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C ontrollability of L ottgitu din al A ir F lo帝i五

T ransversely V entilated l u nnels w ith M ultiple

V en tilation ]D ivision s

A kis抗O M IZ U N O 率 A tsushi IC H IK A W A 十

A b stra ct     i

ln a t開配sversery ventil抗ed 額式om obile tunnel,the nOw  rates of i esh air sup ply
and exh austion are kep t equ al in ordinary op eration , B u t it is ■ot p ossible in P ttn‐

ciple to cOntrol the lonびtudin』 ぶr now  velocity th rough this ordinary op er抗lo■!

It is,llow ever,strongly desittd to stpp ress loigitu din al air now  in case Of ire in the

tunnol w ith tw o‐w ay tram c so th at the passengers can safely evacuate,b ecause the

exhaustion llow  rate to sudk th e sm oke is considered in m ost cases to b e in sunid en t

if the n re exceeds a certain level of intensity.

T he authors ex tend the acrodyn a■lic theory for tw o ventilation divislons and en‐
able to estiェn ate the alr now  velocity ttnd er transien t tr胡 c con ditiott an d im b ala■ce

op eration of ventilators for the tun■el w ith m ultiple ven tilation divisiblls, In the

狙規ysis, it is assum ed th tt the n t t  rates of llow ing fFeSh air an d the exh austio■

call be l■dep en dently contFOllable at oacll division . A n ordinary dirFerential equ a―

tion is form ulated an d it is solved n■m erically in the sim ulator. T he m odel tunnd

is assum ed to be w ith tw o m d four ventilation division s (1,000 m  eacll).

A ccording tO a series of ■ullerical ttm ul筑lo■s,it is m 組ゃclear th at th e air l10w

velocity can be brought to zeFO in a ttlinute through th e illlbalan ce op eration in the

tun nel W ith four ventilation divislo■s,、vhile the velocity eve■increases by ordin ary
op eration . In the four―divislo■s tunnel, it is also sh O、vn to b o p ossible to keep the

air l oW  ve10city to be zero by feed back control. In the tun nd  w ith tw o vもntilatioll

divisions,on the othもr llttnd ,it is not [dw ays possible to keep the velocity to be zero

according to tr』R c an d natural w ind con dition .

N O M E N C L A T U R E

A ttatch ed ミミues are th e on es u sed in th e m o d el siln u lation s.

A r = 42.0 [m
2
1

At= 2.8 [m
2
〕

, T圭6。0 [m i
卑[N〕

C ross sectional area bf the trafnc r。。m  in the tunnel.

M c餌l flSontal projection ttca of a vehicle w ith drag
coem cient included.
R eference diam eter of the tunnel (Ioss section .     

1

Force by friction .

中
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frictio n al force in divisio n
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T Otal length of the tunnel.

L ength of division 」.

E ntranCe loss at the portals,

M ass of ttr in the il■nnitesim al∞ntrol V01工】破・

N um ber of ventilation diViSiOns.

T rafnc density in eath diFeCtiOn .

P ressure of alr.

P ressure of air tt the left end of diVision ブ.

Flow rate of fresh air/exhaustion in diViSi?n ブ.
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T ilne of accident,

T im e of in cep tion of the em ergen cy con
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C ontrol P eriod .    
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P eriod of changing the load of ventilators i
n full Span .

N atural W ind velocity.        i

L ongitu dinal air a。、v velocity a
t an ttbitrぱy point.

A ir aow  velocity at the point of accident.

L oigitu di、nl air flow  Velocity t
t the left end of divi―

群品をt tthゃ。i略。.
V elocity of vehicles,

C ooFdinate along the tunnel attis,        
:

Length of inittitesim al cont=ol 
V01um e.

Location of accident.

c oen cient of Pipe friction loss.

D ensity of air.

TISafnc density,(圭れ↓/1/t)
c oefncient of entran ce 10SS.

ちヽentilation division .

de■ote the value to be in positive/negative oireCtiOn.

