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I. INTRODUCTION

This chapter intends to help ecologists, forest fire researchers, and fire-fighting
strategists understand some of the fundamental aspects of combustion and
think scientifically about their forest fire problems. As with any discipline, the
best approach to understanding forest fires is to grasp the fundamentals—in
this case, the structure and behavior of flames. Explanation and discussion
are based on the physical and chemical aspects of combustion, with little em-
phasis on strict mathematical treatment of equations. The chapter addresses ba-
sic knowledge on the structure of diffusion flames and scaling laws, premixed
flames, ignition, diffusion flame extinguishment, spreading flames, and the
mechanism of diffusion flame anchoring. Some general background in com-
bustion research is introduced at the beginning.

Fire is the common name we give to high-temperature gaseous combus-
tion. This combustion can occur in open land or an enclosed environment. In
either case, regardless of the type of fire, two things are certain: heat is released,
and the fire may spread. Flame is the fundamental element of fire that produces
the heat and the combustion by-products (such as CO,, H,0, CO, and smoke)
by means of chemical reactions that occur between fuel and oxygen— called
combustion.

Modern combustion research is composed of four theoretical supporting
structures: thermodynamics, chemical kinetics, fluid mechanics, and transport
processes (Williams, 1992). Additionally, three basic tools (experiment, theory,
and computation) are available to help researchers approach combustion prob-
lems. Each tool has strengths and weaknesses.

-Experiments have two roles: “insightful observation” and verification of as-
sumptions that theory and computational methods employ (Hirano and Saito,
1994). The term “insightful observation” means to see things with unbiased
minds using imagination and intuition. The second role of an experiment is
well explained elsewhere in the scientific literature, while the first role is rarely
emphasized, although it is important. In scientific research, the first and second
roles often play together. For example, a simple experiment designed to ver-
ify assumptions also offers additional information to researchers. When a re-
searcher conducts an experiment, two different points of view need to be kept
in her or his mind: confirmation of assumptions and insightful observation.
When the researcher’s mind is entirely occupied by the confirmation role only,
she or he may miss the opportunity for discoveries and inventions through
insightful observation. Our history proves that insightful observation is the
source of discoveries and inventions (Ferguson, 1993).

Computation, also referred to as computer experiments, can provide de-
tailed results and even a virtual reality by simulation. The combination of two
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or more of these tools will increase not only the accuracy of the results but also
the chance of getting correct answers, especially during the early stages of a re-
search and development project (Wilson, 1954). Computational methods not
only save time and energy of human calculation but also provide details of vir-
tual reality under ideal initial and boundary conditions, which may be difficult
to achieve by experiments.

II. BASIC ASPECTS OF COMBUSTION
IN FOREST FIRES

“Combustion is exothermic (heat releasing) chemical reactions in flow with
heat and mass transfer” (Williams, 1985; Linan and Williams, 1993). To be more
specific, we can divide combustion into two types, based on the kind of chemi-
cal reaction and the flow regime (laminar and turbulent): high speed and low
speed. Good examples of high-speed combustion are gas turbines, rocket mo-
tors, and internal combustion engines. Examples of low-speed combustion in-
clude forest fires and candle flames.

We can be more specific still by considering the type of flame in low-speed
combustion. Forest fires, for example, burn with what are called diffusion
flames. Diffusion flames can be maintained by a feedback loop; in the gas phase,
heat is released by exothermic combustion of the secondary gaseous fuels, while
in a condensed phase some of this heat is transferred back causing gasification
of the primary fuel. Gasification is an endothermic (heat-absorbing) process
that requires gaseous combustion in order to occur. This feedback of heat from
the gas phase flames to the condensed phase fuels is an essential mechanism for
sustaining the combustion process.

A. GOVERNING EQUATIONS

Governing equations or conservation equations can provide mathematically
strict relationships among various quantities. In combustion science, conserva-
tion equations are partial differential equations expressing conservation of mass,
momentum, energy, and chemical species. Derivation of conservation equa-
tions are detailed by Williams (1985) and Linan and Williams (1993) and are
beyond the scope of this chapter; only the concept of these equations together
with mathematical formulae for only mass and momentum conservation (be-
cause of their simple formulae) are explained.

By taking a volume element of flame fluid and assuming fluid velocity to be
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much smaller than the speed of light, we can conceptualize the conservation
equations for mass, momentum, energy, and chemical species as follows.

Mass Conservation:
{ Rate of accumulation:l + [Rate at which mass ﬂows] B

of mass into the volume element

The mathematical expression is wd/@dt + V(ou) = 0, where @ = ratio of flow
time to evolution time, @ = density over characteristic density, and &t = veloc-
ity vector over characteristic velocity.

Momentum Conservation:
[Rate of increase] _ {Inertia} + [Pressure] + {Body} + {Viscous}

of momentum force force force force

The mathematical expressions is wd(ou)/dt = —V(ouu) — Vp/M* + F/Fr +
VTs/Re, where p = pressure over characteristic pressure, M = Mach number,
F = body force, Fr = Froude number, Re = Reynolds number, and Ts = shear
stress tensor.

Energy Conservation:
[ Thermal} + [ Chemical} + { Kinetic}

energy energy energy

4 {Energy lost by conduction} + {Work done on

= Constant
and radiation }

surroundings

Chemical Species Conservation:

) Convection of the Diffusion of
Accumulation } i o
. chemical species out the species into
rate of given = —
. . of the volume element the volume
chemical species ) )
by fluid motion element

Production of the
chemical species
by chemical

reactions

The conservation (mass and energy) equations are often applied to the con-
densed phase.

When these conservation equations are solved under specified boundary
and initial conditions, they can provide predictions on changes of pressure, ve-
locity, temperature, and chemical species as a function of time and space. Linan
and Williams (1993) point out that no combustion problems require the full
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description of all the terms in the conservation equations and recommend the
simplification of combustion phenomena. For combustion of solids, which in-
cludes most forest fires, for example, the phenomenological derivation is more
satisfying than the first principle approach of using these complete conserva-
tion equations. Here, phenomenological derivation means to come up with em-
pirical equations using experimental data and physical principles, but not start-
ing from the basic governing equations.

B. ADIABATIC FLAME TEMPERATURE
AND SOOT FORMATION

The most desirable condition for combustion would be to reach the adiabatic
flame temperature, the ideal maximum temperature that a combustion system
can attain. In such a case, we would have no heat loss from the system. How-
ever, real systems don't reach this point because the actual combustion process
consists of finite-rate chemical reactions with heat loss that occurs in the forms
of convection, radiation, and conduction. All these losses contribute to lead-
ing the combustion system to incomplete combustion. Incomplete combustion
produces products of incomplete combustion (PICCs). Common examples of
PICCs include CO, NO,, SO, dioxin, all kinds of intermediate hydrocarbons
(C,H,,, wherenand m = 1, 2, 3, .. .) and soot (solid particulates). The follow-
ing diagram describes the generic process of combustion:

[Fuel] + [Oxidizer] — [PCC] + [PICC] + Q 1

where PCC are the products of complete combustion. When complete combus-
tion occurs in an adiabatic system, no PICCs are formed, the heat of combus-
tion Q reaches a maximum, and the system achieves adiabatic flame tempera-
ture. For example, adiabatic flame temperature for a methane + air reaction
is 1875°C and that for most hydrocarbon + air systems falls between 1800°C
and 2200°C. The detailed procedure to calculate adiabatic flame temperature
is straightforward (e.g., Glassman, 1996) using the JANAF Thermochemical
Tables (1985).

Flame temperature for an incomplete combustion system can also be calcu-
lated by assuming incomplete combustion products. Computer programs {e.g.,
NASA’s Gordon and McBride and STANJAN, see Glassman, 1996) are available
to calculate the flame temperature and equilibrium compositions. Equilibrium
compositions, defined as species concentrations at a specified temperature, can
be calculated using the equilibrium constant that is available in the JANAF
Table. For example, an arbitrary second-order reaction can be written as

Ag + Bg—Cp + Dp 2)
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where Ag and By are reactants and Cp and Dj are products. A simple example is
CH, + 20, — CO, + 2H,0 3)

The reaction rate describing how quickly a given reactant, Az, for example,
disappears and converts to the product can be written using the Arrhenius
approximation:

—d[Ag)ldt = —k[Ag][Bx] = d[Cp)/dt = —A exp(—E/RyT)[Ag][Bx] (4

where [ | means concentration, t is time, k is specific reaction rate constant,
A is preexponential factor, E is activation energy, R, is universal gas constant,
and T is temperature. The values of k, E, and A have been studied for many dif-
ferent types of hydrocarbon-air combustion systems and are available in the lit-
erature (e.g., Glassman, 1996). For further information regarding chemical ki-
netics, see Benson (1960) and Glassman (1996).

For combustion efficiency, the ratio of the actual heat release to the maxi-
mum ideal heat of combustion ranges from 50 to 95% (Pyne et al., 1996). The
combustion efficiency can be defined more specifically as the ratio of the actual
carbon contained in the emissions of carbon dioxide compared to that theoreti-
cally possible, assuming that all the carbon was released as carbon dioxide. Un-
der such combustion efficiency, many PICCs will be formed. As a result, for
such a system, the temperature drops a few hundred degrees below the adiabatic
flame temperature. However, there is a critical extinction temperature beyond
which flame won't exist. A universal value of extinction, approximately 1300°C
(Rashbash, 1962), was found for cellulosic fuels.

