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Experimental Study on Airflow in Underground Space of Metro 
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A concept of mixing ratio of piston air is developed to evaluate the portion of the 
injecting air from tunnel mixed with the air in platform space of metro system. And a 3-
dimensional turbulent model is used to simulate the airflow in metro platform resulted by 
the ventilation system and moving trains. Field measurement has been conducted to verify 
the 3-dimensional model. This experiment is performed during the normal operation time 
of a metro station with constant tracer-gas injection method. The results agree well with 
the numerical solution. The reason of the differences between experiment and simulation 
is discussed. It is concluded that the model is accurate enough for HV AC system design 
of metro line. 

Introduction 

The airflow in platform is important in thermal environment control system design for 
metro system. It is because piston air injected from tunnel to platform is one of the most 
important factors deciding (1) the cooling load of platform space, (2) the effeciency of 
ventilation system in platform, (3) the indoor air quality of platform space. The so called 
'piston air' is the air from the tunnel induced by the piston action of the moving train. The 
piston air from the tunnel is usually polluted and heated by the train braking. 

The air in platform space will fully mix with the injected air from tunnel if the 
injected air moves at very low speed. However, the air from the tunnel is flowing at 
average speed about 1~3 mis and maximum 8~ 10 mis ['l, there must be a part of air leaving 
the platform before mixing. From the view of thermal environment control, the polluted 
and heated piston air is different from the air in platform space. One of the tasks of the 
ventilation or air-conditioning system is to prevent the piston air from effecting the 
platform environment. 

Therefore, 'mixing ratio' is developed to evaluate quantitatively the portion of the 
piston air mixed with the air in platform space[21 • The concept 'mixing ratio' is defined as 
the percentage of the piston air which is mixed with the platform air over the total amount 
of piston air. If the quantities of the piston air in both the inlets and outlets are known, the 
mixing ratio of the piston air can be calculated. 

A generic control volume for studying airflow in platform is shown in Figure 1. The 
metro station shown in Figure 1 is a typical one in current metro lines in China. The train 
moves in the direction of the arrow, and the ventilation system exhausts air from the grills 
under the platform. So the mixing ratio of piston air is presented as: 

,, . = l _ G pa ,outlet 1 + G pa ,exhaust 1 
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Tlb determine the mixing ratios of piston air of different statioris ·in HV AO 1system 

design ~or a me~ro line, ~ 3-di~entional,. ~~~.r;ic~l µi~~,~~" ~~<lus~d to si~ulate t~e field of 
the station. With the simulation results, average mixnig ratio of piston alf can be 
calculated. The reliability of the model should be verified by experiment. Exam\~~~W 
should be made for some factors such as the grid and the boundary l conditions by 
comparliig the simulation results and the experiment data} ~ 1 'T~er.efore :,•the field 
measurement with tracer gas technique to verified the 3-dimensional mode1 is performed . 
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Experiments 
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The tracer-gas technique is always used to study the airflow within the bqildings[31 • 

Constanilddncentration method and decay method are usually used iri tlli.s case. ·1However, 
the experiment for studying the effect of piston air on the airflow in platform of metro 



system should be performed during the normal operation time. Different from common 
buddlirigs, ,a. t:YPiaalaim;etro platform is a.large and se.mi.,opebedispac.e bekuse .. there are at 
least four tunnel ends and several passenger's ·entrances tk>nnec:;itl'd ·ta 1art- - ~~sland type 
platform as shown in Figure 1, so it is difficult to keep the constant initial tracer-gas 
concentration before decaying. It means the decay method is not available here. 

