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ABSTRACT

In the subway station fires, the most immediatedhto passengers’ life is not the direct exposuoirigre,

but the smoke inhalation because it contains hotaad toxic gases. Theoretical analysis and CFD
simulations are applied to analyze the various iptessventilation model and obtain the optimizatioh
ventilation mode in the subway station fires. Adting to the structure characters of the subwayostand

the mechanics analysis of smoke flowing, the antatn is put forward to control the smoke diffusion
according to the streamline and flux principle. Teenputational mathematical model of the air cariai
derived theoretically. The results indicate thatrenthan 6 minutes for safe evacuation can be gtesdn
by air curtain. The quantity of fresh air that #ie curtain needs has been only 2/5 of which thditional
method, which effectively prevent the fire expamnd @ontrol the smoke diffusion.

Keywords: Subway Sation Fire, Smoke Control Model, Air Curtain

1. INTRODUCTION However, in underground facilities such as a
subway station, it is dangerous for passengers to
There are many Subway fires in the past twevacuate toward the ground floor because smoke
decades when the subway has become a mapso flows upward to the ground. A number of
transportation scheme in metropolitan areas. Fostudies have been reported on fires in underground
serious accidents were listed: (1) the fire at $arfacilities[3,4,5]; however, few systematic studies
caused 84 deaths in 1903, (2) the fire at King'save been conducted on air curtain in subway
Cross subway station happened in 1987 and caus&dtions. So the objective of the present papés is
one death and 47 serious injuries, (3) the fire amvestigate the effectiveness of air curtain, whih
Baku in Azerbaijanwas more horrible, the hot gasopposite to the buoyant smoke flow, by computing
and toxic smoke Kkilled 337 people and 22%he behavior of smoke.
seriously injured, (4) the subway fire in Korea According to ‘Code for design of metro’ (GB-
caused 138 deaths and 99 people disappear[5p157-2003), if the subway catches fire on rush
From the computational fluid dynamics (CFD)hour, all passengers can evacuate from the platform
simulation results of the King’s Cross fire, it wasin 6 minutes. The traditional way is installing kgan
found that smoke diffusion in the complicatedwalls more than 500mm high at the stairhead,
station could hardly be predicted and the smokexhausting smoke in the platform layer and
control is crucial in a fire emergency; morepressurization in the mezzanine, keeping negative
precisely, for example, buoyant smoke may movpressure difference in the platform layer to make a
rapidly through the stairwells, blocking themore than 1.5m/s flowing downwards at the
passages through which passengers are supposedtiorhead, which make people evacuate
evacuate [2]. So it is obviously known that, in theconveniently to the mezzanine. But it will resut i
fires of subway station, the most immediate thredbrming negative pressure in the platform layer,
to passengers’ life is not the direct exposurerty f plenty of fresh air will swarm into fire place and
but the smoke inhalation because it contains hiot anake the fire more intense, bring trouble to fire
and toxic gases. And the key to evacuate easily éxtinction and salvation[6]. High efficient
how to control the smoke diffusing in a subwaypreventing and exhausting smoke equipment should
station fire. have some functions such as absolute smoke
isolation, in and out smoke isolation places freely
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not influence filed of vision, therefore, adoptiag could be close to the air's, and could be seen as
curtain in stairhead for replacing the traditionaldeal gas approximately. So after being heated the
smoke prevention model for smoke prevention wagmlume expansion of smoke was showed by ideal
put forward in this paper, in order to assure gafegas function:

evacuation.

Ve = VoL + B(t —1o)] (1)

2. PHYSICAL MODEL OF SUBWAY )
STATION Where V; is the volume of smoke when the

temperature ids, m; V,is the volume of smoke

The usual subway station is divided into uppefnen the temperature ig m’; t,is the temperature
layer and lower layer generally, the upper layer i8f SMOke,C ;¢is normal temperature in the station,
concourse layer, while the lower layer is platiormC B is the coefficient of smoke’s volume
layer. The only passage for people to evacuate frofxpansion=1/273, 1iC .
platform layer is the stairhead connecting the When the combustion reached shotpoint, the
platform layer and the concourse layer. There atemperature was about 8Q0 , it could be seen from
two tunnel faces ahead to tunnel at left and rightormula (1) that the volume of smoke just increases

The physical model was showed as Figure 1. three times, therefore, beside fire, the majordiact
of smoke flowing was the heat expansion of smoke.
staircase 4 When the smoke was flowing, the smoke flowing

raircese % = from the face of ceiling fell down gradually, the
staircase 2 e - reason was that smoke loses buoyancy force
staircase 1 /\*\"%»/ gradually after it contacted ceiling and was cooled
e " ks roveition rertiual wall Because subway station was a more ringent sealed-
e . off system, the pressure difference results from
TR smoke expansion produced by combustion is dinky.
So the heat expansion of smoke was not the major
E factor that made smoke diffuse in evacuation path.
3.1.2. Heat pressure effect
The characteristic of heat pressure effect was
that, when the temperature outside was lower than

