(SF,U_TAU,U1,NU,DZ,ROUGHNESS) 
+REAL(EB), INTENT(OUT) :: SLIP_FACTOR,U_TAU,Y_PLUS 
+REAL(EB), INTENT(IN) :: U,NU,DY,S ! S is the roughness length scale (Pope's notation) 
@@ -749,8 +749,6 @@ REAL(EB), INTENT(IN) :: U1,NU,DZ,ROUGHNESS 
+REAL(EB), PARAMETER :: RKAPPA=1._EB/0.41_EB ! 1/von Karman constant 
+REAL(EB), PARAMETER :: B=5.2_EB,BTILDE_ROUGH=8.5_EB,BTILDE_MAX=9.5_EB ! see Pope (2000) pp. 
294,297,298 
+REAL(EB), PARAMETER :: S0=1._EB,S1=5.83_EB,S2=30._EB ! approx piece-wise function for Fig. 
7.24, Pope (2000) p. 297 
+REAL(EB), PARAMETER :: Y1=5._EB,Y2=30._EB 
+REAL(EB), PARAMETER :: U1=5._EB,U2=RKAPPA*LOG(Y2)+B 
+REAL(EB), PARAMETER :: EPS=1.E-10_EB 
@@ -758 +756,2 @@ REAL(EB), PARAMETER :: BTILDE=8.50_EB ! see Pope p. 297 
+REAL(EB) :: Y_CELL_CENTER,TAU_W,BTILDE,DELTA_NU,S_PLUS,DUDY 
+INTEGER :: ITER 
@@ -760 +759 @@ REAL(EB) :: U_TAU,TAU_W,NUODZ,Z_PLUS,TAU_ROUGH 
+! References: 
@@ -762,3 +761,78 @@ REAL(EB) :: U_TAU,TAU_W,NUODZ,Z_PLUS,TAU_ROUGH 
+! S. B. Pope (2000) Turbulent Flows, Cambridge. 
+ 
+! Step 1: compute laminar (DNS) stress, and initial guess for LES stress 
+ 
+Y_CELL_CENTER = 0.5_EB*DY 
+DUDY = ABS(U)/Y_CELL_CENTER 
+TAU_W = NU*DUDY                         ! actually tau_w/rho 
+U_TAU = SQRT(ABS(TAU_W))                ! friction velocity 
+DELTA_NU = NU/(U_TAU+EPS)               ! viscous length scale 
+Y_PLUS = Y_CELL_CENTER/(DELTA_NU+EPS) 
+SLIP_FACTOR = -1._EB 
+ 
+! Step 2: compute turbulent (LES) stress 
+ 
+LES_IF: IF (LES) THEN 
+ 
+   ! NOTE: 2 iterations converges TAU_W to roughly 5 % residual error 
+   !       3 iterations converges TAU_W to roughly 1 % residual error 
+ 
+   DO ITER=1,3 
+ 
+      S_PLUS = S/(DELTA_NU+EPS) ! roughness in viscous units 
+ 
+      IF (S_PLUS < S0) THEN 
+         ! smooth wall 
+         Y_PLUS = Y_CELL_CENTER/(DELTA_NU+EPS) 
+         IF (Y_PLUS < Y_WERNER_WENGLE) THEN 
+            ! viscous sublayer 
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+            TAU_W = ( U/Y_PLUS )**2 
+            U_TAU = SQRT(ABS(TAU_W)) 
+            DUDY = ABS(U)/Y_CELL_CENTER 
+         !ELSE IF (Y_PLUS < Y2) THEN 
+         !   ! buffer layer 
+         !   TAU_W = ( U/U_PLUS_BUFFER_SEMILOG(Y_PLUS) )**2 
+         !   U_TAU = SQRT(TAU_W) 
+         !   DUDY = 0.5_EB*(ABS(U)/Y_CELL_CENTER + U_TAU*RKAPPA/Y_CELL_CENTER) 
+         ELSE 
+            ! log layer 
+            TAU_W = ( U/(RKAPPA*LOG(Y_PLUS)+B) )**2 
+            U_TAU = SQRT(ABS(TAU_W)) 
+            DUDY = U_TAU*RKAPPA/Y_CELL_CENTER 
+         ENDIF 
+      ELSE 
+         ! rough wall 
+         IF (S_PLUS < S1) THEN 
+            BTILDE = B + RKAPPA*LOG(S_PLUS) ! Pope (2000) p. 297, Eq. (7.122) 
+         ELSE IF (S_PLUS < S2) THEN 
+            BTILDE = BTILDE_MAX ! approximation from Fig. 7.24, Pope (2000) p. 297 
+         ELSE 
+            BTILDE = BTILDE_ROUGH ! fully rough 
+         ENDIF 
+         Y_PLUS = Y_CELL_CENTER/S 
+         TAU_W = ( U/(RKAPPA*LOG(Y_PLUS)+BTILDE) )**2  ! Pope (2000) p. 297, Eq. (7.121) 
+         U_TAU = SQRT(ABS(TAU_W)) 
+         DUDY = U_TAU*RKAPPA/Y_CELL_CENTER 
+      ENDIF 
+ 
+      DELTA_NU = NU/(U_TAU+EPS) 
+ 
+   ENDDO 
+ 
+   ! NOTE: SLIP_FACTOR is no longer used to compute the wall stress, see VELOCITY_BC. 
+   ! The stress is taken directly from U_TAU. SLIP_FACTOR is, however, still used to 
+   ! compute the velocity gradient at the wall that feeds into the wall vorticity. 
+   ! Since the gradients implied by the wall function can be large and lead to 
instabilities, 
+   ! we bound the wall slip between no slip and free slip. 
+ 
+   ! The slip factor (SF) is based on the following approximation to the wall gradient 
+   ! (note that u0 is the ghost cell value of the streamwise velocity component and 
+   ! y is the wall-normal direction): 
+   ! dudy = (u-u0)/dy = (u-SF*u)/dy = u/dy*(1-SF) => SF = 1 - dudy*dy/u 
+   ! In this routine, dudy is sampled from the wall model at the location y_cell_center. 
+ 
+   SLIP_FACTOR = MAX(-1._EB,MIN(1._EB,1._EB-DUDY*DY/(ABS(U)+EPS))) ! -1.0 <= SLIP_FACTOR <= 
1.0 
+ 
+ENDIF LES_IF 
+ 
+!CONTAINS 
@@ -766,2 +840 @@ REAL(EB) :: U_TAU,TAU_W,NUODZ,Z_PLUS,TAU_ROUGH 
+!REAL(EB) FUNCTION U_PLUS_BUFFER_SEMILOG(YP) 
@@ -769,5 +842,3 @@ REAL(EB) :: U_TAU,TAU_W,NUODZ,Z_PLUS,TAU_ROUGH 
+!REAL(EB), INTENT(IN) :: YP 
+!REAL(EB), PARAMETER :: RKAPPA_BUFFER=(U2-U1)/(LOG(Y2)-LOG(Y1)) 
+!REAL(EB), PARAMETER :: B_BUFFER=U1-RKAPPA_BUFFER*LOG(Y1) 
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@@ -775,3 +846 @@ REAL(EB) :: U_TAU,TAU_W,NUODZ,Z_PLUS,TAU_ROUGH 
+!! semi-log fit connecting U1=Y1=5 to U2=RKAPPA*LOG(Y2)+B at Y2=30 
@@ -779 +848 @@ REAL(EB) :: U_TAU,TAU_W,NUODZ,Z_PLUS,TAU_ROUGH 
+!U_PLUS_BUFFER_SEMILOG = RKAPPA_BUFFER*LOG(YP)+B_BUFFER 
@@ -781 +850 @@ REAL(EB) :: U_TAU,TAU_W,NUODZ,Z_PLUS,TAU_ROUGH 
+!END FUNCTION U_PLUS_BUFFER_SEMILOG 
@@ -783 +852 @@ REAL(EB) :: U_TAU,TAU_W,NUODZ,Z_PLUS,TAU_ROUGH 
+!REAL(EB) FUNCTION U_PLUS_BUFFER_POLY4(YP) 
@@ -785,3 +854,9 @@ REAL(EB) :: U_TAU,TAU_W,NUODZ,Z_PLUS,TAU_ROUGH 
+!REAL(EB), INTENT(IN) :: YP 
+!REAL(EB) :: DYP 
+!REAL(EB), PARAMETER :: DYPLUS=25._EB 
+!REAL(EB), PARAMETER :: B1 = (U2-Y2)/DYPLUS**2 
+!REAL(EB), PARAMETER :: B2 = (RKAPPA/Y2-1._EB)/DYPLUS 
+!REAL(EB), PARAMETER :: B3 = (-RKAPPA/Y2**2)*0.5_EB 
+!REAL(EB), PARAMETER :: C3 = 6._EB*B1-3._EB*B2+B3 
+!REAL(EB), PARAMETER :: C2 = (4._EB*B1-B2 - 2._EB*C3)/DYPLUS 
+!REAL(EB), PARAMETER :: C1 = (B1-C3-DYPLUS*C2)/DYPLUS**2 
@@ -789,3 +864,2 @@ REAL(EB) :: U_TAU,TAU_W,NUODZ,Z_PLUS,TAU_ROUGH 
+!! Jung-il Choi, Yonsei University 
+!! 4th-order polynomial fit connecting U1=Y1=5 to U2=RKAPPA*LOG(Y2)+B at Y2=30 
@@ -793 +867,2 @@ REAL(EB) :: U_TAU,TAU_W,NUODZ,Z_PLUS,TAU_ROUGH 
+!DYP = YP-Y1 
+!U_PLUS_BUFFER_POLY4 = C1*DYP**4 + C2*DYP**3 + C3*DYP**2 + YP 
@@ -795,40 +870 @@ REAL(EB) :: U_TAU,TAU_W,NUODZ,Z_PLUS,TAU_ROUGH 
+!END FUNCTION U_PLUS_BUFFER_POLY4 
@@ -835,0 +872 @@ END SUBROUTINE WERNER_WENGLE_WALL_MODEL 
+END SUBROUTINE WALL_MODEL 
@@ -896 +933 @@ ELSE 
+      CALL WALL_MODEL(SLIP_COEF,DUMMY,DUMMY,U_STRM-U_STRM_WALL,MU*RRHO,DN,0._EB) 
@@ -1008 +1045 @@ ELSE 
+      CALL WALL_MODEL(SLIP_COEF,DUMMY,DUMMY,U_STRM,MU*RRHO,DN,ROUGHNESS) 
 