When tracer-gas is injected into the pifston air at an inlet tunnel to keep the piston 
air having a constanHracer-gas--eoncentratitm, ·the mixing ratio can be-determined as: 

1 
Gtg,oulleAt1•+ Gtg,exhaustl 

YJmix = - (3) 
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Where the subscri~t. 'trg' .$iean~ tracer-gas. Combining equatio~ 2~ ·ma''(3), the average 
mixing ratio is deri efl· as4 '"' . .. ' 1 ~: 
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Although the-vemllation-flow rate oon-bs-controllecl-..,the~piston aif-flow rates from 
tunnels caused by the moving train are vatymg; with time, and the variation frequency 
depends on the train headw~y: ;Thus, it,_is~-diffic~lt ~?.! G<?n~rotthe tracer-gas injecting rate 
with the piston air flow rat~'to ' keep

1

constant tracer::gas concentration in the inlet tunnel. 

Theref\:fffo !h~ IT\Qst poss~qie"'*ay }o gJ.efl~me-(t\ly, aiifl?_}V) p. the; myn;o: platform is 
constant tracer-gas injection method. When tracer-gas with constant injection rate i~ 
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Where F(i~ the volumetric tracer-gas injection rate, Ptg,inreu is-tra~gas.·,dt;:.n,,~ity. From the 
equations (5) and (2), the average mixing ratio is derived.~s 
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Where c is the tracer-gas concentration. Assuming that the velocity a~~· '.~~~.51"·~~.~ 
concentration is uniform in the cross-section, then 
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Assuming the density:of airi:anditraoer-;'gas can be conside:r:ed constant, :EquationG6) canhe 
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Since the .platform space ~,quite large, (apowe ,8;()00 m3
),'. the exp~rimeJ!t. ~ime :n~e.d.s 

to ·be well designed to get !a. steady concentratiion1variaitienproc.ess of tr;;icter'."gas. In.s,l,lch,a 
large space. with highiair·.f).owifate (t~e av¢.ntge.,bigheli;~han· 100,000m31lli:); ~-,oni ~it.t:i 
experiment is· a money r)c0st ~ w;ork, so:, the exp.erimentj :.scheme:. .must pe_,,4cesjgp,ed. 1 Vi'rlYi 
carefully to avoid all interference thahm.ey: lead· ~he experiment to fail. ·~ ; r ( 1 "' (. bi~ .. '.; _ .. 
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The testing se.ctionjs,:a·m'edium-sized station ofithe metro 1line int Shanghai. China 
(see'Figuw 2) .. The . .platform; is "about· 140JinetersJong , ;l.6.8 1me:ters wiq~,a,n<lt ~-4. ine.te~~ 
high. There are four tunnels' at ·the.:e,nd 0£,the statim1 and f~ur·,1passeuge:r'.s1rntr~p~s ini~h;t} 
platform. The passenger's entrances connects directly to the ticket h,~ll upstairs. The area 
of cross- sebtion of the tunnels is 5.4x4.2m. At one

1
bnd''ofplat 9rrn,,there is a stilff's path 
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To trace the dynamic process of the pistq:µ.,~ir,}H~ RP11W~~t~~~~pp.,.9n~eJ~~~ffjg~~:h~~ 
to be sampled and recorded continuously. Since the experiment is conducted during the 
uonnal operating time, the tracer-gas should be nontoxic and safe. Due to tDlf Jmg~ v,olume 
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Oile1ofth61test ~ points was about'2.8 meters high;fromrthe track; while the othet:'one.was 
set at the level of the platform. Both were 0.8m away from the tunnel wall. Figure·'2·shows 
the exact position. 

The concentratiop.. and injycting rate i's p,,-edict~.d. befqre the,1µieasurements. The 
dynamic flow rate of piston air was simulated by means of STESS, a Subway TJ;iermal 
Envi~onment Simulatio~ · Software developed · by Thermal Engin~er Departnl~nt of 
Tsinghua University[41 . The simulation results i~ used to predict the rate that the tracer-gas 
should be injected at to acquire the suitable concentrations of tracer-gas in the downstream 
trumel to· 1pnwenivfr-0m t6o low 'oi' tbo ·higb. coneetttratimii. 'tor:be nreasuted there. • 1'he total 
volume ofmetharteJwas strictly•tim1ted foritJheJsake of'safety,thence; the rate .of injecting 
h~s tbf·be kept' tft(a relatively fow 'value. The experiment i's• perfonll.ed twice.: In the .first 
ex'perttileht; the ·~quivalent irljettio'n!rate, ·of pure. ml::th«ne~was· 1.80 m3/h, and in the 
second one, the equivaldnt ilijectforr-ratewa~ 2:201nrAh. , ._.,: "~j- J'jJr !L1, r : y·'ti,,:,J ! : 

