
Fuel 304 (2021) 121371

Available online 10 July 2021
0016-2361/© 2021 Elsevier Ltd. All rights reserved.

Full Length Article 

Ignition and burning mechanisms of live spruce needles 

Adnan Darwish Ahmad a,*, Ahmad M. Abubaker a, Ahmad Salaimeh a, Nelson K. Akafuah a, 
Mark Finney b, Jason M. Forthofer b, Kozo Saito a,* 

a Institute of Research for Technology Development (IR4TD), University of Kentucky, Lexington, KY 40506, USA 
b Missoula Fire Sciences Laboratory, US Forest Service, Missoula, MT 59808, USA   

A R T I C L E  I N F O   

Keywords: 
Live fuels 
Fire spreading 
Forest fire 
Scaling analysis 
Schlieren 
IR imaging 

A B S T R A C T   

Live foliage for some tree and shrub species can support flaming fire spread at much higher moisture content 
than dead fuel materials. However, the role of live fuels in forest fires has been controversial in the past decades. 
Although ignition and spread statistical data for live and dead fuels exist in the literature, a clear understanding 
of the fundamental difference in the burning behavior is missing. To illuminate the role of live fuel on forest fire 
spreading, a laboratory ignition experiment was designed to examine the burning behavior of live Norway spruce 
needles. A Schlieren-Infrared combined measurement apparatus was developed with a spatial resolution of 0.75 
mm and a time resolution of 0.0025 s, to visualize/measure the ignition behavior of live fuels. Schlieren and IR 
images revealed that the ejection of live fuel volatiles can alter the flame direction and induce previously un
accounted heating of the nearby fuel. Depending on the conditions, these interferences could heat and modify the 
heat flux received by the adjacent fuels. To analyze each of these outcomes, a scaling analysis using the law 
approach was performed. First, theoretical equations were developed and validated against a set of previously 
published experimental data. After the characteristic equations were verified, we used them to assess the volatile 
ejection phenomenon. We found that adjacent fuels were preheated by hot volatiles ejected from the heated live 
needle, and direct flame contact ignited the adjacent fuels. Our IR experiments confirmed the outcomes of the 
scaling analysis. The rapid ejection of volatiles was also found to propel burning needles far from the burning 
branch, resulting in micro-spotting.   

1. Introduction 

Wildland fires have become increasingly destructive, and the asso
ciated damage and firefighting costs have increased over the past years. 
For example, in the U.S. alone, the annual fire suppression budget went 
from $580 million for the period (1991–2000) to $1.2 billion annually 
from 2001 to 2010, motivating more fire research [1]. Despite the 
increased efforts and budget to fight wildland fires, the severity and 
frequency of wildland fires increased over the past decades [2,3]. An 
accurate prediction of fire spread rate through wildland fuel beds is 
important but challenging due to the many different variables involved. 
Still, firefighters need to predict fire spreading direction and spread rate 
for their practical firefighting strategy and practice even with the 
associated uncertainty and fire management personnel to perform 
strategic planning and decision making [4]. 

Conifer trees are known to withstand extreme and harsh environ
mental conditions and are found in a wide range of habitats around the 

world [5]. Conifer forests extend across continents in the Northern 
hemisphere [6–9]. This makes the study of conifer fires a worldwide 
interest, as the ability to protect these natural landscapes is a matter of 
interest to many countries across the globe. Conifer forests are also 
susceptible to burning as crown fires, which are characterized by their 
high intensity and fast rate of spread. Crown fires pose high risks to 
human populations and natural resources due to a large amount of heat- 
release and high spreading rates, but the fire spreading mechanism of 
crown fires is poorly understood [10] due partly to the unknown com
bustion mechanisms of live crown fuels. 

Historically, researchers assumed that live fuels behave as wet dead 
ones [11]. Studies focused on the moisture content in foliage and its 
effect on fire spread with that assumption in mind. For instance, Roth
ermel [12] modeled fire spread in wildland fires, including the effect of 
fuel moisture content without distinguishing the live and dead fuels. 
Since then, many researchers have investigated the effect of live fuel 
moisture content on fire ignition and spread. For instance, in addition to 
Sun et al. [13], who linked live fuel moisture content (LFMC) with the 
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ignition and spread features of fire, Dennison and Moritz [14] studied 
the impact of seasonal changes in moisture content over the years and 
their influences on the fire ignition. More recently, Alexander and Cruz 
[15] suggested that the normal range of live fuel moisture content 
(LFMC) has little effect on fire spread rate. Nevertheless, researchers like 
Rossa and Fernandes [16] examined the monthly values for dead and 
live fuel moisture content and correlated them with each other, showing 
why the effect of LFMC on fire rate of spread has been vague, although it 
does have an influence. Furthermore, Anderson et al. [17] claimed that 
the correlation between LFMC and the height and bulk density might be 
the reason for the low effect of LFMC. Although the effect on LFMC was 
unclear and controversial among researchers, a distinction between live 
and dead fuels was early demonstrated by Hawley [18] and then fol
lowed by Weise et al. [19], where the former’s study showed that dead 
fuel would not sustain flame at moisture contents higher than 35%, and 
the latter found that fire could spread in live fuels even with doubled or 
tripled moistures. One reason might be that minor chemical components 
existing in live spruce needles (terpenes), as seen in [20], have an energy 
content of approximately 45 MJ/kg, higher than that of gasoline and 
diesel [21]. However, other studies noted the burning of live fuel leaves 
with popping and snapping sounds [10]. Even a small burst in the sur
face of the foliage was noted in some of the experiments conducted by 
Fletcher et al. [22]; this was tied to the ability of live fuel casing to retain 
the moisture content inside until its structure is ruptured and the 
evaporated moisture is violently released [11]. However, the effect of 
this burning behavior on the fire spread problem has not been studied. 
The above-mentioned literature suggests that our current understanding 
of the difference between dead and live fuels is incomplete and Pimont 
et al. [23] suggests there is an urgent need for understanding the effect 
of LMFC on fire spread behavior. 

There is a rich literature that statistically studied the differences 
between live and dead fuels in terms of the fire spread rate and ignition. 
However, a basic understanding of the fundamental differences between 
the burning behaviors exhibited by the two is still missing [16,19,24]. 
To answer that question, we developed a hybrid schlieren-IR visualiza
tion setup that visualizes the ignition behavior of a freshly cut Norway 
spruce branch vs. a geometrically similar dead fuel. 

