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P O SSib ility  o f C oコ向r0111五g L 6n g itu d in al A ir F 10w

V e10city in E m ergen cy for a T ran sversely
V entilated T u n n el

A kisttO M Iz u N O 率 A tsushi IC H IK A W A F

A b stract
｀

In  t h e  a ■tO m o b ile  t■■■e l w h id l is v e n ttta te d  b y  a  tr a n sv とIse s y S te m , th e e x
…

h m stin g  a n d  t h e  b lo w h g ■O w  I筑 とs a re u s■避 y  e q ■組 . B u t it is i印 おO ssib le  tO
C。l tI。l 10 g itu d in al 油 ■O w  v e lo c it t  th 16 ■g h  th is O F d y ■aly  O p e F a tiO R . It iS , h 6 ャe v e I ,
St■0 ■3 1y  d t t e d  tO  su p p re s s 10 ■8 itu d in al ホ ■■O w  iIL C aS e  O f i le  l■ th e t■■■e l w ith

tW O ―W a y  tr a n c  sO  th a t p e O p le  c h  s a fe ly  e v a c lla te .

The allthOIs have stlldied the possibility of cont■o劇L■8 tle axial ail f10w ve10dt,
at tt albittty p om t in the tun■d  by im balan ce op eratio五. A  selies of ■um eLcal
sim Rllt t iO ■s お p e r fO I In e d  t t  w h ic h  t h e  IIIO d d  t■■■e l (le n g t h :3 0 0 0 [m l) C O n SiS t s o f tw O

¥ 江tユation dvisi。■s ttd in each di温まお■(に五gth:150olm ]), it iS assum ed thtt the
m g and the exhaustin g l10w  rates ale illdependently contFOllable.
A ccoIぃ g tO a seFieS Of■■m ei cal sim ul流10■,It w as m ade d ear that the ai1 10w
velodity cbm es dOw ■tO zeF6 主■■ini■■te thlough thP im balancc Operation,w hile the
velod ty by the oFd止証y Opelatio■even i■creases. Fuithもr,it w as possible tむkeep
the ail ■Ow  ve10city to be zerO by feedb歓:k cO■trol.

N O M E N C L A T U R E
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T otal length Of thё tunnd .

Length Of divi〔主On l.

Length of di宙siOn 2.

M ass of air in the h n如tesim al cOntrol vOlll■lle.
Length Of ttL in:h itesi品組cもntrol v。lum e.
■aFnc densityt

P ressure Of air.

D ettgn valu1 0f b10w l早g now  rtte .

D ePign Valuc Of exhausting rlow rate.
Bl畔ing nOw  r割しe required by the COntFd ler.
Exhattsting nOw ratもrequired by the colltroller.
A ctual b10w ing nOw .ate.
A cⅢ温1殺austing now iate.

9 b1/あ1,9b2/あ2・

9e1/う1,9c2/五2・
tim e .

C 6ntrOI PeriOd.

PeliOd of chan」ng 10ad in fun ttpani
N ttural w ind vel。ぃtye          l

LOngitudim l遼r now  ve19city`

略 抗the ceiter Of the tunnel.

略 抗the ゃntFm Ce (3 = - 1500[m l).   !
ち 筑the ent:加Ce (2 = 150o[m l).

イ 抗the ‐cident point (竹).
V e10city of Veh d es.

T arget ャalue Of略.

C oordinate tttOng the tunnel a疸s.
A lcident point.

9 ど2二9あ・

coefncient Of pipe flictiOn loss.
D enSity Of ttr.

■胡mc denttty6                     1

c oefncient of ehtrance 10ss.

denote the花血e tO be in pttitive/negttive directiOn.

tim e step of control ped Od .
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1N T R O D U C T 10 N

ItやdeSIreable to reduce the 16ngltuttnal ttl nott velocity in case of ire in the tunnel
served for ttvo―w ay ti莉随 sO th tt a favorable ev‐u ttion circu m stttlce can b e ob tttn ed .

