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Abstract：Theequationsonthetwo-layerfirezonemodelASETforachamberwithairsuppliedthroughleakage
aresolvedbythesymbolicmathematicsprogrammeMATLABandMAPLEV.Twokeyequationsareconsidered.
Atotalnumberof12simulationswerecarriedoutontwodesignfiresinsixcompartmentswithfloorareavarying
from 10to100 m2.Theresultsarecompared withthosesimulatedby ASETitselfandanothersoftware
FIREWIND.
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0　Introduction

Theuseofsymbolicmathematics[e.g.1,2]isnow
verypopularinscienceandengineering.Howthis
techniquecanbeappliedinfiremodelingisfurther
studiedinthispaper.Thesoftwaredevelopedfor
handlingmatricesMATLAB[4]andMAPLEV[5]are
selected.Itisahigh-performancelanguagefor
technicalcomputing,integratingcomputation,visu-
alization,andprogramminginaneasy-to-useen-
vironment.Typicalusesincludemathematicalanal-
ysis,computationalprocess,modeling,simulation,
dataanalysisandvisualizationwithscientificgraph-
ics.Agoodgraphicalprocessorisavailableforpres-
entingtheresults.

Two-layerzonemodelsaredeveloped[e.g.7-11]
forsimulatingbuildingfiresbytakingintoaccount
anupperhotsmokelayer,alowercoollayeranda
plume.Thereshouldbe11variablesontheproper-
tiesofthetwolayersandthecompartmentpressure
with11equationsforsolvingthem[e.g.3,4,9].But
sincetherearesevenphysicalconstraints,themaxi-
mumnumberofordinarydifferentialequationsre-

quiredtobesolvedisonlyfour.Withintelligentuse
ofassumptions,thenumberofdifferentialequations
tobesolvedcanbelessthanfour.

AvailableSafeEgressTime(ASET)isoneof
theearliestzonemodels[7]forcalculatingthetem-
peratureandinterfaceheightofthehotsmokelayer
inasingleroomwithdoorsandwindowsclosed.A-
vailableSafeEgressTime-BASIC(ASET-B)is
acompactandeasy-to-runprogramwhichsolves
thesameequationsasASETbutinBASIC[11].In-
putdatalikethegeometryoftheroomsuchasthe
floorareaandceilingheight；heatlossfraction；the
heightandheatreleaserateofthefire；andthe
maximumtimeforthesimulationarerequiredfor
predictingthetransientsmokelayertemperature
andinterfaceheight.

Inthispaper,theequationsforASET[6] are
putintoMATLAB[3]andMAPLEV[4]tosimulate
atypicalroomfire.Theresultsarecomparedwith
thosebyFIREWINDversion3.4[12],whichisauser
-friendlytoolforfireengineerstocarryoutfire
hazardassessment.



1　TheModelASET

ASETisatwo-layerzonemodelforaclosed
chamber[7].Therearenoopeningsassignedinthe
room withairsuppliedthroughleakage.Inthis
way,theequationsforventflow need notbe
solved.

Thefollowingassumptionsaremade[13,14]：
·Roompressureisindependentofheightwhenthe
conservationofmassandenergyequationsareap-
pliedtobothzones.
·Thespecificheatcapacitiesofthegasesinthe
roomareassumedtobeconstantandestimated
fromtheinitialroomtemperature.
·Themodelmaynotbereliableforenclosureswith
alargelengthtowidthaspectratio；orheightto
minimumhorizontaldimensionratio[e.g.15].

·Theenclosureisassumedtobedividedintotwo
layerswithheatandmasstransferthroughthe
plume.Theremightbeproblemswhentheupper
layertemperatureincreasestogivestrongenough
radiativeheatfluxtocauseflashover.
2　KeyEquations

AfireofheatreleaserateQ̇(t)inaroomof
heightHandcross-sectionalareaasshowninFig-
ure1isconsidered.Asmokelayerisformedwith
interfaceheightZiabovethefloor.Equationsfor
smokelayerinterfaceheightandsmokelayertem-
peraturearederivedasshownintheliteratureand
notrepeatedinhere.Thesetofordinarydifferential
equationsforsuchatwo-layerzonemodelASET
forZihigherthantheheightofthefirearesumma-
rizedas：
dZN/dtN =-C1q-C2q1/3Z5/3N (1)
d●/dtN =●[C1q-(●-1)C2q1/3Z5/3N ]/(ZN,0-ZN)