The phenomena of “micro-explosions,” previously reported as 
popping sounds, were visualized in live but not dead fuels as expected. 
These micro-explosions occur as the fire approaches, due to the pressure 
build-up inside the needle when its moisture evaporates until the needle 
eventually yields releasing jets of hot volatiles. Characterized by a 
mixture of water vapor and flammable monoterpenes, those jets can 
sustain and expand the flame, as visualized by the IR thermography. The 
following three points summarize the contributions of this paper to the 
progress in the fire spreading through forest fuel beds.  

1. A combined Schlieren-IR visualization of the burning behavior of live 
vs. dead fuels was performed to explain previously reported live fuel 

mysteries including the newly observed effect of “micro-explosions” 
in live fuel. 

2. Scaling and IR analyses were conducted based on the above visual
ization results to theoretically assess the effect of micro-explosions 
on preheating unburned adjacent spruce needles.  

3. A newly observed “micro-spotting” induced by the micro-explosions 
ejecting ignited needles outside the burning zone comprising new 
burning zones. 

The next section will discuss the details of the experimental methods, 
sample preparation, accuracy, and reproducibility. 

2. Experimental methods 

To understand the transient nature of Norway spruce needles heated 
by flame and characterize the new discreet fire spreading mechanisms, 
we designed a combined Schlieren and Infrared thermal imaging system, 
the schematic of which is shown in Fig. 1. Fig. 1(a) depicts the experi
mental setup schematic while Fig. 1(b) shows the spruce-twig-sample 
orientation and ignition location, as placed in the test section of the 
experimental setup. The Schlieren is capable of visualizing jets ejected 
from the spruce needles and measuring the ejection velocities. The 
infrared thermography can measure the 2-D temperature profiles of the 
ejected jets, where both are transient. This is an integrated Schlieren-IR 
system, which runs simultaneously at about 90◦. The idea of this inte
grated system is traced back to reference [25], where a holographic 
interferometer and an infrared camera were integrated into one system 
to successfully measure a transient behavior of spreading flame over 
liquid fuels. These experimental measurements were then used to 
construct scaling laws, as explained in later sections. The following 
details each measurement system. 

2.1. Schlieren visualization 

The Schlieren experimental setup was previously developed for our 
study in [26]. The upper part of the schematic in Fig. 1 shows the 
Schlieren experimental setup to visualize the behavior of the burning 
Norway spruce needles. The system used an aperture through which 
3000 lm of white LED light was passed to approximate a point source. 
The light faces a 40.6 cm diameter, f/4.5 parabolic mirror mounted on 
an optical table. A knife edge was placed immediately in front of a 
camera (Phantom Miro 4 camera with a f = 105 mm Sigma lens) in the 
direction towards the test section, for our high-speed Schlieren imaging. 
A 4,000 fps video camera was used to ensure the Schlieren imaging is fast 
enough to capture the details of micro-explosion and involved transient 
phenomena. 

The Schlieren system’s level of illumination in the image plane is 
proportional to the first spatial derivative of the refractive index of the 
Schliere gas [27]. Thus, we can capture gas mixtures including hot 

Nomenclature 

cn Specific heat capacity of spruce needle, J/(kg.K) 
cs Specific heat capacity of steam, J/(kg.K) 
Dn Spruce Needle Diameter, m 
f Focal length, mm 
h Heat transfer coefficient, W/(m2K) 
ks Thermal conduction coefficient, W/(m⋅K) 
ls Jet characteristic length 
Nu Nusselt number 
Pr Prandtl number 
Qacc,st Heat accumulated in hot boiled volatiles, J 
Qacc,needle Heat accumulated inside the needle, J 

Qcond Heat conducted through the needle interior, J 
Qconv Convective heat transfer from jet to the needle, J 
Re Reynolds number 
t Time, s 
T Temperature, K 
ust Volatiles Jetting Velocity, m/s 

Greek letters 
ρn Density of spruce needle, kg/m3 

ρs Density of steam, kg/m3 

π Non-dimensional pi number 
νs Kinematic viscosity of steam, m2/s  
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convection plumes, combustion gases, and gaseous products of pyroly
sis, in the testing section of a different refractive index from the sur
rounding air where they appear as illuminance contrast (dark streaks/ 
Schlieren) in the image plane. Our Schlieren system is capable of 
adjusting the visualization contrast by raising the knife-edge [28]. 
However, this system has trade-offs: the higher the visualization 
contrast, the more illumination is required. 

2.2. Sample preparation 

The wildland fuel samples were collected from the area of Lexington, 
Kentucky, USA (38.0406◦ N, 84.5037◦ W). The tests of live needles 
followed the sample preparation procedure provided in reference [29] 
to ensure the sample preparation method is compatible with other re
searchers and the results are reproducible. The freshly cut Norway 
spruce small branches were immediately taken for experimental testing. 
Following the procedure in reference [29], the ignition tests were con
ducted within the first hours of collection to minimize loss of the 
chemical constituents or moisture content. The ignition experiments 
were repeated at least 30 times to ensure a reliable database and nearly 
100% repeatability because this step is crucial for the following scaling 
analysis. Using the experimental setup shown in Fig. 1, we placed the 
freshly cut Norway spruce needle sample at the test section, ignited it by 

an external flame source, and observed the temporal behavior of the 
heated spruce needles: ignition to the micro explosion of the needle 
(ejection of the vapor), as described in the previous section. It is worth 
mentioning that we conducted a series of preliminary ignition tests using 
a propane torch flame, a soft-flame lighter, and a small candle flame. 
Regardless of these different types of pilot flames and heat inputs that we 
applied; the ignited spruce needles all exhibited micro-explosions. 
Smaller pilot flames, however, gave us clearer Schlieren and IR images 
of the micro-explosions compared to larger pilot flames. This because on 
the image plane, the larger combustion plumes associated with the 
larger pilot flames covered the micro-explosions, and the latter could not 
be distinguished clearly. Therefore, in this study, we present the ignition 
experiments from the regular soft-flame lighter, due to its slower igni
tion process that allowed us to clearly observe the effect of micro- 
explosions on the flame dynamics and the adjacent needles. 

