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Abstract:Fire scene simulation using f ire dynamics simulato r(FDS)may provide evidence fo r fire

investig ation.Numerical simulation of the bus fire may recur the fire scene , reconst ruct fire

processes and explain fi re development , smoke movement and deaths by describing the fire

source , configuration of the bus and property of fuel.Based on the descriptions of ev acuees and

rescuers , and the combustion evidence of the scene , reconstruction simulation w as perfo rmed by

adopting parallel operation.Multi-pa rameter measurement , including heat release rate(H RR),

temperature f ield , soo t densi ty and species concentrat ion , was accomplished.The simulation

results , compared wi th the f ire site reconnaissance results , demonst rated good prediction of fire

development and smoke movement and explained the causes of deaths.Furnishing a good

foundat ion for further research into w ho le fi re reconst ruction and demonst rate the application of

fi re simulation to actual fi re scene invest igation.
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基于数值模拟的某公交车火灾重构

毕　昆 ,邱　榕 ,蒋　勇 ,郑景川

(中国科学技术大学火灾科学国家重点实验室 ,安徽合肥 230027)

摘要:使用 FDS 进行火灾场景模拟可以给火灾调查提供证据支持.对公交车火灾的数值模拟可以重现火灾

现场 ,通过描述火源 、公交车的结构以及可燃物的属性 ,可以重构火灾过程 ,解释火灾的发展 、烟气的运动和

人员的死亡.基于逃生人员和营救人员的描述 ,以及火灾现场的燃烧证据 ,采用并行运算方法进行了重构模

拟.完成了包括热释放速率 、温度场 、烟气密度以及组分浓度等在内的多参数数据采集.通过比较模拟结果

和火灾现场的调查结果 ,推测了火势的发展和烟气运动 ,解释了人员死亡的原因.从而为整个火灾重构的进

一步研究打下基础 ,同时指出了火灾模拟在实际火灾场景调查中的应用价值.

关键词:场景重构;数值模拟;FDS;火灾调查;公交车火灾



Nomenclature

v/(m· s -1)　　　　burning rate

V/m3 volume

ρ/(kg ·m -3) density

Q/(kW·m -2) heat release rate per unit area

D/ m diame te r of the fue l bed

t/ s time

Li/ m the fuel height above the flo or

κ/(W·m -1 · K -1) the rmal conductivity

L f/ m the flame height above the fuel surface

Cp/(kJ· kg
-1· K -1)constant pressure specific heat

L r/m the flame height above the floo r

ΔH c/(MJ· kg-1) heat o f combustion

0　Introduction

In the case of air-conditioned bus fi res , larg e

quant ities of smoke are likely to spread rapidly to

the ent ire car riage due to narrow aisles and

confinement of the closure condition. In

par ticular , i t can cause fatalities because the fi re

g row th path usual ly coincides w ith the evacuation

path.The refore , we must reconst ruct the bus fi re

scene through numerical simulation to analy ze the

fi re proce ss.The investigation results o f the fi re

no t only provide a references fo r adjusting the fi re

safe ty policies , but also g ives impo rtant

professional opinions to the judiciary to identify

civil and criminal responsibilities[ 1-2] .With the

development of fi re science , courts of law are now

inclined to use scient ific methods in demonst rating

the evidence o f the fire scene.Therefo re , fi re

simulation has become an impo rtant to ol for fi re

investig ation
[ 3-4]
.

1　A bus fire in Chengdu

A bus fire happened in Chengdu City , Sichuan

Province a t 08:00 AM on June 5 , 2009.The air-

conditioned bus had 14 w indow s made of tempered

g lass , only 5 of w hich could be opened , but of

w hich 4 could no t be got through.The standard

lo ad of the bus w as 75 persons , but the actual lo ad

w as 120.The origin of ini tial the fire w as a t seat

35 (Fig.1) where the pet rol fumes w ere fi rst

smelt.It w as arson , caused by gaso line spilt

around the seat.The fi re and smoke spread very

fast , leading to 25 deaths and 76 injurie s on the

spo t.

1.1　Basic information of the bus

The fire began at the back of the bus.the

lay out o f this bus is show n in Fig.1 and Fig.2.

The bus w reckage is show n in Fig.3.T he

backg round detai ls o f the bus can be seen in

Tab.1.The burned materials are show n in Tab.2.

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 15 m×3 m×5 m

bus dimension 11.73 m ×2.55 m×3.5 m

ef fect ive space h eigh t 2.2 m

initial tem perature 18 ℃

bus shell material
exterior shell:sheet s teel

interior shel l:upholstery (0.102 m thick ness)

vent ilation w indow s closed

Tab.2　List of burned materials(data from website)

i tem com bus tible material size/ number

bu s in terior shell upholstery , plastic board thick nes s 10 mm

seat cu shion , seatback
cushion:(0.4 m×0.4 m×0.1 m)×45

seatback:(0.4 m×0.1 m×0.5 m)×45

pass enger clothes , sh oes passenger:(0.5 m×0.3 m×1.7 m)×120

bus at tachm en t f ront coun ter , window bands
counter:(2.5 m×0.3 m×0.6 m)×1
b and s:(0.05 m×0.05 m×1.5 m)×14

bu s tyres rubber (0.8 m×0.8 m ×0.2 m)×4

accelerant gas oline (0.3×0.3)m2

　　　　　　　【Note】　Humidi ty:40%～ 50%.