3. SMOKE FLOW ANALYSIS OF ESCAPE it inside, there was a upcurrent. This phenomenon

STAIRHEAD OF SUBWAY STATION was called heat pressure effect. It was the aw flo
caused by the difference of heat pressure which was

caused by the change of air density results fram th
difference of temperature.
The differential pressure was:

Figure 1: Physical Model Of Platform Layer

3.1. Pressure Analysis Of Escape Stairhead Of
Subway Station

In the mode of flow, there was hardly any

difference between smoke and air, they were just

different in the quantity of oxygen and carbon Ap, = 9(p, =P, ), —h) )

dioxide, but this kind of difference did not

influence physical characteristics of gas gravely. Where g, andt, are the outside air density and
The characteristics of smoke particle and air Wer%mperature respectivelyp, is the air inside
different remarkably, but even though thed nsity when the temperaturetis kg/mg; his the

concentration of smoke reached the degree thﬁl ight from bottom to the calculation height, I;

reduces the visibility almost to zero, it was nblea is the height from bottom to the neutral plane, m.

to change the whole flowing mode. Generally313 Synthesis effect

Speakmg’ the major factor resulting in smol§e It could be seen from the analysis above that the
flowing was: when fire happens, the gas EXpansiOfhief factor which caused the smoke to flow and

and the heat pressure effect resulting fronaiffusion was the heat pressure effect, while the

temperature rising. smoke heat expansion was the secondary factor

3.1.1. Gasexpansion i . causing smoke diffusion[7].
Generally, smoke was abouts3heavier than air

in the same temperature. Clotted drop contained in
smoke sedimentation or absorbs to the wall, atféer i Ap =kg(o, - pu)(h—h)  (3)
isolation from smoke, the volume weight of smoke
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Wherek; is the effect coefficient of the smoke use upwind air curtain, and according to the plane
heat expansion to heat pressie;1.05. jet stream blowed-out aslant deduced in reference 3
the stream function of its basic segment was:

3.2. Analysis Of Smoke Flow Field 1
3.2.1. Smoke flow , = EVO (%jz th{(@}(y_ X[ﬂga):| (7)
According to the principle of hydromechanics, the 2 cose ax
flow generated from differential pressure was: Wherev, is exit velocity of jet stream, m/bg is
width of wind gap, ma is coefficient of turbulence
Ap=pEQN?/2 (4) current,a=0.11-0.12[8];a is the separation angle

of jet stream axis with axis #( ) is hyperbolic

tangential function.

3.2.4 Stream function of stairhead

1 Here the air was considered as incompressible

V=[2Igg(pn—pw)(ho—h)]§ (5) fluid, the plane jet stream can be considered as
e potential flow approximately. According to the

principle of superimposition of flow field, the

stream function after the two air stream

Where(¢ is coefficient of resistance;is air flow
velocity at the evacuation stairhead, m/s.
Substitute formula (3) into formula (4), it gets:

3.2.2. Stream function of smoke flow ! ]
Now taking the cross direction of evacuatiorP!P€NMPOSING Was:
stairhead as x axis, taking the vertical directidn
evacuation stairhead as y axis, and taking the tof/ =%, +W¥,
part of evacuation stairhead as point o, system of 1 (8)
axes was established. Under the effect of ¥, dx+§v (ﬂjzth{(cogﬂ( _ }
. / = b y-x(iga)
differential pressure, the flow through the Jo ¥ 2 "\ coxx ax
evacuation stairhead was regarded as one-

dimensional flow, namelyw=v,, andh=H-x. As it
shown in Figure 2, accordinyg to the definition of Furthermor.ed;/o'ko'y_:o‘{;./oyo"x (leave the course.
m‘ mathematical testification out), shows that this
stream function was existent, the designed flow
field was:
y=0 Whenx=0;
————————————— y=0 Whenx=H.