2.3. Infrared thermography temperature measurement 

We have developed a unique Infrared thermography technique [30] 
that is able to accurately measure the location of active pyrolysis during 
upwardly spreading fires along a vertically suspended wall surface [31]. 
We have also developed a uniformly heated blackbody background 
technique to visualize the dynamical behavior of small droplets ejected 

Fig. 1. (a) Schematic of the integrated Schlieren-Infrared thermography system, (b) Tested sample orientation and ignition location.  

A. Darwish Ahmad et al.                                                                                                                                                                                                                      



Fuel 304 (2021) 121371

4

from a high-pressure nozzle [32,33]. With these systems and methods 
available, the temperature of the spruce vapor jets ejected from the 
heated needles was measured. 

Fig. 2a shows a schematic of the IR calibration system against the 
heated blackbody, which emits radiation to the infrared camera. The 
blackbody emitter used was an IR-160/301TM Blackbody System; it 
extended an area of (304.8 × 304.8 mm2), consisting of a flat plate 
emitter with a high emissivity coating (average emissivity = 0.96), and 
with temperature-controlled within ± 0.1 ◦C resolution. A ThermoVi
sion™ SC4000 infrared camera was used for two-dimensional thermal 
imaging, calculating intensities and temperatures for each imaged pixel 
[34], and measuring spectral wavelengths of 3–5 μm [35]. The IR video 
used a 400 fps imaging and an integration time of 0.05 ms, over which 
the IR intensity measurements were calibrated using the blackbody to 
read temperatures. 

During the experiments, the temperature of the blackbody was set to 
35 ◦C and the IR intensity count was recorded with the IR camera. Then, 
the blackbody temperature was increased to 40 ◦C, and counts were 
recorded again. The same procedure was repeated up to 215 ◦C in a 5 ◦C 
increment. After completing this incremental increase in temperature 
calibration, the temperature was decreased back again to 35 ◦C in a 5 ◦C 
decrements, and the intensity counts were measured by the infrared 
camera in the increasing and decreasing temperature phases, averaging 
the intensity count values to be used as the temperature calibration, as 
shown in Fig. 2b. 

3. Results and discussion 

3.1. Visualization results 

In contrast with dead fuel burning behavior, burning with popping 
sounds, propulsion of ignited live fuel conifer needles, and flame de
flections and expansions in all directions was a repeated characteristic 
systematically exhibited by the burning live conifer branches and 
consistently observed over the course of our experiments. It is well 
known that the live fuels can retain the moisture content within their 
cellulosic cell structure, which is abruptly released as moisture evapo
rates and the needle is ruptured, for instance, during burning, making 
those popping sounds, while dead fuels, on the other hand, release water 
content through diffusion [11]. When the approaching fire heats spruce 
needles, liquid trapped inside the needle evaporates, building pressure 
inside the needle case until it finally ruptures, and the hot vapor is 
violently ejected. The terms micro-explosion and steam/volatiles ejec
tion will be used interchangeably in this study. 

To visually investigate this burning behavior of live conifer fuels, 
Fig. 3(a-d) show a time series of four Schlieren images (the top row) and 
the bottom row shows the corresponding four schematic diagrams (a-d). 
Fig. 3(a) time = 0 shows the onset of micro-explosion which took place 
at the end of a spruce twig heated by a flame shown in the schematic as 
well. Fig. 3(b) time = 0.025 s after the onset of micro-explosion shows 

the jet ejection area to expand further. Fig. 3(c) time = 0.05 s shows a 
continuous expansion of the jet ejection area indicating an increased 
rate of volatile release by mico-explosion. Finally, Fig. 3(d) shows the 
end of a mico-explosion event. Note that the nature of events shown in 
Fig. 3(a-d) was not sporadic but highly repeatable with the same time 
order of magnitude shown in Fig. 3. 

Fig. 4(a) shows a Schlieren image of igniting a single dead needle 
with Fig. 4(a) (bottom) showing the corresponding schematic along with 
a dimensional scale. The dead needle showed a steady burning with a 
constant flame spreading rate. Contrary to the dry needle, Fig. 4(b) (top 
part) shows a Schlieren image of igniting a single live spruce needle with 
Fig. 4(b) (bottom) showing the corresponding schematic. The burning 
characteristic difference between the dead and the live needles as shown 
in Fig. 4 is strikingly different. 

A careful analysis of the high-speed Schlieren video images which we 
used to create Fig. 4 revealed that the dead needle burns completely as 
the flame spreads from one end of the sample to the other. The live 
needle once heated, would violently release the cell content as seen in 
Fig. 4(b). Furthermore, to test the prevalence of this phenomenon, we 
repeated the live needle ignition experiment on 20 randomly selected 
needles, and found out that 20 of them exhibited the same behavior seen 
in Fig. 4(b), meaning that this micro-explosion behavior is not random, 
and prevails among burning live spruce needles. Now the question to be 
asked is: what role these micro-explosions play in spreading fire? 

The IR imagery revealed the impact of these explosive events altering 
the trajectory of the flame and heat transfer within a heated spruce twig. 
Fig. 5(a) shows the burning twig immediately before the micro- 
explosion occurs, and Fig. 5(b) shows the flame deflected by the 
micro-explosion event. As seen from the figure, the flame is initially in 
the upright position (normal position driven by bouyancy) igniting the 
middle section of the spruce twig. However, as the micro-explosion 
occurs, it expands the flame in the lateral direction, inducing heat 
transfer in directions that are not typical in its absence. In addition to the 
flame deflection, Fig. 5(b) revealed that the ejected volatile vapors can 
support and promote flaming. To clarify and explain these observations, 
a schematic is created and shown in Fig. 5(c). As mentioned in the 
experimental section, these experiments were repeated more than 30 
times under the same laboratory conditions over a year and recorded in 
IR videos. A careful review of these IR videos confirmed the Fig. 5 events 
to be repeatable and not seasonally dependent. 