1.2　Passengersand passersbehavior in the fire

Tab.3 and Fig.4 are produced based on the

survey wi th some onsite rescuer s and evacuees.

The info rmation can be used to depict the fi re

development[ 5] .

2　Fire numerical simulation

2.1　FDS description

Fire dynamics simulator (FDS), which has

been publicly released by N IS T since 2000 , is a

computational f luid dynamics(CFD)model of fire-

driven f luid flow .It nume rically solve s a fo rm of

the N avier-Stokes equa tions appropriate for low-

speed , thermally-driven flow on smoke and heat

t ranspo rt f rom fires.FDS aims at solving practical

fi re problems in f ire protection engineering , while

at the same t ime providing a to ol to study

fundamental fi re dynamics and combustion.T he

core alg orithm is an explicit predictor-co rrector

scheme that is second order accurate in space and

time.Turbulence is t reated by means of the

smago rinsky form of large eddy simulat ion(LES).

It also can be used fo r int roducing large eddy

transport coef ficients to describe the unreso lved

f luxes of mass , momentum and energy[ 6] .N ow ,

FDS is w idely used in the research of fire

dynamics.It wil l also become a useful to ol in fire

invest igation and f ire scene reconst ruction
[ 7]
.

2.2　The design of fire origin

The bus fire is an incendiary event caused by

the dumpage and igni tion of gasoline under the

sea t .After a part icular f ire scene investigat ion on
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Tab.3　Actions of rescuers and successful evacuees in the f ire

pas senger posi tion tim e analysi s

A
pas senger in seat 43 , the fi rst on e

to discover th e fi re

Smel led gasoline and saw the w hite smoke f rom seat 35 , shouted to the driver to

s top and then found that the smoke sp read quick ly and f lam es appeared , jum ped

out the bus f rom R8(ab ou t 30 s pas sed).

B C D passengers in seats 44 , 42 and 41
Immediately es caped f rom R8 fol lowing A.Before D passed R8 , the f ire had

reached his lef t arm and bu rned it(about 25 s passed).

E F driver , pass enger in seat 2
E immediately jum ped out of the bus f rom L1 , m eanw hile , F opened R2 and cried

for help.F w as pu lled out by a pas serb y quickly (ab ou t 35 s pas sed).

G passengers n ear the fron t door D1
E scaped f rom a h ole in D1 sm ashed by a taxi driver u sing a f ire extinguish er

(about 30 s passed).

H pas sen gers in f ront of seat 1

Smel led gasoline and saw the black sm oke dif fu sing (about 25 s pas sed), asked
the driver ab ou t the situation and held thei r breath;af ter L2 w as b roken(abou t

60 s passed), one of them th rew out his niece and jumped out of the b us , his

w ife w ho escaped af ter him was bu rned(ab ou t 30 s pas sed).

I pas sengers arou nd seat 34
E scaped f rom R7 smash ed by an other bu s driver usin g a crow bar (about 20 s
pass ed).All w ere burned serious ly.

Tab.4　Temperature profiles

time/ s y=0.7 m y=1.5 m y=2.3 m

100

200

300

400

500
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the burned area , the quant ity of the combustible

liquid on the spo t could be reasonably deduced.

(Ⅰ)The volume o f gaso line

The burned area is 0.3 m ×0.3 m =0.09 m
2
,

the thickne ss of gaso line is 0.009 ～ 0.011 m , the

volume is almost 0.8 ～ 1 L .The density of

gasoline is 0.74 kg/L .

(Ⅱ)The heat release rate(H RR)of gasoline

Q=0.036 kg ·m -2 · s-1×46 MJ·kg-1=

1 656 kW ·m -2.

The amount of g asoline causing the init ial f ire w as

almost 1 L , judging f rom the descriptions of

wi tnesses about the size of the box carried by the

culpri t.

(Ⅲ)Burning time

T =gasoline w eight/burning rate =

V ×ρ/v =1 L ×0.74 kg ·L-1/

(0.3 m ×0.3 m ×0.036 kg ·m-2 ·s-1)=228 s.

Taking 230 s , if w e assume a burning eff iciency of

0.8 , the total burning time is about 290 s.The

burning time agrees w ith rescuer presentations
[ 9]
.

2.3　Simulation setup

After the g rid independence test i s

conducted[ 10] , all meshes are cut into 10 cm ×10

cm×10 cm g rids , sui table for the case.There are

al toge ther 0.225 million g rids in the computational

area.All grids are dist ributed into 6 node

computers to execute parallel processing and a control

server is used to collect the data from each node.Each

node has 2 XEON5 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 show n in Fig.6.

3　Result and discussion

3.1　Temperature of the simulation

The temperature in the simulation(1 000 ℃)

is almost the same as the actual burning

tempe rature o f gasoline (1 026 ℃). T he

tempe rature prof iles o f the bus fi re are calculated

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

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

Fig.4　Timeline based on rescuersand evacueesdescriptions

Fig.5　Scene designed f igure
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Fig.6　HRR curve

the figure represent a summary of the visual

observat ions[ 11] .

