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ABSTRACT

Present understanding of physical aspects of combustion in fires is
summarized in this paper. Following a brief description made on present
achievements and remaining problems in fire physics, a comprehensible
interpretation is attempted on basic physical phenomena controlling
combustion in fires, such as heat and mass transfer, behavior of heat
sources, and fire induced flows. Also, a concept of propagation of states
is introduced to characterize the fire phenomena. It is emphasized that
understanding of fundamental combustion phenomena in fires is essential to
enhance the abilities of fire protection engineers.
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INTRODUCTION

It is clear that reliable prediction of fire processes is indispens
able for fire protection engineering[1 ,2]. For the evaluation of
evacuation time, the rate of fire development and the smoke behavior
during fire development should be predicted. For recommendation of
fireproof materials, the difference of ignitabilities of those materials
and other ones under fire conditions should be interpreted. For other
types of fire hazard assessments, the prediction of aspects, such as
smoldering, mass burning, flame radiation, and flashover would be
required.

Reliabili ty of the prediction of fire processes necessarily
depends on the quality and amount of knowledge on the processes. The most
basic processes in fires are of combustion and!or closely related to
it[1-9]. Thus, a number of studies in fire research have been carried
out to explore combustion phenomena, such as ignition, flame spread,
smoldering, flame retardation, pool burning, flame radiation, fire
plume, fire induced gas flow, and fire behavior.

However, it seems rare to utilize appropriately knowledge accumulated
throughout the studies on combustion phenomena in fires for protection
against fires[2]. Sometimes it can be pointed out that if a person dealing
with fire modeling, building design, evacuation planning, detector
development, fire suppression system design, or fire fighting tactics
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would have sufficient knowledge of combustion phenomena at fires, he
could obtain more reasonable results. On the other hand, in general, the
data and models concerning basic combustion phenomena can hardly be
involved in the procedure to develop methods for fire protection. Thus,
efforts are needed to transfer knowledge obtained throughout basic
studies on combustion in fires to practical activities for fire
protection, and because circumstances(social and financial conditions as
well as scientific and engineering findings) change day by day, such
efforts should be continuing.

The topics presented in this article are limited to be of physical
aspects of combustion in fires. This does not imply a lesser importance of
chemical aspects but should be attributed to the author's past experience
and present knowledge.

PRESENT ACHIEVEMENT AND REMAINING PROBLEMS IN FIRE PHYSICS

Ignition

Ignition is the first process at fire occurrence. A large number
of studies have been carried out on this subject and the mechanisms of
various types of ignition have been r-evee.Led] 1-12]. Also, quantities
representing ignition characteristics, such as ignition temperature,
minimum ignition energy, and ignition delay time, have been evaluated
or measured. The results of theoretical and experimental studies
on this subject were summarized in several review papers[10-12]. A
large number of data are available.

However, most of those data are of ignition under idealized
conditions, so that in the processes to predict ignition at a practical
situation many problems arise [1,2,12). Certain effects of initial and
boundary conditions on ignition are practically impossible to predict.
Some examples will be presented in the latter part of this paper.

Flame Spread

The next stage of fire development is flame spread. Flame spread
under various conditions has been examined and appropriate models
have been proposed. The results of previous studies on this subject have
been summarized in several review papers[12-19]. The mechanisms of
various types of flame spread have been explored and a large number of
data have been accumulated. Studies on this subject seem to be the most
advanced of those concerning fire development.

The problems in the next step will be of accurate prediction of the
phenomena under complicated conditions observed in real fires. To solve
such problems, we have to re-examine the available data obtained through
experiments, analyses, and numerical simulations. Careful re-examination
of data would lead us to appropriate application to practical cases.

Smoldering

Smoldering and smoldering-flaming transition are important phenomena
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to understand early stages of fires as pointed out in the previous
papsr-s l t ,2,20,21]. However, available data concerning this subject are
scarce. The smoldering-flaming transition is a subj ect in need of more
attention because the subsequent process of fire development depends upon
it. Another important problem is to examine the relation between the
product composition and ambient conditions under which smoldering
occurs. Very similar to flame spread, almost the same parameters affect
smoldering, such as the thickness, convection, r'adi.a.t.Lon orientation,
and physical and chemical properties of the material[20,21].

Mass Burning

Knowledge on the rates of combustion and/or resulting product
generation must be indispensable for the modeling of fires and prediction
of fire hazards[1-9]. A certain amount of data concerning mass burning of
liquid and solid combustibles in various configurations and situations have
been accumulated. Those data have increased knowledge of mass burning in
practical fires and made it possible to predict some fundamental
characteristics such as burning rate and radiation intensity for simple
cases[1-9, 22-28].