(2)
whereC1andC2areconstantsandthefollowingdi-
mensionlessquantitiesaredefinedas：

C1 = (1-LC)̇Q(t)tcρCLCpTaAlc (3)

C2 =0.21tcA
(1-LC)̇Q(t)gl2c
ρCLCpTa

1/3 (4)

ZN =Zilc　lc(5) ～1m

tN = ttc　tc～1s (6)
Ta～300K (7)
q= Q̇(t)　Q̇0 ～0.1kW (8)

TheequationsareputintoMATLABandMAPLE
Vforpredictingthesmokelayertemperatureand
interfaceheight.
3　NumericalAnalysis

Inthispaper,equation (1)issolvedbythe
Runge-Kutta(RK)method.Therearemanyver-
sionsoftheRK methodbutthechoiceofthetime
stepisimportant.Rewritingtheequationas：

dZN
dtN =f(ZN,tN) (9)

with
ZN(t0)=Z0 (10)

Advancingfromthenthtimesteptothe(n+1)th
timestep：

tn+1 =tn+h (11)
Zn+1=Zn+ h

6 (pn+2×qn+2×rn+sn)(12)
pn=f(tn,Zn) (13)
qn=ftn+h2,Zn+

h
2×pn (14)

rn=ftn+h2,Zn+
h
2×qn (15)

sn=f(tn+h,Zn+h×rn) (16)
Insolvinganordinarydifferentialequation(ODE),
therateofconvergence,theaccuracy(orevenvalid-
ity)ofthepredictedresults,andthecompleteness
oftheresponseshouldbeconsidered.Particularly,
convergencemustbejudgedbysomeglobalcriteria.

“ODE45”inMATLABforsolvingnon-stiff
differentialequationsisusedinthispapertosolve
thetwoODEs[16].ThisisanexplicitRunge-Kutta
(4,5)pairofDormandandPrincemethodwitha
“free”interpolateoforderfour[17,18] withlocalex-
trapolation.

TheexpressioninMATLABis：
[t,Z] = ode45(′asetsub′,[1：1：te],[3.5；

300],[],Tg,Lc,Lr,A,pcl,Cp,Qt,Q0)
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tout=t
yout=Z
o3,o4,o5,o6=null
odefile=asetsub,asetsub2
tspan=1：1：620
y0=3.5；300
options=null
varargin= Tg,Lc,Lr,A,pcl,Cp,Q0,Q,k

function[tout,yout,o3,o4,o5,o6] = ode45(ode-
file,tspan,y0,options,varargin)

Non-stiffdifferentialequationswouldbesolved
byODE45bythemediumordermethod.

[T,Y] = ODE45(′F′,TSPAN,Y0)with
TSPAN = [T0TFINAL]integratesthesys-

temofdifferentialequationsy′=F(t,y)fromtime
T0toTFINALwithinitialconditionsY0.
′F′isastringcontainingthenameofanODE

file.ThefunctionF(T,Y)mustreturnacolumn
vector.EachrowinsolutionarrayYcorrespondsto
atimereturnedincolumnvectorT.Toobtainsolu-
tionsatspecifictimesT0,T1,...,TFINAL (all
increasingoralldecreasing),useTSPAN = [T0
T1...TFINAL].

Asanexample,thecommands
options=odeset(′RelTol′,1e-4,′AbsTol′,[1e-4

1e-41e-5])；
ode45(′asetsub′,[1：1：te],[3.5；300],options)；

solvethesystemy′=rigidode(t,y)withrela-
tiveerrortolerance10-4andabsolutetolerancesof
10-4forthefirsttwocomponentsand10-5forthe
third.Whencalledwithnooutputarguments,asin
thisexample,ODE45callsthedefaultoutputfunc-
tionODEPLOTtoplotthesolutionasitiscompu-
ted.
4　StiffODE

AstiffODEmeansanODEinwhichthesolu-
tionfunctionexhibitsrapidandextremechangesin
thedependentvariablewithsmallvariationsinthe
independentvariable[17,19].Asaresult,aplotofthe
solutionfunctionoverlongtimeframes(sincetime
istakenastheindependentvariableinthisstudy)
willlookquitedifferentfromaplotovershorttime

frames.
A set of differential equations is called

“stiff”[17,19] whenthemaximumeigenvalueinitsja-
cobianmatrixisseveralordersofmagnitudelarger
thanthe minimum eigenvalue.Insuchcase,the
stepsizeofintegrationisdeterminedbythelargest
eigenvalue,whilethefinaltimeofintegrationusual-
lydependsonthesmallesteigenvalue.Thereare
easier,butlessprecise,definitionsofstiffdifferen-
tialequations：

·Asetofdifferentialequationsis“stiff”when
anexcessivelysmallstepisneededtoobtain
correctintegration.
·Asetofdifferentialequationsis“stiff”when
itcontainsatleasttwo “timeconstants”
(where“time”issupposedtobethejointin-
dependentvariable)thatdifferbyseveralor-
dersofmagnitude.