F low  rate requested by the contr01ler
.
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the exhatlstion is distriblltcd along the ttlnnel axis and the no
H「rate ranges O。l to O.3

cubic rneters per second per in etero lt ineans tha
t in m ost CaSes the scale of iFe iS m Ore
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thtt the level fOr w hich abOve strategy is eFncient. From  this point Of view ,especi組y for
tunnels fOr tw O w ay tran c, it secIIls essential to in d Out a strategy tO sup press the ttr
low  ve10city in case Of ire,in additiOn tO suよing Op eratiOn in the concerned ventilatiOn
divls10■.

T he authOrs have presented the stuay on the possibility of cOntr01ling the 10ngitudinal
崩r aow  velocity in the transversely ventilated m odel tunnel w ith tw O ventilatiOn divi_
Sions(M izunO & Ichi臨w a, 1991). A ccording to the studh  it w as m ade cL ar that the
im balance Operation of fresh air supply and exhaustion in the diviSiOn in 、vhich the ac―
cident did nOt happen w as erective in sttppressing the air n。、v velocity at the site of
accident. A nd it w as alsO tried to cOntrol by feedbadk to bring the air now  velocity at the
accident point to zero,w hich w aS ttso sucttsSful under hyp?thesised cOnditiOns.

H O W e V e F , t h e  t h e o r y  in  t h e  a b O v e  m e n t io n e d  s t u d y  w a s liln it e d  t O  t h e  t u n n e l 、v it h  t w O

Ve=til就10n divisions,‐ld it was desired to deve10p m Ore generaltheory and cOrrespondh gr
 silnulttOr. In the present paper, the aeFOdynam ic m olel for the trattsversely ventilated
tun nel w ith an ttbitrtty num b er of ventilatiOn divisiOis has been deve10p ed as extension
of the forlner study. T he rnodelis alsO generalized in th at each di↓isiOn can h ave ttbitrtty
lellgth m d its Ow n aow  rates of i esh air ttd exhaustiOn reslccti・7ely. T he sim ulatiOn is
perform ed fOr the tunnels w ith tw O and fOur veitilation divisiOtts (1,000 m  each) tO ind
O u t , h e  ttt r o d y tta n u c  c h a r a c t e F iS t iC s in  s u c ll a  c O m p le x  v e n t ila t io n  s y s t e m . T h e n  t h e  c O 五

―

trollability of the 10ngitudinal air l10w  ve10city is discussed , m ainly for the tunnel w ith
fO u F  V e n t ila t iO n  d iv is iO n s . F e e d b a c k  c O n t r o l is a p p lie d  t O  t h e  s y s t e m  w it h  fO u r v e n t ila t io n

divisi04s and it is fOund efective for the cOunteFInCaStlre against ire.

2 . A E R O D Y N A M IC S IN  A  T R A N SV E R S E L Y  V E N T IL A T E D  T U N N E L

2 .l A ero d y n aH■ics lb r a S in gle V en tilatiOn D iv isiOn
T he aerOdynam ic relatiOn Of the longitu dinal air f10w  velocity t6 the fOrces applied on the
崩r colum n iュthe transversely ventilated ttlnnel is presented in the sectiOn . In the flrst
stage,the gOverning eqtlations fOr a single ventilatiOn division are form tllated .

In ventilatiOn division ブ,as iS Show n in igtlre l,it is assulned that the flow rate Of fl・tth
蕊r supply 9 " ●nd exhattstiOn 9づare uniibば劇y distributed a10ng the divisiOn,祖d they
c a n  b e  c O n t r o lle d  in d e p e n d e n t ly  b e t w e e n  z e r o  a n d  t h e  d e s ig n  v a lu e . F I

S
O In  t h P  c O n t in u ity

prin ciple, the lo五gitudinal ttr aOw  velo city at an arbitrary p oint is exp ressed as

Arttlal= 九JttJ十(9" - 9り)″/ら,                   (1)
in which tt is the 10cal coordinate (0 ≦α≦ら)・HCnCe,the difFelSence of the ve10cities at
both en ds Of the divisiOn is

路J+ェー略J= (9 "
・二9づ)/九r。                        (2)

T he forces app lied on the ini nitesim al contr。l vOlllm e (axial length i材で) can b e described
as fol10w ittgs. T h●tran c fOrce in both directibn s can be exPressed as

