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Reconstruction of a bus fire based
on numerical simulation
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Abstract: Fire scene simulation using fire dy namics simulator(FDS) may provide evidence for fire
investigation. Numerical simulation of the bus fire may recur the fire scene, reconstruct fire
processes and explain fire development, smoke movement and deaths by describing the fire
source, configuration of the bus and property of fuel. Based on the descriptions of evacuees and
rescuerss and the combustion evidence of the scene, reconstruction simulation was performed by
adopting parallel operation. Multi-parameter measurement, including heat release rate (H RR),
temperature field, soot density and species concentration, was accomplished. The simulation
results, compared with the fire site reconnaissance results, demonstrated good prediction of fire
development and smoke movement and explained the causes of deaths. Furnishing a good
foundation for further research into whole fire reconstruction and demonstrate the application of
fire simulation to actual fire scene investigation.
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Nomenclature
v{m s ') burning rate L/ m the fuel height above the floor
V/m? volume &/ (We°m!°>K ') thermal conductivity
o (kg ° m—3) density L/ m the flame height above the fuel surface
O (kW °>m ?) heat release rate per unit area Cy (K] * kg ' * K "constant pressure specific heat
D/m diameter of the fuel bed L./m the flame height above the floor
vs time AH/M]J ° kgfl) heat of combustion

0 Introduction

In the case of air-conditioned bus fires, large
quantities of smoke are likely to spread rapidly to

the entire carriage due to narrow aisles and

of the In

particular, it can cause fatalities because the fire

confinement closure  condition.
growth path usually coincides with the evacuation
path. Therefore, we must reconstruct the bus fire
scene through numerical simulation to analyze the
fire process. The investigation results of the fire

not only provide a references for adjusting the fire

safety policies, but also gives important
professional opinions to the judiciary to identify
civil and criminal responsibilities' ™ . With the

development of fire science, courts of law are now
inclined to use scientific methods in demonstrating
Therefore, fire

the evidence of the fire scene.

simulation has become an important tool for fire

1 A bus fire in Chengdu

A bus fire happened in Chengdu City, Sichuan
Province at 08: 00 AM on June 5, 2009. The air-
conditioned bus had 14 window s made of tempered
glass, only 5 of which could be openeds but of
which 4 could not be got through. The standard
load of the bus was 75 persons, but the actual load
was 120. The origin of initial the fire was at seat
35 (Fig. 1) where the petrol fumes were first
smelt. It was arson, caused by gasoline spilt
around the seat. The fire and smoke spread very
fast, leading to 25 deaths and 76 injuries on the
spot.

1.1 Basic information of the bus

The fire began at the back of the bus. the
layout of this bus is shown in Fig. 1 and Fig 2.
T he

background details of the bus can be seen in

The bus wreckage is shown in Fig 3.

investigation' ™" . Tah 1. The burned materials are shown in Tah 2.
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Fig. 1 Layout of the bus

|

Fig. 2 . Layout of the passengers
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Fig. 3 Bus wreckage (pictures from website)

Tab. 1 Background details of the bus (data from Chengdu Fire Corps)

space dimension
bus dimension
effective space height 2.2m

initial tem perature 18 C

bus shell material

I5mX3mX5m
11.73mX 2.55mX 3.5 m

exterior shell; sheet steel

interior shell; upholstery (0. 102 m thickness)

ventilation windows closed
Tab. 2 List of bumed materials (data from website)
item com bustible material size/ number

bus interior shell upholstery, plastic board

seat cushion, seatback

passenger clothes, shoes

bus attachment front counter, window bands

rubber

bus tyres

accelerant gasoline

thick ness 10 mm
cushion; (0.4 mX 0.4 mX 0.1 m)X 45
seatback: (0.4 m>X 0.1 mX 0.5 m )X 45
passenger: (0.5 mX 0.3 mX 1.7 m)X 120
counter; (2.5 mX 0.3 mX 0.6 m)X 1
bands; (0. 05 mX 0.05 mX 1.5 m)X 14
(0.8 mX 0.8mX0.2 mX4
(0.3X0.3)m?

[Note] Humidity: 40% ~50%.

1.2 Passengers and passers behavior in the fire
Tab. 3 and Fig 4 are produced based on the

survey with some onsite rescuers and evacuees.

The information can be used to depict the fire

development 7.