Another outcome was also observed when the jet ejections do not 
interfere with the flame but directly impinge on the adjacent fuels. This 
can be seen in the IR images shown in Fig. 6 (top part) and the corre
sponding schematic (bottom). Micro-explosions could have two conse
quences for heat transfer and fire spread. First, the jets can expand the 
flame in the direction of the adjacent needles causing intermittent 
heating by flame bathing. Second, the hot volatiles impinge directly on 
an adjacent needle without interfering with the flame and directly 
preheat the adjacent needles by the convective flow of the hot jets. 

This outcome is dependent on the size of the flame itself. For 

Fig. 2. Infrared calibration.  
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instance, when smaller flames are used, it is more probable that the jets 
can pass without interfering with the fire, i.e., will not ignite but rather 
directly impinge on the adjacent needles. However, as the size of the 
flame grows larger, the jets are more likely to pass close to the flame and 
ignite, causing flame impingement rather than direct jet impingements. 
This effect is discussed in detail later in this article. 

It is worth noting that not all volatile ejections support flaming since 
the ejected jets comprise a mixture of water vapor with the highly 
flammable volatile resins and monoterpenes found in live fuels. The 
ratio of the flammable chemical component of volatiles to the moisture 
content for a particular live fuel, which was not investigated in this 
study, is expected to influence the behavior of fires, therefore remains 

Fig. 3. Series of four Schlieren images (top row) showing the process of micro-explosion in burning live Norway spruce needles and the corresponding schematics 
(bottom row). 

Fig. 4. (a) A Schlieren photograph showing dead needle burning (top) and the corresponding schematic and schematic scale (bottom) and (b) A Schlieren 
photograph showing micro-explosion (top) for a heated live spruce needle and the corresponding schematic (bottom). 
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for future study. Also, it should be mentioned that the flame expansions 
investigated in this study are a result of the rapid ignition of the flam
mable volatiles and tiny atomized droplets ejected during the jets 
release. The point of examination of the current work is the effect these 
volatiles/tiny droplets have after they ignite and impinge on the adja
cent needles. As such, a relevant question is whether these micro- 
explosion events exist long enough to heat or ignite the adjacent fuel 
materials. The next section is dedicated to answering this question. 

3.2. Scaling analysis with the law approach 

Three different approaches are available in formulating the domi
nant non-dimensional groups (Pi numbers) that governs a phenomenon, 
namely, the equation approach, the parameter approach, and the law 
approach [36,37]. Since the governing equations of any phenomena are 
dimensionally homogenous, it follows that they can be rearranged in 
non-dimensional groups. This means the Pi numbers can be formulated 
by this rearrangement and manipulation process, and this is what we call 
the equation approach. Although this approach is a powerful tool for 
obtaining all dimensionless numbers related to a phenomenon, unfor
tunately, it returns all Pi numbers, but without any insight into which 
are dominant, and instead produces equally weighted dimensionless 
numbers [38]. In the parameter approach, also known as the Bucking
ham Pi theorem, a group of parameters assumed to be related to the 
phenomenon must be chosen, and then they are non-dimensionalized 
one by one using the parameters in the selected group until only non- 
dimensional numbers remain. The problem associated with the 

parameter approach is the selection of parameters; unfortunately, the 
choice of a physical parameter often will not result in a successful 
nondimensionalization process. Since the initial parameter choice can 
lead to a failed process, nondimensionalization can become an iterative 
process. This leads us to the last approach initially developed by Emori 
[39] and further developed by Saito [36]; the law approach. Since the 
main rationale of scaling depends on the dynamic similarity between the 
actual size model and the prototype, in this last method, the phenome
non must be observed carefully to decipher the potential governing 
forces or energy terms dominating the problem. Then those governing 
terms are written in terms of characteristic rather than the specific pa
rameters, from which different ratios are built generating the dominant 
Pi numbers. This method is simple yet very effective in formulating the 
scaling laws as can be seen in studies on fires and fire-related events 
[1,31,36,37,39–43]. 

To examine the effect of flame bathing and direct jet impingements 
on the preheating of the adjacent fuels, we first identified the major 
energies and formulated the corresponding equations using character
istic parameters and pi-numbers, then validated them against published 
experimental data on the piloted live fuel ignition [24]. After the com
parison with experimental data yielded very good accuracy, we applied 
the validated equations to form key pi-numbers that control preheating 
and ignition by micro-explosion. Finally, we conducted further IR ex
periments to validate the conclusions drawn from the scaling analysis. 
We chose here to apply the law approach [37,39] to derive scaling laws 
by identifying the major heats that govern the current problem as this 
approach is simple, yet very effective as aforementioned. The first step of 

Fig. 5. IR thermal images to show micro-explosion-induced flame bending and schematics to explain the flame bending phenomenon.  
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the law approach [37] begins with the assumption to identify major 
heats involved in preheating of adjacent needles by the micro explosion. 
To assist that process, Fig. 7 shows a schematic created based on the 
Schlieren and IR thermal images showing the heat transfer process from 
a hot micro-explosion jet flowing over a cold spruce needle and dumping 
the heat to it. The spruce needle is represented by a millimeter-diameter 
cylinder and the convective flow is two-D laminar. 

The following five major heats are assumed to govern this micro- 
explosion heating process. The heat accumulated in the gas phase jets, 
Qacc,st , corresponding to the heat-source term, the convective heat 
transfer from the jet to the adjacent cold needle surface, Qconv, that is the 
heat transferred into the surface of the needles from the jets by 

convective currents, the heat conducted from the surface of the needle to 
the interior, Qcond, the sensible heat accumulated inside the needle, 
Qacc,needle,sensible, and the latent heat of vaporization of the moisture con
tent, Qλ. 

We describe each of these heats using characteristic parameters in 
Eqs. (1) through (5) as aforementioned. The energy accumulated in the 
gaseous phase is proportional to the mass of that phase, its specific heat 
capacity, and the temperature difference between the hot gases and the 
ambient. Therefore, from observations of the schlieren videos, the mass 
was estimated by how much gaseous phase (jets) flow through during 
the puffing time, where the jets were assumed to be cylindrically flowing 
over adjacent needles, and the characteristic parameters were obtained 
from the schlieren and IR videos. The convective term is estimated 
through the contact area between the jets and the spruce needles as seen 
in Fig. 7, multiplied by the coefficient of convective heat transfer, 
temperature difference, and the convective time needed for the heat to 
be transferred to the surface of the needles. The conduction term is 
derived by substituting characteristic parameters in the Fourier con
duction equation and multiplying the heat rate obtained by the con
duction time. To assess the conduction heat passing from the surface of 
the needle to the center, the diameter of the needle is used as the 
characteristic length. Finally, the sensible accumulation term inside the 
needles, similar to the first term, is proportional to the mass of the needle 
embedded inside the hot jet as seen in Fig. 7, and to the specific heat 
capacity and the temperature difference between ambient and that 
required for ignition to take place. The latent heat accumulation term is 
tied to the energy required for phase change (boiling moisture content 
inside the needle). 