幌 =
;
ん あ 呼 +

二
り 路

一
Ⅶ キpt_ l唯

_
均 阿 _

一
昨けれ ,  0

w here βせ+ and ρサーare the tralnc den sity (function of をand r ) tOW ard cacll directiOn ,and
% + and % 二are the velocities Of vehid es w ith difFerent sig■s. T he resistance force due t。
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鍵
△
Ｕ

diV.ブー1 div.ブ

F igure l: T ram SVerse ventilation m Odel for a single division

pipe fl
siction is                                   ‐

あ恥= 一人デムタ
(考;) ;子

1子|・

T he m Om entum  eqtation for the cbntrol volum e is

』|れ(弓祈+%署多)〒一九rt諮ど。十冴五十ど4,

over the w hole divisiOn the relation

あ
~
PJ+ 1 == ρら

1

二王立十
冴身百▼よ
(9 " T C づ)

1
+
号(
時si l

is ob tain ed ,、vhere

rJ・圭去位
rゴど晃すr ず
「幹)
.

w here ど砲 iS the ttass Of air in the cOntrol 〕o luIIle; 冴打け= βム″冴″. T he left h征週 side
term s are local and convective acceL ratお■. In eqn。(5) the ttrce duc tO exchange of
in om entum  by Supply and exhaustion air i ow  is neslccted in the current study; because
it is cOnsidered to be sttall. Substituting eqn ,(1) intO eqn。(5),and integrating et t  ter血

“)

C )

~
ギ3)
~
(ろ 十五J)    (6 )

(7)

T he intゃgration in eqn。(7) is tO be pel
tForlned nuttericttly under local c00rdinate Of β‐

T he entrance losses are

い
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div . 1 di↓. div .れ二1 div .れ

%“+1と
P れ- l     P , p れ. 1

F igure 2: T ransverse ventilatibn system  w ith m ultiple divisiOns

T he natural w ind velotity ン化iS related tO the prもssure dif erence at both p ortals as

,1 _ P.+1 =

 (
1 + 建十人T

】| ) ;
% 料 名ヽ|,                             (9)

w here 名ヽis the air aOW  Velocity w hich w Ould Occur ifthere w αe no disturban ce by vehicles
and ventilatOrs.

ニ路ニ

2 .2 A ero d y n a H lic M O d el a s th e S u p erp ositiOn of 1 0 ca l E q u atio n s
The local equttiOns (6)are su・m arized over l≦J ≦れas

ΣE (Pゴーー?す+1) 〓= ΣEρら
三ヱ坐1-どう2ちl t存

(9 ,ィ
ー9CJ)

十
ど3
; (
M名1 1
-
咤 )
―

澄

rJ
・一

塗
ら ,

空生 ニ ユ(Pl_ Pれ・1)一預両Σ { (を
十
た三予1
7た
)

一
享
|{】畳

(9町- 9 " )

1

2

+
2略1透E
I

塾
|
|ド
塾主

1ゴ= 1

(10)

based On the cottdition that the pressures and ve10cities at the node points tte cOIIIII10n
betw een divisiOn s,as is show n in flgure 2.

略す
's cm  be reduced tO 路l by utihzing the relation Of cOntiiuith eqn。(2),repeatedけtO
yield the nnal ordinary diIFerential equttiOn fOr % l as

i■w hich it is deined as Σ混=rrた= o w hen T > s, T he eqn .
in terrllls of R unge―K utta m ethod.

ヽ

１

＞

―

ブ

９
一”

９
ど

一沈

堪

い

ち十弟け二十り,側
num erically in tegrated

2 .3 S iln u lation M O d els

T he num e,ical Silnulator for solving the behaviOr of longitudinal air■Ow  in a tranSversely
ventilated tunttel W ith m itlltiple ve■tilatiOn divisiOns is cOnstructed based on the ab ove
m entioned ttrodynallic m odel acc6m panied by the follow ing m odels;

分均伊C ttοttcr

T he sp eed and density of tran c are kept constュnt in prescrib ed 、′alues b efore the accident
at サ= サ。. It is set to be サ。 = O s in the current silnulatiOn . W hen the accident Occurs,
it is assurned that the vehid es tOw ard the pOint Of accident stop at once, w hile the
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花臨des icがing■0血the pdnt run alvab7 WtthOut bdng dstul
「bed. Accordttg to thS

鍵麒縄盤闘錯縄繍 盤緋謎繰盤龍
sim u lato r.

