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ABSTRACT

A fire-year research project “Fire Dynamics and Fundamentals of Fire Protection” (2002-
2007) has been sponsored by the China NKBRSF (National Key Basic Research Special
Funds), in order to gain deep understandings of natural fire phenomena and whereby
facilitate the development of practical fire safety design/engineering, management and
firefighting technologies. The project has been carried out for more than two years since
2002, with successful establishment of a multidisciplinary collaboration network of most
famous China universities and institutions in the field of fundamental fire research. This
review summarizes the new significant progress of the project during 2002-2004. A
prospect of fundamental fire research in Chinais also presented.
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INTRODUCTION

In the past few years, along with the economy booming fast and the increasing fuel
demands of industries, the fire safety situation in China has been considerably severe, and
fire safety problems have been a major concern for Chinese public and government. In
2002, the project Fire Dynamics and Fundamentals of Fire Protection was promoted by
fire safety scientists and sponsored by the China NKBRSF (National Key Basic Research
Special Funds, briefly named as 973 program), in order to gain deep understandings of
natural fire phenomena and whereby facilitate the development of fire protection
technologies. The project addresses fire safety knowledge innovation by transdisciplinary
cooperation, and most famous research universities and ingtitutions in the field of
fundamental fire research in China have been organized to work together for the project.
This review is an attempt to present the new significant research developments of this
project that occurred in the years 2002-2004.

OUTLINE OF THE PROJECT

As the title states, the project focuses on both the dynamical evolution theory of fire
phenomena and fundamental principles of fire safety technologies. The mgjor points
include six research topics as follows:

1) Fire Formation and its Propagation
2) Generation and Release of Fire Smoke and Its Toxicity

3) Fire Risk Assessment and Performance-based Design based on Fire Dynamics
and Statistical Theory

4) High Quality Fire Retardant Materials
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5) Intelligent and Reliable Recognition of Fire Signals for Detection Technology
6) Clean Fire Suppression Technology with High Efficiency

1. Decomposition Kinetics and Ignition
Characteristics of Combustibles

2. Dynamical Behavior of Wildland Fire
and its Identification and Prediction

l 3. Fire Growth in Buildings l _ﬂ Fire Dynamic Theory ’~

4. Fire Smoke Movement and
Transportation of Smoke Toxic

the Effect on Human Body
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l 6. Fire Risk Assessment Method
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8. Early Sensing and Intelligent
Identification of Multi Fire Signals

9. Fire Suppression by Water Mists and
Gases with Additives

Fig. 1. Framework of the sub-projects of the PROJECT fire
dynamics and fundamentals of fire protection.

The project divides the above six topics into 9 sub-projects (see Fig. 1). The first five
sub-projects aim at gaining deep insight into the complex fire dynamical behaviors by
experimental or simulation means, so as to revea the twofold (deterministic and
statistical) features of fire. The other four sub-projects address the principles of advanced
fire protection technol ogies.

The core universities and institutions include University of Science and Technology of
China (USTC), Tsinghua University, Zhejiang University, The Hong Kong Polytechnic
University, (Tiandin, Sichuan, Shenyang and Shanghai) Fire Research Institutes of MPS,
and Research Institute of Forest Ecology. More than ten other universities act as the
partners of this project.

FIRE FORMATION

Decomposition Kinetics of Solid Combustibles

The thermal decomposition of solid materials is recognized as an important topic for the
scientific description of fire formation, since in practice solid combustibles such as wood,
textile, plastics and decoration boards are frequently implicated in fire incidence. The
decomposition kinetics plays a basic role in modeling of the subsequent ignition and fire
propagation processes.

The group of Liu[1-2] collected nearly 20 types of wood and leaf samples from Chinese
different forest zones and successfully examined the mass loss kinetics of the thermal
decomposition with linear temperature programming in air atmosphere. A simple kinetic
description, named as First Order Pseudo Bi-component Separate-stage Model (PBSM-
Ol), was developed asillustrated in Fig. 2. The model assumes that the mass loss process
of any wood or leaf sample consists of three steps. The major point is after water
evaporation, the subsequent two mass loss steps of two pseudo components decompose
respectively at lower and higher separate temperature regions, rather than at the global
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temperature region as previously used by other authors. The kinetics of the two
components abides by the first order model function.

Biomass
|
Water Pseudo component 1 Pseudo component 2
1 I 1 I l Temperature
Water evaporation Thefirst massloss The second mass loss
(First order kinetics) (First order kinetics)

Fig. 2. Schematic illustration of the kinetic model PBSM-O1
for biomass decomposition in air atmosphere.