The infrared analyzer was placed at the stuffs path near to the sampling point. The 
concentration of the tracer-gas was measured every five seconds. n ~_,_ .,, '. · :·!} : Q.1,,: r~: ; J•,;_! ·~;r -:: 

·· ••.!") Ba:se oi'iGthe simulation res'ults, t~1:average airiivelocityi.weritime in thetminel is 
Af:o'rerthrui'. M50mls. The equivalent diametev-ofthe tu!nne1nis ldeteMiined as the ratiio of four 
rime~ fil"eai arid perifnetef.· Therefi!>re;1the R!:eyrtofd~ mimber' of1the tube flow is: "-· i I' .. · .. -1 
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· -: T1Ufi:esu1tlkig~s' ~i~t thtf air fl6'w 'paft~ni Jn 'tbe nietro· fil:~efis · in 'turbulen~ iough 
i 6fie tft\ yhl8Ii1ihe· a\'r v~6citYi ~ a'cr6.ss-setHori1shmlld beluditorm!1Evbn th6ugh, the~ test 
pb'ifit .of'\ielocfty is ~t' &.~'&' ·a~ay !frqrri' the tuf:in~11WaU · f61 ·gef !dd ·of the possible effeyt' 6f 
i'allifNdi· b'obhda\11 layer: I j'tfie- . s%tem 1eYtpr iiil:indeti .by the" ineqt1'ality of velocity '.-ili the 
hoss~se6t).

1

c)i)l'.(s~estirrl'ated -at 'fu:6st' abolit ~6% . T~e ~ow rate' of piston 1ciir of each titne 'poirit 
can be obtained by multiplying the afr 1'7elocftY 1artdvflle-·area· of the turuiJI cross-sectfon. 
Consequently, the error of the flow rate is estimated about 20%. 

The exp<trjment~ lasted about ha.If an ~our until all the t~acer ... gas went way: The 
daia W!a~·#ip\itYnaco~~titedlfoeptocessect.: :r· 1 ·,, : • i '"'· '· 1· 1 ""': ., ·· · ··

1
· '.l.· ··• 

. dt .. (., .. lJJ.'1' ' , t • • • I' l•t' ) ., rri"·' 4, .i., .: v 1•I,• ' 11 ,-, - jJl"1 l ( ' 1 i "• f ) ... \1.)' 'l-J' • • •• ' 1'1 
I • .. ' l J • ~ ' ""' ~ .... o ' \,' 1 " • f\ • ' • 
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" 1t 11' :iifi ·1 ·1·1 ., 'J ' 1 I· ·J ·" • 1 • "· · r' " .. , ... .. ,.""' ' " · ··· ·1i1r · , . r·r .. ,,.1r -.R:esults · d 'ahalyse ·· ~ · ,. - . .. . J .,c ... _.~, . ., , , . _ .. .... . ' '.: · 

'th~i1 ia~:erage\i~1C5cieies of airflowirr th'~ fdtu· t\)nrrels' is 6btaii1e~ :frbm the avera$eio'f 
't'b.e 'fQc{~emome~efs:-O·:·a~t~. f(was"~ven 1 'afFi~r~ : 3 ~d~Figttdf'5.1 T~e :toaceht ations of 
th~ t~a~~lg;~s r~i' ?1Ve · $~Rf p i!Hg p\YID.P ~£ the rw6 ~c!x.Peilments : are :i silo\vn at Figure ~r-· ana 
i!ftguJ:'e 6'. :· ., ; ~ . 1!.1c ·- ' I ; i!bl'Jj l. ,, ' It; , ; ,' , J(' l1 "..: · ! · .'.~ 11 .. • ·1;j1(JCJ ' J , .-; ' '.. r: ; · : 