--- a/type.f90 
+++ b/type.f90 
@@ -69 +69 @@ TYPE WALL_TYPE 
+               TW=0._EB,U_TAU=0._EB,UVW_GHOST=0._EB,UW=0._EB, 
UWS=0._EB,UW0=0._EB,XW=0._EB,Y_PLUS=1._EB,YW=0._EB,ZW=0._EB 
@@ -294 +294 @@ TYPE FACET_TYPE 
+   REAL(EB) :: NVEC(3)=0._EB,TMP_F=300._EB,TMP_G=300._EB,AREA=0._EB,U_TAU=0._EB,Y_PLUS=1._EB 
 

--- a/velo.f90 
+++ b/velo.f90 
@@ -35 +35 @@ SELECT CASE(FUNCTION_CODE) 
+      CALL COMPUTE_VISCOSITY(T,NM) 
@@ -47 +47 @@ END SUBROUTINE COMPUTE_VELOCITY_FLUX 
+SUBROUTINE COMPUTE_VISCOSITY(T,NM) 
@@ -49,2 +49,4 @@ SUBROUTINE COMPUTE_VISCOSITY(NM) 
+USE PHYSICAL_FUNCTIONS, ONLY: GET_VISCOSITY,LES_FILTER_WIDTH_FUNCTION 
+USE TURBULENCE, ONLY: VARDEN_DYNSMAG,TEST_FILTER,EX2G3D,WALL_MODEL 
+USE MATH_FUNCTIONS, ONLY:EVALUATE_RAMP 
+REAL(EB), INTENT(IN) :: T 
@@ -53 +55,2 @@ REAL(EB) :: 
ZZ_GET(0:N_TRACKED_SPECIES),NU_EDDY,DELTA,KSGS,NU_G,GRAD_RHO(3),U2,V 
+            DUDX,DUDY,DUDZ,DVDX,DVDY,DVDZ,DWDX,DWDY, 
DWDZ,TSI,RAMP_T,SLIP_COEF,VEL_T,VEL_GAS,VDF,WGT 
+REAL(EB), PARAMETER :: RAPLUS=1._EB/26._EB 
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@@ -58,0 +62 @@ REAL(EB), POINTER, DIMENSION(:,:,:,:) :: ZZP=>NULL() 
+INTEGER, POINTER, DIMENSION(:,:,:) :: CELL_COUNTER=>NULL() 
@@ -59,0 +64 @@ TYPE(WALL_TYPE), POINTER :: WC=>NULL() 
+TYPE(SURFACE_TYPE), POINTER :: SF=>NULL() 
@@ -97 +102 @@ DO K=1,KBAR 
+         CALL GET_VISCOSITY(ZZ_GET,MU_DNS(I,J,K),TMP(I,J,K)) 
@@ -120 +125 @@ SELECT_TURB: SELECT CASE (TURB_MODEL_TMP) 
+               MU(I,J,K) = MU_DNS(I,J,K) + RHOP(I,J,K)*CSD2(I,J,K)*STRAIN_RATE(I,J,K) 
@@ -188 +193 @@ SELECT_TURB: SELECT CASE (TURB_MODEL_TMP) 
+               MU(I,J,K) = MU_DNS(I,J,K) + RHOP(I,J,K)*NU_EDDY 
@@ -243 +248 @@ SELECT_TURB: SELECT CASE (TURB_MODEL_TMP) 
+               MU(I,J,K) = MU_DNS(I,J,K) + RHOP(I,J,K)*NU_EDDY  
@@ -290 +295 @@ DO K=1,KBAR 
+   ENDDO 
@@ -293,0 +299,2 @@ ENDDO 
+    
+CELL_COUNTER => IWORK1 ; CELL_COUNTER = 0 
@@ -307 +314,2 @@ WALL_LOOP: DO IW=1,N_EXTERNAL_WALL_CELLS+N_INTERNAL_WALL_CELLS 
+   SF=>SURFACE(WC%SURF_INDEX) 
+ 
@@ -308,0 +317 @@ WALL_LOOP: DO IW=1,N_EXTERNAL_WALL_CELLS+N_INTERNAL_WALL_CELLS 
+ 
@@ -310,12 +319,5 @@ WALL_LOOP: DO IW=1,N_EXTERNAL_WALL_CELLS+N_INTERNAL_WALL_CELLS 
+ 
+         IF (ABS(SF%T_IGN-T_BEGIN)<=SPACING(SF%T_IGN) .AND. SF%RAMP_INDEX(TIME_VELO)>=1) 
THEN 
+            TSI = T 
+         ELSE 
+            TSI = T-SF%T_IGN 
@@ -322,0 +325,27 @@ WALL_LOOP: DO IW=1,N_EXTERNAL_WALL_CELLS+N_INTERNAL_WALL_CELLS 
+         RAMP_T = EVALUATE_RAMP(TSI,SF%TAU(TIME_VELO),SF%RAMP_INDEX(TIME_VELO)) 
+         VEL_T = RAMP_T*SQRT(SF%VEL_T(1)**2 + SF%VEL_T(2)**2) 
+ 
+         SELECT CASE(ABS(IOR)) 
+            CASE(1) 
+               VEL_GAS = SQRT( 0.25_EB*( (VV(IIG,JJG,KKG)+VV(IIG,JJG-1,KKG))**2 + 
(WW(IIG,JJG,KKG)+WW(IIG,JJG,KKG-1))**2 ) ) 
+            CASE(2) 
+               VEL_GAS = SQRT( 0.25_EB*( (UU(IIG,JJG,KKG)+UU(IIG-1,JJG,KKG))**2 + 
(WW(IIG,JJG,KKG)+WW(IIG,JJG,KKG-1))**2 ) ) 
+            CASE(3) 
+               VEL_GAS = SQRT( 0.25_EB*( (UU(IIG,JJG,KKG)+UU(IIG-1,JJG,KKG))**2 + 
(VV(IIG,JJG,KKG)+VV(IIG,JJG-1,KKG))**2 ) ) 
+         END SELECT 
+ 
+         CALL WALL_MODEL(SLIP_COEF,WC%U_TAU,WC%Y_PLUS,VEL_GAS-VEL_T,& 
+                         
MU_DNS(IIG,JJG,KKG)/RHO(IIG,JJG,KKG),1._EB/WC%RDN,SURFACE(WC%SURF_INDEX)%ROUGHNESS) 
+ 
+         IF (LES) THEN    
+            DELTA = LES_FILTER_WIDTH_FUNCTION(DX(IIG),DY(JJG),DZ(KKG)) 
+            VDF = 1._EB-EXP(-WC%Y_PLUS*RAPLUS) 
+            NU_EDDY = (VDF*C_SMAGORINSKY*DELTA)**2*STRAIN_RATE(IIG,JJG,KKG) 
+            IF (CELL_COUNTER(IIG,JJG,KKG)==0) MU(IIG,JJG,KKG) = 0._EB 
+            CELL_COUNTER(IIG,JJG,KKG) = CELL_COUNTER(IIG,JJG,KKG) + 1 
+            WGT = 1._EB/REAL(CELL_COUNTER(IIG,JJG,KKG),EB) 
+            MU(IIG,JJG,KKG) = (1._EB-WGT)*MU(IIG,JJG,KKG) + WGT*(MU_DNS(IIG,JJG,KKG) + 
RHOP(IIG,JJG,KKG)*NU_EDDY) 
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+         ELSE 
+            MU(IIG,JJG,KKG) = MU_DNS(IIG,JJG,KKG) 
+         ENDIF          
+          
@@ -1398 +1427 @@ USE MATH_FUNCTIONS, ONLY: EVALUATE_RAMP 
+USE TURBULENCE, ONLY: WALL_MODEL 
@@ -1402 +1431 @@ REAL(EB) :: MUA,TSI,WGT,TNOW,RAMP_T,OMW,MU_WALL,RHO_WALL,SLIP_COEF,VEL_T, & 
+            MU_DUIDXJ_USE(2),DUIDXJ_USE(2),DUMMY,VEL_EDDY,U_TAU,Y_PLUS 
@@ -1755 +1784 @@ EDGE_LOOP: DO IE=1,N_EDGES 
+                  CASE (WALL_MODEL_BC) BOUNDARY_CONDITION 
@@ -1764 +1793 @@ EDGE_LOOP: DO IE=1,N_EDGES 
+                        CALL WALL_MODEL(SLIP_COEF,U_TAU,Y_PLUS,VEL_GAS-
VEL_T,MU_WALL/RHO_WALL,DXX(ICD),SF%ROUGHNESS) 
@@ -1766 +1795,3 @@ EDGE_LOOP: DO IE=1,N_EDGES 
+                     SLIP_COEF = 0.5_EB*(SLIP_COEF-1._EB) 
+                     VEL_GHOST = VEL_T + SLIP_COEF*(VEL_GAS-VEL_T) 
+                     !VEL_GHOST = 2._EB*VEL_T - VEL_GAS 
@@ -1768 +1799 @@ EDGE_LOOP: DO IE=1,N_EDGES 
+                     MU_DUIDXJ(ICD_SGN) = RHO_WALL*U_TAU**2 * SIGN(1._EB,I_SGN*(VEL_GAS-
VEL_T)) 
 