The PBSM-01 model has been further testified and generalized to other building boards
by other researchers [3-8]. For example, Shi et al. [6] investigated the decomposition
behavior and kinetics for common wood materials used for building and decorating, and
especially examined the effects of heating rate, particle size and initial weight on the
decomposition kinetics. The results demonstrated the applicability of PBSM-O1 model.
They further found that the decomposition of natural fiber, chemical fiber and the
blending of them can be divided into severa phases according to the peaks on the DTG
curves [7], indicating that the separate stage model scheme is suitable for the kinetic
description. They also simulated fire environments by changing the oxygen concentration
with time in the thermobalance system and obtained the apparent kinetic parameters for
the decomposition processes of biomass and textile [8]. These parameters are expected to
be used in the modeling of smoldering and the fire early stage when heating rate is
relatively low. Punnaruttanakun [9] even found the PBSM-O1 model shows a good fit
with the experimental data of sludge decomposition.

The research of secondary reactions inside particle wood decomposition is greatly limited
by the level of up-to-date measure technology. Yu et al. [10-11] presented a reasonable
numerical simulation by a comprehensive mathematical model in which the kinetic sub-
model of secondary reactions of primary pyrolytic product is involved. The model also
includes the processes of the yielding, consuming, accumulating or escaping of the major
pyrolysis products in developing porous matrix of reacting wood.

In differential kinetic analysis for solid decomposition, the determination of the kinetic
parameters is generally complicated by the presence of noises. Liu et al. [12-13]
successfully developed a “Two-stage Gaussian Smoothing Strategy” for biomass
decomposition data pre-treatment.

Ignition Behavior and Criterion

In physical sense, ignition and decomposition are highly correlated since for solid
materials ignition is generally motivated by decomposition process under certain
conditions. Yang et al. [14] investigated the effect of an external heat flux on the
decomposition and combustion of charring materials using a cone calorimeter and a
radiation platform, particularly with a small heat flux. They proposed a modified model
of decomposition for charring materials, in which the heat loss by convection and
radiation due to the surface temperature rising and also shrinkage of the chars external
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surface were considered. They found that the ignition time is linearly related to the
conditions such as the radiation flux, the distance between the sample and the radiation
source, and the sample obliquity [15]. They also studied the charring of wood under
simulated fire [16], in which the effect of radiation flux, distance between the sample and
heat source, and the radiation time on the charring rate was formulated. Scale effect on
mass | oss rate of some woods was investigated by experimental means[17].

The criterion to determine under what conditions ignition would occur is a research
hotspot for fire formation. Literature generally assumes that ignition corresponds to a
known, constant surface temperature Tig, or critical pyrolysate mass flux. Comparatively,
a combined criterion [18] was proposed to describe the ignition of wood under varying
radiant heating rate, that is (1) surface temperature reaches 500°C, and (2) the varying
rate of heat flux after charring is higher than 0.07 kWemes™. Another ignition criterion
of wood was also proposed based on the cone calorimeter test results [19], by assuming
that when the energy received by the material is higher than the ignition energy
(determined from the cone calorimeter tests), the material will ignite.

FIRE GROWTH

Several groups of this project are devoted to the fire growth in buildings or outside (e.g.
in wildland). General burning behavior of materials and fire propagation are certainly
major points, and additionally, the special fire phenomena such as backdraft, flashover
and fire whirl have been especially addressed.

Burning Behavior of Materials

Ji et al. [20] investigated the hest release rate, time to ignition, yield of CO/CO, and light
extinction of wood, PV C and polyurethane at different external heat radiation level with a
cone calorimeter. Based on the oxygen consumption theory, they proposed a heat release
rate model and mass loss rate model, and further used these models including the ignition
criterion in the zone modeling of fire [21]. The results showed that the complicated zone
model of fire can be used to predict the fire development in a single compartment
according to the species of combustibles, their quantities and distribution.

Song et al. [22] investigated the suppression method of adding sand into the fire source
(gasoline). They found that by assuming a transition layer below the sand surface, the
combustion process of the fire source can be simplified, and the time to the upper layer
peak temperature, the peak temperature value and the rate of extinguishment have
obvious dependence on the volume ratio of sand to the fire source (gasoline).

The cone calorimeter has been used widely for the research of material flammability
[21,23-24]. Zhang et al. found that without appropriate corrections, the heat release rate
measured by the cone calorimeter for the polymer composites containing large quantities
of endothermic fillers would be overestimated [23-24]. They put forward a procedure for
correction and realized a more accurate measurement.