Qacc,st = ρst ×
π
4
× l2

st×ust × tpuff × cst × ΔT (1) 

Fig. 6. Two IR thermal images of direct jet impingements on adjacent needles (top left: before micro-explosion, and top right: during micro-explosion) and the 
corresponding color images explaining these observed events (bottom). 

Fig. 7. Configuration of jet flowing over a needle.  
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Qconv = h × π × Dn × ls × ΔT × tconv (2)  

Qcond = kn × Dn × ΔT × tcond (3)  

Qacc,needle,sensible = ρn ×
π
4
× D2

n × ls × (1 − MC%) × cn ×
(
Tig − Tamb

)
+ ρn

×
π
4
× D2

n × ls × MC% × cst × (Tboiling − Tamb)

(4)  

Qλ = ρn ×
π
4
× D2

n × ls × MC% × hfg (5) 

Since moisture content varies for different live fuels, the ratio be
tween Qacc,needles,sensible and Qλ will also vary accordingly, therefore, to 
ensure the generality of the resulting estimations using the formulated 
equation, Qacc,liveneedle, which is the total energy (including both sensible 
and latent heats) was used for the total heat accumulation term inside 
the live needles. This is the total energy that must accumulate in the 
needle’s mass consisting of both dry and liquid for any moisture content 
value for ignition to take place. The specific formulation for Qacc,liveneedle is 
shown in Eq. (6). 

Qacc,liveneedle = ρn ×
π
4
× D2

n × ls × (1 − MC%) × cn ×
(
Tig − Tamb

)
+ ρn ×

π
4

× D2
n × ls × MC% × (hfg + cst × (Tboiling − Tamb))

(6) 

As such, the four governing heats associated with the micro- explo
sion heating process becomes: Qacc,st , Qconv,Qcond,andQacc,liveneedle. Since 
these equations will be used to test the effect of the jets on preheating 
and ignition of the adjacent live fuels, it would help to use them to 
predict ignition-time behaviors and compare them with existing reliable 
live fuel ignition data for accuracy assessment. 

McAllister et al [24] conducted heating and ignition experiments of 
live and dead needles to investigate their ignition-time behavior dif
ference. They used a radiant source for heating a square sample of a 
single layer of needles in a wind tunnel, varying the heat flux at each 
time and measuring the ignition time for various types of dead and live 
fuels. The governing heat equations to theoretically assess the ignition 
times in [24] consist of four heat terms, Qflux, Qconv, Qcond, Qacc,liveneedle, 
which are essentially the same energy terms in our Eqs. (1)–(3) and Eq. 
(6). Note that their heating source term corresponds to the micro- 
explosion heating in our equation allowing us to predict the heating 
time to ignition using the law approach. The heating configuration that 
McAllister used in their experiments was not the same as the one shown 
in Fig. 7. Therefore, the estimation of the terms in the equations above 
had to be modified accordingly to theoretically predict the ignition re
sults from their experiment. For instance, as aforementioned, the heat 
source term in their experiment was a radiant source. Consequently, the 
heat energy provided is proportional to the product of the flux investi
gated and the sample area multiplied by the time it takes to ignite the 
sample, where the latter is the unknown to be estimated. Additionally, 
the convective cooling term in [24], had to be subtracted from the en
ergy supplied by the radiant source. The convective term was, as shown 
in Eq. (2), proportional to the heat convection coefficient multiplied by 
the area and the convection time. The sample used in [24] was a square 
plate, hence, the convective coefficient must be estimated accordingly, 
and the time duration of convection loss was that it takes for ignition to 
occur, i.e. ignition time. Finally, for ignition to take place the heat must 
accumulate inside the needles, and therefore must be conducted first. As 
such, the heat conducted inside the sample is equal to the heat accu
mulation shown in Eq. (6). Using an order of magnitude estimates of the 
thermophysical properties and an average value of moisture content 
obtained from [10], then equating the accumulation term to the radiant 
heat energy minus the convective losses, leaves one unknown in the 
equation; the ignition time. Table 1 shows thermophysical properties 
used for our calculations and Fig. 8 compares the measured 

experimental ignition time for live fuels with our theoretical estimations 
obtained by the scaling analysis and the characteristic parameters. 
Excellent agreement in Fig. 8 between experimental measurements and 
scaling estimations made it possible to confidently conduct the following 
scaling analysis using the equations formulated by the law approach. 
Without detailed knowledge of the composition of cell contents and 
constituents of the jets during burning, we assumed them to have the 
same properties as steam for a first-order approximation. Therefore the 
steam properties were used to approximate those of the mixture, whose 
prediction was favorable compared with experimental data in Fig. 8. 
This agreement supports our assumption for the use of water vapor to 
represent the physical properties of fuel volatiles for the micro-explosion 
scaling. 

Now that we know the scaling analysis can provide a good estimate 
of the ignition behavior, we proceed to further explore the effect of the 
micro-explosions on the heating process of the adjacent “cold” fuels. 
Table 1 was used again for the thermophysical properties of the jets and 
needles to estimate the heat transfer characteristic since these parame
ters yielded a good comparison with experimental data. The choice of 
the temperature at which the steam properties were evaluated, was tied 
to the temperature approximations from the IR thermal images of the 
jets. The temperature of the jets was estimated to be ~130–180 ◦C based 
on the results from the calibration experiment. These values were in 
good agreement with boiling temperatures of Alpha-Pinene and delta-3- 
carene which forms most of the monoterpene emissions in Norway 
spruce and Scot pines [20], respectively having a boiling temperature of 
156 ◦C [44] and (175–178) ◦C [45]. It is worth noting that the exact 
constituent of those jets is not currently known, therefore, the emissivity 
cannot be accurately estimated. However, the actual emissivity of these 
jets could only be lower than that of the blackbody used for the cali
bration. Therefore, the reported temperatures are a conservative lower 

Table 1 
Thermophysical properties of steam and Norway spruce needles.  