4. DESIGN COMPUTATIONAL
MATHEMATICAL MODEL OF SMOKE
PREVENTION AIR CURTAIN

Substituting the boundary condition into stream
1y function formula (8):

k Whenx=0, y=0, the streamline was:

W, =0 9)

Whenx=H, y=0, the streamline was:
Yy = J‘(')-| Vde—
Figure2: Flow Field Map Of Design Of Stairhead 1 (10)
V3 (abOH jE th(sina com)

X
- 2y,
(/ll—J.OVde 2 °\ cosx a

_ _ 2 (6)
:IX[Zkig(p" L)~ H +X)} dx As known from hydromechanics, the difference
0 e value of two streamlines was the flux which takes
the two streamlines as boundary, in this place, it
3.2.3. Stream function of smoke prevention air shown the flux of air or smoke gets across the
curtain stairhead when the air curtain worked. It was:
Considering the setting, maintenance, beautiful
seeing, application and reliability, it was suitald
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L =B, -¥,) 5. CASE SIMULATION

1 . .
" J3 HY2 (sing cogr\(11) 5.1 Air Curtain Model
=B, vydx—7v08(22°saj th( 2 j The thickness of the air curtain was 40mm, the

) ) ) angle of jet flow was 3Dand the velocity of jet
‘Where H is height of platform layer, mB is  flow was 10m/s according to the formula (19) and
width of evacuation stairhead, m. (20). Both sides of stair rails were sealed

The front part of formula (11) was the flux of air completely by the smoke screens, which was shown
or smoke got across the evacuation stairhead in therig.3.

effect of differential pressure with no air curtain sraby fouth
namely: hatch of air cur
L. '
1
2 - -h +x))2 (12)
=BIH{ g(en-p.) (R =N, )} &
0 PLE
Because the flux of air curtain was:
LO = BbOVO (13) smoke Screen
Taking:
1
V3( a )2, (sina cosr
e=7( j th( ) (14) Figure 3: Location of smoke-prevention air curtai
cosy a
Substituting formula (12), (13) and (14) into52. Cfd Mathematical Model And Boundary
formula (11): Conditions
H 2 5.2.1. Mathematical model
L=L,-L, @[E_J (15) The CFD approach was employed to investigate
b, the flow field of subway station fire. Reliable

Because the air curtain at the stairhead was usg@pults can be obtained only when some reliable
for smoke prevention, smoke was not allowed t@ssumptions were made[10]: (1) the smoke flow in
flow into the front room, so it was requirég=0, the subway station should be three-dimensional, (2)

therefore: the k-¢ turbulence model was used to simulate the
1 flow, (3) the fire can be taken as a source of heat

L L EMEEJZ -0 (16) and smoke (accounted bgO,) in which no
P b, combustion is considered. And the governing

According to the research[9], the optimal jet;equa'uons for the conservation of mass, energy and

angle a = 30°, and the optimal specific flux
Lo/Lp=0.6, substituting these into formula (22):

urbulence kinetic energy dissipation that wereduse
in the field model can be expressed in the follawin
general format:

1
2 0 ) )
b =§(bﬁj —06 a7 (o) +div(pug) = dv(T gradg) +s, (21)
Solving it a;d getting: Wheret is the time, is the fluid densityu is
b, = 0.362H (18) the diffusion velocity,p is the dependent variables,
Substituting formula (14) andz = 30° into I" is the diffusion coefficient of smoke, ar§} is
formula (18) , and taking=0.115: the source term. _
b, =0.0357H (19) SIMPLEC arithmetic was used to solve the

We can solve accordi.ng to the formula (12) , (13 :ryl/snigledr:davaesragaedbigqlgt;)cr;s. a-l;::je fﬁ)tlatlf?oorgnse\;\;sd
, (17) and (18) , and get: radiation model which could save calculating time.
A =0_6i (20) In addition, the absorption coefficient was 0.1 and
B the dispersion coefficient was 0.01. According to
Formula (19) and (20) were the final formulas tdormer assumption, no combustion was considered
calculate the smoke prevention air curtain at thand the fire was used to be a heat-smoke source.
evacuation stairhead. The heat release rate changed with time in the
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2.98e-1

initiatory 25mins and reached the peak of 13Mw, 277

namely, g, =kt , k= 8.67kW/s. It was fully

combusted and the product was accounte€@@s
namely, Ws=9.03xIf.The uniform grid was
employed and the number of grids varied according
to the structure. A finer grid was prescribed toe t
complicated structure, such as fire, stairs, and sc
on. Totally, there were more than 364,000 grids in
the domain. For each computation, stability and
accuracy of the number were checked by changmc. S:Z’:Z
the number of iterations. Normally, a 10-time ¢ t=360s

converged solution. About 36 hours was taken to Subway Station

: ; As shown in Fig.5, after the station got fire for
run through a case on a PC with Pentium 4 3.0GH
CL:JPU an(leg4 GB RAM. W . bZO seconds, smoke spread to ti& air. Smoke

was blocked off here as a result of the smoke
screens on the top of the stair head, but there was
14| small amount of smoke at the stair head. Smoke
passed smoke screen which was above lateral

1 banister to the stair head and continual spreaideto

"1 station hall layer, threatened the upper layer’s

5 safety. The smoke spread to tieahd 3" stairs but
kept off in front of the 1st and®stair heads as a

result of smoke screens when the fire lasted fér 15
seconds. Meanwhile, the "2 stair head was
completely full of smoke, there was not any smoke
R I at the &' stair head. The whole station hall layer
R was full of smoke, which was harm to the people.