Backdr aft

Backdraft generally occurs in a limited-ventilation building and develops from fires of
either ordinary combustibles or ignitable liquids that become oxygen starved yet continue
to generate a fuel-rich environment. One group of the project developed a backdraft
apparatus at SKLFS (Fig. 3), which consists of a reduced-scale compartment, fuel
system, ignition system and data acquisition system. The compartment (LxXWxH:
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1.2mx0.6mx0.6m) was fitted with one opening (WxH: 0.2 mx0.6 m in the middle of the
end wall). It was found that the key parameter determining the occurrence of backdraft is
the mass fraction of unburned fuel (unburned methane in this study) [25-26]. When the
mass fraction of unburned fuel exceeds a critical value, i.e., 9.8%, backdraft will take
place. The results aso showed that the critical mass fraction values of total hydrocarbons
determining the occurrence of backdraft vary with inlets of different geometries[26].

The mitigation of backdraft in compartment fires with water mist was also examined [27-
28], indicating that water mist is an effective means to suppress backdraft primarily by
reducing unburned fuel mass fraction, rather than by atherma mechanism of cooling.

As for the physical mechanism of backdraft, a simplified mathematical model has been
established based an energy balance equation, which indicated that the backdraft
phenomenon isin essence one kind of typical catastrophe behavior [29-30].

Fig. 3. Schematic of the backdraft experimental apparatus.

Flashover

Flashover in building fires is a suggestive of a catastrophe process. In the project, the
catastrophe dynamics of flashover was investigated by mathematical method, whereby a
model of flashover based on energy balance equation was established, and the
corresponding relationship between system control variables and operating conditions
was examined. Results indicated that flashover in building fires is in essence a
phenomenon of swallowtail catastrophe [31]. A fuel mixture of chemistry fuel with
oxidizing agent has been developed for re-appearing a fire flashover in a confined
compartment [32]. The flashover temperature and smoke production could be controlled
by adjusting the dispensation of fuel mixture. The Field-Zone-Network model proved to
be feasible by analyzing the variable regularity of smoke parameters of fire flashover.
The smoke production, movement, back flow and fall-in during flashover were analyzed.

Fire Whirl

Fire whirl is arare but potentially catastrophic form of fire in wildland fire or large-scale
city fire, in which the swirling buoyant fire plumes are known to significantly increase
the danger of naturally occurring or post-disaster fires. Generaly there must be an
organized source of angular momentum to achieve large swirl velocities as air is
entrained into the fire plume.
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Group of Wu developed a fire-wall firewhirl model (Fig. 4) [33], in which four bars of
liquid fuels are used to produce the enclosure where firewhirl may be induced. This
model scheme differs from that of Satoh and Yang [34] in that the latter used four solid
channel walls to form the enclosure. Comparatively, the new model scheme has higher
similarity with some practical situations especialy in wildland fires. The model can also
be used to investigate the interactions among different fire spots. Numerical results
showed that the under certain conditions firewhirl can be induced. The temperature and
velocity fields were extensively examined.

At the end of 2004, a large scale firewhirl apparatus was constructed at SKLFS, which is
based on the model of Satoh and Yang, with four fireproof channel walls to form the
enclosure. The height of the enclosure is 15m (Fig. 5). The initial experiments realized a
9 m high firewhirl [35]. More extensive researches are still being conducted.

FIRE MODELING

The numerical fire modeling can provide a wealth of information concerning the fire
growth and other dynamic aspects of fire, and also can be used to observe specific fire
phenomena without the expense of full scale testing, to reconstruct specific fire scenarios
or to design fire protection systems.

One group developed a multi-layer zone fire growth model to predict the vertical
temperature distributions in a single room [36]. The fire room volume is divided into a
number of horizontal layers (Fig. 6), in which the temperature and other physical
properties were assumed to be uniform. The principal equations for each laminated
horizontal layer were derived by the conservation equations of mass and energy. The
implemented fire sub-models include models of combustion, fluid flow and heat transfer.
The model may have high engineering value for its economy and accuracy of
computation. Another new model named LFZN (LES-Field-Zone-Network model) was
developed to simulate the fire smoke movement in a single fire room [37]. The model
uses the Large Eddy Simulation (LES) technique to filter three-dimensional compressible
Navier-Stokes equations at low Mach number, and shows better performance than
ordinary FZN model and CFAST.

As for the numerical method of turbulence in fire ssmulation, one scheme combining
RANS and DES (detached-eddy simulation) was proposed [38]. This scheme holds the
accuracy of DES and the high computing efficiency of RANS.