I ·: ~ · ,. , ( · Be6ausk1ilii{· 1d'iffdt~hc~s ~etWgen"tiie ' twd 1 1s~h~s·:.of 'hiea.skdd 'oata~-ar~ ~'e'ry ' small 
(less than 0.5~s or 5%), th~V a1i ve~b.6it'1es- ·in tfii/~ame:~ cr~~s~s~c'tl~m ;di:n· · ~~ 

1

though 
'uriitbrm n· r~ :iden~6a1Jto thtrthedfy hll~iyS'i.s~.J Therefur~(,' 'tfre medll !.va l\i~'~r of tn"e· lneasured 
d~taj dr t~e1 ~& 'iui~mdrtie1~tllti ' ille' ~tdhe1 ~$'( cto~~-·sedf04'1~ tft6hgh'rea'.~ona'ble· enol'igh ? 
:he u$ect ~tbe~rH.ab.'v~lo~h)h~fthe'fa3~s\~se2li6:n -·ih ~~u~'tiorP(1i:L) :· " · 1 , _.., .. · "· • 

However, the uniformity does not present in the measured result of tdcer-g<is 
concentration. The concentration varied significantly with the position in the same cross-

. I • I 

.section. This may, ~e explained by the. effect of the platfonn stru~ture. At one ·en~·'of tlie 
1 plklif'~taf, ·i;I1~r~: iS''J k~fts :~ath1nbat IB~ testibg'.~'6int'.' "fhe piston ·aitftorfr 11ie other tUDJlel 
'ftl~y ·go'«ll'fe.dl ·fblol'i'gli-ttte 

1#~tli'. ajfa'; &~iise<jll'elitiy'tdilute the tracet-·gJif~ ! i fi·thls' area vV0:11e 
·ti~e tt!fder.:/ias ·hwaftro11i'· ifi~>P.~th 'k1eep'~1 the'tngfier' d9nte1i11ratibh.1 'ttis !<lf~cuWto ger ''llie 
-a'~erage·'. 120118efitrM6onjJ ~:f 'a; dq~s:s~c~fo# . ~f : m.~ . t\ihh~1! beduis~ tf l.s0finpos~ible : id·. set 
- ~n.ough;.atilount ofS'clin:iiiin:g"pointS'ifrthe oi)'erati:dgmetro' tunnel fdf the-'sakth)f ·~afety'. ' '. j 



1Based on the discussion above, fr ·is found that it -is not enough for d,erivmg the 
mixing ratio of piston air quantitatively only based on the field measured data. l:'hdreforJ, 
the detail analyse of the aii:flo.w .in platfo1m must b~ · based on 3-dimensio~al- sirmtlatiori. 

.. ' 
The significant of the field experiment is to get the air velocity iih tunnels -and the traeerl-
gas concentration of a point in the tunneI'"ifb.-ese data ·are used in -mo?el~vaijdat1on-first, 
then to derive the mixing ratio of pisto~ air frbm '.the validated simtil~t' oH · iesults. Thb 
validation process is to use the average velocities of th~ four .tunnel racquired from field 
measurement as the boundary condition of the)riodel, and compare th~ concentrations df 
tracer-gas obtained from the.experiments with.the.simulation results tcLverified the.model, 

1 ' 

Mathematical model 
• I 

.• I ) I 
I 

\11 ~.1. -• t I• 

The govemmg equations - .. -
The process of airflow in a platform is 3-dimensional time-dependent:PFPh.leµi,.: '£h~ 

mif(ing · 0(1the. pi~t.o;q.! a~i: m:,1d: )a~r in :-P~atform.As.,.tmtw).ent pro()ess .. ~ B~ca~se1 there, ~s1 little 
different between the ,temoerature of oiston aR-·and which o.Uhe air in olatform~ ;the effect 