2 Fire numerical simulation

2.1 FDS description

Fire dynamics simulator (FDS), which has
been publicly released by NIST since 2000, is a
computational fluid dynamics (CFD) model of fire-
driven fluid flow. It numerically solves a form of
the Navier-Stokes equations appropriate for low-
speed, thermally-driven flow on smoke and heat
transport from fires. FDS aims at solving practical

fire problems in fire protection engineering, while

at the same time providing a tool to study
fundamental fire dynamics and combustion. The
core algorithm is an explicit predictor-corrector
scheme that is second order accurate in space and
time. Turbulence is treated by means of the
smagorinsky form of large eddy simulation (LES).
It also can be used for introducing large eddy
transport coefficients to describe the unresolved
fluxes of mass, momentum and energy'®. Now,
FDS is widely used in the research of fire
dynamics. It will also become a useful tool in fire
investigation and fire scene reconstruction’
2.2 The design of fire origin

The bus fire is an incendiary event caused by
the dumpage and ignition of gasoline under the

seat . After a particular fire scene investigation on
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Tab. 3 Actions of rescuers and successful evacuees in the fire
pas senger position time analysis
) {43 the first Smelled gasoline and saw the white smoke from seat 35, shouted to the driver to
passenger in seat 43, the first one . .
A to discover the fie stop and then found that the smoke spread quickly and flam es appeared, jum ped
out the bus from R8 (about 30 s passed).
BCD . 44, 42 and 41 Immediately escaped from R8 following A. Before D passed R8 the fire had
passengers In seals an reached his left arm and burned it (about 25 s passed).
. . E immediately jum ped out of the bus from L1, meanwhile, ' opened R2 and cried
EF driver, passenger in seat 2 .
for help. F was pulled out by a passerby quickly (about 35 s passed).
Escaped from a hole in D1 smashed by a taxi driver using a fire extinguisher
G passengers near the front door D1
(about 30 s passed).
Smelled gasoline and saw the black smoke diffusing (about 25 s passed), asked
u o f ¢ 1 the driver about the situation and held their breath; after 1.2 was broken (about
passengers in front of seat 60 s passed), one of them threw out his niece and jumped out of the bus, his
wife who escaped after him was burned (about 30 s passed).
I d seat 34 Escaped from R7 smashed by another bus driver using a crowbar (about 20 s
passengers around sea passed). All were burned seriously.
Tab. 4 Temperature profiles
time/ s y=0.7m y=1.5m y=2.3m
: 3
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the burned area, the quantity of the combustible 2.3 Simulation setup
liquid on the spot could be reasonably deduced. After the grid independence test is

(I ) The volume of gasoline

The burned areais @ 3 m>XQ 3 m=0 09 m’,
the thickness of gasoline is Q 009 ~0. 011 m, the
volume is almost 0.8 ~ 1 L. The density of
gasoline is Q 74 kg/ L.

(IT) The heat release rate (HRR) of gasoline

0=0 036 kg °m > °s 'X46 MJ " kg '=

1656 kW °m .

The amount of gasoline causing the initial fire was
almost 1 L, judging from the descriptions of
witnesses about the size of the box carried by the
culprit.

(IID Burning time
T = gasoline weight/ burning rate =
VX 0/v=1LX0.74 kg ° L'/
(0.3m>X 0.3mx0.036 kg *m * °s ') =228 s.
Taking 230 s, if we assume a burning efficiency of
0.8, the total burning time is about 290 s. The

buming time agrees with rescuer plresentations[q .

L2 was broken, more
a passer-by called 119 passers-by were involved

and driver escaped in the rescue

08.02 A discovered
the white smoke
and fire

Os 60 s 100 s

200s

conducted ", all meshes are cut into 10 em X 10
cmX 10 em grids, suitable for the case. There are
altogether Q 225 million grids in the computational
All

computers to execute parallel processing and a control

area. grids are distributed into 6 node

server is used to collect the data from each node. Fach
node has 2 XEONS5 5335 CPUs and 8 G memory. The
simulation models are shown in Fig 5. It takes 55 h to

complete the simulation, and the final simulation result
of HRR is shown in Fig 6.

3 Result and discussion

3.1 Temperature of the simulation

The temperature in the simulation (1 000 ©)
the the burning
temperature  of (1026 ©).  The

temperature profiles of the bus fire are calculated

is almost same as actual

gasoline

and presented in Tab. 4, based on the rescue time

of the passers-by . The stripes on the right side of

the other windows
crashed due to
high temperaure

F1 got stuck.
nobody escaped
from F1

260 s

08:11 put

370s out the fire

‘ | ‘ time

30s 90s 170's
A jumped out D1 was smashed,

of the bus
in traffic jam

R2 opened,
passers-hy pulled out
several passengers

fire engines were stuck

R7 was smashed,
flaring up the fire

| T

240s 300s 420 s

the wholc bus
was on fire

fire engines arrived
at the scene

Fig. 4 Timeline based on rescuers’ and evacuees descriptions

e [T

Fig.5 Scene designed figure
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Fig. 6 HRR curve

the figure represent a summary of the visual
observations ' .