--- a/wall.f90 
+++ b/wall.f90 
@@ -1556 +1556 @@ REAL(EB) FUNCTION 
HEAT_TRANSFER_COEFFICIENT(IW,IIG,JJG,KKG,IOR,DELTA_TMP,H_FIXED 
+USE TURBULENCE, ONLY: WALL_MODEL, SURFACE_HEAT_FLUX_MODEL 
@@ -1735,2 +1735 @@ SMIX_LOOP: DO N=1,N_TRACKED_SPECIES 
+         TAU_PLUS = TAU_PLUS_C/MUGAS**2*WC%U_TAU**2*RHOG 
@@ -1738 +1737 @@ SMIX_LOOP: DO N=1,N_TRACKED_SPECIES 
+            U_TURB = WC%U_TAU * 0.086_EB*(MUGAS/RHOG/D_Z( MIN(5000,INT(TGAS)),0))**(-0.7_EB) 
@@ -1740 +1739 @@ SMIX_LOOP: DO N=1,N_TRACKED_SPECIES 
+            U_TURB = WC%U_TAU * 3.5E-4_EB * TAU_PLUS**2 
@@ -1742 +1741 @@ SMIX_LOOP: DO N=1,N_TRACKED_SPECIES 
+            U_TURB = WC%U_TAU *0.17_EB 

C.4 Synthetic turbulence 
--- a/cons.f90 
+++ b/cons.f90 
@@ -183 +183 @@ CHARACTER(10):: PRES_METHOD = 'FFT' 
+INTEGER :: ICYC,WALL_INCREMENT,NFRAMES,PERIODIC_TEST=0,TURB_MODEL=0,EDDY_METHOD=1 
 
--- a/divg.f90 
+++ b/divg.f90 
@@ -36 +36 @@ REAL(EB) :: DELKDELT,VC,DTDX,DTDY,DTDZ,TNOW,ZZ_GET(0:N_TRACKED_SPECIES), & 
+            TMP_G,TMP_WGT,DIV_DIFF_HEAT_FLUX,H_S,PBAR_D_RHO_H_S_DT,DT_SUBSTEP,UN,PROFILE_FAC
TOR 
@@ -710,0 +711,9 @@ PREDICT_NORMALS: IF (PREDICTOR) THEN 
+                  IF (SF%PROFILE==ATMOSPHERIC) THEN 
+                     IF (ZC(KK).GE.12.5) THEN 
+                         PROFILE_FACTOR = (0.87/.41)*LOG((ZC(KK)-9.375)/0.4973)/3.9 
+                     ELSE 
+                         PROFILE_FACTOR = EXP(3*(ZC(KK)/12.5-1)) 
+                     ENDIF 
+                  ELSE  
+                     PROFILE_FACTOR=1 
+                  ENDIF 
@@ -713 +722 @@ PREDICT_NORMALS: IF (PREDICTOR) THEN 
+                        WC%UWS = WC%UWS - 
TIME_RAMP_FACTOR*PRES_RAMP_FACTOR*VT%U_EDDY(JJ,KK)*SQRT(PROFILE_FACTOR) 
@@ -715 +724 @@ PREDICT_NORMALS: IF (PREDICTOR) THEN 
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+                        WC%UWS = WC%UWS + 
TIME_RAMP_FACTOR*PRES_RAMP_FACTOR*VT%U_EDDY(JJ,KK)*SQRT(PROFILE_FACTOR) 
@@ -717 +726 @@ PREDICT_NORMALS: IF (PREDICTOR) THEN 
+                        WC%UWS = WC%UWS - 
TIME_RAMP_FACTOR*PRES_RAMP_FACTOR*VT%V_EDDY(II,KK)*SQRT(PROFILE_FACTOR) 
@@ -719 +728 @@ PREDICT_NORMALS: IF (PREDICTOR) THEN 
+                        WC%UWS = WC%UWS + 
TIME_RAMP_FACTOR*PRES_RAMP_FACTOR*VT%V_EDDY(II,KK)*SQRT(PROFILE_FACTOR) 
@@ -721 +730 @@ PREDICT_NORMALS: IF (PREDICTOR) THEN 
+                        WC%UWS = WC%UWS - 
TIME_RAMP_FACTOR*PRES_RAMP_FACTOR*VT%W_EDDY(II,JJ)*SQRT(PROFILE_FACTOR) 
@@ -723 +732 @@ PREDICT_NORMALS: IF (PREDICTOR) THEN 
+                        WC%UWS = WC%UWS + 
TIME_RAMP_FACTOR*PRES_RAMP_FACTOR*VT%W_EDDY(II,JJ)*SQRT(PROFILE_FACTOR) 
 