Recently, smoke movement and ambient airflow in a typica two-storey confined
stairwell under fire scenarios were studied numerically by LES [38-39], showing the
existence of fairly distinct layers of hot smoke and ambient air under different fire
scenarios. Heat release rate shows a remarkable effect on distributions of smoke
temperature, velocity and oxygen concentration. The backdraft phenomenon was
predicted in the simulation when the door was suddenly opened.

In engineering field, some practicable simulation methods have been developed to predict
smoke movement [40] and smoke filling [38,41]. The engineering simulation methods
have been applied in the design or fire risk assessment of large buildings.

In forest fire research, the numerical model [42] of fire spread regarding the influence of
wind velocity and slopes was established and applied in the aided decision-making
system for forest fire prevention.
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Fig. 6. Multi-layer zone fire growth model.

FIRE STATISTICS

V egetation burning can produce some gases such as CO, and CH,4, which have significant
effects on environment and climate in short or long term. Researchers of this project
calculated the consumed biomass due to forest fires according to the statistics of forest
fires in China from 1991 to 2000 [43]. The results showed that during the decade forest
fires burned average 5-7Tg biomass each year and directly emitted carbon 20.24-
28.56Tg, CO, 74.2-104.7Tg, CH, 1.797-2.536Tg, smoke aerosols 0.999-1.410Tg. The
average emission of carbon dioxide accounts for 2.7-3.9% of the total emission of China
(using the data of 2000).

By analyzing the historical forest fires data (1980-1999) in Heilongjiang province,
researchers also found forest fires have circles and frequency in time [44-45]. They
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studied the fluctuation of the centroids using spectrum analysis method and calculated the
centroids of annual fire scars and annual fire points. Annual precipitation and annual
mean temperature were found to have important impact on the fluctuation of centroids.

Song et al. [46-48] analyzed forest-fire data in China and other countries, and found Self-
organized criticality (SOC) behavior characterized by the power-law relation of
frequency-size distribution existing in the forest fires data (Fig. 7). The SOC
characteristics are invariant with time and a broad range of forest size, and can be
explained by the classical forest-fire model. The SOC characteristics have practical
implications, and from which the forest-fire regimes in the next several decades can be
forecast. The occurrence frequency of small and medium fires can be used to quantify the
risk of large fires.

City fire data in China was aso analyzed with similar procedures [49]. The frequency-
loss distribution of large city fires satisfies a good power-law relationship. The results
indicated that the power-law distributions of city fires are scale-invariant and time-
invariant.

1E8 o forest fire data in China: 1950-1989
157 ~ forest fire data in Japan: 1989-1994
o forest fire data in USA: 1986-1995

1000000
100000

1E4 1E3 0.01 0.1 1 10 100 1000 10000
A

Fig. 7. SOC behavior of forest fire data: power-law
relation of frequency-size distribution.

FIRE RISK ASSESSMENT METHOD

Advanced fire risk assessment method depends on accurate evaluations of both
deterministic fire behavior and fire statistical characteristics. In fire emergency, safety
evacuation is especialy important in preventing great casualties from fire, smoke and
toxic gases. Researchers [50-51] successfully developed a Combined Fire Evacuation
(CFE) model by considering the human behavior during evacuation and integrating the
effect of fire development and product. The model has been justified by applications in
practical fire cases.

Song et al. [52] simulated the pedestrian evacuation during fire urgency by social force
model. The influences of the width and thickness of the exit, as well as the expired speed,
on evacuation were studied especially, and it was shown that the building structure has
asymptotic effects on evacuation time, and there exists an optimal expired speed under
which the pedestrians egress fastest. They further simulated the pedestrian evacuation
dynamics in crossing exit by the lattice-gas model of biased random walkers without
back step [53]. A series of critical boundary densities which indicate the jamming
transition were obtained under different values of width of longitudinal route.
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Sun et al. [54] presented the probability distribution functions of fire load and the fire
duration time of office buildings. They developed a method to evaluate the collapse
probability of building caused by fire. Another work discusses the application of design
fire and fire hazard degree analysis in hazard identification of performance based fire
protection design [55].

During the past two years, the fire risk assessment methods developed in this project have
been widely applied in some important building engineering projects, such as Beijing
Main Stadium, Basketball Stadium, and Bicycle Stadium for the 2008 Olympic Games.