Soot is a typical PICC and has a large impact on the environment when it is
formed in the case of forest fires by degrading ambient air quality, impairing
visibility, worsening regional haze, and causing significant health problems
(Pyne et al.,, 1996, and Chapter 3 in this book). Therefore, a brief explanation
of soot formation and properties will be given here. When soot is formed in a
high-temperature flame zone, it emits a luminous yellow (black body) radiation;
when it escapes from the flame, it can be seen as a cluster of small black par-
ticles. Smoke is a rather large cluster of soot particles (100 um or larger) and is
usually large enough for human eyes to recognize, while no clear-cut distinction
is made between smoke and soot.

Scanning electron microscopy (SEM), transmission electron microscopy
(TEM), electron spectroscopy for chemical analysis (ESCA), and laser desorp-
tion mass spectrometry (LDMS) have been used to investigate the physical and
chemical structures of soot.

Soot can be collected directly from the hot {lame zone by different direct
sampling techniques (Fristrom and Westenberg, 1985): (1) a filter paper to col-
lect soot through a vaccum line, (2) a small quartz needle and a stainless-steel
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mesh-screen to be inserted into a flame to deposit soot on them (Saito et al.,
1991), and (3) a thermophoretic sampling probe to collect soot (Dobbins and
Megaridis, 1987). Technique (1) is suitable for measuring an average amount
of soot produced in a relatively long time period (roughly an order of 10s or
greater). The two other techniques are suitable for detailed chemical analysis.
The residence time of technique (2) is roughly an order of a few seconds or
greater, and that of technique (3) is roughly 50 milliseconds. Technique (2) pro-
vides a layer of soot deposit to be analyzed with little effect of heterogeneous
catalysis on the soot and probe material. Technique (3) can provide individual
soot particles that are collected by inserting a thermophoretic probe directly
into a flame. Soot in the flame is attracted by copper and other metal grids by
thermophoresis.

Most of the soot studies were conducted for laboratory scale candlelike lam-
inar diffusion flames because they allow researchers easy access to laser optics
and other measurement systems that require well-controlled laboratory condi-
tions. These studies found that soot is actually a cluster consisting of small pri-
mary soot particles. The average diameter of the mature primary soot particle
produced by small laminar diffusion flames was identified by a scanning electron
microscope and a transmission electron microscope to be approximately 20 to
50 nm (1 nm = 107 m). The average molecular weight of soot is 10° g/mole,
and the C/H ratio is 8 to 10 (Glassman, 1996). The mechanism of primary soot-
particle formation, however, is not well understood. Two competing mecha-
nisms that have been proposed recently include: (1) a gradual buildup of a
carbonaceous product via formation and interaction of polycyclic aromatic hy-
drocarbons (PAHs) or acetylene (C,H,) molecules through dehydrogenation
and polymerization processes, and (2) a direct condensation of liquidlike car-
bonaceous precursor materials to form a solidlike precursor soot particle as a
result of fuel pyrolysis reaction, polymerization, and dehydrogenation.

Regarding the soot and smoke formation mechanisms, there is a belief that,
because soot is formed in the gas phase during the process of fuel pyroly-
sis, difference in fuel type (either gas or liquid or solid) has little influence on
soot formation processes. This may be true for the physical shape of primary
soot particles which are spherical. However, a recent laser-desorption mass-
spectroscopy study (Majidi et al., 1999) showed that mature soot collected from
several different laminar hydrocarbon-air diffusion flames have different in-
depth chemical structures. This is interesting because, if it is proved true for a
wide range of fuels, soot could be used to identify its parent fuel, helping in fire
investigations. No LDMS data are available for soot collected from forest fires.

A few studies focused on smoke generated from liquid pool fires. Fallen
smoke particles were collected on the ground (Koseki et al., 1999; Williams and
Gritzo, 1998) or sampled at a post flame region by an airborne-smoke-sampling
package (Mulholland et al., 1996). They used crude oil fires whose diameters
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ranged from 0.1 to 20 m and sampled smoke particles generated by these fires;
primary smoke particles from these crude oil fires looked spherical, and the pri-
mary particle diameters varied between 20 and 200 nm depending on the sam-
pling location and diameter of the pool. These studies found a general trend: the
larger the fire, the larger the primary smoke particle, suggesting the observed
result may be attributable to the longer resident time.

The smoke generation rate from many different types of solid fuels was
tested using a laboratory scale apparatus. When small solid samples were ex-
posed under constant heat flux, they increased their temperature, released py-
rolysis products and eventually emitted smoke. The amount of smoke can be
measured by a light-scattering device or can be collected on a filter paper for
weight measurement. When a pilotignitor is placed over the sample, the sample
can be ignited to study material flammability and flame spread characteristics
(Fernandez-Pello, 1995; Kashiwagi, 1994; Tewarson and Ogden, 1992; Babraus-
kas, 1988). The flame spread occurs in horizontal, upward, and downward di-
rections with and without an external (radiation) heat source. These kinds of
experimental apparatus require relatively small samples (e.g., 10 cm wide X
30 cm long for flame spread tests, Saito et al., 1989), but some of them are de-
signed for large scale upward spread tests (Orloff et al., 1975; Delichatsios et al.,
1995). Effects of sample size and geometrical shape on ignition, flammability
and flame spread rate are not well understood (Long et al., 1999). Caution
should be taken when the laboratory test results are applied to evaluate behav-
ior of forest fires that involves many different types, kinds and sizes of trees,
and bushes and duff in the forest.

III. TEMPERATURE, VELOCITY, SPECIES
CONCENTRATION, AND FLAME HEIGHT

Measurements of flame temperature, velocity, height, and chemical species con-
centrations are important for understanding the structure and characteristics
of forest fires. The first three quantities can be measured at a point and thus al-
lows determination of profiles. Height can be measured as the time-averaged
maximum height of the yellow flames since it is most relevant to radiant heat
released from the flame.

For the first three quantities, profile data can provide more information than
point data, but any (one-, two-, and three-dimensional) profile data require
more human effort and better (olten more sophisticated) equipment than point
measurement. The profile data provide us with the relative change of the mea-
sured quantity (such as temperature), thus helping us better understand fire
phenomena.
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A. TEMPERATURE MEASUREMENT

Temperature measurement with thermcouples is the most commonly used
flame temperature measurement technique. It is an intrusive point-by-point
measurement and is affected by radiation (g,,4), convection (¢.., ), and conduc-
tion (q..q) heat losses. These heat losses can be described in terms of heat flux:
qrad ™~ 8bUTZ(1 - a)a Geov ™ h(Tb - Ta)a Geoa )‘(Tb - Ta)/lT' HGTE, &p = emis-
sivity of the thermocouple bead, a = absorption coefficient of the gas surround-
ing the thermocouple, ¢ = Stefan-Boltzmann constant, T, = thermocouple
bead temperature, T, = gas temperature surrounding the thermocouple bead,
I; = a characteristic length related to the high-temperature gradient in the gas,
7n = heat transfer coefficient, and A = thermal conductivity of gas. To minimize
these heat losses, a thermocouple with a small bead and a small wire diameter
is advantageous. To minimize the conduction heat loss, the wire can be placed
along an isotherm in the flame. Radiation heat loss proportional to the fourth
power of temperature may become dominant above 1000°C. Soot deposit on
the thermocouple junction changes the thermocouple output reading due to
the change in emissivity of the junction. A sheathed thermocouple is available
to minimize the radiation effect. When a bare thermocouple is used, caution
should be taken for the measurement on sooty flames because the fire-generated
smoke and soot can coat the thermocouple bead quickly and change its emis-
sivity, increasing the radiation heat loss. An extrapolation to zero insertion time
can be used to eliminate the soot-coating effect on the thermocouple (Saito et al.,
1986). When thermocouples are used for field tests, a lead wire that connects
the thermocouple and its detector should be as short as possible and lifted
above ground to avoid a short circuit due to an accidental step or contact with
water. The lead wire should be covered by a heat-insulating material to prevent
convective heat loss when significant convective heat loss is expected.

The infrared thermograph technique involves use of an infrared camera and
an image recording and analysis system capable of obtaining a two-dimensional
thermal image from a remote location. This technique was applied to measure
upward flame spread rate on wood slabs (Arakawa et al., 1993) and temperature
profiles in forest fires (Clark et al., 1998; 1999). Radke et al. (1999) applied an
airborne imaging microwave radiometer to obtain a real-time airborne remote
sensing. These techniques can be very useful in identifying the hot spot or py-
rolyzing condensed-phase front which can be related to the active flame spread
front. Note that the infrared technique may not represent exactly the actual tem-
perature of the flame or condensed phase because the phase emissivities vary
from location to location and because absorption by smoke, H,O, and CO, will
influence the infrared signal. Arakawa et al. (1993) suggest the use of a band-
pass filter (10.6 = 0.5 um) to eliminate the absorption effects of these gases.
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A color video camera may be used to obtain relative flame temperature
change in forest fires because the flame color can be roughly related to the flame
temperature. The color video camera technique is simple and useful for seeing
relative change throughout the flame, but it is more qualitative than the infra-
red thermograph. Combination of the thermocouple, infrared thermograph,
and color video camera techniques may be most ideal for reseachers to assess
flame temperature correctly.