--- a/init.f90 
+++ b/init.f90 
@@ -609,0 +610,7 @@ VENT_LOOP: DO N=1,M%N_VENT 
+            !paceholder arrays for reference frame rotation 
+            ALLOCATE(VT%UT1(VT%J1+1:VT%J2,VT%K1+1:VT%K2),STAT=IZERO) 
+            CALL ChkMemErr('READ_VENT','UT1',IZERO) 
+            ALLOCATE(VT%UT2(VT%J1+1:VT%J2,VT%K1+1:VT%K2),STAT=IZERO) 
+            CALL ChkMemErr('READ_VENT','UT2',IZERO) 
+            ALLOCATE(VT%UT3(VT%J1+1:VT%J2,VT%K1+1:VT%K2),STAT=IZERO) 
+            CALL ChkMemErr('READ_VENT','UT3',IZERO) 
@@ -616,0 +624,7 @@ VENT_LOOP: DO N=1,M%N_VENT 
+            !paceholder arrays for reference frame rotation 
+            ALLOCATE(VT%UT1(VT%I1+1:VT%I2,VT%K1+1:VT%K2),STAT=IZERO) 
+            CALL ChkMemErr('READ_VENT','UT1',IZERO) 
+            ALLOCATE(VT%UT2(VT%I1+1:VT%I2,VT%K1+1:VT%K2),STAT=IZERO) 
+            CALL ChkMemErr('READ_VENT','UT2',IZERO) 
+            ALLOCATE(VT%UT3(VT%I1+1:VT%I2,VT%K1+1:VT%K2),STAT=IZERO) 
+            CALL ChkMemErr('READ_VENT','UT3',IZERO) 
@@ -623,0 +638,7 @@ VENT_LOOP: DO N=1,M%N_VENT 
+            !paceholder arrays for reference frame rotation 
+            ALLOCATE(VT%UT1(VT%I1+1:VT%I2,VT%J1+1:VT%J2),STAT=IZERO) 
+            CALL ChkMemErr('READ_VENT','UT1',IZERO) 
+            ALLOCATE(VT%UT2(VT%I1+1:VT%I2,VT%J1+1:VT%J2),STAT=IZERO) 
+            CALL ChkMemErr('READ_VENT','UT2',IZERO) 
+            ALLOCATE(VT%UT3(VT%I1+1:VT%I2,VT%J1+1:VT%J2),STAT=IZERO) 
+            CALL ChkMemErr('READ_VENT','UT3',IZERO) 
@@ -2251 +2272,5 @@ PROCESS_VENT: IF (I_VENT>0) THEN 
 
+      IF (M%ZC(K).GE.12.5) THEN 
+          WC%UW0 =(0.87/.41)*LOG((M%ZC(K)-9.375)/0.4973)*WC%UW0 
+      ELSE 
+          WC%UW0 =3.9*EXP(3*(M%ZC(K)/12.5-1))*WC%UW0 
+      ENDIF 
 
--- a/read.f90 
+++ b/read.f90 
@@ -1437 +1437 @@ NAMELIST /MISC/ 
AL2O3,ALLOW_SURFACE_PARTICLES,ALLOW_UNDERSIDE_PARTICLES,ASSUMED_ 
+                C_FORCED_CYLINDER,C_FORCED_SPHERE,C_HORIZONTAL,C_VERTICAL,DEBUG_OPENMP,DNS,E
DDY_METHOD,ENTHALPY_TRANSPORT,& 
@@ -1531 +1531,2 @@ TURBULENCE_MODEL     = 'null' 
+EDDY_METHOD          = 1 
+ 
@@ -8493,42 +8494,0 @@ MESH_LOOP_2: DO NM=1,NMESHES 
 