Time/minutes

Heat realease reats/MW

Figure4: Heat-Released Rate Of Fire Source 5.3.2. New control mode with a|r curtain
T e .
_- _—:'L_t;..__
5.2.2. Boundary conditions Le EMR S

The four tunnel fronts were considered as the =_ ~+ ",
pressure outlets and the four stairheads were._ = . —-
considered as velocity inlets with 1.5m/s air 770 .-«

flowing through. The pressure was the local

atmosphere pressure and the temperature was F19Ure6: TheVectgtraﬁrs(%fgs)OfVelocityFieIdAt

300K. According to the subway design criteria, no
less than 1fi(min.n?) of the exhausting volume _ -
can be supplied. So the volume of exhausting fans ~ -_— _°
was 10.3n¥s in every smoke-preventing subarea .~

which can meet the demand. 6

Figure 7: The Vector Graph Of Velocity Field At
5.3. ANALYSISOF SIMULATION RESULTS Stairs(200s)

5.3.1. Traditional Control Mode
The center plane section was selected as theFig.6 is the vector graph of velocity field after

observing face. The results were as follows. fixing the smoke-prevention air curtain at 40s.
. From Fig.6, at the beginning, when the jet flow
| - : —_— ejects at the speed of 10m/s from the smoke-
| o ; V\M/L! ﬁ\} prevention air curtain at 300, the disorder of jiite
h | : flow jostles air around the air curtain to switieh
a t=60s the direction of jet flow turns because of the swir

Fig.7 is a vector fig of velocity field at 200s. tiis
time the flow comes to be steady. The conflux of
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the air curtain jet flow and the downward airflowaccording to the streamline and flux principle. The
from the stairhead flows onwards at a nevwcomputational mathematical model of the smoke
compound speed. prevention air curtain had been derived
theoretically.

(2) The air curtain has been used at the stairhead

o kf, of the subway station to control the smoke and
: k5 ¢ :

5 ensure the life safety, according to the structural

character and the requirement of personnel safe

a t=60s evacuation. By the field simulation on the subway

fire, it was known that the smoke prevention air
curtain at the stairhead can ensure more than 6
minutes for people to evacuate safely, when a train
catched fire in the platform layer.

i
SN

b t=150s (3) The needed quantity of fresh air has been
ﬂ = reduced by using air curtain. The computation
jr »‘*‘/ Yeey ¥ results has indicated that the quantity of fresh ai
g 5/ that the air curtain needs was only 2/5 of whiah th
¢ t=360s traditional method needed, which reduces the

disadvantageous effect on the fire field.

(4) To improve the security of subway station,
the prevention air curtain could be combined with
exhaust smoke in the platform layer to control

As shown in Fig.8, the smoke appeared n&ar 2smoke diffusion.
stair when the fire lasts for 60s, but smoke dedat
from the stair as a result of the airflow of smokeACKNOWLEDGMENTS
preventing air curtain. The smoke continuously
accumulated and pressured continuously increasesThe authors wish to thank the helpful comments
as time goes by, smoke gradually approached®to 2and suggestions from the teachers and colleagues in
stair. And the smoke appears nedwhen the fire Jiangsu Key Laboratory of Urban and Industrial
lasted for 150s and no smoke in the vicinity of th&afety. This work is supported by the China
stair4 even at 360s. As shown in the Fig.6, thPostdoctoral Science Foundation funded project
smoke cannot break through the air curtain an(2012M511742) and Natural Science Fundamental
spread to the mezzanine in the whole simulatioResearch Project of Jiangsu Colleges and
course. The smoke-prevention air curtain at th&niversities (11KJB620002)).
stair head could ensure more than 6 minutes for
personal evacuating safely.

To prevent the smoke spreading to the stairheaREFERENCES:
by the traditional method, fresh air should be

Figure 8: Smoke Concentration Distribution Of The
Subway Sation

imported into the platform layer from every 1
stairhead at the speed of 45 m3/s at least. Tl[|e]
smoke diffusion could be controlled effectively by
this way, but a great deal of fresh air spread finéo

fire field and enhanced the intensity of fire. By
using air curtain, when the airflow came to be!z]
steady, about 18 m3/s fresh air should be imported
into the platform layer from every stairhead. The
quantity of fresh air that the air curtain needeasw
only 2/5 of which the traditional method needs, anéfl
it could reduce the disadvantageous effect on the
fire field.

6. CONCLUSIONS

(2) In this paper, the smoke prevention air curtain
had been put forward to control the smoke diffusion
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