In general, however, prediction of the mass burning rate of real fires
is not simple. We have to make efforts to analyze and synthesize
previously obtained data and relations and if necessary perform additional
experiments for confirming the results. At present, an accurate prediction
of burning behavior of a small element, such as a piece of furniture, wall,
ceiling, or floor under fire conditions is still not easy.

Smoke Behavior at Fires

The fire plume and gas flow inside a compartment are the subjects
suitable for computer simulation, so that many studies have been
performed on the prediction of these phenomena by using high-speed
computers [1-9] . Consequently, a number of excellent programs for the
prediction of the fire plume behavior have been established. However,
the programs applicable to the prediction of fire induced gas flows in a
large size compartment are still very few. The effect of the mixing
inside the high temperature zone should be considered as pointed out
in previous papers [1,29] • The gas flow behavior in a long corridor or
tunnel is also a problem to be solved because it is very important for
the fire prevention and protection activities. This problem seems to be
worthy of investigation, although it is not easy to include the heat
transfer between the flowing gas and the wall.

BASIC PHYSICAL PHENOMENA CONTROLLING COMBUSTION AT FIRES

Heat and Mass Transfer

Combustion is a type of chemical reaction and necessarily depends on
the reactant concentration and temperature, which are closely related to
heat and mass transfer processes. Thus, combustion in a fire can be
considered to be controlled by the phenomena affecting heat and mass
transfer processes in the fire.
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FIGURE 1 Ignition delay time at radiative ignition of a PMMA piece

As mentioned in the previous section, a large number of data on
ignition are available. However, if the initial and boundary conditions are
actual ones, the ignition characteristics are not always predictable. It
can be found difficult to predict the phenomenon that the ignition delay
time at radiative ignition depends on the orientation of the irradiated
combustible material surface as shown in Fig. 1[12, 30]. Such a difficulty
seems to be attributable to lack of data on heat and mass transfer
processes near the irradiated surface[30]. This example seems to indicate
that more data on heat and mass transfer processes are needed for
predicting ignition processes under various initial and boundary
conditions.

The results of a large number of previous studies show that the
aspects of flame spread under various conditions can be interpreted by
exploring heat and mass transfer processes. Based on the variation of
dominant heat transfer processes to unburned material from the flame, the
variation with the solid thickness of the rate of downward flame spread
over solid surface can be interpretedl31-36]. The accelerating upward
flame spread along a solid surface under natural convection is also
interpretable based on heat transfer processes to unburned material[37-40] ,
which depends on mass transfer supported by convective gas movement.

Typical problems of unsteady flame spread concern the limit of flame
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FIGURE 2 Processes of blow off, regeneration, and development of the
burning zone with a curved leading flame edge. Photos were taken every 2 s.
Sample: 0.026 em-thick filter paper; Free stream velocity: 80 cm/s; Light:
360 interruptions/s

spread and the transition to extinction(41-44J. Near the limit of flame
spread the temperature distribution as well as flow field near the leading
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FIGURE:3 Schematic illustration of flame spread over a porous solid bed
soaked with a combustible liquid

flame edge changes. Figure 2 shows a series of photographs representing the
processes of blow off, regeneration, and development of the burning zone
with a curved leading flame edge[41]. It is seen in Fig. 2(a) that the flow
near the curved leading flame edge is largely distorted. Also, the
pyrolysis temperature was confirmed to increase when a blow off is going to
occur.

The mode of transition from stable flame spread to extinction depends
on the rate of free stream velocity change which causes changes in mass and
heat transfer processes[4:3]. Indeed, the flame spread phenomena under
unsteady conditions are complicated, but have been successfully interpreted
on the basis of heat and mass transfer processes[44].

In spite of the accumulation of a large number of data and advanced
stages of studies, many ambiguities remain as yet on flame spread. Flame
spread under particular conditions is not always predictable. Most of such
difficulties in the prediction of flame spread phenomena seem attributable
to lack of available data on the heat and mass transfer at the situations
under discussion. When a flame is spreading over a porous solid bed soaked
with a combustible liquid as shown in Fig.:3[45-47], the flame spread rate
depends on the heat and mass transfer characteristics of both liquid and
porous solid bed. Al though the phenomena have been elucidated to some
extent, no reasonable model for the prediction of flame spread rate has
been proposed. This example implies that the flame spread rate over a
rnaterial with complicated and/or unknown characteristics concerning heat
and mass transfer is hardly predictable.