As a countもrm easulc,when a nre brttk s out in a ttallsverselサVentiltted tunnel,it is

genertty collsider●d thtt the slnOke cm  be rem oved by an exhttst Operttioll】 the
sectio■. H ottever,the situttion 士!w hich the sII10ke ttm  not be reH10ved by th s m ethOd

often occurs because thもam unt of sm oke is m uch l証ger than the exh austing capttitye

Further,the sm oke spread d by the lontttudin alぉr now  ttnd ,hiS diSturbs thⅢ peOpll could

evttuatt safelyt ln this l占ew  point,it is ■ecessary to study on the possilttlty of FOntrolhng
the lontttudittal air now  velocity tt the nre point by the ope=抗ion of existing ventttators.

T he authors deve10ped the ttcodynam lc IIlodel to analyse the 10n」tudinal ttr aow

caused by the im b alance ventiLttion Of blo宙ng and exhれstingi T he objectもf tht current

study is set to the m odel tuhnel consisting of tw o ventilatiOn dぶたsions, in w h ch the

blow ing and tht exhausting now  rate are independently tontrollable.

A ccording to the above IIlentioned ェ■odel,ュIlllm erical sim ulator w as developed ,加d

a sires of sim ulation is perform ed , 1■order to aCquire b●tter understanく五ng of thゃphe―

■om enあ: T he possilttity of tontrolling the longitudinal ttr nOw  tt the ire poi■t is then

extensively persued i

A E R O D Y N A M IC S  O F  L O N G IT U D IN A L  F L O W  IN  A  T R A N S V E R S E L Y

V E N T IL A T E D  T U N N E L

A  m odel tunnel conttsts of tw 6 ventil抗lon divi立0■s. In each division it is assulned th抗

the blow ing (9 b)仰岨 the exh austing (C e) are independently contrd lおle. T he ventilatiOIl

system  of the lnodd  tunnel is schem atically show n as in F ig: 1.

C o n tin u ity E q u ation   T he vttiables concernig velocity or forces tte deined t6 be

positive in the directioll of a cOOr伍五抗e. T he oi gin of the , coordinate is tt the center

of the tllllnd i

T he continuity of now  tte

w here A r is the sectional ttea of tr流 c room ,略。is the m ean lollgitudinal ttI■ow  Ⅲlocity
at the centもr ofthe tunnd .T hさIefOre,the m em  loll」tudintt velocity ttlal】調 aFh t・tty

pd nt , in the tunnd ,匂阻be txpresSed accOrd ng io cOntind ty principle as,

え,ヒlal= A,路o+ (?bl- 9el)'

A,略o = Aァ路3+ (gb2~ 9e2)0

for divisiOn l (″≦0),

for  division 2 (■),0),

fOF di宙Sion l (2≦0),

for d 宙立ol1 2 (a > 0).

(1)

(2)

(3)

(4)

略lal二子o+五丁(鉛1
~ ?を1)″

r lal = 略。+
去  
(qb2
~
?e2)a
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D i v i s i o n  l D i v i s i o n  2

↓‐ ↓「 ↓
― ↓

↓_ ↓性上↓二 ↓
尋

Q・1

Fig。l  v entilation systeIII Of the r10del tunnel.

M om en tu m  E q u atio n  T he forces ttting on thゃininitesim al cOntrol vOlum e(axi組
length iどa) are described as fOl10w ingざ.

T he tran c force in b oth directions call be sum m arized as

ど丸 土
号
ムtどを{ρ̀+ (y t十

~ y :) ly t+ 〒フ;|
_卜角_ (y t_

―y :) ly t_
一ツ;け,         (5)

w here pt+ and ρt_ ate the ttum b er Of vehicles ettisting in a per unit length tOw ard each
directiO五. y t+ an d y t_ are the velocities of veh cles w ith difFerent signst

T he resistance force due tるがpe frictiOn is

抗阜=二人r九|(を|)号略|ヽ41・                                        (。)
T he force due tO the exchim ge Of m om entum  by the blow ing arld the exhausting is
ignored b ecause its さfFect is considered tO be sHlall. T he entrance loss and dynaHllc

pressure loss tte not alsO neglected fOr sim plicity because they dO nOt play t t  ittportaIIt
Iole in the present Study.