Other temperature measurement procedures that are mainly suitable for
laboratory-scale flames include the holographic interferometer (Ito and Kashi-
wagi, 1988), two-color pyrometer (Gaydon and Wolfthard, 1979), spectrum-line
reversal method (Gaydon and Wollhard, 1979), and coherent antistoke Raman
spectroscopy (Demtroder, 1982). The two-color pyrometer employs two dif-
ferent wavelength band-pass filters to eliminate emissivity of the object. It is
suitable to measure from a remote location a local temperature of sooty-yellow
flames whose profiles are fairly uniform along the direction of measurement.
Typical examples are combustion spaces of internal combustion engines and
boilers. All other techniques are based on a laser optic system which requires a
dark room and accurate alignment. These systems are sensitive to environmen-
tal change and not suited to field measurements.

B. VELOCITY MEASUREMENT

A pitot tube velocity measurement is a commonly used velocity measurement
technique. It is an intrusive and point-by-point measurement (Sabersky et al.,
1989). Pitot tubes can accurately measure velocity in the range of a few meters
per second to above 100 m /s, covering most of the wind velocity range in forest
fires. The pitot tube is relatively simple and can measure a one-dimensional ve-
locity component, but it also can be applied to a three-dimensional measure-
ment by changing the direction of the pitot tube head when the flow is at steady
state.

A simple velocity measurement technique with practical use is a video cam-
era. Recording the fire behavior in a video camera and reviewing it on a moni-
tor screen, researchers may be able to trace the trajectory of smoke and fire
brand particles moving in and over the fire area and calculate approximately
the local velocity as well as two dimensional velocity profiles. This technique
is qualititive at best because the smoke and particles may not exactly follow the
flow stream and also the flow may be complex and three-dimensional. Wisely
using the video image, however, researchers can gain valuable information on
the approximate flow velocity in relation to the overall fire behavior.

Other available velocity measurement techniques, all of which are laser-based
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methods and only suitable to laboratory experiments, include laser doppler ve-
locimetry (LDV) and particle image velocimetry (PIV) or laser sheet particle
tracking (LSPT). LDV is a point-by-point measurement, and PIV and LSPT are
capable of measuring two-dimensional, and possibly three-dimensional veloc-
ity profiles. All three of these techniques require seeding of small trace par-
ticles, laser optics, and a data acquisition system. An example of these tech-
niques applied to flame base structure is shown later.

C. SPECIES CONCENTRATION MEASUREMENT

Gas chromatography is the most commonly used method of analyzing the con-
centration of species, such as CO,, CO, H,0, N,, O,, and many different hydro-
carbons. A sampling probe collects sample gases by means of either a batch or
continuous flow system. The batch sampling requires transport of the sample
to a laboratory where the samples will be analyzed. The continuous flow sys-
tem offers an on-line analysis at the site. The continuous flow system is better
than the batch sampling system because the on-line method eliminates the pos-
sibility of sample contamination during transportation and storage. For field
experiments, portable gas analyzers can be used for the on-line measurement
of concentrations of some or all the following species: O,, N,, CO,, H,0, CO,
NO,, and other hydrocarbons. These instruments require frequent calibration.
Their sensitivity and response time should satisfy the required accuracy of each
experiment.

A quartz microsampling probe is commonly used for sampling of laboratory-
scale flames. It consists of a tapered quartz microprobe with a small sonic ori-
fice inlet which accomplishes rapid cooling and withdrawal of the sampling gas
by adiabatic expansion (Fristrom and Westenberg, 1985). During the measure-
ment of water concentration, the sampling line should be heated above the dew
point to prevent water condensation; this is called wet-base sampling. Another
method is dry-base sampling in which all water is removed before analysis. The
dry-base technique requires a water condensation unit in the sampling line. A
water-cooled stainless-steel sampling probe is often used to provide dry-base
sampling of large scale fires. When an uncooled probe is used for dry-base mea-
surement, a water condensation unit is needed to be sure all water is removed
before analysis. The sampling line that connects the probe and the batch (or the
probe and the analytical instrument) should be free from contamination by left-
over gas or air leaks. The commonly used sampling line materials are Teflon,
quartz, and stainless steel.

The previously mentioned sampling techniques are intrusive and provide
time-average species concentrations within a specific sampling volume. Physical
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disturbances due to the probe may be negligible for forest fires, but they may
become important for small-scale laboratory flames. For futher information, see
Fristrom and Westenberg (1985).

D. FLAME HEIGHT MEASUREMENT

The purpose of flame height measurement is to estimate radiation intensities
from the flame, an important parameter for assessing hazards to personnel and
the rate of flame spread. The most widely accepted interpretation of flame height
is the height where the flame achieves the maximum temperature. Another defi-
nition that has more practical application to forest fires is the vertical distance
from the flame base to the yellow visible flame tip. These two definitions may
not always give the same flame height. For a small candle flame the maximum
temperature is near the visible yellow flame tip, while for a 1-m diameter crude
oil fire the maximum temperature is achieved at about two thirds of the time-
averaged visible flame height, probably because a fire-induced strong turbulent
air flow cools the upper portion of the 1-m diameter fire.

Here, two different methods of determining flame height will be introduced.
The first is to measure the visible flame tip, and the second is to identify the lo-
cation of the maximum flame temperature. The values obtained by these tech-
niques are valid to within £10% uncertainty.

To measure the time-average visible yellow flame height, a motor-driven
35mm still camera or a motion color video camera can be used. Both are capable
of measuring temporal flame behavior from which time-averaged flame height
can be measured. The latter equipment has an advantage in accuracy because it
offers the measurement of flame height over the slow motion video screen. For
a smoke-covered flame, however, neither technique is applicable because the
flame tip is invisible. For these types of fires, an infrared camera can be used to
penetrate the smoke layer and measure the maximum flame temperature loca-
tion. Caution is required when the infrared camera is used to identify the maxi-
mum flame temperature and/or visible flame tip because emissivity of the flame
is unknown, and it varies with fuel and location in the flame.

Figure 1 is a simplified plot of dimensionless flame height (visible flame
height divided by a horizontal scale of fire) as a function of dimensional pa-
rameter measuring Froude number (the ratio of inertia force to buoyancy force)
(Williams, 1982). The error bars in the correlation are due to different mea-
surement techniques, different fuels, and different flame height definitions.
However, the correlation itself is reasonably high over the 15 orders of magni-
tude in Froude number and the 6 orders of magnitude in the ratio of flame
height to the fuel-bed dimension.



Chapter 2 Flames 23

1000 1
100
10

01t
0.01}F

107 105 10% 107 10 105 105 107

Modified Froude Number 10°(g?/ cm®s?)

FIGURE 1 Dimensionless flame height as a function of modified Froude number (Williams,
1982). Quantity [ is a horizontal scale of the fire.

IV. PREMIXED AND DIFFUSION FLAMES

The idea of categorizing flames into two different types, premixed and diffusion
flames, and then studying each type thoroughly has proven to be successful.
Many studies have contributed to a thorough understanding of these two types
of flames. Based on these studies, much progress has been made in the field of
combustion (Williams, 1985; Linan and Williams, 1993; Glassman, 1996; Hi-
rano, 1986). Although diffusion flames can represent forest fires, the premixed
flame allows us to better understand the diffusion flame by comparing its struc-
ture with that of premixed {lames. Thus, in this chapter, characteristics of both
diffusion and premixed flames are explained. However, note that these concepts
are by no means perfect and may not be applicable to all forest fire phenomena.
For example, the microstructure of a flame’s leading edge can be interpreted by
using a different concept (Venkatesh et al., 1996).

A diffusion flame is defined as any flame in which the fuel and the oxidizer
are initially separated. Diffusion flames are represented by candle flames, match
flames, wood fires, and forest fires. A premixed flame is defined as any flame in
which the fuel and the oxidizer are initially mixed. A good example of a pre-
mixed flame is a uniform combustible mixture contained inside a tube that is
ignited by a spark creating a flame spreading along the tube (Williams, 1985).
The most significant difference between diffusion and premixed flames is that
in the former the fuel-oxidizer ratio varies throughout the flame, whereas in the
latter it is constant everywhere in the flame. Some flames possess both charac-
teristics, and they will be called partially premixed flames.
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According to the flow regime, both diffusion and premixed flames can be
classified as laminar, turbulent, or transitional. Laminar flames have smooth,
steady flow characteristics in and around the flame, whereas turbulent flames
have irregular, disorganized flow characteristics in and around the flame. The
use of Reynolds number (the ratio of viscous force to the inertia force) for judg-
ing flames to be either turbulent or laminar is not always straightforward be-
cause of uncertainty involved in determining characteristic parameters; a visual
observation is often good enough to make this judgment. Some flames may be
laminar in one section and turbulent in the other section (e.g., the flame shape
in a 1-m diameter crude oil fire is turbulent except at the flame base where the
flame anchors and flame shape is laminar). In the following discussion, pre-
mixed flames and four different types of diffusion flames will be explained.