Various phenomena closely related to combustion are observed at fires.
The s e phenomena are 0 bvi ous ly controlled by heat and mas s transfer
processes. In other words, it is necessary for understanding a fire to
collect a sufficient amount of knowledge on heat and mass transfer
processes in the fundamental combustion phenomena, of which the fire is
composed.

Behavior of Heat Sources

In fires there are various types of heat sources such as flames, hot
gases, and heated walls. These heat sources characterize the fire
behavior, and for practical purposes, the effects of heat sources on flame
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behavior have been frequently attempted to examine instead of elucidating
the heat and mass transfer processes. Thus, in this section, the effects
of the heat sources on fundamental combustion phenomena are briefly
reviewed although such effects can be intrinsically interpreted by
considering the heat and mass transfer processes caused by the heat
sources.

In previous studies, the effects of external heat sources on
fundamental combustion phenomena in fires have been examined[ 1-9] . The
delay time of transient radiant ignition of a PMMA plate was found to
change discontinuously at a certain radiant flux (see Fig. 1)[12,30]. The
ignition delay for just above this critical radiant flux was 50 - 100 times
as small as that just below it. The process of ignition was examined by
two-wave-length-interferometric measurements of the temperature and fuel
concentration distributions in the gas phase during ignition, and it was
shown that the ignition process changed discontinuously at the critical
radiant flux[12,30].

The effects of externally applied thermal radiation on flame spread
rate have been examined in several previous studies[19,48-51]. It has been
demonstrated that the flame spread rate primarily depends on the
temperature of the solid surface ahead of the leading flame edge. The heat
flux from an external heat source is not directly effective in enhancing
the spread rate. The temperature of the solid surface is increased by the
heat flux and consequently the difference of the temperatures at pyrolysis
reaction and on unburned material surface far ahead of the leading flame
edge becomes small. If the effect of convection and the variation of
pyrolysis temperature can be neglected, the flame spread rates along thin
and thick solid surface are respectively expected to be inversely
proportional to this temperature difference and its square [19,52] . As a
matter of fact, however, the effect of convection is not always
neglected[50] and the pyrolysis temperature depends on the spread rate[41].

The flame spread under a situation without the influence of external
heat source must be sustained by the heat flux from the flame to unburned
material. A stable and sufficient flux of heat transfer is needed to keep
a sufficient rate of pyrolysis reaction which sustains a stable flame. Near
the limit of flame spread, its rate was observed to be closely related to
the size and configuration of a flame even if it was established
downstream[41,53](see Fig. 2). This implies that the stability and spread
rate of a flame near the limit of spread depends not only on the external
conditions but also on the behavior of the flame itself.

It is well known that the mass burning rate is proportional to the net
heat flux to unburned material[25]. In real fires, the heat flux to
unburned material would change with time. During the early stages of a
fire, the heat flux from walls or the smoke layer will be small, and at
later stages it is expected to increase. Flame retarded furniture which
would not ignite in the early stages of a fire would start to burn at later
stages.

In certain cases of gas explosions in enclosures, the transition to
fires occurred. At a gas explosion a premixed flame propagates in the
enclosure, and it is a main heat source to cause a fire. For the inception
of a fire, at least a certain piece of combustible material in the
enclosure must ignite during the flame propagation. In our preVious study
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on this subject, it was shown that the probability of fire inception
increased with the decrease of the flame propagation velocitY[54].

Fire Induced Flows

Heat and mass transfer phenomena are known to depend on the flow
field. This implies that combustion phenomena in fires which are
controlled by heat and mass transfer processes are necessarily dependent of
the flow field. The fluid under the influence of combustion is in general
heated partially and its temperature becomes non-uniform. The non-uniform
temperature distribution thus genera ted in combustion processes causes a
fluid flow due to buoyancy or surface tension difference. This fluid flow

nd combustion processes interact each other, i.e., the physical aspects of
combustion in fires depend largely on the induced fluid flow.

In previous basic studies on fires, the mechanisms of a number of
phenomena have been interpreted by exploring the fluid flow behavior
induced in combustion processes or as a result of combustion, because heat
and mass transfer in fires depends on it. Thus, in this section, some
examples are presented of the fluid flows observed in fundamental studies
of fires and their effects on the phenomena.

In Fig. 1, we can find a large difference in the relations of the
radiant flux and ignition delay time for vertical and horizontal surfaces.
This difference can be interpreted by considering the induced gas
flow[12,30]. At the persistent ignition, the flaming was first observed
near the the plume boundary on the surface. For the vertical surface, the
air flow approached the bottom side of the plume boundary where the first
flaming was observed. The results shown in Fig. 1 imply that the
temperature and concentration distributions near the bottom side of the
plume boundary on the vertical surface more easily becomes ignitable than
that near the plume boundary on the horizontal surface.