--- a/turb.f90 
+++ b/turb.f90 
@@ -10,0 +11 @@ USE COMP_FUNCTIONS 
+USE MEMORY_FUNCTIONS, ONLY : CHKMEMERR 
@@ -1101,2 +1102,4 @@ TYPE(VENTS_TYPE), POINTER :: VT=>NULL() 
+INTEGER :: NE,NV,IERROR,SIZE_RAND,TMP,SIZE_RND,IZERO 
+REAL :: EVWF,EDDY_VOLUME 
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+INTEGER, DIMENSION(:), ALLOCATABLE :: SEED_RND 
+REAL(EB), POINTER, DIMENSION(:,:) :: A_IJ=>NULL(),R_IJ=>NULL(),SIG_IJ=>NULL() 
@@ -1104,0 +1108,8 @@ IF (EVACUATION_ONLY(NM)) RETURN 
+CALL RANDOM_SEED(SIZE=SIZE_RND) 
+ALLOCATE(SEED_RND(SIZE_RND),STAT=IZERO) 
+CALL CHKMEMERR('SYNTHETIC_EDDY_SETUP','SEED_RND',IZERO) 
+CALL SYSTEM_CLOCK(COUNT=TMP) 
+SEED_RND = TMP * 37 
+CALL RANDOM_SEED(PUT=SEED_RND) 
+DEALLOCATE(SEED_RND) 
+ 
@@ -1113,4 +1124,5 @@ VENT_LOOP: DO NV=1,MESHES(NM)%N_VENT 
+         VT%Y_EDDY_MIN = VT%Y1+MAXVAL(VT%SIGMA_IJ(:,2)) 
+         VT%Y_EDDY_MAX = VT%Y2-MAXVAL(VT%SIGMA_IJ(:,2)) 
+         VT%Z_EDDY_MIN = VT%Z1+MAXVAL(VT%SIGMA_IJ(:,3)) 
+         VT%Z_EDDY_MAX = VT%Z2-MAXVAL(VT%SIGMA_IJ(:,3)) 
+          
@@ -1118,2 +1130,2 @@ VENT_LOOP: DO NV=1,MESHES(NM)%N_VENT 
+         VT%X_EDDY_MIN = VT%X1+MAXVAL(VT%SIGMA_IJ(:,1)) 
+         VT%X_EDDY_MAX = VT%X2-MAXVAL(VT%SIGMA_IJ(:,1)) 
@@ -1122,2 +1134,3 @@ VENT_LOOP: DO NV=1,MESHES(NM)%N_VENT 
+         VT%Z_EDDY_MIN = VT%Z1+MAXVAL(VT%SIGMA_IJ(:,3)) 
+         VT%Z_EDDY_MAX = VT%Z2-MAXVAL(VT%SIGMA_IJ(:,3)) 
+          
@@ -1125,4 +1138,4 @@ VENT_LOOP: DO NV=1,MESHES(NM)%N_VENT 
+         VT%X_EDDY_MIN = VT%X1+MAXVAL(VT%SIGMA_IJ(:,1)) 
+         VT%X_EDDY_MAX = VT%X2-MAXVAL(VT%SIGMA_IJ(:,1)) 
+         VT%Y_EDDY_MIN = VT%Y1+MAXVAL(VT%SIGMA_IJ(:,2)) 
+         VT%Y_EDDY_MAX = VT%Y2-MAXVAL(VT%SIGMA_IJ(:,2)) 
@@ -1130,0 +1144 @@ VENT_LOOP: DO NV=1,MESHES(NM)%N_VENT 
+          
@@ -1133,6 +1147 @@ VENT_LOOP: DO NV=1,MESHES(NM)%N_VENT 
+ 
@@ -1140 +1148,0 @@ VENT_LOOP: DO NV=1,MESHES(NM)%N_VENT 
@@ -1143,7 +1151,31 @@ VENT_LOOP: DO NV=1,MESHES(NM)%N_VENT 
+   ! Cholesky decomposition of Reynolds stress tensor 
+   SELECT CASE(EDDY_METHOD) 
+      CASE(1) !original 
+          
+         A_IJ = 0._EB 
+         A_IJ(1,1) = SQRT(R_IJ(1,1)) 
+         A_IJ(2,1) = R_IJ(2,1)/A_IJ(1,1) 
+         A_IJ(2,2) = SQRT(R_IJ(2,2)-A_IJ(2,1)**2) 
+         A_IJ(3,1) = R_IJ(3,1)/A_IJ(1,1) 
+         A_IJ(3,2) = (R_IJ(3,2)-A_IJ(2,1)*A_IJ(3,1))/A_IJ(2,2) 
+         A_IJ(3,3) = SQRT(R_IJ(3,3)-A_IJ(3,1)**2-A_IJ(3,2)**2) 
+    
+      CASE(2) !experimental divergence free method 
+         SIG_IJ => VT%SIGMA_IJ 
+          
+         A_IJ(1,1)=sqrt((R_IJ(2,2)/SIG_IJ(2,2)**2+R_IJ(3,3)/SIG_IJ(3,3)**2 & 
+            - R_IJ(1,1)/SIG_IJ(1,1)**2)/(2*1.875)) 
+         A_IJ(2,2)=sqrt((R_IJ(1,1)/SIG_IJ(1,1)**2+R_IJ(3,3)/SIG_IJ(3,3)**2 & 
+            - R_IJ(2,2)/SIG_IJ(2,2)**2)/(2*1.875))    
+         A_IJ(3,3)=sqrt((R_IJ(1,1)/SIG_IJ(1,1)**2+R_IJ(2,2)/SIG_IJ(2,2)**2 & 
+            - R_IJ(3,3)/SIG_IJ(3,3)**2)/(2*1.875))    
+          
+   END SELECT 
+ 
+   EDDY_LOOP: DO NE=1,VT%N_EDDY 
+      IERROR=1; CALL EDDY_POSITION(NE,NV,NM,IERROR,0) 
+      CALL EDDY_AMPLITUDE(NE,NV,NM) 
+   ENDDO EDDY_LOOP    
+     
+      VT%EDDY_BOX_VOLUME = (VT%X_EDDY_MAX-VT%X_EDDY_MIN)*(VT%Y_EDDY_MAX-VT%Y_EDDY_MIN)* & 
+      (VT%Z_EDDY_MAX-VT%Z_EDDY_MIN) 
@@ -1165 +1197 @@ TYPE(SURFACE_TYPE), POINTER :: SF=>NULL() 
+REAL(EB) :: 
XX,YY,ZZ,SHAPE_FACTOR,VOLUME_WEIGHTING_FACTOR(3),EDDY_VOLUME(3),PROFILE_FACTOR,RAMP_T,TSI,DUM
MY=0,BBB=1,QPL(3,3),JNK(3) 
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@@ -1183,0 +1216,3 @@ VENT_LOOP: DO NV=1,N_VENT 
+   VT%UT1 = 0._EB 
+   VT%UT2 = 0._EB 
+   VT%UT3 = 0._EB 
@@ -1185 +1220,7 @@ VENT_LOOP: DO NV=1,N_VENT 
+    
+   !rotation matrix from principal to local reference frame 
+   QPL(:,1)=(/-0.9761,0.1949,-0.0959/) 
+   QPL(:,2)=(/-0.2149,-0.9309,0.2953/) 
+   QPL(:,3)=(/-0.0317,0.3088,0.9506/) 
+    
+    
@@ -1197 +1238,7 @@ VENT_LOOP: DO NV=1,N_VENT 
+            IF (SF%PROFILE==ATMOSPHERIC) THEN 
+               IF (MAX(0._EB,VT%Z_EDDY(NE)-GROUND_LEVEL).GE.12.5) THEN 
+                  PROFILE_FACTOR = (0.87/.41)*LOG((MAX(0._EB,VT%Z_EDDY(NE)-GROUND_LEVEL)-
9.375)/0.4973) 
+               ELSE 
+                  PROFILE_FACTOR = 3.9*EXP(3*(MAX(0._EB,VT%Z_EDDY(NE)-GROUND_LEVEL)/12.5-1)) 
+               ENDIF 
+            ENDIF 
@@ -1201 +1248 @@ VENT_LOOP: DO NV=1,N_VENT 
+            IERROR=0;      CALL EDDY_POSITION(NE,NV,NM,IERROR,VT%IOR) 
@@ -1208,2 +1255,4 @@ VENT_LOOP: DO NV=1,N_VENT 
+                  SELECT CASE(EDDY_METHOD) 
+                     CASE(1) 
+                        SHAPE_FACTOR = 
SHAPE_FUNCTION(XX,DUMMY,DUMMY,DUMMY,1)*SHAPE_FUNCTION(YY,DUMMY,DUMMY,DUMMY,1)*SHAPE_FUNCTION(
ZZ,DUMMY,DUMMY,DUMMY,1) 
+                        VT%U_EDDY(JJ,KK) = VT%U_EDDY(JJ,KK) + VT%CU_EDDY(NE)*SHAPE_FACTOR 
@@ -1211,5 +1260,5 @@ VENT_LOOP: DO NV=1,N_VENT 
+                        XX = (VT%X1  - VT%X_EDDY(NE))/VT%SIGMA_IJ(2,1) 
+                        YY = (YC(JJ) - VT%Y_EDDY(NE))/VT%SIGMA_IJ(2,2) 
+                        ZZ = (ZC(KK) - VT%Z_EDDY(NE))/VT%SIGMA_IJ(2,3) 
+                        SHAPE_FACTOR = 
SHAPE_FUNCTION(XX,DUMMY,DUMMY,DUMMY,1)*SHAPE_FUNCTION(YY,DUMMY,DUMMY,DUMMY,1)*SHAPE_FUNCTION(
ZZ,DUMMY,DUMMY,DUMMY,1) 
+                        VT%V_EDDY(JJ,KK) = VT%V_EDDY(JJ,KK) + VT%CV_EDDY(NE)*SHAPE_FACTOR 
@@ -1217,5 +1266,15 @@ VENT_LOOP: DO NV=1,N_VENT 
+                        XX = (VT%X1  - VT%X_EDDY(NE))/VT%SIGMA_IJ(3,1) 
+                        YY = (YC(JJ) - VT%Y_EDDY(NE))/VT%SIGMA_IJ(3,2) 
+                        ZZ = (ZC(KK) - VT%Z_EDDY(NE))/VT%SIGMA_IJ(3,3) 
+                        SHAPE_FACTOR = 
SHAPE_FUNCTION(XX,DUMMY,DUMMY,DUMMY,1)*SHAPE_FUNCTION(YY,DUMMY,DUMMY,DUMMY,1)*SHAPE_FUNCTION(
ZZ,DUMMY,DUMMY,DUMMY,1) 
+                        VT%W_EDDY(JJ,KK) = VT%W_EDDY(JJ,KK) + VT%CW_EDDY(NE)*SHAPE_FACTOR 
+                   
+                     CASE(2) 
+                        SHAPE_FACTOR = SHAPE_FUNCTION(XX,YY,ZZ,VT%SIGMA_IJ(1,1),4) 
+                        VT%U_EDDY(JJ,KK) = VT%U_EDDY(JJ,KK) + 
SHAPE_FACTOR*YY*VT%CW_EDDY(NE)-SHAPE_FACTOR*ZZ*VT%CV_EDDY(NE)  
+                        SHAPE_FACTOR = SHAPE_FUNCTION(XX,YY,ZZ,VT%SIGMA_IJ(1,2),4) 
+                        VT%V_EDDY(JJ,KK) = VT%V_EDDY(JJ,KK) + 
SHAPE_FACTOR*ZZ*VT%CU_EDDY(NE)-SHAPE_FACTOR*XX*VT%CW_EDDY(NE) 
+                        SHAPE_FACTOR = SHAPE_FUNCTION(XX,YY,ZZ,VT%SIGMA_IJ(1,3),4) 
+                        VT%W_EDDY(JJ,KK) = VT%W_EDDY(JJ,KK) + 
SHAPE_FACTOR*XX*VT%CV_EDDY(NE)-SHAPE_FACTOR*YY*VT%CU_EDDY(NE) 
+ 
+                  END SELECT 
@@ -1227,2 +1286,8 @@ VENT_LOOP: DO NV=1,N_VENT 
+            IF (SF%PROFILE==ATMOSPHERIC) THEN 
+               IF (MAX(0._EB,VT%Z_EDDY(NE)-GROUND_LEVEL).GE.12.5) THEN 
+                  PROFILE_FACTOR = (0.87/.41)*LOG((MAX(0._EB,VT%Z_EDDY(NE)-GROUND_LEVEL)-
9.375)/0.4973) 
+               ELSE 
+                  PROFILE_FACTOR = 3.9*EXP(3*(MAX(0._EB,VT%Z_EDDY(NE)-GROUND_LEVEL)/12.5-1)) 
+               ENDIF 
+            ENDIF 
+            VT%X_EDDY(NE) = VT%X_EDDY(NE) + DT*SF%VEL_T(1)*PROFILE_FACTOR*RAMP_T 
@@ -1230,2 +1295,2 @@ VENT_LOOP: DO NV=1,N_VENT 
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+            VT%Z_EDDY(NE) = VT%Z_EDDY(NE) + DT*SF%VEL_T(2)*PROFILE_FACTOR*RAMP_T 
+            IERROR=0;      CALL EDDY_POSITION(NE,NV,NM,IERROR,VT%IOR) 
@@ -1238,2 +1302,0 @@ VENT_LOOP: DO NV=1,N_VENT 
@@ -1241,5 +1304,10 @@ VENT_LOOP: DO NV=1,N_VENT 
+                  SELECT CASE(EDDY_METHOD) 
+                     CASE(1) 
+                        SHAPE_FACTOR = 
SHAPE_FUNCTION(XX,DUMMY,DUMMY,DUMMY,1)*SHAPE_FUNCTION(YY,DUMMY,DUMMY,DUMMY,1)*SHAPE_FUNCTION(
ZZ,DUMMY,DUMMY,DUMMY,1) 