The temperature profiles of the calculation
agree closely with the description of evacuees and
rescuers, based on the comparison at different
rescue times. The HRR curve conforms to the
timeline of fire scene investigation of the evacuees.
The detailed temperature profile of a critical

section is shown in Fig 8.
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Fig. 7 Temperature curves of detectors

Fig. 7 presents the temperature curves of
detectors at the front door, window R3, back door
and window R7, respectively. It is apparent that
the tendency of temperature change is in
accordance with the HRR curve. The temperature
of detector D1 is relatively low and a little more

than 600 C. But the

detectors are very close and at a higher level. It

temperatures of other
might be concluded that a great deal of smoke with
high temperature flew out of the front door under
the action of natural convection resulting from the
breaking of D1, which led to a large amount of
such, an

heat,, Jess.., It was advantagegus

circumstance that some valuable time was gained to
help several passengers near D1 to escape the plight.

Plotsg

Fig. 8 Temperature contour with 1 =240 s

3.2 Smoke and fire propagation analysis

The smoke and fire propagation profiles of the
fire scene are also assessed in accordance with the
rescue times (30 s, 100 s, 200 s, 300 s, 400 s) of
witnesses on the spot, as demonstrated in Fig. 9.

The smoke and fire diffusion simulation shows
that if the narrow, closed carriage of the bus
ignited with the accelerating agent, heavy smoke
would spread along the roof rapidly and obstruct
the escape paths. The smoke layer would also
become lower to the floor level within 100 s.
Everywhere in the bus would be filled with thick
smoke in 200 s.

investigation into the escape of the evacuees.

This scenario conforms to the

The temperature around the seats at the fire
source reached 600 C at 40 s from the initial
period. In that situation, passengers would be
trapped in the closed carriage unless doors or
windows could be opened quickly and easily. T he
crowded carriage was shrouded in heavy smoke
immediately in the initial stages of the fire. It was
impossible to move along the aisle at 100 s. Smoke
then grew increasingly thicker. The area near the
driver, although far from the fire s origin, also had
heavy smoke accumulation because of the sealed
environment. At 200 s, with the breaking of D1,
cold air came into the bus under the action of

The fire around DI
bigger because of the supplement of fresh air. Both

natural convection. grew
soot density and temperature increased rapidly, as
can be seen in Fig 7 and Fig 10. It can be

concluded, that,  the fire, growth path usually
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Fig. 9 Smoke and fire development figures

coincides with the evacuation path.
3.3 Species concentration
Fig. 11 and Fig. 12 present the concentration

curves of CO and O2. The product volume fraction
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Fig. 10 Soot density curves of detectors

tendency. However, the mass fraction of O: is
right to the contrary. The peak volume fraction of
CO is 10%. Because of the breaking of the front
door D1, the CO volume fraction and the O2 mass
fraction of D1 are apparently different from those
of other detectors, which is in favor of passengers’
escape. The optimal escape stage is the fire
growing phase from the beginning to 150 s. In this
stage the volume fraction of CO is no more than
0. 5%, which is the safety concentration of CO.
The following stage is the fire spread phase from
150 s to 300 s. In this stage the content of CO is

growing quickly and even reaches 10% partially,
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which is severely poisonous and makes passengers
unable to move freely. Fig 13 and Fig 14 show the
CO concentration at bow height and CO isogram of

critical section, respectively.

Fig. 13 QO concentration at bow height ( =240 s)

Fig. 14 QO isograms of critical section ( =240 s)

4 Conclusion

(I ) Tt is very obvious that the origin of this
bus fire is the ignition of the accelerating agent.
The simulation results indicate that the fire
growing so quickly is owing to the sufficient heat
release rate of the fire source in igniting the
attachments on passengers and the supplement of
fresh air through broken doors and windows. If
the fire spread had not been so fast as was caused
by the accelerating agent, the production of heat
and smoke would not have been abundant enough
to cram the whole carriage in a short time.

(II) Tt can be concluded that the main reason
for the death is the high temperature and overload

of the bus. The combustion generates lots of toxic

due to the breaking of the doors and window s. It is

the sustained high temperature around the

evacuation path that renders crowed passengers
unable to escape.

(IID Fire simulation can provide information
on fire grow th and spread, and smoke production

and movement, which are all necessary to fire

investigation, both in causes and protection of life

and property. A fire scene reconstruction

supported by numerical simulation can also offer
important information to fire administrations to

find an optimal way to reduce fire damage.
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