The temperature profiles of the calculation

agree closely w ith the description o f ev acuees and

rescuers , based on the compa rison at dif ferent

rescue times.T he H RR curve confo rms to the

timeline of f ire scene inve stig ation of the evacuees.

The detailed temperature pro file o f a cri tical

section is show n in Fig.8.

Fig.7　Temperature curves of detectors

Fig.7 presents the tempe ra ture curves of

detectors at the f ront door , w indow R3 , back doo r

and window R7 , respectively.I t i s apparent that

the tendency of temperature change is in

accordance w ith the H RR curve.The tempe rature

of detecto r D1 is relatively low and a lit tle mo re

than 600 ℃.But the temperatures of othe r

detectors are very close and at a higher level.It

might be concluded that a g reat deal of smoke w ith

high temperature flew out o f the f ront door unde r

the action of natural convection resul ting f rom the

breaking of D1 , which led to a larg e amount of

heat loss. It w as such an advantageous

circumstance that some valuable time w as gained to

help several passengers near D1 to escape the plight.

Fig.8　Temperature contour with t =240 s

3.2　Smoke and fire propagation analysis

The smoke and f ire propagation profiles of the

f ire scene are also assessed in accordance w ith the

rescue times(30 s , 100 s , 200 s , 300 s , 400 s)of

w itnesses on the spot , as demonst rated in Fig.9.

The smoke and fi re dif fusion simulation show s

that if the narrow , clo sed car riage of the bus

ignited w ith the accelerating agent , heavy smoke

w ould spread along the roof rapidly and obst ruct

the escape paths.The smoke layer w ould also

become lower to the flo or lev el w ithin 100 s.

Everyw here in the bus w ould be f illed w i th thick

smoke in 200 s.This scenario confo rms to the

invest igation into the escape of the evacuees.

The tempe rature around the seats a t the fire

source reached 600 ℃ at 40 s f rom the ini tial

period.In that situat ion , passenger s w ould be

trapped in the closed carriage unless doors or

w indow s could be opened quickly and easily.T he

crow ded carriag e w as shrouded in heavy smoke

immediately in the initial stages of the f ire.I t w as

impossible to move along the aisle at 100 s.Smoke

then grew increasing ly thicker.The area near the

driver , al though far f rom the fires o rigin , also had

heavy smoke accumulation because o f the sealed

environment.At 200 s , w ith the breaking of D1 ,

cold ai r came into the bus under the action of

natural convection.The fi re around D1 g rew

bigge r because of the supplement of f resh ai r.Bo th

soo t densi ty and temperature increased rapidly , as

can be seen in Fig.7 and Fig.10.It can be

concluded that the fire g row th path usual ly
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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 O 2.The product v olume fraction

of CO is in accordance w ith the HRR-varying

Fig.10　Soot density curves of detectors

tendency.However , the mass fraction of O2 i s

right to the contrary.The peak vo lume fraction of

CO is 10%.Because o f the breaking of the front

doo r D1 , the CO volume fraction and the O2 mass

f raction of D1 are apparent ly different f rom those

o f other detectors , which is in favor o f passenger s

escape.The optimal escape stag e is the fire

g row ing phase f rom the beginning to 150 s.In this

stag e the vo lume fract ion o f CO is no mo re than

0.5%, which is the safety concentration of CO.

The follow ing stag e is the fire spread phase from

150 s to 300 s.In this stage the content of CO is

g row ing quickly and even reaches 10% partially ,

Fig.11　CO concentration curves of detectors

Fig.12　O2 concentration curves of detectors
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which is seve rely poisonous and makes passengers

unable to move f reely.Fig.13 and Fig.14 show the

CO concentration at bow height and CO isogram of

cri tical section , re spectively.

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

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

4　Conclusion

(Ⅰ)It is v ery obvious that the origin of this

bus f ire is the igni tion of the accelerating agent.

The simulation results indicate that the fi re

g rowing so quickly is ow ing to the suff icient heat

release rate of the fire source in ignit ing the

at tachments on passengers and the supplement of

f resh air through broken doors and w indow s.If

the fire spread had not been so fast as w as caused

by the accelerat ing agent , the production of heat

and smoke w ould not have been abundant enough

to cram the whole carriag e in a sho rt t ime.

(Ⅱ)It can be concluded that the main reason

fo r the death is the high temperature and overload

of the bus.The combustion generates lo ts of to xic

gases and soo t , but both of them decrease quickly

due to the breaking of the doors and w indow s.It i s

the sustained high temperature around the

evacuation path that rende rs crow ed passenge rs

unable to escape.

(Ⅲ)Fire simula tion can provide information

on fi re grow th and spread , and smoke production

and movement , which are all necessary to fire

invest igation , both in causes and pro tection of life

and property. A fire scene reconstruction

supported by numerical simulation can also of fer

impo rtant info rmation to fire administ rations to

f ind an optimal w ay to reduce fire damage.
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