I I I • 1' ' \ • I • I '- • .&. • ' I .._ J ' ' ' ~ '-' ' ' ' .& ~ >' '' • ' ' 

COilStant. '~:~:"i'dr··\,,','ll' :) .u ' 1 .r:~.1_;~'..:''jJ!Ur}'.-_·1.1 1 ;!f~I, --. • .. r,;r 1 ;jr,,r ·\.· 1 j·j, .. r~ 

Therefore, the governing equations are consisted of continuity, momentum, species, 
kinetic energy and its dissipation. All these equati<;ms, pan,be ~rittep. ~11J~¥. g~nera~ ~9@:JJ''i 

• • 11 

, ' l" , ·. 

where <p stands for a general fluid property s~~h: 1~s· ti, -v; w, etc.· adci · p, · ~1, 11 "'= ;< s~(~te 
density, velocity vector, diffusive-flux vector and source rate per unit volume, 

1 ~ .... _J..~ rH . 1 ''._'J:·"·_: r-, __ :f'f~.u~, 1 

~espectiv~~Y·,, .. ·'·11·•1' r·; ·Jj:J· ,1·r, '" ·r · .' . •,,.1· .. ,' .· .• .. : ... .. ·, .·11,:, \ · · the dif:fu~ive' uu:X is iveno : ·"· ·',, 1· :u. · · 
, .,.;·r·. 1:, r• .,,,,,.1=.::.:f'.1; · , .. :.':·~,1:;? ,1, · .,Y;i".C1'.:.x,, .1. iJ•. ·~ 1•J' · 11 1 t '. : .Ii>.'! ='.,,i;fl, 1 ll!!i~ 

'H:·1r~. Wcp'.=;-D"'grad:p ·_,1IJ ··1ii1 1 n :::·~ ··, ,' 1r:::·1·:·1~1! · , !' :n: :(14)1 1 ··•r; 

where f'ip den0tesithe·effectiveJexchadgecoefficient'o·fo/.''.'''. )r1 1 :~ 1 0 1 :· · : ' ~-.1ri:J ·::n• i:~d!I 
The values ofcp, r"' and Scvare listed in Table 1. :1r'lJ:;·:i;< 11;1; i":1!:' :ri 

"J'; .~ t 1 l !·1 .... ~11:[1!r~1:i . . /.J_'r-:1.11 ;; . -~.,,T! 1.1r ·1: .~r-:i1:\,:~I 1.1 · , _ _., ~'/ . .- , ~·.r1 J 

0 0 
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Gb 
g8p 

=µt--
p By I. .. . . . . 

C1 = 1.44,C2 = 1.92,CD = 0.09,cr k = 1.0,0' E = 1.3,cr c = 1.0 

Boundaty:OaridffiJdrl'-l':L · ·•ri:, ir; .. 1i ::1 ~,:·, iu r .. · 11i )d; t1" · ·; i 11'.. . .. , •. !' 

. I itiete ar@"three •kitidsn6f bollfflclary~ tonditidnrs:· soHdi<wall; inliet 'and 'outlet. For 
oolicPwMl,· ndh1slip conclitidn and wal:Jlftlrnctidns ate usedr The1veiocities amf'tracer
gas ·coliceiittatioti ·~tj·the 1inlets are·· obtaine<Flfrohl the 1·experiments. :The first otder 
derivations of parameter cp at the outlets (cp=u, v, w, k, c) are assumed as 0. ·r; 
r2· · ... l ~ · CJ < . . i l U l !~ ~)~· l : ,·.l nf r v . :~ · ~ n : L~! ,. · ··lc :Jc· :~ ; . 10~ (>1 1 : <. ~H_: . ;r .. c: . I L "f<; ' ) r~ : .• r;; . '1~ 