A. THE PREMIXED FLAME
AND ITS BURNING VELOCITY

One important characteristic of the premixed flame is the burning velocity. As-
suming the pressure p constant, and with the specific heat ¢, of the mixture
taken as constant, the overall energy conservation shows that the energy per
unit mass added to the mixture by the combustion, Hy, is

Hy = (T, = To) )

where T and T, are the initial and final temperature, respectively. This energy
can be determined by the rate of conversion of reactant mass to product mass.
Using Eq. (4), this conversion rate (mass per unit volume per unit time) can be
written as

w = AYPY}, exp(—FE/RyT) (6)

where the subscripts F and O identify fuel and oxidizer, the mass fractions Y
and Y, are proportional to the concentrations (the number of molecules per
unit volume) of the reactants, and m and n are the overall reaction orders with
respect to fuel and oxidizer, respectively. In terms of the thickness & of the
flame, the chemical energy released per unit area per unit time may be approxi-
mated as

Howd = ATy, — To)/8 N

where A is the thermal conductivity.
Using Egs. (5) and (7) and solving for 8, we obtain

8 = [Mcw)]"? (8)
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which shows that the flame thickness varies inversely with the square root of
the reaction rate. The mass of reactant converted per unit area per unit time is
Pove, where p; is the initial density of the mixture and v, is the laminar burn-
ing velocity. By conservation of fuel mass in the steady flow, we have

PoVo = WO ©
Using Eqgs. (8) and (9), the laminar burning velocity takes the form
vo = (Upo)[(wA)/g, )" 10)

Equation (10) shows that the laminar burning velocity is proportional to the
square root of the ratio between the diffusivity, A/(c,p,), and the reaction time,
po/w. Equation (10) agrees with laminar flame spread experiments using a ver-
tical tube filled with a fuel and oxidizer mixture. When the mixture is ignited,
a steady laminar flame spread occurs from the top to the bottom. The flame
spread rate can be measured fairly accurately using a motor-driven camera or a
high-speed video camera or an array of thermocouples placed along the inner
surface of the tube.

B. IGNITION

Ignition can be achieved either by heating the system containing a combustible
mixture with thermal energy or by creating chain reactions with autocatalytic
reactions. Chemical reactions whose reaction rate is controlled by the concen-
tration of initially present reactants are called thermal, whereas reactions whose
rate is affected by the concentrations of the intermediate and final products are
called autocatalytic.

Thermal ignition can be achieved by supplying an external source of heat to
the system. An electric arc, a spark plug, or a pilot flame can be the external
heat source. The external heat source provides excess heat to the system and
raises its temperature continuously if the heat input exceeds the heat loss. At
some point, the temperature rise will become highly accelerative and a high
heat evolution will occur. This is called ignition.

Autocatalytic ignition can be achieved by increasing the rate of chain car-
rier generation over the termination reaction of chain carriers. The initiation
of chain carrier generation may be achieved by thermal energy. After the ini-
tiation reaction has started, the reaction may become self-accelerative even
after the external heat is removed. Then the system will ignite by satisfying the
self-sustaining condition. Lightning may be a good example of autocatalytic
ignition.

An important topic in forest fires is determining the condition under which
given combustible forest materials can ignite. There are two types of ignition—
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spontaneous (unpiloted) ignition and piloted ignition. Unpiloted ignition can
be achieved by raising the temperature of the system with hot boundaries and
adiabatic compression. Piloted ignition can be achieved by adding heat to the
system with an external heat source. Ignition temperature (explained later) for
unpiloted ignition is higher than for piloted ignition. For example, ignition
temperature for piloted ignition of cellulose is approximately 350°C, whereas
that for unpiloted ignition is approximately 300°C (Williams, 1982).

Other important aspects of ignition related to forest fires include ignition
temperature, flammability limits, and minimum ignition energy.

C. IGNITION TEMPERATURE

Ignition temperature can be defined as the critical temperature that the con-
densed phase needs to achieve for burning to begin (Williams, 1985). The igni-
tion temperature is a useful criterion to assess the flammability of materials and
estimate flame spread rate. However, there are some variations among different
ignition conditions. For example, some researchers use a black body as the heat-
ing source, and others use a halogen or infrared lamp (Babrauskas, 1988).

[gnition tests conducted in an inert atmosphere under various external heat
flux conditions showed that the ignition temperature indeed varies as a func-
tion of external radiant heat flux. The higher the external heat flux, the higher
is the ignition temperature (Delichatsios and Saito, 1991). Thus, some caution
should be taken when laboratory ignition temperature data are applied to for-
est fire problems.

D. FLAMMABILITY LIMITS

If there is too little or too much fuel in a fuel-air mixture, ignition may not oc-
cur even if a pilot flame provides sufficient heat to the mixture. For example, a
propane + air mixture with fewer than 2.2 mole of propane or more than 9.5%
of propane can’t ignite. The maximum and the minimum concentrations of fuel
within which flame can spread are called, respectively, rich and lean limits of
flammability. Flammability limits depend on pressure and temperature; such
data for gases are well established (Zabetakis, 1965). Flammability of solid fuels
can be linked to ignition of solids that release pyrolysis products under exter-
nal heating. These pyrolysis products will mix with air forming a flammable
mixture whose flammability can be tested. Thus, knowledge gained through
studies on flammability limits for gases can be applied to understand the flam-
mability of solids.
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E. MINIMUM IGNITION ENERGY

Williams (1985) offers a simple and practically useful definition of minimum
ignition energy. “Ignition will occur only if enough energy is added to the gas
to heat a slab about as thick as a steadily propagating adiabatic laminar flame
to the adiabatic flame temperature.” Thus, the minimum ignition energy, H, can
be described by

H= (As)po[cp(Too - TO)] an

where A is the cross-sectional area of the slab, 8 is the adiabatic laminar flame
thickness, p; is the initial density of the mixture, ¢, is the average specific heat
at constant pressure, T, is the adiabatic flame temperature, and T, is the initial
temperature of the mixture. Using 8 = A/c,povo (Williams, 1985), Eq. (11) can
be written as

H/A = T, — Ty)/v, (12)

where A is the average thermal conductivity of the gas and v, is the laminar
burning velocity discussed earlier.

V. EXTINCTION OF DIFFUSION FLAMES

There are two main flame extinction criteria: the Damkohler extinction crite-
rion and the Zel'dovich extinction criterion, both of which were detailed by
Williams (1985) and Linan and Williams (1993). Here a summary of the Dam-
kohler extinction criterion is presented.

Extinction can be defined as a balance between a chemical time, t., and a resi-
dence time, t,, in the gas-phase flames. A nondimensional parameter known as
Damkohler number, Da, is defined as the ratio of a flow (or diffusion) to chemi-
cal reaction times in the gas:

Da number = (A flow or air diffusion time)/(Chemical reaction time) = t,/t,
(13)

Using the chemical time, t, = AY;Y, exp(E/RyT), and the residence time, t, =

Vuor Pa, Eq. (13) can be written as
Da number = (I/u)(AY:Y,) ! exp(—E/R,T) (14)
or  (IMa)(AYsTy) ' exp(—E/RyT)

where u is the characteristic flame velocity, L is the characteristic length, « is the
thermal diffusivity of the gas, and m = n = 1 denoting the first-order chemical
reaction.
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FIGURE2 Schematic illustration of the dependency of the maximum temperature on the reduced
Damkohler number for diffusion flames. Here, for cellulose-based fuels, Tgy (extinction tempera-
ture) = 1300 * 100°C, T, (ignition temperature) = 350 * 50°C, and T, (initial fuel tempera-
ture) = 20°C.

The maximum temperature can be taken as an important parameter to con-
trol extinction. Figure 2 shows temperature as a function of the Da number, a
well-known S-shaped curve. Variation of parameters that control fires causes
the Da number to change continuously. For example, if the Da number based
on T is increased beyond the critical Da number marked as ignition (Dy), then
a discontinuous change to a much higher temperature will occur (this passage
is shown in a double arrow). If the upper branch of the Da number is decreased
continuously to the critical Da number marked as extinction {Dgy), then a dis-
continuous change to a lower temperature will occur (this passage is shown
in a single arrow). At the lower branch temperature, there is no combustion,
whereas at the upper branch temperature, active combustion is taking place.
The middle branch is unstable and not physically relevant. The Damkohler ex-
tinction criterion is useful in obtaining overall chemical kinetic parameters for
gas-phase combustion from experimental data.

There are eight different strategies to achieve extinction: isolate the fuel, iso-
late the oxidizer, cool condensed phase, cool the fuel, cool the gas, inhibit the
chemical reaction homogeneously, inhibit chemical reaction heterogeneously,
and blow the flame away (Williams, 1982).

