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ABSTRACT

This paper describes a smoke flow model which is based on the
construction parameters of underground buildings and the thermophysical
peculiarities of combustibles and shows the results including , the
rate of smoke spread from the fire room to corridor, temperature and
optical density as a function of time, compares the model results with
data from a full 'scale simulated underground building fire.

INTRODUCTION

Recently unde r-gr-ou nd build i ng s have been used as markets, publ ic places of
entertainment,hotels,classrooms and warehouses in 197 cities of our
country. Total area is about 10 million mi. In Shanghai there are about
1300 thousand m2 .In Beijing there are more than 500 underground hotels
with 40 tAousand beds.In these buildings there are concentration of a
lot people and combustibles, but only fpwer exits, fire extinguishing
equipments and vents,so that the self-rescue ability is 10w.In case of
fire, a large amo~nt of hot smoke can not be exhausted.Because of the
obscuration of smoke,the visibility i s decreased seriously,besides the
toxicity and high temperature of smoke cause tremendous difficulties
in evacuating, extinguishing and rescuing.

So it is an urgent need to study the characteristics of smoke flow
in underground building fire tto develop the applicable mathematic model
and the computational software.

In view of fire extinguishing and rescuing,this paper discusses the
general rule of . smoke flow in underground buildings, in consideration
of the special construction features,calculates parameters including
smoke temperature ,the height of smoke layer ~nd the optical density in
the fire room and the corridor. The s e , results are compared with
experiment data.

Thes~ experiment data quo ted in this paper are collected from a
full-scale simulated fire of a underground building in Shanghai.The
construction and the room facilities are simulate~ the typical under­
ground hotels at present.There is a 42 m long corridor,two exits to
ground at the both terminals. There are rooms ,a t both sides of corridor.
There is a air inlet for mechanical ve,ntilation Ln the room. Total area
of the underground building is 305 m2 and the area o~the fire room is
22 m2 • See Fig.l.
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FLOW CHARACTERISTIC OF SMOKE
I

1. The Ti me Smoke ' Be g i n n i ng to E~it From a Room of Firc prigin
A r o o m i n underground building for civil use has no connecting passage
other than doors,w indows joining with corridors. So smoke would soon
e mi t · from a n opened door and rush into a co r ridors in case of fire.

Thomas (1~8 4 ) 1 sugge s ted the fllow ing equation t o cal;;ull.lte the time
s mo ke begi ni n g to emit from a room:

• 1/1 2/1 ·. 2/1
t = bA(PCpT~/gQ) (l/h - .l/H ) ,(1 )

whe r e b = constant,
A = floor area of the room,
~ = temperature of environmental air,
P = density ,
Cp = specific heat,
~ = acceleration of gravity,
Q = r a t e of heat release,
h = he ight f rom floor to upper brim o f the door, .
H = height of the rODm.

Zukoski (1985)2suggested the following corresponding equat~on:

H' . + Q'. +. • 1/3 .5/3 0a( Q ) H = (2 )

Q.=
a =

Ca l c u l a t i o n
re s u l t can
mode 1. 3 Its

where H· = relative height of lower interface of ihe
l a ye r,

r elative heat release rate,
t h e mass entrainment coefficient .
shows t hat a v a l u e more approaching to the
be obta1ned by the Mccofforoy equation adopted

e q ua t i o n expressed as following:

smoke

experimental
by the FAST

rD. = K Q ( Z. / Q~ ).. (3)

where rD. = r a t e of smoke mass generation,
Z.= thickness of smoke layer,
k,A ,"," are exper i c coefficients respecti vely . ,

The n the t i me for the lowe r interface of the s mo ke layer , to reach .
u p pe r b r im of the door , namely the time smoke beg ining to emit the
c a n be 'obtai ne d by ~

t = A Z, fa / m.
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whe r e Z,: the v.er t.Lc a L distance between the upper" brim of the door
and the ceiling,

P,: smoke density.
It is pointed out by the experimental report4that the time from a fire
occur~d to smoke emitting from the room is less then 30 s in some
experiments.
2. Corridor Smok~ Transfer Ra te
The continuous e qua t Lo n of the horizontal flow of smoke in , corrido.r is
as below:

(5 )