σοttro7rer ttottcr          ‐

B efore the accident,all the ve車1lⅢOrs are in full op
eration in all cases. T hree tont1

01ler

m Odels for em ergency are prepared ,and it is 
to be sw itched over to one of them  ttt tiln e

え。(サ. = 0。)

(1) C Onstttt Oper抗lon 
is kept aftゃr the ocd dent.

(2) StepW iSC Operatおn is done at the tim
e of accident.

(3) Feedb ack control i
s perforH led after the accideII

t,

In the last m odel, it is su pp oSed th at the p oin
t of accident is detected , so that the lon

―

gitudintt air dow velocity at the poiⅢ can be calc
ulated by eqn.(1)と。m  thl m ttstted

dtta r ゴ.

ycれをづraサοr ttotteJ

網挺稲蹴1播ポ靭墨就盤魂1塩
i鵠蟹嘘鞘

tim e step 。     
,

S cηsθT ,砲οtter

A nlm om eters are supp osed to be placed at eacll nod
e betw een divislo■s and at both

穏盤古骨ず路肘i盤錨培縄鮮i路盟替監景品錯e新宅品鮒就猛1背督答t話
a ccu racy ,

3 . M O D E L  S IM U L A T IO N S

3 .l M O d el l u n n els an d H y p oth tSized C on d itio■s

For the m odel Sim ulation to dem Onstrateithe p erforl■anc
c .o
r

lo■situぃnal air now in the tr倒■sVersdy ventiltte
d tunlel,tW?

ered .

● T材角協erム:The lnodel tunnel with twO Ventilation divisions,as in isuFe 3.

●挽,腕cr B:T he m odel tunnel with four ventilation divisions,益in ,sure 4.

E ach ventilation division htt the length 6f l,000 m , and the 
design values 6f aow  rate

心f icsh air and exhaustion for eacll division tte 156 m
3
/s reSpectively. Thl accident is

法胡撚:鮒紙扇浮盟艦1総 韮住温路謂:盤盟i鵠illl毬濫遣士
is operated in full load before the accident,thtt is C bJ

= 150品3/s,9 " = 150m
3
/s for

ブ= 1,2,brブ= 1,2,3,4.T he casPs are lim ited in 
w hich the natural w ind iS be■onexisting

in the turrent Study.

the controllabiLty of the

m odel tundels tr e consid―
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卜_ _1,ooom _T キーー1,ooom J

Figure 3: Tunnel A ;the inodel tunnel w ith tw o ventilation divisions

卜_■,ooom 一一キーー1,ooom _Tキーー1,ooom 一一キー
ー1,ooom J

F igur1 4: T unnel B i the m odd  tunllel w ith four ventila
tion divisions

3.2 T ran sient C h aracteristics

T he sil■■ulation cases for observing the transient characteristics are sul■■lnarised in 
table

l. If■o counterm eAsure is talc n against the accident at 密
= 209 m  in the m Odel tunnell

A , the longitudinal ttr now  bchttes litt igure 5, P od ti
ve now  is induced by a strong

ill■lDalance force by tran c,、vhich contintes until the vehid es go b■lt of the 
tunnel se、R?ral

ll■intttes later. O n the other hand,if the fl
tesh air supply is kept in full load in the second

division w hile―the exhaustion is shut do、vn, 14 a takeS 10 vヽer valuc, although it does not

reacll ttero b r lllott than three m id ↓es dul to trを血C im balancc (See iぶre 6).In the nrst

division1 9 bl and c cl rem ain in ft111 load operation.T his rふult show s that control
lability

is ratller liinited for the ttlnnel、ァith two ventilation divisiol■s,althOugh one can expect a

bettとr perform ance if the point of accidPnt is cioser to the cel■ter of the tunne
l.