Steam Properties @ ~ 177 ◦C [48] Needle properties 

Physical Quantity Value Units Physical 
Quantity 

Value Units 

ρs  0.49  
[
kg
m3]

Dn  10− 3  [m]

ks  29.9*10− 3  
[

W
m.K

]
αn  1.94*10− 7  

[
[m2

s
]

νs  31.11*10− 6  [m2/s] kn  0.135  
[

W
m.K

]

ls  3*10− 3  [m]

cs  1.98*103  
[

J
kg.K

]

Average Velocity 
magnitude order 

~1 [m/s]    

Initial Ejection 
Velocity 
magnitude order 

~10 [m/s]     

Fig. 8. Comparison of ignition time data [24] with the ignition time predicted 
from our scaling analysis. 
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limit indicating that the jets will more effectively preheat the adjacent 
needles to their higher temperatures. Additionally, as the IR-measured 
spectral intensities are approximately related to the temperature 
raised to the power of four, this means that the temperatures will not 
change drastically with moderate emissivity changes. Additionally, ac
cording to [46], the emissivity of the many plant’s leaves is close to that 
of a blackbody. This means that the needles’ temperatures as visualized 
in the IR videos is accurate. The thermophysical properties for conifer- 
type needles were published in the work by Kerr et al. [47] and are 
also shown in Table 1. 

Additionally, the velocity of the jets was needed for the scaling 
calculation. To that end, we took a painstaking process to carefully re
view the Schlieren and IR videos and obtained images that were 
perpendicular to our camera. We also took simultaneous Schlieren and 
IR videos at 90◦and the jet speed was determined from the ejection 
perpendicular to the Schlieren camera. Fig. 9 shows four time-series 
Schlieren images and the corresponding schematic. Analyzing the first 
frames in the videos, the initial ejection velocity of 10 m/s was obtained. 
This value agrees with the velocity of erupted jet calculated by Zhang et 
al [49] but is one order of magnitude higher than the average velocity 
(~1 m/s) calculated based on the distance traveled by the jet from 
ejection to stop, divided by the time taken. The average velocity is used 
in Eq. (1) to estimate the energy in the volatile jets. Substituting the 
values in table one in Eqs. (1)–(6) and noting that the puffing time 
measured from the IR videos was found to be 0.1–0.4 s, the following 
order of magnitude estimate was obtained among the four governing 
heats: Qacc,st∼ Qconv ∼ 0.1J, Qacc,liveneedle∼ Qcond is a corollary for ignition 
as was explained in the validation part, where Qacc,liveneedle ∼ 1J. This 
outcome results in Eq. (7). It is worth mentionning that the orders of 
magnitude considered here are only associated with the part of the 
needle embedded in the jet, as was shown in Fig. 7. 

Qacc,liveneedle > Qacc,st (7) 

This means that hot jets have enough energy to heat the surface of 
the adjacent needles, but cannot result in ignition. That is because their 
temperature is not high enough and their residence time is not long 
enough to cause ignition. On the other hand, if the temperature of the 
jets is close to that of the flame, i.e. the heating occurs through flame 

impingements rather than direct jet impingements, then Eq. (7) would 
change to Eq. (8), since the jets accumulation and convection terms’ 
order of magnitude would change to Qacc,st∼ Qconv ∼ 1J in that case; i.e., 
the flame impingements having enough energy to heat the adjacent 
needles to ignition temperature. 

Qacc,liveneedle ∼ Qacc,st (8) 

As such, direct impinging of jets onto the adjacent needles will only 
preheat the fuel, but not ignite them. If the micro-explosions blow 
through the flame and expand it towards the adjacent needles which are 
then heated by direct flame contact, then ignition is possible. This 
analysis showed that the key non-dimensional number to evaluate the 
effect of micro-explosions on the heating process is; πjets =

Qacc,st
Qacc,liveneedle

.

When πjets ≥ 1, the micro-explosions are likely to result in ignition from 
the intermittent impingements. 

This πjets formulation shows a close resemblance of the Semenov 
theory of ignition [50], which predicts ignition by equating the net heat 
flux received by the fuel (equal to heat generation minus heat losses) to 
the accumulation term inside the fuel. In our micro-explosion case, we 
represent this net heat flux into the fuel by the Qconv which in this case is 
of the order of Qacc,st as shown in Eq. (7), and the accumulation in the 
fuel needed for ignition by Qacc,liveneedle. To obtain the parametric equa
tions for the πjets in terms of the characteristic parameters in their 
simplest form, the formulation will be broken down into two cases; 
namely, direct jet impingement and flame impingement. Some as
sumptions and order of magnitude estimation are needed for each sce
nario. Let the ΔT in Eq. (1) be ΔT1, 

(
Tig − Tamb

)
be ΔT2 and (Tboil − Tamb)

be ΔT3. For most fuels, Tig is of the order of 350 ◦C making 
ΔT2 ∼ 325 ◦C. An average boiling of volatile monoterpenes was 
considered, so Tboil ~ 150 ◦C making ΔT3 ~ 125 ◦C. These two ap
proximations hold for both, direct jet and flame impingements. As for 
ΔT1 the case is different, since this temperature difference depends on 
the heating source temperature. For the case of jet impingements, ΔT1 is 
the difference between the jets and ambient temperatures, i.e. ΔT1 is 
equal to ΔT3 ~ 125 ◦C. For the flame impingements case, ΔT1~ 900 ◦C. 
Using these assumptions, the two simplified form of the πjets become as 
follows: 

Fig. 9. Temporal development of a micro-explosion.  
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πjets,direct =
ρst × lst × ust × tpuff × cst × ΔT1

ρn × D2
n × [3(1 − MC%) × cn × ΔT1 + MC% ×

(
hfg + cst × ΔT1

)]

(9)  

and 

πjets,flame =
ρst × lst × ust × tpuff × cst × ΔT1

ρn × D2
n × [13 (1 − MC%) × cn × ΔT1 + MC% ×

(

hfg +
cst×ΔT1

7

)]

(10) 

Further simplification can be achieved by noting that hfg > cstΔT1, so 
omitting the terms cstΔT1 and cst ΔT1

7 from Eqs. (9) and (10) respectively 
can yield a more simple version of the equations with roughly 80% 
prediction accuracy. Note that in extreme cases, for instance, if a fuel of 
Tig much higher or much lower was being investigated, or in cases where 
volatile compounds have much higher or lower boiling temperatures, 
and the assumptions used to derive the simplified πjets in Eqs. (9) and 
(10) no longer hold, the original definition of the πjets alongside Eqs. (1) 
and (6) could still be used by substituting the extreme values for the 
particular case in hand. 