The Zel'dovich extinction criterion, derived by assuming a large activation
energy asymptote (Linan and Williams, 1993), is beyond the scope of this book.
Readers who are interested in the Zel'dovich extinction criterion may consult
Linan and Williams (1993).
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VI. DIFFUSION FLAMES
AND SCALING ANALYSIS

Diffusion flames can be classified based on the forces that control the flow and
mixing processes. The major forces acting on the diffusion flames may be as-
sumed to include momentum, viscous, and buoyancy forces. Molecular diffu-
sion driven by concentration differences is also assumed to play an important
role in the mixing process. Based on these assumptions, scaling analysis (Wil-
liams, 1969; Emori and Schuring, 1977) can be conducted to categorize the
diffusion flames into four different types. Scaling laws are important in fire re-
search as described in the scaling law section later in this chapter. By defining
uy = the fuel exit velocity, d = the burner port diameter, D = the binary diffu-
sion coefficient of a fuel into air, g = the acceleration due to gravity, and v =
the kinematic viscosity, the following three pi-numbers (dimensionless num-
bers) can be formed when a fire burns in calm air:

* Peclet (Pe) number = [Fuel mass transferred by momentum of incoming
fuel flow]/[Fuel mass transferred by concentration difference} = u,d/D

¢ Reynolds (Re) number = [Momentum force of incoming fuel flow]/
[Viscous force of air and fuel] = uyd/v

+ Froude (Fr) number = [Momentum force of air induced by the flame]/
[Buoyancy force in the flame] = ug/dg

Here four different types of flames, each identified by different combinations
of the preceding three pi-numbers, will be discussed.

A. Re NUMBER-CONTROLLED LAMINAR
DiFFUSION FLAMES wWiTH LOW Pe NUMBER

Consider the case of a hypodermic needle held vertically and in which a hy-
drocarbon fuel constantly flows through the bottom end to the top. When the
fuel is ignited, a small laminar diffusion flame with flame height of a few milli-
meters is established on the port of the hypodermic needle. This flame is called
a microdiffusion flame. The existence of this type of flame was predicted by
Williams (1985) and proven experimentally by Ban et al. (1994). It is governed
by the balance between the momentum of the incoming fuel flow and the mo-
lecular diffusion (both in axial and radial directions) of the gaseous fuel and air.
The shape of a microdiffusion flame is spherical and different from the more
commonly observed candlelike diffusion flame.

The momentum and species equations are coupled, and a similarity solu-
tion has been obtained for the coupled system. Microdiffusion flame experi-
ments on CH,, C,H,, and C,H, were conducted under ambient atmospheric
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pressure conditions. Flame shape was photographically recorded and compared
well with the theoretical predictions. Figure 3 (see color insert) shows a photo-
graph and a schematic of an ethylene-air microdiffusion flame established on a
0.25-mm-diameter hypodermic needle (Ban et al., 1993).

B. Re NUMBER-CONTROLLED TURBULENT JET
Di1FrFuUSION FLAMES WITH HiIGH Pe NUMBER

By increasing the incoming fuel velocity in the previously mentioned hypoder-
mic needle, the flame will become unstable, and at some point the flame can no
longer be sustained at the burner port. This is because the characteristic time
of the incoming fuel velocity is smaller than the time required for the flame
to complete the chemical reaction. By increasing the diameter of the burner, a
stable flame with a higher Re number can be achieved. For example, a hydrogen
jet diffusion flame can be stabilized on a 1.43-mm-diameter nozzle burner up
to Re = 4800, and a methane jet diffusion flame can be stabilized on a 9.45-mm-
diameter nozzle burner up to Re = 8440 (Takahashi et al., 1996). Figure 4 (see
color insert) shows a hydrogen-air turbulent jet diftusion flame stabilized on the
1.43-mm-diameter burner (Takahashi et al., 1996). For turbulent jet diffusion
flames, the flame will be established as the result of the mixing of the incoming
fuel jet with quiescent air. The momentum force controls the fuel jet, and the
inertia and viscous forces of both the air and the fuel control the mixing pro-
cess. This type of flame (high Pe and Re numbers) is stabilized by a turbulent
shear mixing, but not by molecular diffusion (Takahashi et al., 1996; Venkatesh
et al., 1996).

C. Re AND Fr NUMBER-CONTROLLED LAMINAR
DIFFUSION FLAMES WiTH LOw Pe NUMBER

Applying a relatively slow fuel flow rate (approximately a few centimeters per
second) to the burner with a diameter of a few millimeters to a few centimeters,
a candlelike flame can be established over the burner port. This is the regime
of buoyancy-controlled laminar diffusion flames. Buoyancy forces acting on the
hotter, less-dense gas in the region of the flame often distort the shape of the
flame sheet. Figure 5 shows a candlelike laminar methane-air diffusion flame
established on a 1.6-cm-diameter Pyrex burner. Faraday (1993, originally pub-
lished in 1861) was the pioneer to identify this type of diffusion flame as the
most basic type and conducted a series of noble experiments. After Faraday,
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FIGURE 5 A schematic of a small methane-air diffusion flame established on a 1.6-cm diameter
Pyrex tube (the average fuel flow rate at the burner port is 2.2 cm/s and the air flow rate is
9.3 cm/s).

many researchers have used this type of diffusion flame to further understand
their chemical, thermal, and fluid mechanical structures. These flames are also
ideal for optical and chemical species sampling measurements because they are
stable, steady, and large enough to obtain accurate measurements.

The structure of laminar diffusion flames in this category is also of current
interest for a number of reasons. There have been recent demands for under-
standing the mechanisms of turbulent flames. A promising approach to the
analysis of turbulent flames is to introduce conserved scalars (Linan and Wil-
liams, 1993) so that data on laminar flames can be used. Correlations of lami-
nar flame structures on the basis of mixture fractions allow turbulent flame
properties of interest to be calculated with relative simplicity. The mixture frac-
tion, Z, for the two-feed system (oxidizer and fuel) can be defined as

Z=(Y,— Yp)/(Yq — Yp) (15)

Here Y, is the mass fraction of the i-chemical element; the subscripts 1 and 2,
respectively, refer to the composition in the fuel and the oxidizer flows. There
are indications that the correlations can be approximately applied even for soot
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and chemical species that are known to be out of the chemical equilibrium
region (Koylu and Faeth, 1991). If the binary diffusion coefficients of all pairs
of species are approximately equal, then the concentrations of all species can
be uniquely related to Z through algebraic equations. If this condition is not
satisfied, then different diffusion rates can cause Z for different elements (N, O,
C, H) to take different values (Linan and Williams, 1993).

Here, structure of a laminar coflow methane-air diffusion flame will be in-
troduced because methane is the simplest saturated hydrocarbon, yet it can
represent the general nature of hydrocarbon-air combustion. A 20-mm-high
methane-air diffusion flame, established on a 16-mm-diameter Pyrex burner,
was probed by a microsampling probe, and 15 different steady chemical species
were separated; concentration of each of these 15 species was measured with a
gas chromatograph. Two-dimensional profiles of steady flame temperature were
measured by traversing a fine thermocouple. Figure 5 shows a schematic of the
laminar methane-air diffusion flame that was probed using the experimental
apparatus shown in Figure 6 (Saito et al., 1986). The main elements of the ap-
paratus include a quartz coflow burner with Pyrex chimney that can produce a
stable and steady laminar diffusion flame, a quartz microsampling probe that
can probe chemical species from the flame, fuel and air supply and control sys-
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FIGURE 6 A schematic of methane-air diffusion flame experimental apparatus (Saito et al., 1986).
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tem, a gas chromatograph, and a cathetometer for flame height measurement.
The sampling line that connects the quartz probe and gas chromatograph is
wrapped with a heating tape to prevent condensation of water and heavy mo-
lecular species.

The distinctive color differences shown in the Figure 5 flame can be ex-
plained as follows. A thick blue near the burner port is associated with chemi-
luminescence from exited CH and CO molecules. Above that thick blue, there
is a thin blue (chemiluminescence from CQO) covering the entire flame. Inside
the thin blue, there is yellow-soot region and on the top of that yellow-soot re-
gion, a narrow orange-soot region is formed. The yellow- and orange-soot re-
gions are clearly separated. The two soot-color zones were found by Saito et al.
(1987). At the yellow region, young soot particles are formed, and the soot par-
ticle temperature is higher than the gas temperature because the young soot
particles can actively react with the gas molecules, causing a strong exothermic
reaction on the soot particle surface. However, at the orange-soot region, young
soot becomes mature and has lost its surface reactivity, bringing the soot par-
ticle and gas temperatures into equilibrium.

The centerline profiles of chemical species of the flame is shown in Figure 7.
The structure of the methane-air diffusion flame, based on results from careful
measurements such as Figure 7, is illustrated in Figure 8 (Linan and Williams,
1993). In Figure 8, Z, is the stoichiometric mixture fraction, and the one-step
rate function, Eq. (6), is used. At the point, Z = Z, the fuel and oxidizer are
consumed at an infinite rate, releasing the maximum heat (and achieving the
maximum temperature) due to the complete combustion on the stoichiometric
fuel-oxidizer mixture. The mixture is fuel-lean for Z < Z_and fuel-rich for Z >
Z.; for both cases, temperature drops from the maximum. At or around Z = Z,
an active chemical reaction is taking place by balancing with diffusion of chem-
ical species. This region is called the reactive-diffusive zone. There are two sep-
arate zones in each side of the reactive-diffusive zone. One is the Z < Z, side
where oxygen diffuses into the flame and the other is the Z > Z_side where fuel
diffuses into the flame. In these (convective-diffusive) zones, no chemical reac-
tion takes place and convection and diffusion terms control the structure.