T able l: Sim ulatio■C ases for Stepw ise O peration

X/entilator peration after A ccident

div .l           div,2

div。3           diV .4div .1 
∀
       div .2

在ヽodel T tlnncl
A ccident

T unilel A

T tlnnel B

T unnel B
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Figure 6:Air Flow 1/elodity (case 2):Tunnel A ;伊a= 200 m i 9 bl= 150 m
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Figure 7:A ir Fiow Ve10City (ctte 3):Ttln・el B ;βa= 200 m ,9 bl= 1
'50 m 3/s,

m 3/s,9 b2 = 150 m
3
/s,9 c2 = 150 m

3
/s,9 b3 = 150 m

3
/s,9と3 = 150 血

3
/s,

m 3/s,c c4= 150 1■1
3
/s

In th e cases for the tttnnel w ith fotlr ventilation divisions the situ ation is dif erent. C ase

3 in flsttrc 7 is the result ill 、vhich constant op eratiOn fOr all ventilators is kept even after

the accideit at αa= 200 m .The air aow velocity reaclles nearly 4 m /s due tO im b】ance
of the tran c force. Thc hⅢalanCe operation of ventilators after the accidcnt is m uch
ln ore efFective Sor the T un■●l B t F igure 8 is the m ost extrein c operation sO th at the air

n。、v coln es to
i
n egative valtes, D ue to the blockage erect of the blow ing now  in the other

divisions th an the a rst one,the rlo、v at the point Of accident conlcs to negativQ value frol■■

the b eginnin g an d never tonles ab ove zero . T his res,lt, together 、Tith the fOrl■■er one,
Ineans that there iS enOtlgh Possibility of controlllng thc longitudinal air ao、「Yelocity to
keep the valuc of zero 、vith proper colltr91 algorithm 。

In the ta.ses in w ilicll the point of accident is at l,800 m  w hich is closcr tO thO center

of thc tunnel, tlle situation is difFerent. B ecause the trattc illllDalance is sm aller, the air

now velod ty can bc casily m ani,ulated tOWard ncgaは■7c_いgure 9)。r p9主航vc (ig早た10)
directiOn ,w hich suggests lligher controllability 、vith prOp er op eratiOn .

3 .3 F eed b ack C Ontrol of th e L o n g itu d inよl A ir F low

A s fundam ental concept of controllability is obtained in the laist section ,t、vo of the appli
―

cations of feedback c01ltrol are d●nlonstrated here. 4ヽodel sinltllations are perforllled for

the tunnel B .               ‐

I]l order to l)ring the longitudinal [ur n。、v velocity at the nre p oint to the target valuc

4ヽ 0 == 0, the controller generates a set of instrtlctions to the ventilators at the bcginning
of eacll control period.T he diferencc betwcen the blo市ing (9 bす)and the exllausting now

r a tC ( 9 eJ ) in  d iv
is io n ブ iS d e i n e d  a s △ c ゴ

圭 9 bブ
ー
9 cJ ,
市 h e r e 一 c りα ≦

△ C 」 ≦ 9 bjど
. A t
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Figurc S:Air Flow Vclocity (case 4):Tun・el B ;む。= 200 h ,9 bl= 150 m P/sf O el
= 150

m 3/s,9 b2 = 150 m
3
/s,9 c2 = O m

3
/s,9b3 = 150 m

3
/s,9し3 = O m

3
/s,9 b4 = 150 m

3
/s,

9●4= O m
3
/s
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Figure 9:A ir Flott Velocity (caSe 5):Tunnel B ;じa= 1,800 m ,9 bl
= O m
3
/s,9 el= 150

1113/s,9 b2= 150 m
3/s,9 e2= 150 m

3
/s,9b3= 150 m

3
/s,9 e3= O m

3
/s,9 b4= 150 m

3
/s,

9 c4= O m 3/s
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Figure 10:Air Flow Velocity (case 6):Tunnel B;ごa〒1,800m ,9bl= 150 1m
3
/s,9 el圭o

m 3/s,9b2 = 15o m
3
/も,9。2= 150 m

3
/s,9 b3 = O m

3
/s,9 e3 = ユ50 m

3
/s,cb4 = 9 m

3
/s,

C e4-‐150 m
3
/s

the end of a certain control peFiOd,△9,for the nett control period is determ ined by