FIRE RETARDANCY, DETECTION AND SUPPRESSION TECHNOLOGIES

Fire Retardant with High Efficiency

One group successfully synthesized acicular, sheet, and rod-like Mg (OH),
nanocomposites [56-59], which has been put into practice with an annual production of
100 tons. Multiplex nanocomposites were aso successfully synthesized by a
chromatographer and intercalation method, which has high efficiency of fire retardancy
[56,60-72]. Researchers aso successfully synthesized the PE-g-MA/MgAI-LDH
exfoliated nanocomposites [73-74]. The new nanocomposites show a fast charring
process in the temperature range from 210 to 360°C and a higher thermal stability in the
temperature range from 370 to 500°C than the pure PE-g-MA. The rate of thermal
oxidation of PE-g-MA chains in the nanocomposites is much slower than that in the pure
PE-g-MA in the temperature range from 200 to 320°C. This kind of exfoliation
nanocomposite is promising for use in flame-retardant polymeric materials.

Multi-signal Fire Detection

In fire detection area, Common photoacoustic gas detection systems in laboratories are
not suitable for fire alarm due to their poor real-time performance and high wavelength
gualification for the optical setup. Besides, they are too complex and expensive.
Researchers of this project developed the photoacoustic gas detection technique and
designed an unusual photoacoustic gas detection system [75-76]. The new system
removes the limitations of common detection systems by a different system design in
which an enclosed photoacoustic cell filled with CO is used to achieve CO selection
instead of optical filters or laser infrared source.

Some other signals can also be used to detect early-stage fires. Researchers measured the
particle size distributions of several types of fire smoke by the near-forward scattering
light of laser sheet based on Mie scattering theory [77]. Results showed that there exists a
critical particle size which can exclude the disturbance of dust [78]. Another interesting
result is that there exits self-preserving size distribution of the smoke soot agglomeration
of flame combustion in the flame region and above the flame region [ 79]. Based on these,
one multi-signal sensing & processing system for detecting early-stage fires has been
established at SKLFS[80].

Water Mist Fire Suppression System

Water mist fire suppression technology has aready received considerable attention in
China. Researchers developed one non-intrusive pattern method to characterize a water
mist by the droplet size and velocity distribution, the water mist atomization angle and
the breakup length. This PIVS (particle image velocimetry and sizing) method is mainly
based on the manipulation of digital particleimages[81-82].
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Researchers also extensively investigated the interaction of fine water mists with many
kinds of fires [83], such as solid pool fires [84], diffusion flame of liquid fuel [85-87]. In
order to enhance fire suppression effectiveness, some additives are added into water mist.
Researcher [88] found that sodium chloride additive has a significant impact on fire
suppression effectiveness, and a W shape relationship exists between the fire suppression
time and the mass concentration of sodium chloride. The results implied that there may
be an optimal mass concentration for the fire suppression effectiveness.

CONCLUDING REMARKSAND PROSPECT

As planed, the project will be implemented by the end of 2006. As can be seen, the
progress of the project covers both the fire dynamical theory and the principle of
advanced fire protection technologies. For the former, many complex fire phenomena
have been successfully described by reasonable experiments or simulation means, and
deep insights into the behaviors and as well the relevant physical or chemical
mechanisms for the processes of decomposition, ignition, fire propagation, and even
specid fire stages such as backdraft, flashover and firewhirl have been achieved. For the
latter, some remarkable ideas and means of developing advanced technologies of fire
retardant, fire detection, and fire suppression by combining different technique principles
in different fields have witnessed successes. In addition, the fire risk assessment method
developed in this project has been successfully applied in practical engineering,
indicating a good connection between the fundamental research and the engineering
practice motivated by this project.

In China, the increasing fire disasters in recent years are caling nationwide and even
world-wide attention, and fire would continue to be in the foreseeable future one of the
major disasters threatening the life and industrial safety. In the new China National Mid-
long Term Planning of Science and Technology (2006-2020), Public Security has been
recognized as one of the key research fields, in which fire safety is of particularly
importance since it is closely related to daily life security. Under this situation, it is
expected that more and more fire fundamental research projects will be promoted and
supported by the national research plans such as Nationa Key Technologies R&D
Program, 973 Program, National High-tech R& D Program (863 Program), and so on.

As can be anticipated, the economy growing in China will continue to induce more and
more complex fire types. There till remains high challenge in revealing the mechanisms
and behaviors of fire phenomena and as well developing advance fire protection
technologies. It can be expected that the future fire fundamental research in China will
become more closely correlated with practical requirements of fire protection. In fact, the
progress of the present project benefits greatly from the multidisciplinary collaboration in
both fields of fundamental research and practical technological research. The fire
scenarios that commonly occur in China should be especialy addressed, and the
knowledge innovation based on the combination of deep understanding of fire
deterministic behaviors and its statistical characteristics will be the major direction for
Chinafundamental fire research.
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