Kinetic models have been proposed to calculate concentrations of species for
methane-air flames. These models often consist of more than 200 chemical re-
action steps, but simplifications are needed to understand the structure. A re-
duced kinetic mechanism has been proposed by carefully selecting only essen-
tial reactions. Williams proposed to use the minimum sets that can describe the
main feature of the flame and apply steady state approximations in this set to
obtain a reduced mechanism. Table 1 shows the proposed four-step mechanism
(Linan and Williams, 1993) consisting of fuel consumption, water-gas shift, re-
combination, and oxygen consumption and radical production. The Table 1 re-
sults were obtained from guesswork on 14 fundamental reaction steps offered
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FIGURE 7 The centerline profiles of temperature and chemical species for a laminar methane-
air diffusion flame established over an overventilated 1.6-cm-diameter coflow burner (Saito et al.,
1986).

by Linan and Williams (1993) and applying steady state approximation for
the intermediaries, O, OH, HO,, CH;, CH,0, and CHO. The usefulness of this
four-step mechanism has been demonstrated. Even simpler three- or two-step
mechanisms were also proven to be sufficient to explain many aspects of flame
structure.



Convective- Reactive-

nvec! eacti Convective-
diffusive  diffusive diffusive
zone zone zone
/_/\_V_/\__V A

FIGURE 8 Thermal and chemical structures of the methane-air diffusion flame plotted against
mixture fraction Z.

TABLE 1  Four-Step Mechanism for the Methane-Air Flame

Fuel consumption

CH, + H—>CH, + H,
CH, + 0O—>CH,0 + H

CH,0 + H—>CHO + H,

CHO+M—>CO+H+M
H+ OH—O + H,

H + H,0 —»OH + H,

CH, + 2H + H,0 — CO + 4H,
Water-gas shift

CO + OH« CO, + H
H + H,0< OH + H,

CO + H,0 < CO, + H,
Recombination O, +H+M—-HO, +M
OH + HO, > 1,0 + O,
H+ H0—O0H + 1,

Oxygen consumption and

JH+MoH, + M
radical production

0, +H& OH + 0

O+ H,<OH+H
OH + H,« H,0 + H
OH + H,< H,0 +H

0, + 3H, < 2H,0 + 2H
From Linan and Williams, 1993.
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D. Fr NUMBER-CONTROLLED TURBULENT
Di1FrFusiON FLAMES wiTH HIGH Pe NUMBER

When the velocity of incoming fuel jet is relatively low compared to the veloc-
ity of hot gas accelerated in the turbulent flame zone by buoyancy, a buoyancy-
controlled turbulent flame will be obtained. Good examples of this type of flame
are turbulent liquid pool fires, which can be created by igniting a liquid fuel
placed in a relatively large diameter open top pan (say larger than 1 m for most
hydrocarbon fuels and a lesser diameter for alcohol fuels). When the diameter
of the pan is less than a few centimeters, the flame shape will be laminar. When
the diameter is approximately between a few centimeters and 1 m, the flame will
be in a transient regime between laminar and turbulent. When the diameter is
larger than 1 m, the flame exhibits fully developed turbulence and often emits
black smoke; sometimes the entire flame will be covered by a thick dense smoke.

Figure 9a (see color insert) shows a diesel oil fire of a 15-m* open-top con-
tainer, conducted in an open field with a wind of approximately 9-12 m/s; a
thick dense smoke covers almost the entire flame making the flame height mea-
surement difficult. An infrared thermograph technique, described in the tem-
perature measurement section, was applied to obtain a two-dimensional tem-
poral map of flame temperatures from a remote location (Figure 9b; see color
insert). Interestingly, the infrared image in Figure 9b shows the highest tem-
perature zone for such a large-scale pool fire to be near the flame base. A similar
result was found in a recent large-scale crude oil fire where an infrared (IR) ther-
mograph was used to measure temperature distributions of a smoke-covered
flame (Koseki et al., 1999). It is not clear whether the result is false due to the
change of emissivity of the flame or real. If it is real, it may be attributed to
the enhanced cooling effect by buoyancy-induced convection of outside air in
the upper portion of the flame where a large-scale puffing motion takes place.

E. ScALING LAaws

Forest fires spread nonuniformly and nonsteadily over nonhomogeneous ma-
terials. To understand complicated mechanisms of forest fires, it may be neces-
sary to design a laboratory-scale test without changing the essential chemistry
and physics governing the forest fires and measure specific aspects of forest fire
behavior under well-controlled laboratory conditions. Prediction models then
can be developed against these experimental data. Scale modeling is an experi-
mental technique to realize these needs. The purpose of scale modeling is well
described by Johnstone and Thring (1957): “commit your blunders on a small
scale and make your profits on a large scale.” The role of scale modeling in the
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study of forest fires is certainly important because many forest fire phenomena
are so large that full-scale experiments are difficult to conduct due to safety con-
ditions, economical and time constraints, as well as technical difficulty in con-
trolling the parameters. In scaling combustion and fire phenomena, the same
temperature for both the model and the full-scale may be required to make the
same chemical reactions for both.

The rules that researchers must follow in setting up and interpreting the re-
sults of scale model experiments are called scaling laws or model rules (Emori
and Schuring, 1977). To give a reliable forecast of full-scale phenomena, the de-
velopment of scaling laws is very important, and indeed the use of scale mod-
els can be justified only if they are able to provide information relevant to the
full-scale phenomena.

Governing equations can be applied to obtain strict scaling laws shown
below.

= ] (16)

where 7; (pi-numbers) represent dimensionless numbers involved in the full-
scale (or prototype) phenomena (i = 1, 2, 3, . . .}, and the prime represents the
scale model. Williams (1969) showed us that the strict governing equations
in combustion systems yield 29 pi-numbers. Thus, it is difficult to satisfy the
Eq. (16) requirement. For example, take 7, as Reynolds number and m, as
Froude number. Then 7, requires the characteristic velocity to be proportional
to (Length scale) ™', whereas 1, requires the characteristic velocity to be pro-
portional to (Length scale)!’?, resulting in a scaling conflict. However, if we can
find reasons to neglect one of them, then the scaling problem can be resolved.
Thus, the essential problem of scale modeling is to select only a few groups of
pi-numbers and discard others to realize the scaling laws.

Scaling laws were derived for the last type of flames, referred to as pool fires,
by employing the following assumptions (Emori and Saito, 1983): (1) the pres-
sure is atmospheric for both model and the full-scale fire, (2) the dominant heat
input to the fuel surface is given by radiation from the optically thick flame,
(3) conducted heat through the rim of the pan is negligibly small, (4) inertia
and buoyancy terms in the motion of gas and air are dominant compared with
viscous term, and (5) the flame pulsation phenomenon is governed by the in-
ertial and buoyant effect of combustion gas and air.

With the same ambient conditions for both the scale model and the full-scale
model and with the use of the same fuel under the same ambient conditions,
scaling laws were reduced to a functional relationship of the form

D {u,/uy, h/d, dffu,, dg/u3, E./(psqVy)} = 0 an

where u is the lateral wind velocity, u, is the buoyancy-induced velocity, h is
the visible flame height, d is the diameter of the liquid pool, f is the frequency
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of the flame pulsation, g is acceleration due to gravity, E, is the radiant heat flux
received by a radiometer at geometrically similar points, scaled according to the
size of the fuel bed, V; is the rate of decrease of height of fuel surface by com-
bustion, @ is an arbitrary function, py is the density of the fuel, and gy is the heat
value per unit mass of liquid fuel.

It was found experimentally that the regression rate V; does not depend on
the diameter of the fuel container. The burning time t, = h/V;, where hy is the
depth of liquid fuel in the container, does not depend on the size of container
if the initial fuel thickness is the same. As a result, the condensed phase is con-
trolled by E,/(pq,V;) in Eq. (17), whereas the flame behavior is governed by
four other pi-numbers, u,/u,, h/d, dffu,, dg/u3. This is the major difference be-
tween pool fires and crib fires (to be explained in the following section), where
the common group of pi-numbers governs both condensed and gas phases.

Equation (17) can be used to design scale models and determine specific ex-
perimental conditions for scale model experiments. Using h/d and dg/u3, for ex-
ample, the model experiments are to be performed with wind velocities pro-
portional to the square root of the fuel bed diameter. The scaling then predicts
variations of flame height and vertical velocity in the flame. Wind tunnel fire ex-
periments can be designed to verify these predictions (Emori and Saito, 1983).

F. WooD CRiB FIRES

In contrast to the pool fires where the regression rate of the fuel is the same
in winds of different velocities, the burning rate of wood crib fires can easily be
increased by flowing air on it. Thus, scaling laws on crib fires employ the same
assumptions—(1), (3), (4), and (5)—as employed for the pool fires. Assump-
tion (2), however, is modified to account for energy transfer by buoyancy. Thus,
assumption (2) for crib fires includes both radiation and convection as the domi-
nant heat input. Figure 10 shows the configuration of a crib fire bed and a Japa-
nese cedar crib fire. The configuration of the crib promotes three-dimensional
turbulence so that the flow remains turbulent in cribs at smaller diameters than
in pool fires, suggesting that the geometrical configurations play an important
role in combustion.