Upward flame spread is apparently different from downward flame
spread. This difference is attributable to the difference of induced gas
flows and resulting difference of heat and mass transfer processes. This
can be more clearly understood by examining the variation of flame spread
phenomena with the sample orientation[33,34,55-60]. Detailed observations
of the variation of the flow field with the sample orientation by using
schlieren 55] and particle tracer techniques[33] indicated the
importance of the convective heat and mass transfer processes for the flame
spread.

Figure 4 shows the variation of the upward flame spread rate with
downward free stream air velocity[61]. In Region I, flame spread is
accelerating and in Region III, it is steady and very similar to the
downward flame spread in natural convection. This result also emphasizes
the fact that flame spread depends mainly on the flow field near the
leading flame edge.

Flame spread under microgravlcy conditions shows a different behavior
from that under normal gravity. In recent studies on this subject, several
interesting phenomena have been revealed[62,63]. Most of such phenomena
could be explained by considering the gas flow field.
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FIGURE 4 Variation of mean pyrolysis spread rate with free stream air
velocity. Sample: 0.026 em-thick filter paper of 10 em wide and 23 em
long; Spread direction: upward; Free stream direction: downward.

Flame spread over a combustible liquid surface at a SUb-flash
temperature is known to be assisted by the liquid flow ahead of the leading
flame edge in the spread direction. The mechanisms of flame spread in this
case have been explored by a number of previous studies[14,16,18,64]. In
such studies, discussion has concentrated on the induced liquid flow
behavior, t , e., to explore the liquid flow behavior and its generation
mechanisms has been considered to be a key to understand the flame spread
at a sub-flash temperature.

The gas movements ahead of a propagating flame through a flammable
mixture layer over a combustible liquid surface at a super-flash
temperature are closely related to the flame behavior[65,66J. Because of
this gas movement, the flame propagates at a velocity higher than the
burning velocity[65J, jumps over a vertical plate higher than the mixture
layer on the surface[67J, and climbs on a step bounding the layered
flammable mixture[68J.

To understand the details of heat and mass transfer phenomena during
flame spread over a porous solid soaked with a combustible liquid, the
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FIGURE 5 Dependence of the rate of flame spread over porous bed soaked
with combustible liquid on the bead diameter, bead material, liquid
composition, and liquid viscosity.

TABLE 1 Experimental conditions of combustible liquid soaked beds.

Combustible Viscosity Material Initial liquid Symbol
liquid (cp) of beads level (em)"

A 90% decane + 10% hexane 0.846'** glass 0.0 0
B 90% de cane + 10% hexane 2.617 glass 0.0 0
C 90% de cane + 10% hexane 4.552 glass 0.0 0
D 90% decane + 10% hexane 0.846 lead 0.0 ()

E 100% decane 0.846 glass 0.0 D.
F 100% decane 2.617 glass 0.0 A
G 100% de cane 4.552 glass 0.0 /:::"
H 100% decane 6.872 glass 0.0 J;"
I 100% decane 0.846 lead 0.0 4.
J 100% decane 0.846 glass - 0.5 0
K 100% decane 4.552 glass - 0.5 •L 100% decane 0.846 lead - 0.5 [J

" The distance from the bead layer surface. 0.0 and - 0.5 mean the levels
of liquid equal to and - 0.5 em below the bead layer surface, respectively.

"" The viscosity without thickening agent.
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liquid behavior has been shown to be extremely f mpor-t.arrt l Zo] , Figure 5
shows the dependence of the rate of flame spread on the bead diameter, bead
material, liquid composition, and liquid viscosity, and Table 1 shows the
experimental conditions under which the results shown in Fig. 5 were
obtained[46J. When the liquid movement in the porous bed is not effective
for heat transfer because of the included volatile component (A-D) or the
lower liquid level(J-L), the flame spread rate scarcely depends on the bead
diameter. In the cases of flame spread over a decane filled porous bed(E
H), the flame spread rate markedly depends on the liquid behavior. Two
opposing effects on the flame spread were found. One is the effect of
liquid surface depression which decreases the spread rate and the other is
that of convective heat transfer ahead of the leading flame edge which
increases the spread rate. For smaller pores, the former is more effective
than the latter and this relation becomes inverse for larger pores. It is
seen in Fig. 5 that for beds of smaller beads, the flame spread rate
decreases as the bead diameter increases, while for larger bead beds , it
increases as the bead diameter increases or the viscosity decreases.