+                        VT%U_EDDY(II,KK) = VT%U_EDDY(II,KK) + VT%CU_EDDY(NE)*SHAPE_FACTOR 
+                   
+                        XX = (XC(II) - VT%X_EDDY(NE))/VT%SIGMA_IJ(2,1) 
+                        YY = (VT%Y1  - VT%Y_EDDY(NE))/VT%SIGMA_IJ(2,2) 
+                        ZZ = (ZC(KK) - VT%Z_EDDY(NE))/VT%SIGMA_IJ(2,3) 
+                        SHAPE_FACTOR = 
SHAPE_FUNCTION(XX,DUMMY,DUMMY,DUMMY,1)*SHAPE_FUNCTION(YY,DUMMY,DUMMY,DUMMY,1)*SHAPE_FUNCTION(
ZZ,DUMMY,DUMMY,DUMMY,1) 
+                        VT%V_EDDY(II,KK) = VT%V_EDDY(II,KK) + VT%CV_EDDY(NE)*SHAPE_FACTOR 
@@ -1247,5 +1315,14 @@ VENT_LOOP: DO NV=1,N_VENT 
+                        XX = (XC(II) - VT%X_EDDY(NE))/VT%SIGMA_IJ(3,1) 
+                        YY = (VT%Y1  - VT%Y_EDDY(NE))/VT%SIGMA_IJ(3,2) 
+                        ZZ = (ZC(KK) - VT%Z_EDDY(NE))/VT%SIGMA_IJ(3,3) 
+                        SHAPE_FACTOR = 
SHAPE_FUNCTION(XX,DUMMY,DUMMY,DUMMY,1)*SHAPE_FUNCTION(YY,DUMMY,DUMMY,DUMMY,1)*SHAPE_FUNCTION(
ZZ,DUMMY,DUMMY,DUMMY,1) 
+                        VT%W_EDDY(II,KK) = VT%W_EDDY(II,KK) + VT%CW_EDDY(NE)*SHAPE_FACTOR  
+                     CASE(2) 
+                        SHAPE_FACTOR = SHAPE_FUNCTION(XX,YY,ZZ,VT%SIGMA_IJ(1,1),4) 
+                        VT%U_EDDY(II,KK) = VT%U_EDDY(II,KK) + 
SHAPE_FACTOR*YY*VT%CW_EDDY(NE)-SHAPE_FACTOR*ZZ*VT%CV_EDDY(NE) 
+                        SHAPE_FACTOR = SHAPE_FUNCTION(YY,XX,ZZ,VT%SIGMA_IJ(1,2),4) 
+                        VT%V_EDDY(II,KK) = VT%V_EDDY(II,KK) + 
SHAPE_FACTOR*ZZ*VT%CU_EDDY(NE)-SHAPE_FACTOR*XX*VT%CW_EDDY(NE) 
+                        SHAPE_FACTOR = SHAPE_FUNCTION(ZZ,YY,XX,VT%SIGMA_IJ(1,3),4) 
+                        VT%W_EDDY(II,KK) = VT%W_EDDY(II,KK) + 
SHAPE_FACTOR*XX*VT%CV_EDDY(NE)-SHAPE_FACTOR*YY*VT%CU_EDDY(NE) 
+ 
+                  END SELECT 
@@ -1257 +1334,7 @@ VENT_LOOP: DO NV=1,N_VENT 
+            IF (SF%PROFILE==ATMOSPHERIC) THEN 
+               IF (MAX(0._EB,VT%Z_EDDY(NE)-GROUND_LEVEL).GE.12.5) THEN 
+                  PROFILE_FACTOR = (0.87/.41)*LOG((MAX(0._EB,VT%Z_EDDY(NE)-GROUND_LEVEL)-
9.375)/0.4973) 
+               ELSE 
+                  PROFILE_FACTOR = 3.9*EXP(3*(MAX(0._EB,VT%Z_EDDY(NE)-GROUND_LEVEL)/12.5-1)) 
+               ENDIF 
+            ENDIF 
@@ -1261 +1344 @@ VENT_LOOP: DO NV=1,N_VENT 
+            IERROR=0;      CALL EDDY_POSITION(NE,NV,NM,IERROR,VT%IOR) 
@@ -1268,2 +1351,4 @@ VENT_LOOP: DO NV=1,N_VENT 
+                  SELECT CASE(EDDY_METHOD) 
+                     CASE(1) 
+                        SHAPE_FACTOR = 
SHAPE_FUNCTION(XX,DUMMY,DUMMY,DUMMY,1)*SHAPE_FUNCTION(YY,DUMMY,DUMMY,DUMMY,1)*SHAPE_FUNCTION(
ZZ,DUMMY,DUMMY,DUMMY,1) 
+                        VT%U_EDDY(II,JJ) = VT%U_EDDY(II,JJ) + VT%CU_EDDY(NE)*SHAPE_FACTOR 
@@ -1271,5 +1356,5 @@ VENT_LOOP: DO NV=1,N_VENT 
+                        XX = (XC(II) - VT%X_EDDY(NE))/VT%SIGMA_IJ(2,1) 
+                        YY = (YC(JJ) - VT%Y_EDDY(NE))/VT%SIGMA_IJ(2,2) 
+                        ZZ = (VT%Z1  - VT%Z_EDDY(NE))/VT%SIGMA_IJ(2,3) 
+                        SHAPE_FACTOR = 
SHAPE_FUNCTION(XX,DUMMY,DUMMY,DUMMY,1)*SHAPE_FUNCTION(YY,DUMMY,DUMMY,DUMMY,1)*SHAPE_FUNCTION(
ZZ,DUMMY,DUMMY,DUMMY,1) 
+                        VT%V_EDDY(II,JJ) = VT%V_EDDY(II,JJ) + VT%CV_EDDY(NE)*SHAPE_FACTOR 
@@ -1277,5 +1362,14 @@ VENT_LOOP: DO NV=1,N_VENT 
+                        XX = (XC(II) - VT%X_EDDY(NE))/VT%SIGMA_IJ(3,1) 
+                        YY = (YC(JJ) - VT%Y_EDDY(NE))/VT%SIGMA_IJ(3,2) 
+                        ZZ = (VT%Z1  - VT%Z_EDDY(NE))/VT%SIGMA_IJ(3,3) 
+                        SHAPE_FACTOR = 
SHAPE_FUNCTION(XX,DUMMY,DUMMY,DUMMY,1)*SHAPE_FUNCTION(YY,DUMMY,DUMMY,DUMMY,1)*SHAPE_FUNCTION(
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ZZ,DUMMY,DUMMY,DUMMY,1) 
+                        VT%W_EDDY(II,JJ) = VT%W_EDDY(II,JJ) + VT%CW_EDDY(NE)*SHAPE_FACTOR  
+                     CASE(2) 
+                        SHAPE_FACTOR = SHAPE_FUNCTION(XX,YY,ZZ,VT%SIGMA_IJ(1,1),4) 
+                        VT%U_EDDY(II,JJ) = VT%U_EDDY(II,JJ) + 
SHAPE_FACTOR*YY*VT%CW_EDDY(NE)-SHAPE_FACTOR*ZZ*VT%CV_EDDY(NE) 
+                        SHAPE_FACTOR = SHAPE_FUNCTION(XX,YY,ZZ,VT%SIGMA_IJ(1,2),4) 
+                        VT%V_EDDY(II,JJ) = VT%V_EDDY(II,JJ) + 
SHAPE_FACTOR*ZZ*VT%CU_EDDY(NE)-SHAPE_FACTOR*XX*VT%CW_EDDY(NE) 
+                        SHAPE_FACTOR = SHAPE_FUNCTION(XX,YY,ZZ,VT%SIGMA_IJ(1,3),4) 
+                        VT%W_EDDY(II,JJ) = VT%W_EDDY(II,JJ) + 
SHAPE_FACTOR*XX*VT%CV_EDDY(NE)-SHAPE_FACTOR*YY*VT%CU_EDDY(NE) 
+ 
+                  END SELECT 
@@ -1290,5 +1384,9 @@ VENT_LOOP: DO NV=1,N_VENT 
+       
+   SELECT CASE(EDDY_METHOD) 
+      CASE(1) 
+         VOLUME_WEIGHTING_FACTOR(1) = 
MIN(1._EB,SQRT(VT%EDDY_BOX_VOLUME/REAL(VT%N_EDDY,EB)/EDDY_VOLUME(1))) 
+         VOLUME_WEIGHTING_FACTOR(2) = 
MIN(1._EB,SQRT(VT%EDDY_BOX_VOLUME/REAL(VT%N_EDDY,EB)/EDDY_VOLUME(2))) 
+         VOLUME_WEIGHTING_FACTOR(3) = 
MIN(1._EB,SQRT(VT%EDDY_BOX_VOLUME/REAL(VT%N_EDDY,EB)/EDDY_VOLUME(3))) 
+      CASE(2) 
+         VOLUME_WEIGHTING_FACTOR(1:3) = 
SQRT(1.875*945*VT%EDDY_BOX_VOLUME/(32*PI*REAL(VT%N_EDDY,EB)*EDDY_VOLUME(1)))     
+      END SELECT 
@@ -1296,0 +1395,10 @@ VENT_LOOP: DO NV=1,N_VENT 
+ 
+   IF (EDDY_METHOD==2) THEN !rotation to global axes from principal (eigenvalues hardcoded, 
for now) 
+      VT%UT1=VT%U_EDDY 
+      VT%UT2=VT%V_EDDY 
+      VT%UT3=VT%W_EDDY 
+      VT%U_EDDY = (QPL(1,1)*VT%UT1+QPL(1,2)*VT%UT2+QPL(1,3)*VT%UT3) 
+      VT%V_EDDY = (QPL(2,1)*VT%UT1+QPL(2,2)*VT%UT2+QPL(2,3)*VT%UT3) 
+      VT%W_EDDY = (QPL(3,1)*VT%UT1+QPL(3,2)*VT%UT2+QPL(3,3)*VT%UT3) 
+   END IF 
+    
@@ -1318 +1426 @@ END SUBROUTINE SYNTHETIC_TURBULENCE 
+SUBROUTINE EDDY_POSITION(NE,NV,NM,IERROR,IOR) 
@@ -1320 +1428 @@ SUBROUTINE EDDY_POSITION(NE,NV,NM,IERROR) 
+INTEGER, INTENT(IN) :: NE,NV,NM,IOR 
@@ -1338,3 +1446,17 @@ IF (IERROR==1) THEN 
+   CALL RANDOM_NUMBER(RN); VT%X_EDDY(NE) = VT%X_EDDY_MIN + REAL(RN,EB)*(VT%X_EDDY_MAX-
VT%X_EDDY_MIN) 
+   CALL RANDOM_NUMBER(RN); VT%Y_EDDY(NE) = VT%Y_EDDY_MIN + REAL(RN,EB)*(VT%Y_EDDY_MAX-
VT%Y_EDDY_MIN) 
+   CALL RANDOM_NUMBER(RN); VT%Z_EDDY(NE) = VT%Z_EDDY_MIN + REAL(RN,EB)*(VT%Z_EDDY_MAX-
VT%Z_EDDY_MIN) 
+   SELECT CASE (IOR) !sends recycled eddies to the back face of the box 
+      CASE( 1) 
+         VT%X_EDDY(NE) = VT%X_EDDY_MIN       
+      CASE(-1) 
+         VT%X_EDDY(NE) = VT%X_EDDY_MAX 
+      CASE( 2) 
+         VT%Y_EDDY(NE) = VT%Y_EDDY_MIN 
+      CASE(-2) 
+         VT%Y_EDDY(NE) = VT%Y_EDDY_MAX 
+      CASE( 3) 
+         VT%Z_EDDY(NE) = VT%Z_EDDY_MIN 
+      CASE(-3) 
+         VT%Z_EDDY(NE) = VT%Z_EDDY_MAX 
+   END SELECT 
@@ -1355,3 +1477,3 @@ EPS_EDDY=-1._EB 
+CALL RANDOM_NUMBER(RN); IF (RN>0.5_EB) EPS_EDDY(1)=1._EB 
+CALL RANDOM_NUMBER(RN); IF (RN>0.5_EB) EPS_EDDY(2)=1._EB 
+CALL RANDOM_NUMBER(RN); IF (RN>0.5_EB) EPS_EDDY(3)=1._EB 
@@ -1364,5 +1486,12 @@ VT%CW_EDDY(NE)=0._EB 
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+SELECT CASE(EDDY_METHOD) 
+   CASE(1) 
+      DO J=1,3 
+         VT%CU_EDDY(NE)=VT%CU_EDDY(NE)+VT%A_IJ(1,J)*EPS_EDDY(J) 
+         VT%CV_EDDY(NE)=VT%CV_EDDY(NE)+VT%A_IJ(2,J)*EPS_EDDY(J) 
+         VT%CW_EDDY(NE)=VT%CW_EDDY(NE)+VT%A_IJ(3,J)*EPS_EDDY(J) 
+      ENDDO 
+   CASE(2) 
+         VT%CU_EDDY(NE)=VT%A_IJ(1,1)*EPS_EDDY(1) 
+         VT%CV_EDDY(NE)=VT%A_IJ(2,2)*EPS_EDDY(2) 
+         VT%CW_EDDY(NE)=VT%A_IJ(3,3)*EPS_EDDY(3) 
+END SELECT 
@@ -1374 +1503 @@ END SUBROUTINE EDDY_AMPLITUDE 
+REAL(EB) FUNCTION SHAPE_FUNCTION(X,Y,Z,SIG,CODE) 
@@ -1376 +1505,2 @@ REAL(EB) FUNCTION SHAPE_FUNCTION(X,CODE) 
+REAL(EB), INTENT(IN) :: X,Y,Z,SIG 
+REAL(EB) :: DK 
@@ -1386,0 +1517,3 @@ SELECT CASE(CODE) 
+   CASE(4) 
+      DK = SQRT(X**2+Y**2+Z**2) 
+      IF (DK<1._EB) SHAPE_FUNCTION = SIG*(1-DK**2) 
 