Integratingsuchequationsusingtraditionalex-
plicit(RungeKutta)methodsmaytakeveryalong
computingtime；implicitmethodsshouldbeusedto
reducethecomputationtime.However,implicit
methodsarenotveryefficientinsolvingnormaland
non-stiffequations.

Anon-stiffODE meansanODEinwhichthe
solutionfunctionexhibitsslowandsmoothchanges
inthedependentvariablewithsmallvariations.As
aresult,plottingthesolutionfunctionoverlong
timeframes(timeistheindependentvariable)will
lookquitethesameasplottingovershortertime
frames.
5　NumericalExperiments

Afireisplacedatthecentreofsixroomsofdif-
ferentareasbutofthesameheightof3.5m.Two
heatreleaseratesQ̇(t)areconsidered：

·FireF1：Steadyburningwithaconstantheat
releaserateof0.8MW

·FireF2：NFPAslowt2-fire[20],withacut-
offvalueof0.8MW

Tocopewiththerapidchangesinthefireenvi-
ronment,smallertimestepsarerequiredforcorrect
integrationtoensureconvergenceandaccuracyof
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thepredictedresults.StiffODEisselectedtosolve
theaboveequations.

Thefractionofheatlostbyconductionandra-
diationLCistakentobe0.35,thespecificheatca-
pacityofairCpis1004Jkg-1K-1andthecoollayer
temperatureTCLis300K.

Thefloorareasofthesixroomsare：
·Room1：10m2
·Room2：20m2
·Room3：30m2
·Room4：40m2
·Room5：50m2
·Room6：100m2
TypicalexamplesofaMAPLEVprogramlist-

ingandaMATLABprogramlistingareshownin
AppendicesAandB.

Theresultspredictedarecomparedwiththose
byFIREWINDHotLayer[12]andASET[7,13]itselfas
showninFigures2to7.Therearedifferencesin
theresultspredictedbythethreemodels.

Floorareaofthecompartmentisakeyfactor.
ItisexpectedthattheresultsofusingMATLAB,i.
e.curveAinallfigures,shouldbesimilartothose
simulatedby ASETitselfasgivenbycurvesC.
However,therearemanycaseswhichthetwodo
notagree.TheresultsofFIREWIND (i.e.curves
B)areusedforcomparisonwhichagreewiththere-
sultsofMATLABinsomecases.
6　Conclusion

Thefollowingconclusioncanbedrawnfrom
thisstudy：

·Symbolicmathematicsisnowapowerfultool
fordoingmathematicswithacomputer.It
canbeappliedtosimulateabuildingfirewith
atwo-layermodel.Arelativelysimplemodel
likeASETcanbeputintothecomputereasi-
ly.Graphicsoutputscanbeachievedeasily.
·Itiseasiertochangetheequationsandpa-
rametersconcernedfordescribingthephysics
concerned in comparison with traditional
computerprogramming.
·Thesoftwareisunderactivedevelopment,

bothonthenumericalschemesandgraphical
presentation.

From thesimulations,floorareashould be
watchedcarefullyinusingtwo-layerzonemodels.
Symbolicmathematicsshouldbeputintotheteach-
ingcurriculumofengineeringdegreeprogrammes.
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AppendixA：MAPLEVprogramlisting