To test this outcome of the scaling analysis, further IR investigations 
of the post; jet and flame impingements were observed to validate the 
expectations of the scaling. Fig. 10a shows IR image of post-jet 
impingement and Fig. 10b shows post-flame impingement, confirming 
our scaling analysis results, i.e., mico-explosion jets preheat unburned 
fuels, while flame bathing ignites the fuel. On the contrary, previous 
researchers focused on the concurrent wind effect on wildland fires 
[51,52] created by an increase in the flame angle with the vertical to 
heat unburned fuels by radiation and convection, thus, leading to an 
increased rate of fire spread. They attempted to understand the effect of 
the natural wind on the fire spread rate but not the micro-explosion- 
induced wind. The intermittent buoyancy-induced flame impingement 
effects were also studied by Finney et al. [53]. However, none of the 
previous studies investigated the intermittent heating by the micro- 
explosion exhibited by live fuels. 

We showed here that the jet ejection from live spruce needles can 
produce local “latent wind”, even when the natural wind is absent. This 
latent wind momentum (caused by micro-explosion) deflects the flame 
towards the adjacent needles, as shown in the IR image of Fig. 5(b) and 
schematic in 5(c), has the similar (but at a smaller scale) effect 
mentioned by these authors [51,52], i.e., bending the flame intermit
tently towards the unburnt fuel and hence preheating the adjacent fuels 
by increasing flame azimuth angle, also by intermittent impingement of 

fire as discussed by Finney et al. [53]. However, as aforementioned, the 
latter discussed intermittent heating by flame impingement due to 
buoyancy-induced effects, while in this work, the intermittent heating 
was a result of live fuel micro-explosion-induced effects. 

Raman et al. [21] showed that alpha-pinene, one of the characteristic 
volatile monoterpenes found in pine trees, had more energy density than 
most biofuels and even higher than gasoline. This finding supports one 
of the hypotheses explaining how live fuels can sustain flaming com
bustion. Our current study also showed that flammable volatiles can 
enhance the heat transfer rate by the induced intermittent impinge
ments. Raman’s demonstration and our current study explain the main 
reasons why live fuels are able to sustain fires even at higher moisture 
contents compared to dead fuels as was mentioned by Finney et al. and 
Weise et al. [11,19]. 

It is worth mentioning that these micro-explosions continue to take 
place while live fuels are burning ejecting jets in all 3-D directions, 
causing the flame bathing of adjacent twigs and branches. In conifer 
trees, the branches are stacked, and these intermittent impingements 
will cause the adjacent fuels to be heated and therefore more readily 
spread the moving fire, which in turn is also flame bathing the adjacent 
fuels due to the buoyancy effects as explained by Finney et al. in [53]. 
Fig. 11a shows the flame in a normal upright position transferring heat 
to unburnt fuel by radiation and convection as already known without 
micro-explosions. Then the flame is tilted by the volatile jets to impinge 
on adjacent branches creating the scenario shown in Fig. 11b, where the 
second flame was tilted by micro-explosion increasing radiation and 
convection heat transfer received by the adjacent needles. This flame 
spreading pattern will continue until all conifer needles on the same 
branch are consumed. Fig. 11c depicts how a 3D micro-explosion looks 
like on a conifer tree, preheating adjacent fuels by jet impingements, a 
precondition enhancing the fire spread. 

Concluding all preceding results and discussion, as explained by 
Finney et al. in [53,54], fine particles and needles which make most of 
the wildland fuels, cool effectively by free and forced convection 
remaining below ignition temperatures until flame impingements occur. 
These studies pointed out the importance of flame dynamics and the role 
of convection in the ignition process. Adam et al. [55] proposed a 
St− 1 − Fr− 1 relation governing various scales of fire, as small as a candle 
flame to as large as a typical wildfire, which was later confirmed by 
Finney et al. in [53]. This scaling relationship bolstered the role of 
buoyant flames and vortex shedding in the intermittent heating of the 
unburnt fuels through flame impingements, and their importance per
taining to ignition. 

The same argument holds, where the micro-explosions resemble an 

Fig. 10. Adjacent spruce heated by jet and flame impingement.  
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important contributor to the intermittent flame impingements as was 
demonstrated in this article; meaning that live fuels’ content must be 
accounted for in the flame dynamics and heating mechanisms as well. 

Following the same line of thought in [55], Fig. 12 resembles a 
proposed πjets − lfire (where lfireis the flame characteristic length), 
showing how the πjets is anticipated at different fire scales, and its effect 
on the heating process of the adjacent fuels. Note that the lfire charac
terizes the size of the flame and is not the same as the size of the micro- 
explosion denoted by lst . At a small-scale fire, down to a single needle 

burning, depicted by small flame characteristic lengths (small lfire), the 
micro-explosions are more likely to impinge directly on adjacent needles 
as aforementioned, i.e., πjets can be estimated as πjets,direct from equation 
(9). As flame size grows larger, and fire is more embedded within the 
fuels, such as on a branch scale, jets are more likely to interfere with the 
flame and ignite, flame bathing the adjacent unburnt fuels, therefore, 
πjets can be estimated as πjets,flame from equation (10). This means that πjets 

becomes of the order of magnitude of one and jet impingements can 
result in ignition, which is supported by the observation of live fuels 
being able to support flaming ignition better on a branch level. 