--- a/type.f90 
+++ b/type.f90 
@@ -331 +331 @@ TYPE VENTS_TYPE 
+   REAL(EB), POINTER, DIMENSION(:,:) :: U_EDDY,V_EDDY,W_EDDY,UT1,UT2,UT3 
 
--- a/velo.f90 
+++ b/velo.f90 
@@ -1751 +1751,7 @@ EDGE_LOOP: DO IE=1,N_EDGES 
+                  IF (SF%PROFILE==ATMOSPHERIC) THEN 
+                     IF (ZC(KK).GE.12.5) THEN 
+                         PROFILE_FACTOR = (0.87/.41)*LOG((ZC(KK)-9.375)/0.4973)/3.9 
+                     ELSE 
+                         PROFILE_FACTOR = EXP(3*(ZC(KK)/12.5-1)) 
+                     ENDIF 
+                  ENDIF 
@@ -1753,2 +1759,2 @@ EDGE_LOOP: DO IE=1,N_EDGES 
+                  IF (IEC==1 .OR. (IEC==2 .AND. ICD==2)) VEL_T = 
RAMP_T*(PROFILE_FACTOR*SF%VEL_T(2)*3.9 + SQRT(PROFILE_FACTOR)*VEL_EDDY) 
+                  IF (IEC==3 .OR. (IEC==2 .AND. ICD==1)) VEL_T = 
RAMP_T*(PROFILE_FACTOR*SF%VEL_T(1)*3.9 + SQRT(PROFILE_FACTOR)*VEL_EDDY) 
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Appendix D 
Supplementary simulation data 