With the use of the same crib materials and under the same ambient condi-
tions, the pi-numbers obey a functional relationship of the form

W{uy/u,y, W1, 1LJu’t, 1g/ud, Etl(plg.)} = 0 (18)

In addition to the symbols defined for pool fires, here I is the length of the crib
stick, t is the characteristic time, ¥ is an arbitrary function, p, is the density of
the crib stick, and ¢, is the heat value per unit mass of the crib material.
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FIGURE 10 A Japanese cedar wood crib fire and crib bed configuration.

Experimental data are available to support the proposed scaling laws (Emori
and Saito, 1983). Figure 11 shows that the temporal changes of irradiance from
pool fires of 10 m (prototype) and 1.2 m (the scale model) in diameter become
the same at corresponding times after the burning. This is consistent with the
scaling law prediction, E,/(pq;V;), which yields E,/V; = E;/V; and V; = V; for
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FIGURE 11 Irradiance measured at geometrically similar points as a function of time after igni-
tion for hexane pool fires (Emori and Saito, 1983).

pool fires using the same fuel. For crib fires, the temporal change of total ir-
radiance, both irradiance and time, are scaled to the size of the crib with I, =
90 cm (= I3) according to the scaling laws I./u’t, I.g/u3, and E,t/(pl.q.). Fig-
ure 12, temporal change of total irradiance from crib fires of three different
sizes, proves the scaling law predictions [Eq. (18)].

Byram and Nelson (1970) and Porscht (1975) confirmed the prediction from
dff/u; and dg/uj that the pulsating frequency becomes inversely proportional to
the square root of characteristic length (e.g., diameter) of the fuel bed. Blinov
and Khudyakov (1957) and Emori and Saito (1983) showed that irradiance E,
and burning time t are independent of pool diameter. Emori and Saito verified
that the burning rate of a 1.2-m-diameter hexane pool fire is little influenced by
lateral wind of up to 10 m/ and that the flame inclination is the same if dg/u3
is kept constant.

The concept of pool and crib fires can be used to categorize the currently ex-
isting various types of fires. In forest and urban fires (Emori and Saito, 1982;
Soma and Saito, 1991), for example, the heat release rate and the velocity of air
is known to be respectively scaled by (Characteristic length)*'? and (Character-
istic length)"/?. In enclosure fires (Quintiere, 1988), such as a fire in the room
of a house, the burning rate is known to depend on ventilation from openings,
and the Fr number can scale the velocity of air. These fires, therefore, can be
categorized as crib fires. On the other hand, a fire on a railroad passenger car
was best characterized as a combination of pool and wood crib fires (Emori and
Saito, 1983).
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FIGURE 12  Scaled irradiance measured at a geometrically similar location as a function of scaled
time for crib fires (Emori and Saito, 1983). The  is characteristic length of crib bed, and I, is the
crib length of 90 cm. The square root relationships are based on Fr number scaling described in
Eq. (18).

VII. SPREADING FLAMES

In forest and urban fires, both laminar and turbulent {lame could spread either
in one-dimensional, two-dimensional, or three-dimensional fuel configurations
with steady or unsteady modes of spread. However, most of the fire spread
modes will be turbulent with strong or minor interactions with wind. Flame
spread direction can be either concurrent or opposed to the wind direction. Be-
cause of the difficulty associated with the unsteady nature of turbulence, most
of the detailed measurements on spreading fires are done for a two-dimensional
laminar flame with a steady state spreading rate over a one-dimensional or two-
dimensional fuel surface. Theoretical models developed range from simple one-
dimensional laminar steady state models to complex three-dimensional turbu-
lent spread models (Williams, 1976; Wichman, 1992). These models, derived
for and tested in well-controlled laboratory conditions, address the fundamen-
tal nature of flame spread.

The structure of spreading flames over condensed fuels, either liquid or solid,
has been studied both theoretically and experimentally. A difficulty, however,
lies in the transient measurement technique, which is far more difficult than
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the steady-state measurements because of the highly transient nature of flame
spread behavior. It has been a challenge to obtain the two-dimensional and
three-dimensional profiles of chemical species concentration, velocity, and tem-
perature for the spreading flames. Progress has been made recently by an inter-
national collaborative effort (Ito et al., 1999) to use simultaneously laser sheet
particle tracking (LSPT), single-wavelength (HI), or dual-wavelength (DWHI)
holographic interferometer and infrared thermograph techniques. This simul-
taneous measurement technique made transient two-dimensional measure-
ments of velocity, fuel concentration, and temperature for spreading flames pos-
sible. A dual-wavelength hologram was obtained for a spreading flame over
propanol that was placed in a Pyrex tray 30 cm long and 1 cm wide (Ito et al.,
1999). Two different lasers—argon-ion and He-Ne—were used as the light
source. The dual-wavelength hologram contains two different data—tempera-
ture and fuel concentrations. For the temperature holograms, each colored line
represents an isothermal contour, whereas for the concentration holograms it
represents equal fuel density contours. From the second hologram, the fuel va-
por concentration profiles in the upstream from the spreading flame-front was
obtained.

Fire spread can occur if there is communication between the burning region
and the virgin fuel. With the definitions of v = the flame spread rate, g = the
net energy per unit area per second transported across the surface of fire in-
ception, and Ah = the difference in thermal enthalpy per unit mass between the
fuel at its ignition and the virgin fuel, the energy balance can be written as

pvAh = q (19)

Flame spread can be classified based on its spreading direction (i.e., down-
ward, horizontal and upward). Using this classification, for example, flame
spread over a 15-degree angle up-slope hill can be treated as the combination
of upward and horizontal spread.

Many other parameters can influence the spread rate in forest fires. Those
parameters include the type of fuel (thermally thick or thermally thin solid fuel,
char-forming or non-char-forming, porous, liquid, etc.), the fuel conditions
(moisture contents, temperature, and aging), the size and geometry (discrete or
continuous) of the fuel bed, and the ambient (wind, temperature, and humidity)
conditions. Rothermel (1972) extended the flame spread equation (19) to for-
est fires by adding two important components, wind and fuel bed slope effects:

v =qlpAh = L£(1 + @, + @)/ pwQ,, (20)

where I = reaction intensity, £ = propagating flux ratio (the proportion of the
reaction intensity that heats adjacent fuel particles to ignition), ®,, = a dimen-
sionless multiplier that accounts for the effect of wind in increasing the propa-
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gating flux ratio, ®; = a dimensionless multiplier that accounts for the effect of
slope in increasing the propagating flux ratio, @ = the effective heating num-
ber (the proportion of a fuel particle that is heated to ignition temperature at the
time flaming combustion starts), and Q,, = ignition energy. Here Ah = wQ;.
Further explanation of Eq. (20) is not offered here because it is available in
Rothermel (1972) and Pyne et al. (1996).

Williams (1982) stresses that developing a general formula to predict the
spread rate including all the preceding parameters is not practical nor the best
avenue. He rather suggests developing the spread rate formula for special cases
and studying each case thoroughly. Taking his advice as a guide, four types of
fire spread that have application to forest fires are summarized here (Williams,
1976, 1982). Note that for downward and horizontal spread, radiation is be-
lieved to become important, whereas for upward spread both radiation and
convection become important.

A. DOWNWARD AND HORIZONTAL FLAME SPREAD

Types of forest fuel may be categorized as thermally thin or thermally thick. For
thermally thin fuels, temperature rises across the entire cross section of the vir-
gin fuel prior to arrival of the flame. For thermally thick fuels, the fuel interior
may not be heated appreciably prior to arrival of the flame, and the tempera-
ture won't rise throughout the entire cross section of the virgin fuel prior to ar-
rival of the flame. For downward and horizontal spread, the spread direction
is opposed to the fire-induced flow direction, resulting in a slow and steady
spread rate (= 1 cm/s or less).

Downward and horizontal spread may be associated with an early stage of
flame spread in forest fires. A small circulation that was found in the gas phase
just ahead of the spreading flame’s leading edge may play an important role in
providing heat from the flame to a virgin fuel surface (Ito et al., 1999). Gas-
phase heat conduction and radiation may also be important.

For forest fires, radiation from the flame may be a dominant heat transfer
mode of flame spread (Albini, 1986). Applying q = (e T*h) sin 6/€ to Eq. (19),
Eq. (21) will be obtained for thermally thin fuels:

v = (eoT*h) sin 0/(€pAh) 2n

where h is the visible flame height, 8 is the angle between the flame (usually the
vertical dimension) and the exposed virgin fuel surface (6 > 7/2), and < is fuel
bed thickness. When the fuel is thermally thick, it won't be heated throughout
its depth prior to ignition. Then, using thermal diffusivity a (= A/c,p;), the fuel
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thickness that is heated by the flame, (ah/v)"%, can be used instead of the fuel
thickness € in Eq. (21). Thus, for thermally thick fuels,

v = (80 T*)*h sin® 6/[ap;(Ah)]? (22)

B. TURBULENT UPWARD FLAME SPREAD

Upward flame spread occurs with a large heat release rate created by rapid (=
1 m/s or more) and acceleratory spread modes because the flame comes in con-
tact with the fuel in the downstream direction effectively preheating the fuel
surface by convection and radiation. Upward spread rate is much faster than
downward and horizontal spread rates where buoyancy-induced flow has
either negative or no effect. Saito et al. (1985) conducted a study of upward
flame spread over vertically suspended (PMMA, wood and particle board) wall
samples (0.3 m wide X 1.2 m high X 0.015 m thick) and formulated the spread
rate. In the forest, upward flame spread will occur when a tree trunk ignites
near the root and flame spreads along the trunk. Figure 13 shows a schematic
of upward flame spread over a vertical wall. The spread rate is given by

v = 4q(x; — x,)/[mApsc,(T, — To)’] (23)

where x; is the visible flame tip height, x, is the pyrolysis flame tip height, T, is
the ignition temperature, and Ty is the initial fuel temperature. For a wall burn-
ing in building fires, a typical value of g = 2—-2.5 W/cm®. The value q may be
considerably larger for forest fires where intense radiant heat is generated from
the surrounding burning trees.