,
where B: width of corridor~

V : horrizontal transfer rate of smoke along the corridor.
The relation ' of the thic'kness 'o f smok~l layer tohorrizontal flow
ve Loc I t y can be derived 5 frombuo~Tane 'characteristic of smoke:

(6 )

( 8)

(7 )

Where

: densit y of environmental air,
: c oe f' f Lc Le n t; , ~ 't).,

equations can ibe derived
, I "

Vs : Kf In;(.3p~/J( a- 1 )'/3

Zs: k2 mr3p:1: a- 1 )'/3

~/J V3
Ki: (.r B I 2 g )', Kt = ( t I 2s B2 ), e= T8 ' I TI

1'8= average temperature of the smoke.
Equations (7) and (8) indicate that both the transfer rate of smoke
along the corridor and the desending rate of lower interface of the
smoke are relatively quick 'd ue to the narrowness of the corridor in the
underground building for civil use.
As pointed out in the exp~rimentai report, the transfer rate of smoke
soon after a fire occured is about 0.5 mis, if th~re is a wind in the
corridor, the transfer rate in ' t he direction of the ' wind will be
quciker. The descending rate of the lo~er interface of the smoke layer
is about 12 cm/min.
3. The Smoke Density in the Underground Building for Civil Use
Onc~ a fire Dccured in an underground building of civil use, thick smoke
would be generated from combustion of wooden furniture ' arid 'fibre, nnd
cause shape descending of visibility in the building . .
Smoke density is usually expressed as opt'i ica l' de ns i.t.v , Opt Lc a l . do n s i t y
and visibility arp given as : .

, p.
C

Following

D / L = O<pXpm,/ V

Lv = Kvl ( D / L )

(9 )

( 10 )'

where D = the optical density of the smoke,
L = the metrical length of the beam,
eI,. = the optical de ns L t. y of -t he smoke pa r t Lc l e s ,
mF = the combus t.Lon loss of the fuel mass, '
Xp= the ratio of the generation rate of the smoke particles
, mass t o L't he combustion los's of t.he 'f ue l mass,
V = the volumetrical flow of the smoke,
L. = vis i b i Li t y , ..
K. = c oe f f Lc I e rrt .

The volumetrical flow of the smoke c an be de ~i~ed fr6m the following
equation: 0
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v = ( ) Til / DC. (11 )

where ma= flo~ of air mass-entrained in the smoke,
~~= flow ~f air mass taking part in combustion reaction,
Cla= coefficient. .

Subs t I tute equation (11) into equation (9) and (10 '). the equation of
opt ical density and yisibility can be obtained:

"""'-1plot for the v i s i b il i t y of a , place 1.5 m
messured in the experiment . '

D = ot Ad ( 1+.J3a) Ta
-1

i., = k J3 f ( 1 + J3a) Ta

0< = LO<a 0<(' Xp , J3a = ma/m~
k = kvl DCa DIp Xl' .

Fig . 7. is a time history
t h e floor of the corridor
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MATHEMATICAL MODEL DISCUSSION

Beca~se of the c a pa c ity of the computer used in Cll i ne s e Fire Rrigndes
and in order ,t o ' shorten the calculation t i mc', this paper lise thc z o ne
modeling method.

According to the bas ic e qua t i on and auxLl i a r y equa tion, We c an s et the
following mathematical model of the smoke temperature. the ~moke height
and the smoke density in the corridor.
Equation of. thickness of smoke layer

- k • t/Jp-J/J( 8 1 )-IIJ
Zg- t mg -

Equation of variation of smoke layer temperature

Where QL = Total heat loss rate
Equation of optical density

D = 0< J3f / (1 + ft.) Tg
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In this model, we introduce the geometric condition, the physical
condition, the original condition, and the boundary condition, that fit
the underground building and solve it with numerical method.

In this mathematical model, considering mechanical ventilation in the
room, the smoke entrainment force in the corridor, the parti~l condition
in the corr idor when smoke removing, we revise the zone modelirrs mclhod
in some aspect,we also suppose the wind has a regular rate in the
corridor when ventini smoke,the air flow for the smok~ venting is mixed
fully with the smoke in the corridor.

CONCLUSION

The computer software programed by use of the mathematical model can
predict the fire condition of underground building for civil use "q u i c k l y
and quantitatively, that can provide scientific basis for preparing the
prefire plannings, revising the fire prevention codes for underground
building, and for improving the fire safety management of underground
building.
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