D.1 Additional small-scale simulations 
Using the small-scale, simplified computational domain from Chapter 6, some 
additional investigatory simulations were carried out. These did not fit into the 
context of the parametric study detailed in Chapter 6. However, it is worth reporting 
some initial results, particularly to identify future areas of interest for model testing, 
development, and general research. 
 The supplementary simulations conducted are summarized in Table D.1. In 
the first two simulations (SA.1-2), the fuel moisture of all classes was adjusted ±25%, 
as opposed to just the dead fuel moisture in Chapter 6. In simulation SA.3, the 
Divergence-Free Synthetic Eddy Method (DFSEM) was employed on the upwind 
‘inlet’ boundary, as described in Section 5.6.4. In simulation SA.4, the back-face 
boundary condition for the 1-D radiative transport in the boundary fuel model was 
adjusted. As described in Section 5.4.3, the built-in assumption is that the net flux 
(upwards and downwards) is zero at the lower boundary. In this case, the implications 
of instead assuming a fixed back-face temperature, or ‘ground temperature’ are 
tested*.  

Table D.1 – Reference table of the adjustments made for each simulation, based on the model 
configuration established in Chapter 6.   

 The effect of the adjustments in Table D.1 on the fire front characteristics, as 
determined in Chapter 6, are shown in Figure D.1. Adjusting the moisture content 

(SA.1-2) gives spread rates of 𝑅𝑅∗ = 0.45-1.67. This is a similar, though slightly greater, 
sensitivity to adjusting just dead fuel moisture by ±50%, as discussed in Chapter 6. 
Adding synthetic turbulence (SA.3) increased spread rate by 24%, while changing the 

                                        
* A temperature of 10 °C was used, based on ambient soil temperature measurements made at a depth 
of 5 cm during EX2. 

Simulation Adjustment 

S1 Baseline parameters (as described in Chapter 6) 

SA.1 Fuel moisture of all classes reduced (0.75M) 

SA.2 Fuel moisture of all classes increased (1.25M) 

SA.3 Synthetic turbulence (SEM) applied 

SA.4 Fixed back-face temperature for surface radiation 
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back-face boundary condition reduced it by 37%. Therefore, these can be classified as 
areas of potential interest for future modeling studies. Fuel moisture and turbulence 
relate to providing ambient conditions for the model which are properly representative 
of those encountered in the scenario of interest. On the other hand, the back-face 
radiation condition is a fundamental assumption of the model which has not necessary 
been well validated experimentally and has the potential for a non-negligible impact 
on model results. 

 
Figure D.1 – Mean relative spread rate (𝑹𝑹∗), fire depth (𝑫𝑫∗), flame angle (𝜽𝜽∗), flame height (𝑯𝑯∗), 

and residence time (𝒕𝒕𝒓𝒓
∗) for the different simulations, with errorbars representing ±1 SD. 

Quantities are normalized to the value determined for the baseline simulation (S1). The gray 
region corresponds to the range observed in the experiment. 

 
 

D.2 Large-scale simulations – wind direction 
Supplementary simulations were conducted in order to illuminate the sensitivity of 
the large-scale simulations (i.e. Chapter 7) to the specification of wind direction. The 
difference in fire front geometry (shape and orientation) is shown in Figure D.2 for a 
northwest simulated wind (300°, simulation SL2 in Chapter 7) and in Figure D.3 for 
a pure North simulated wind (360°, with the same setup as SL2 in Chapter 7, but 
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with the 𝑥𝑥 = 0 boundary is set to open rather than a fixed velocity). The effect of the 
oblique wind with the northwest simulation can be seen in the diminishing of the 
western edge of the fire front. On the other hand, the fire is able to progress unhindered 
when the wind is directed in a more perpendicular direction to the fire front. As 
discussed in Chapter 7, the difference is attributed to the orientation of the flank fire 
lining up roughly parallel to the ambient wind direction, and thus modifying the ability 
of the flames to preheat the fuel bed (either by restricting entrainment, increasing 
convective cooling, modifying the radiation by altering flame geometry, or some 
combination of the above).  

 
Figure D.2 – Horizontal velocity vectors overlaid on the surface pyrolysis front for simulation SL2 

(taken from Chapter 7) – northwest wind. The velocity vector field represents a 10-second average 
at 𝒕𝒕 = 440 s after ignition, 1 m above ground level (AGL). 

 
Figure D.3 – Horizontal velocity vectors overlaid on the surface pyrolysis front for simulation SL2A 
– north wind. The velocity vector field represents a 10-second average at 𝒕𝒕 = 440 s after ignition, 

1 m above ground level (AGL). 

 A preliminary effect of including synthetic turbulence with the pure north wind 
simulations was also carried out by using both static (simulation SLA1) and turbulent 
(SLA2) ‘inlet’ boundary conditions. Differences in the progression of the fire front 
along the eastern half of the block are shown in Figure D.4. Much like the small-scale 
supplementary simulation with DFSEM (SA.3, Figure D.1), the inclusion of a 
turbulent inlet enhanced the fire spread. It also led to a steadier progression, with the 
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non-turbulent spread beginning to taper off significantly after ~200 s of fire spread. 
Differences are likely linked to the fact that the case of the northwest wind (Chapter 

7) had two inlet planes (𝑥𝑥 = 0 and 𝑦𝑦 = 0) and this helped to more strongly force the 
flow through the domain and develop canopy induced turbulence. In the case of only 

one inlet (𝑦𝑦 = 0) and open lateral boundaries, as in the small-scale and SLA1 
simulations, it may be easier to flow to escape laterally rather than penetrating into 
the canopy. However, the addition of upstream turbulence helps to offset the difference 
in sub-canopy (flame-height) flow is more significant.  

 
Figure D.4 – Simulated fire front progression compared with the experiment for the east side of 

the burn block. Simulation times have been shifted so that the time of the fire at P1 is consistent 
for all cases. 

 These are only very preliminary investigations into the effect of ambient wind 
direction on the simulation outputs. They serve only to reveal that this is an area 
which may be considered important to study in future, with relevant experimental 
datasets for comparison. Model performance in terms of replicating flank fire behavior 
has been identified previously as an important area for research (Mell et al. 2007), and 
remains an open question which is highly relevant to the effect of overall wind direction 
on the fire behavior. 
 
 

D.3 Additional point measurement comparisons 
For the sake of completeness, comparisons of all available simulation outputs and 
experimental measurements of temperature and incident radiative flux at the different 
fire behavior sites are given in Figure D.4, Figure D.5, and Figure D.6. 
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Figure D.5 – Gas-phase temperature for EX2 and simulation SL2 (raw data). The flaming 

threshold (300 °C) is noted by the dashed line. Time shifted to arrival of the fire at the base of 
the primary tower (𝒕𝒕 = 𝟎𝟎 s). 

 
Figure D.6 – Incident radiative heat flux, 𝒒𝒒′′𝒊𝒊𝒊𝒊𝒄𝒄, between simulation SL2 and EX2, at 𝒛𝒛 = 1.1 m 
for the left, right and center secondary towers. Time shifted to arrival of the fire at the base of 

the primary tower (𝒕𝒕 = 𝟎𝟎 s). 
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Figure D.7 – Incident radiative heat flux, 𝒒𝒒′′𝒊𝒊𝒊𝒊𝒄𝒄, between simulation SL2 and EX2, at 𝒛𝒛 = 0.9 m 
for the left, right and center secondary towers. Time shifted to arrival of the fire at the base of 

the primary tower (𝒕𝒕 = 𝟎𝟎 s). 

 