As fire grows larger, radiation can preheat nearby fuels and although 
radiation heat by itself is not sufficient to cause ignition [54], it can help 
lower the fuel’s moisture content; reducing the accumulation term in Eq. 
(6). Since the accumulation term in the gaseous phase remains unaf
fected, the πjets,flame value should increase as seen in Fig. 12, supporting 
the flaming process. It is expected that this number can only increase to a 
certain maximum with the increasing size of the flame, where the drying 
adjacent fuels reach a critical moisture content and ignite before further 
change in the accumulation term in Eq. (6). Although this proposed 
graph can be explained by the scaling laws of burning needles and 
branches, tests on larger scales, including conifer tree fires and wildland 
fires must be conducted to verify the proposition. Validation of such 
graph requires a huge set of quantitative data at various fire scales; 
needles, branches, trees, and wildlands. Therefore, it is crucial is to 
investigate the effect of different sized flames/burning rates on the 
dominancy of the micro-explosions as a heating mechanism where the 
proposed non-dimensional graph is constructed based on quantitative 

Fig. 11. Schematic describing the micro-explosion effect on fire spreading: (a) upright flame heating adjacent spruce needles by radiation and convection (b) the 
flame impingements on the adjacent branch caused by micro-explosion which tilts the flame and preheats the adjacent needles, and (c) a 3D micro-explosion 
preheating branches in all directions in a conifer tree. 

Fig. 12. Proposed πjets dependence on characteristic flame length in wildfires.  
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data, similar to what was done in the two research works of Adam and 
Finney [53,55]. This will confirm the scale at which the micro- 
explosions play a vital role in the fire spread problem as a heating 
mechanism and determines how they interact with different size flames. 
The latter investigation is crucial to understand how the flame bathing 
via micro-explosions compares to the radiation and convection heat 
transfer mechanisms at various flame sizes, particularly larger flames, 
which will tell us when these live fuel heating mechanisms must be 
considered and when they can be neglected. 

Furthermore, it is worth mentioning that jet flames have the ability 
to withstand higher wind blow-off limits compared to soft flames. For 
instance, torch lighters can withstand higher winds as compared to soft- 
flame lighters. This analogy to torch against soft lighters can be core
lated to live vs dead fuels burning behaviors respectively, as was seen in 
Fig. 4. As such, live fuels which exhibits jetting flame behaviors, would 

be able to support the flame during higher winds, particularly on large 
fire scales when the πjets is high due to higher flame contact probability. 
This generates a dangerous condition for fire spread and can explain the 
extremely high rate of spread seen in live fuel fires on high-wind days, 
such as the Campfire that occurred in Paradise, California in 2018. 

3.3. Micro-spotting in live fuels 

Spotting fires have always been thought of as an event resulting from 
the large fire convection plumes lifting firebrands and moved by buoy
ancy/wind current to start fires in the area outside the fire perimeter as 
studied by Albini [56–58]. Fig. 13 shows a time series of five Schlieren 
photographs of burning Norway spruce needles: (a) is the onset of micro- 
spotting, t = 0.00 s, (b) t = 0.05 s, (c) t = 0.10 s, (d) t = 0.15 s, and (e) t 
= 0.20 s. As to fire-heated spruce needles, when the heated needle 

Fig. 13. A series of five Schlieren photographs of burning Norway spruce needles: (a) the onset of micro-spotting at t = 0.00 s, followed by (b) t = 0.05 s, (c) t = 0.10 
s, (d) t = 0.15 s, and (e) t = 0.20 s. 
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ruptured, the needle’s boiled volatiles ejected can throw hot needles to 
further distances, as can be seen in Schlieren photographs (c)–(e). 

This indicates that live Norway spruce needles heated by the 
approaching fire can transfer fire outside of the immediate burning zone 
of the flame by this micro-spotting phenomenon. This micro-spotting 
concept may be analogous to large-scale spotting fires by firebrands in 
forest fires [59]. 

Acting forces on the firebrands in large-scale forest fires are the in
ertial force of wind and the buoyancy force provided by the fire [59], 
while for the micro-spotting, the pressure-driven momentum force of the 
ejected jets due to the micro explosion plays the major role. The gov
erning forces for these two phenomena are different, but both exhibit a 
discreet fire spreading mechanism [60]. For that reason, we call these 
two phenomena analogous based on the definition of the analogous 
model [36]. 

Fig. 14 shows two IR images of ignited needles ejected outside the 
burning zone. These ignited needles can start a fire in nearby branches 
analogous to large-scale forest spotting fires, and that the maximum 
micro-spotting distance along with the probability of ignition would be a 
good potential future study to examine the effect of this fire eruption 
behavior. 

4. Conclusions  

(1) Live fuels contain complex constituents that actively engage in 
the fire dynamics of burning Norway spruce needles. The micro- 
explosion-induced ejection of boiled fuel vapors from spruce 

needles was found to enhance heat transfer to adjacent unburned 
spruce needles by forced convection and direct flame bathing. 
Our scaling analysis showed a high possibility that the hot jets 
ejected from the burning needle can raise the temperature of the 
adjacent needles’ surface, preheating them closer to their ignition 
temperature.  

(2) Scaling analysis using the law approach, showed that during a 
direct jet impingement, the Qconv < Qacc,liveneedle, meaning that the 
jets can only preheat the nearby needles, but cannot raise their 
temperatures to ignition. However, when the flammable jets 
interfere with the flame and expand it towards the adjacent 
needles, the equation becomes, Qconv ∼ Qacc,liveneedle, meaning that 
those flame impingements have enough energy to raise the tem
perature of the adjacent fuels to ignition temperatures.  

(3) The jets can also change the flame angle resulting in increased 
radiation due to higher azimuth angles which support flaming.  

(4) Small scale spotting of ignited parcels was evident as a result of 
the live fuel “micro-explosion” inertia which ejected burning 
needles outside the burning zones.  

(5) This study revealed that the heat transfer mechanism that can 
sustain fire spreading in live conifer needles is a discrete mode 
(not continuous) consisting of micro-explosion in live needles and 
the resulted micro spotting. 

This paper suggests similar investigations to examine different spe
cies and the effect of various moisture contents on the heating, spotting, 
and flame expanding behaviors is an important consideration. Specific 

Fig. 14. Ignited needles ejected by micro-explosions outside burning parameter.  
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effects of micro-explosions on the maximum spotting distance and the 
probability of ignition are important future considerations, as well as the 
cumulative effect of this latent wind in actual forest fires where dense 
trees entrain larger spaces. 
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