△9, = △9J
一イク(% 。一昨o),                         (12)

市here rfp iS a constttt propotional gain ttd r o iS the tttget value ofthc air aow velociけ
In the current sim ulttions,rfP = 20 m

2 and 略0 = 0.O m /s,and the control period is

T = 10 s,

Once the晩1社|△9,iS deterlnined accOrding to eqn。(12),the COntroller gel■erates a set
of instrtlctions as follow s:

(1) T he ventilators in the divisi6n including the point Of aCCidellt alie operated in full

10ad in spite of the controller outptlt.

(2) irhe ventilatOrs in the right side divisions tte instructed to operate so that the
relation 9務- 9あ= 一△9テiS Satistted.

(3) T he ventilators in th e left sidc divisions 3re instructed to operate so th at the relation

9務T 9あ= △9r is satisned.

In the sim ulation dela57 of the ventilator resP Onse is also takcn intO account in the w ay

that the b lade angle can b e changed in full span in the p eriod of とミ
= 30 s. In ad dition ,

in each control period,the suIIm ation of 9町価nd 9.ブiS Shifted towJ d their m ean design
value (9町』+ 9 "』)/2,within the extent that the erect of control is■ot disturbed.

T w o exam ples are show n here,corresponding to the cOnditions of をぁ
= 200 正L and ″α=

19800 m  for tunnel B .In the case of αa == 200 ■1,the llow  rates of the ventilation divisions
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F isure ll: A ir F low  V elocity (feedb ack)
: T u■nd  B ;″a 圭200 m

2,3,4 are in phase,that is
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9 b4,

C c4・

- 9 bl = C b3 = 9 b4,
- 9 el = 9 c3 = 9 c4・

(13a)

(13b )

(14 a )

(14b)

T he result (ngure ll) shOW S excellもnt perform ance 
that the air iow  ve10city at the point

Of aあdentおbrougl■t to the target vttuc(ヒo= 0)quiCkly,響d stttle control isギtaine
d.

T he velocitieS in the dow n strcam  divisi9立S take higher values w ith w hich the a
lr now  in

the division l is stlppressed. For the case of oc
= 1,800 Hl,the er ect of trt t c im balance

is less strong and a reasonable rest it i, obiained as i
n igure 12. In this case th●now  rates

are conf■ned in the follow ing m annero    
i

4 . C O N C L U S IO N

T he arerodynalllic ll■odel is proposed for thも■un■erict
t silnultttiOn Of unsteady air i ow

in the longitudinal direction in transversely ventilate
d tunnels Vヽith m ultiple ventilation

divisions. A ccbrding to the m odel, the sim tllator iS developed f
or arbitrary num lDel of

じ
メ
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Figure 12:A ir Flow h/elocitす(feゃdbaょ):Tunnel B ;ra = 1,800 m

divisiOns, Although it is m ainly for the tunnel with two way trafnc,it is alttO pOSSible tO
ad←pt tO One wary tran c tunnel. N um erical silntllatiOns lbr exan■lning the controllability
of the air now velocity in thvo m d four ventilatibn divisibns have becn jerform ed. The
ll■ain results obtained through the study aret

(1) For the tunnel w ith tW o ventilatiOn divislons,it is m ade clear that there exist c益もs

in w hich it iS dif icult to suppress the air l10w  ve10city at the p oint Of accident if it

is c10se to the tunnel portal.

(2) For the tunnel w ith fOur ventilatiOn divisiOns, On the other hand , the efFect of

im balancc operatiOn of the vetttilators is m uch ll■ore stronger in disregard of the

location Of ire that a pretty large force induced by the trattc can be stlppressed .

(3) T he air iow  velocity at the ire point cal■ be controlled t6 keep zero by a rather

sim ple feedback cOntrol algOrithm  in the tunnel w ith fou: (and m orc) vもntilation

divis10■s.
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