A1.Mainprogramforconstantfire：
> A：=10；
> H：=3.5；
> Q：=800000；
> Lc：=0.35；
> Cp：=1004；
>k：=600；
> Tg：=300；
>g：=9.8；
>pL：=1.293；
>
> TMAX1：=sqrt(Q/1000/1000)∗k；
> TMAX：=trunc(TMAX1)；
>
> C1：=(1-Lc)/(Cp∗Tg∗pL∗A)；
> C2：=0.21∗((1-Lc)∗g/(pL∗Cp∗Tg))∧
(1/3)/A；
>
> with(share)；
> with(ODE)；
>S0：=[0.0,H]；
>eq0：=(t,Z)->-C2∗(Q)∧(1.0/3.0)∗Z∧
(5.0/3.0)-C1∗Q；
>Z1：=rungekuttahf(eq0,S0,0.1,1)；
>Zt：=Z1[1]；
> RS：=[Zt[1],Zt[2],Tg]；
>dppts3：=array(0..909)；
>dppts3[1]：=RS；
>fornfrom1by1whileRS[2]>=0.001do
>　forifrom1by1whilei<=10do
>　　eq12：=(t,Z,T)->-C2∗(Q)∧(1.0/3.0)
∗Z∧(5.0/3.0)-C1∗Q；
>　　eq22：=(t,Z,T)->T/(H-Z)∗(C1∗(Q)
+C2∗
> ((Q)∧(1.0/3.0))∗(1.0-T/300)∗Z∧(5.0/
3.0))；
>　 　rkpts2：=rungekuttahf([eq12,eq22],RS,
0.1,1)；
>　　RS：=rkpts2[1]；
>　od；
>　dppts3[n]：=RS；

>od；
>plot(makelist(dppts3))；

A2.Mainprogramfort2fire：
> A：=10；
> H：=3.5；
> Q：=800000；
> Lc：=0.35；
> Cp：=1004；
>k：=600；
> Tg：=300；
>g：=9.8；
>pL：=1.293；
>
> TMAX1：=sqrt(Q/1000/1000)∗k；
> TMAX：=trunc(TMAX1)；
>
> C1：=(1-Lc)/(Cp∗Tg∗pL∗A)；
> C2：=0.21∗((1-Lc)∗g/(pL∗Cp∗Tg))∧
(1/3)/A；
>
> with(share)；
> with(ODE)；
>S0：=[0.0,H]；
>eq0：=(t,Z)->-C2∗(1000∗(t/k)∧2.0∗
1000.0)∧(1.0/3.0)∗Z∧(5.0/3.0)-C1∗1000∗
(t/k)∧2.0∗1000.0；
>Z1：=rungekuttahf(eq0,S0,0.1,1)；
>Zt：=Z1[1]；
> RS：=[Zt[1],Zt[2],Tg]；
>dppts3：=array(0..909)；
>dppts3[1]：=RS；
>formfrom1by1toTMAXwhileRS[2]>=
0.001do
>　forifrom1by1whilei<=10do
>　　eq11：=(t,Z,T)->-C2∗((1000∗(t/k)∧
2.0∗1000.0)∧(1.0/3.0))∗(Z∧(5.0/
>　　3.0))-C1∗1000∗(t/k)∧2.0∗1000.0；
>　　eq21：=(t,Z,T)->T/(H-Z)∗(C1∗1000
∗(t/k)∧2.0∗1000.0+C1∗
> ((1000∗(t/k)∧2.0∗1000.0)∧(1.0/3.0))∗
(1.0-T/300)∗(Z∧(5.0/3.0)))；
>　　rkpts1：=rungekuttahf([eq11,eq21],RS,0.1,1)；
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>　　RS：=rkpts1[1]；
>　od；
>　dppts3[m]：=RS；
>od；
>fornfrom1by1whileRS[2]>=0.001do
>　forifrom1by1whilei<=10do
>　　eq12：=(t,Z,T)->-C2∗(Q)∧(1.0/3.0)
∗Z∧(5.0/3.0)-C1∗Q；
>　　eq22：=(t,Z,T)->T/(H-Z)∗(C1∗(Q)
+C2∗((Q)∧ (1.0/3.0))∗(1.0-T/300)∗Z∧
(5.0/3.0))；
>　　rkpts2：=rungekuttahf([eq12,eq22],RS,0.1,1)；
>　　RS：=rkpts2[1]；
>　od；
>　dppts3[m+n-1]：=RS；
>od；
>plot(makelist(dppts3))；
AppendixB：MATLABprogramlisting

B1.Mainprogramforconstantfire：
COMMAND-File
clear；clf；
%initialconditions
H =3.5；
A =10；
Tg=300；
Q =800；
g=9.8；
Lc=0.35；
Cp=1004；
pcl=1.293；
p=1.013；
k=600；

% C1andC2
C1=(1-Lc)/(pcl∗Cp∗Tg∗A)；
C2=0.21/A∗((1-Lc)∗g/(pcl∗Cp∗Tg))∧(1/3)；
%calculatefirststepforavoidingdividedbyzero
whenZ(1)= H
Z0(1)=H；
[t,Z] = ode15s(′asetsub1′,[1：1：800],[Z0],[],
Tg,H,Q,k,C1,C2)；
zrelt= [t,Z]；