M th".ll)i. ~1~ · ..... }•!lA'th·) -I. tll.' ' ";.Jt• h 1==:-d · } · ' l"J[ ·c) •:;ri1 j I, I ',. ... , ;. '!), • /1 '' 1'· :·· 
_e_~g ~!J so V!,:2 J u1a_nem!;!_JCfil !!.ill_e ·' ,, .-·. ' ' . L. '.' " • ,(., 'J \ '. • 

All tQ.e 1~quations in general form ar~ ponyli:Q..e~r)iar~i,~l,\~\fft;q~ntial equations and 
coupled each other. SIMPLE algorithm is used to get numerical result. The detail 

~~,?~~. SIMP_Y,E . can, i"?i~ s~en . i.n ryf~f~?;_c_~.}
5

\ .f~i "• .. i . , ,, . , ; '. . \ ; ''"- :· " · · . ;~ 1 , : i -: ~ · ~ 1 ,, ;·· 

Co~clriso~' auCf~~alysis :.:,:i- i ·. ; ; . ·~ · .v 1'· .~ii :·J ',; /',; ;~ ' ) .' : ~. · ' · 'r '• 

. The result of .si~ulation is comp~ed with .~~e ~xp.e?~.enr1_ qat
1
a. ~~~g{1!6 ~ and . 6) 

and it shows great comc1dence. And the discrepancy w1l1 decrease apparently with gnds 
applied ge.t l finer. The differences are still within the ~nge1. of system error of the 
measurements Therefore, the gri<;ts is_, r:e~son~l1l~ t9,i p~ U,~~· J0j ;e,y;~lu~t,e; the .:.II1ix:ing .ratio: in 
practical application. 'I ·;; i d ·. ,' r·, b;,·1. : [~/ I L ? b J..i:.: . ~: Jli cJ.. :1, , 

The mixing ratio obtained from the validated simulation is 26%. The mixing ratio on 
other cases such as the ventilation c~~~ .·qr _:egol,ing ,Ga;S(1~! pf different platform configratipp. 

can ~1~-ff-~~~d~~i~e~-bY.:~~~~aliaa~~~:~~~~ra~~~~I?~~~e.r.~ -_ -~-- :.= - ~· -.. __ ,, _ _!;) __ -- - --, 

L - ---- ----·- --__ ,, _ __ - ... .. - - -------· " I ! i 
Conclusi.on v: ;-, .. -, ~ 

' I .... I . . ; : ;~ + \ .. ~ 1, ' ) - • •• :.. I ) I i - { ,\ '· - .. ...L.. 

• -1_ ' \ ' J. ' j J t ~ . • ·• i • ' 

1'Fhe-eoncept-of mix.ing-r-atio-bas· be~n-proposed-in-this -paper to--qt1anti tatively analyze 

~he ~r~eq~'. qf pisfqn ai~ ~h ~~ ,e~xiro~ent,ofi Rlatro.rfu.·or.~~tr~ ... ~t 111~y- s~rve }~~ a. useful 
mdex m rmprovmg th~ ventilation system and ·-as too1. or pred1ctmg· the cooling load of 
metro ·more·-accurately ~ ~Jtlrougi~lle"mf P'~rim~ntcann(\>.~ il_mid dir~pt~<r-.the' mixing ratio, ,it 
can !be µsed · t6 . ~e afo_ated.,,; :fili.,e; relfa~ilitiY ·-.0f, t.he ! ~-~m¢:tasi~~a1 ntodel. W~~ 1 the 3-
dim~.Q§ion<!L 11µm.~fi.9_'!:r~~ul~tiq~)·, __ ~wJ>c;i;:9cmfage .oJJlie pis_tci!i (l_h:_mix~~Lwith pl?!tfgqin 
air upder different operation cases can be determined. , \.' '. ' .. ' .· : 

. The mixing ratio of piston air has been used .in several HV AC 'proj ey of metro 
syst~tns'in-Clr'ma-topl'&tict-cm>tmgt<;·ad-a.nd conctu~-~~qcre~ono~y:aryary~~~r · 1- ! 

I . ·' I + ·,I .. • . I -· I 
j , • " 
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