The smoke behavior is known to characterize fires, so that a number of
studies have been done on this subjects. The development of a hot smoke
layer beneath a ceiling depends on the characteristics of the plume over
burning materials[29J. The occurrence of flashover in an enclosure fire
can be predicted only when ventilation through openings and plume behavior
inside the enclosure are known] 1-9 J. Knowledge on the fire induced gas
flows is also needed for understanding fire spread from a room to its
neighbor or through a corridor, and more general smoke movements through a
building. The quality of the fire hazard assessments seems to depend
largely on the amount of knowledge on gas movements induced during fires.

Propagation of States

In the processes of fire development, there are various types of
propagation of states. Some examples are shown in Table 2. The concept to
characterize phenomena in fires on the basis of the type of propagation of
states seems useful for understanding fire dynamics to a further extent.
Thus, in this section a few examples of attempts to describe fundamental
phenomena in fires based on the above concept.

Ignition in most fires is a process of transition from the input of
heat to stable propagation of a thermal wave supported by heat release from
combustion. It does occur only when the initial heat input from an
ignition source and succeeding one by combustion reaction are sufficient to
establish a thermal wave. Since the material to start burning in most
fires is in the solid or liquid phase, ignition in fires is regarded as a
process to establish a thermal wave in those phases. In few studies on
ignition in fires, however, have such processes been discussed.

Extinction can be defined in the similar manner as a process to decay
the thermal wave supported by combustion reaction. Also, in few studies on
extinction at fires, the problems have been considered to be related to
such a process.

In the analyses of flame spread over combustible solid surfaces, the
characteristics of thermal wave propagation through the solid phase have
been frequently examined. The most famous and important one of such papers
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TABLE 2 Examples of propagation of states in fires.

Phenomenon
in fires

Ignition

Flame spread

Smoldering

Mass burning

Smoke spread

Evacuees
behavior

Wildland fire
spread

Representative states
to propagate

Temperature; Density;
Species concentration;
Reaction intensity

Temperature; Density;
Species concentration;
Reaction intensity;
Gasification intensity

Temperature; Pyrolyzing
intensity; Reaction
intensity

Temperature; Gasification
intensity

Smoke density

Population

Burning intensity

Characteristics
of propagation

Transient to
formation of wave
with combustion

Stable wave with
gas phase combustion

Stable wave with
surface combustion

Stable wave
propagating in the
direction normal to
the solid surface

Assisted by hot
gas stream

Depend on design
and management

Discontinuous spread
caused by fire brands
being possible

would be that by de Ris [52]. He obtained several important results, which
have been used for interpreting the experimental results on flame
spread[19]. In almost all of the papers concerning analysis or numerical
simulation of flame spread over a combustible solid surface, attempts
either explicit or implicit have been made to explore thermal wave
propagation in the gas or solid phase[12-19, 69]. In such cases, no
knowledge of the structure of the leading flame edge is necessary for the
prediction of flame spread. Instead, the profile of heat flux from the gas
phase to solid phase must be assumed or predicted. It would be of interest
to examine earlier papers on this subject from this new viewpoint.

Flame spread over the surfaces of combustible liquids or solids soaked
wi th combustible liquids can be also characterized by analyzing thermal
wave propagation. In few studies, however, the flame spread in such cases
has been considered to be closely related to the thermal wave. Probably,
this has resulted from the fact that the mass and heat transfer which
largely influences the thermal wave is generally very complicated in such
cases.

Smoldering spread, fire development from a room to another or from a
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floor to another, fire spread across a city or forest, smoke spread, and
even evacuees behavior would be characterizable on the basis of the
propagation of states.

CONCLUDING REMARKS

Understanding of combustion phenomena in fires is obviously
indispensable for the development of reliable fire protection systems and
facili ties. However, it is also important to utilize knowledge already
accumulated through basic studies on combustion phenomena in fires for
protection against fires. Thus, in this review an attempt has been made to
indicate some important ideas which are comprehensible for practical
engineers and easily applicable for practical purposes.

Because I have been interested mainly in the physics of fires, the
topics that this paper has dealt with are restricted only to physical
aspects. The most important physical phenomenon controlling combustion in
fires is heat and mass transfer. Various problems of fires have been
solved by examining heat and mass transfer processes concerning the
phenomena under discussion.

For practical purposes, the behavior of heat sources or fire induced
flows are more convenient to characterize the fires than the heat and mass
transfer processes themselves. Thus, the effects of the heat sources and
fire induced flows on combustion phenomena have been presented. I believe
that a clear understanding of the characteristics and roles of heat sources
and fire induced flow in fires is useful to utilize knowledge obtained in
basic studies for practical engineering.

The concept to characterize phenomena in fires on the basis of the
type of propagation of states has been presented. This concept has been
introduced in order to better understand overall aspects of fires.
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