%timestepofZ>0,te
fori=1：1：800
　ifzrelt(i,2)>0.1 ta=i；
　end
end
te=fix(ta)；
%initialZ
Ze=zrelt(2,2)；
%calculateothersteps
Z0(1)=Ze；
Z0(2)=300；
[t,Z] =ode15s(′asetsub′,[1：1：te],[Z0],[],Tg,
H,Q,k,C1,C2)；
　result= [t,Z]；
%plotfiguresandending
plot(t,Z(：,1),′k-′)；
figure
plot(t,Z(：,2),′k-′)；
saveaset.datZ-ascii

M-File
functiondZ =asetsub1(t,Z,options,Tg,H,Q,k,
C1,C2)
%dZ/dtisdZ(1)
dZ=zeros(1,1)；
dZ(1)= -C1∗(1000∗Q)-C2∗(1000∗Q)∧
(1/3)∗Z(1)∧(5/3)；
functiondZ = asetsub(t,Z,options,Tg,H,Q,k,
C1,C2)
%dZ/dtisdZ(1)
%dT/dtisdZ(2)
dZ=zeros(2,1)；
dZ(1)= -C1∗(1000∗Q)-C2∗(1000∗Q)∧
(1/3)∗Z(1)∧(5/3)；
dZ(2)=Z(2)/(H-Z(1))∗(C1∗(1000∗Q)+C2∗
(1000∗Q)∧(1/3)∗Z(1)∧(5/3)∗(1-Z(2)/Tg))；

B2.Mainprogramfort2fire：
COMMAND-File
clear；clf；
%initialconditions
H =3.5；
A =100；
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Tg=300；
Q =800；
g=9.8；
Lc=0.35；
Cp=1004；
pcl=1.293；
p=1.013；
k=600；
% C1andC2
C1=(1-Lc)/(pcl∗Cp∗Tg∗A)；
C2=0.21/A∗((1-Lc)∗g/(pcl∗Cp∗Tg))∧(1/3)；
%calculatefirststepforavoidingdividedbyzero
whenZ(1)= H
Z0(1)=H；
[t,Z] =ode15s(′aset2sub1′,[1：1：800],[Z0],[],
Tg,H,Q,k,C1,C2)；
zrelt= [t,Z]；
%timestepofZ>0,te
fori=1：1：800
　ifzrelt(i,2)>0
　　ta=i；
　end
end
te=fix(ta)；
%initialZ
Ze=zrelt(2,2)；
%calculateothersteps

Z0(1)=Ze；
Z0(2)=300；

[t,Z] = ode15s(′aset2sub′,[1：1：te],[Z0],
[],Tg,H,Q,k,C1,C2)；
　result= [t,Z]；
%plotfiguresandending
plot(t,Z(：,1),′k-′)；
figure
plot(t,Z(：,2),′k-′)；
saveaset2.datZ-ascii
M-File
functiondZ=aset2sub1(t,Z,options,Tg,H,Q,k,
C1,C2)
%dZ/dtisdZ(1)
dZ=zeros(1,1)；
dZ(1)= -C1∗(1000∗(t/k)∧2∗1000)-C2∗
(1000∗1000∗(t/k)∧2)∧(1/3)∗Z(1)∧(5/3)；
functiondZ =aset2sub(t,Z,options,Tg,H,Q,k,
C1,C2)
%dZ/dtisdZ(1)
%dT/dtisdZ(2)
dZ=zeros(2,1)；
dZ(1)= -C1∗(1000∗(t/k)∧2∗1000)-C2∗
(1000∗1000∗(t/k)∧2)∧(1/3)∗Z(1)∧(5/3)；
dZ(2)=Z(2)/(H-Z(1))∗(C1∗(1000∗1000∗
(t/k)∧2)+C2∗(1000∗1000∗(t/k)∧2)∧(1/3)∗
Z(1)∧(5/3)∗(1-Z(2)/Tg))；

符号数学运作双层区域火灾模型

隗　乔,周允基
(香港理工大学 学术强项领域 消防工程研究中心)

摘要：本文运用符号数学 MATLAB及 MAPLEV 计算双层区域模型 ASET的方程式,考虑两条基本方程,报告由
六所面积10至100平方米的房间,在2个设计火灾下共十二个模式例题的环境及结果也和 ASET及FIREWIND
程序比较。
关键词：火灾模型,双层区域模型,符号数学
中图分类号：X924.2　　　　文献标识码：A
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