Area where the major heat
transfer occurs in the form of
radiation and convection

FIGURE 13 A schematic of upward flame spread over a vertical wall (Saito et al., 1985).
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C. FLAME SPREAD THROUGH POROUS FUEL BEDS

Forests can be treated as porous fuel beds consisting of layers of dead leaves and
pine needles and thickets of trees. When these fuels are burned, flame spread
occurs through the porous media fuel beds. When radiation from the burning
fuel element dominates the heat transfer, Eq. (19) becomes

v = eo(T} — T§)/f,p{Ah) 24)

where T is the burning fuel surface temperature, T is the initial fuel tempera-
ture, and f, is the porosity of the fuel beds. Progress has been made recently
using a two-dimensional numerical calculation model to predict the maximum
spotting distance in fires over porous media (McDonough et al., 1998). This
numerical model can accommodate variable geometrical shape of terrain and
wind speed. The model prediction was roughly verified against qualitative ob-
servations made during forest fires.

Wind-aided flame spread is important in forest fires because of the enhanc-
ing effect of winds on spread rate in running crown fires (Pyne et al., 1996), fire-
brands and spotting fires (Albini, 1979}, and fire whirls and fire storms (Emori
and Saito, 1982; Soma and Saito, 1991). Detailed explanations and discussions
appear in Chapters 5 and 6 in this book and are also available from Albini
(1981), Carrier et al. (1991), Wolff et al. (1991), and Pyne et al. (1996), so no
further discussion is provided here.

VIII. STRUCTURE OF FLAME BASE

One of the important aspects of diffusion flames is the mechanism of flame an-
choring. A commonly raised question is why and how diffusion flames are an-
chored. Study of the anchoring mechanism of diffusion flames is important be-
cause of its connection to fire extinguishment, control of fire spread, and flame
instability. Here, two different mechanisms of flame anchoring will be explained:
one sustains Fr number controlled pool fires and the other sustains Re number-
controlled turbulent jet diffusion flames. Figure 14 shows an LSPT experimen-
tal apparatus applied to a small-scale pool fire. Flame-induced flow near and
around the flame leading edge where the pool fire is anchored was visualized
by the LSPT technique. Figure 15 shows a two-dimensional flow structure vi-
sualized by the LSPT technique for a 45-mm-diameter propanol pool fire (Ven-
katesh et al., 1996).

For the Re number-controlled turbulent jet diffusion flames, the mechanism
of anchoring depends on the formation of shear-stress-related circulation zones.
Because of the shearing between the fuel jet, whose flow speed may be much
higher than the flame propagation speed, and the oxidizer, a stagnant circulation
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FIGURE 14 Schematic of a laser sheet particle tracking system applied to a small-scale propanol
pool fire.

Visible flame
Flow boundary
- 16
//// 1
tm/s —_
q12 ¢
E
-1 10
-1 8
-1 6
- 4
P -1 2
PO g S g <)
RN22 20 18 16 14 12 10 8 6 4 2 0
r (mm)

FIGURE 15 A two-dimensional flow structure of the flame base obtained by the LSPT technique
shown in Figure 14. Center of the flame base is at r = 0.
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zone is developed where mixing occurs and the flame is allowed to anchor. For
pool fires, the shear stresses at the rim are lower by two orders of magnitude
compared to the jet diffusion flame, demonstrating the insignificance of shear-
stress-induced mixing and suggesting the presence of a molecular-diffusion-
mixing zone due to finite-rate chemistry. Nevertheless, both anchoring mecha-
nisms require the generation and sustained presence of a mixing zone, where
fuel and oxidizer can intermix. The mechanisms by which these two flames pro-
duce these zones are quite distinct.

The structure of the flame leading edge where the pool fire is anchored is
similar to that of a spreading flame. Because of finite-rate chemistry influences,
the flame sheet has a finite thickness. Because the diffusion flame is bounded
on either side by two premixed flames (Figure 8), the concept of the premixed
flame propagation speed (described earlier) can be applied. The direction of the
flame propagation is opposite to the tangential component of the air entrain-
ment vector, V,. If V, is greater than the flame propagation speed near the base,
the flame will not be able to anchor or stabilize. The LSPT measurements, shown
in Figure 15, confirmed that V, in the convective-air entrainment zone was lower
than the stoichiometric flame speeds for the anchored pool fire. For the flame
with V| higher than the stoichiometric flame speed, however, the flame was no
longer able to anchor the burner port resulting in lift-off or blow-off, which led
to extinction. A schematic of structure of diffusion flames shown in Figure 8
also provides additional explanation. The {lame is able to spread when the oxi-
dizer and fuel mixture is in the reactive-diffusive zone; the spread rate is maxi-
mum at Z = Z_ and becomes slower bothat Z < Z.and at Z > Z_.

IX. CONCLUSIONS

Topics introduced in this chapter cover a small portion of flame studies that
have been accomplished in the past. Some interpretations given here are the au-
thor’s view and subject to further discussion. The intention of the author is to
discuss fundamentals of combustion and to stimulate readers to think scien-
tifically when they deal with forest fire problems. References are provided for
readers who are interested in advancing their understanding in flames and
combustion.
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NOTATION

ROMAN LETTERS

A pre-exponential factor s7!
A cross-sectional area of the slab m?
D binary diffusion coefficient of a fuel into air m?s”!
E  activation energy Jmol™?
E,  radiant heat flux received by a radiometer of geo- Wm™?
metrically similar points
F  body force N
H  minimum ignition energy J
H,  energy per unit mass added to the mixture by the Jg!
combustion
I  reaction intensity Wm™?

PCC  product of complete combustion

PICC  product of incomplete combustion

O  heat of combustion J
Q,  ignition energy J
T  temperature K
T,  gas temperature surrounding the thermocouple K
T,  thermocouple bead temperature K
T,  the initial temperature K
T;  burning fuel surface temperature K
T,  ignition temperature K
T,  the final temperature K
T shear stress tensor P,
V;  the rate of decrease of height of fuel surface by ms™!
combustion
V.  the tangential component of the air entrainment ms!
vector

Yr  mass fraction of fuel
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mass fraction of the i-chemical element
mass fraction of the i-chemical species in the fuel

mass fraction of the i-chemical species in the
oxidizer

mass fraction of oxidizer
mixture {raction
stoichiometric mixture fraction

absorption coefficient of gas surrounding the
thermocouple

specific heat at constant pressure

burner port diameter or diameter of liquid pool
frequency of the flame pulsation

porosity of the fuel beds

acceleration due to gravity

visible flame height

depth of liquid fuel

the difference in thermal enthalpy per unit mass
between the fuel at its ignition and the virgin fuel

specific reaction rate constant
characteristic length

fuel bed thickness

90 cm

crib stick length

a characteristic length related to the high tempera-

ture gradient in the gas
reaction order

pressure over characteristic pressure

the net energy per unit area per second transported

across the surface of fire inception

heat value per unit mass of the crib material
conduction heat loss

convection heat loss

heat value per unit mass of liquid fuel
radiation heat loss

characteristic time

49

Wem 2

Jg
Wm 2
Wm 2
Jg™!

Wm 2



hi/ Vy

chemical time

residence time

tuel exit velocity

flame spread rate

laminar burning velocity

lateral wind velocity

buoyancy-induced velocity

velocity vector over characteristic velocity

production rate (mass per unit volume per unit time)
of chemical species by chemical reaction

the visible flame tip height
the pyrolysis height

GREEK LETTERS

R

€y

an arbitrary function

a dimensionless multiplier that accounts for the effect
of wind in increasing the propagating flux ratio

a dimensionless multiplier that accounts for the effect
of slope in increasing the propagating flux ratio

an arbitrary function

thermal diffusivity

adiabatic laminar flame thickness
emissivity of the thermocouple bead
thermal conductivity of gas
kinematic viscosity

pi-number

density of the crib stick

density of fuel

the initial density of the mixture
density over characteristic density
ratio of low time to evolution time

the effect of heating number

K. Saito

Wm K™

m-s

gm™’
gm’
gm’
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&  propagating flux ratio, the portion of the reaction
intensity that heats adjacent fuel particles to ignition

Al

1 heat transfer coefficient Wm2K™!

DIMENSIONLESS GROUPS

Dy critical Da number for ignition
Dgx critical Da number for extinction
Fr Froude number
M Mach number
Pe Peclet number

Re Reynolds number

CONSTANTS

o Stefan—Boltzmann constant

R,  wuniversal gas constant
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