T he m om entu m  equation foF the COntrOl v。lum e is

】砲
(署争
+ %
名浄)
= 二
段:
あ上Tキど二 十抗れ,

w here どm  is the m ass of ttr in the cOntrol ヤOlum e どれ= ρA ,あ ,いe 'Ist of thl L .H oS‐
ternls is iOcal acceleratiOn a五d the second is cOnvettive acceleration, substituting the
relltiOns eqs。(3) m d (4) into eq。(7),it ttm  be integrtted from  a= 一五l t。と= あ2 tO fOrm ,

三至旦 =
万デ十万 1

五I
; |
(9 bl
一
? ・ユ
|

― 五
?; ;
(9 b2
‐T 9 t2)
}

Ｖ

(7)

↓一 ↓「 ↓

十‐ ↓性 ↓・
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千
五丁万 i
y 10 { (9 32 T 9 e2 ) 十 (9 bl

二
9 tl)
ェ
1
弟
よ 9 b2

~
9 e2)
2_

、
9 bl
―
にた1)
2
}
l~ 十か■つ十法ニ

w here

r =
Ⅲ■ .
(抗孔十あ恥)どを.

N ow ,Pl‐
―P2 iS given from  the nttural w ind velocity tt aS

(8)

９

(10)

w here ,生iS the air■ow  velocity w hich w buld Occur if there w ere no disturbance by vehid es

m d ventilttors.

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

T he sim ulator cOntaiis aerodynaE五C,tarfnc and contr011e: ェコ。dels. Fig. 2 show s the
sche血ぉic c、コstruCtiOIl ofthe sim ulttor,in ヤhich h6w these three m odels are reltted.T he
eXO臨 抗iOn Ofご北h m odel f0110w s.

A lrody■nrnic M odel   Equ筑lo■(8)is used.

■理 C M Odel   ■統 speed m d denttty arre collstttt in ord ntty situ抗lon. O n
thゃother hm d;the c″にrgマ角Cy c6nd tiOn is suppbsed as follow S.A s soon as the accident
occurs at tilne サ= 0, i re brёatt out. rrhen all the vehicle, tOw ard thё_ cident stbp at

ollce,w hユe the vehicles leaving frOm  the nle point are not disturbred tt all.      リ

C on tro■er M o d el:   E xplttned in the 比乱er section, T he m ean longitudintt ve10city
抗 the i re p h nt (yrr) iS CalCultted frOm  equttiolls (3) and (4) w ith the m easured velocity
at the Center of the tunnel (略。) and the i re pOint (2r)・

V entilatortt  T he nOw rtte of each vlntilttOr is c9ntrOlled by specifying blade angle.
I
,
iS a S S u ln e d  t h t t  t h e  b la d e  ttn d e  r O 位荒e s fu ll s p a Pn  in  Ⅲm e T 9

. R e q u ir e d  n o w  r a t e s

忠93,9 を) by the COIltroler are inputted and actual now  rttes 忠9b,9 c) alre ottputted i■
the II10del.

A n e t
t
o IIle t e F :    A n  t t e m o m e t e r is p la c e d  a t t h e  c t n t e r o f t h e  t u n n e l 加 d  th e  IIle m

lOnttt岨五ギ述r now velocity (峰。)iS m eaSured。       「
F larn e S ens ors:    T he n alne sensors are suppぃed to b e pkにed in a certaitt pitch so

thⅢ the ■e pd nt lar)lm  be detected with an e■Ough ttcuI証ェ
Fire point:   T he exam ples in this paperおLtttもd for the cttes in w hith a nle pd nt
iS in  d i宙 SiO IL l , b u t it c t t  b e  e t t ly  e x t e n d e d  fo r t h e  O t h e r c a s e s fr o m  S y m m m e t士ェ

略略

．

ρ

一
２

ヽ

、

コ

／

，
一あ
人
＋建十

■
ェ

／

ｒ

ｌ

ヽ
〓拘一Ｐ
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Fi3・2   Structtre of the sim ulator.

9 bl,9 el,9 b2,9 e2

こフ31i屯フをす,屯フ32,《フと2

T he fOice by tth cles

C ontrd  strategy

F ire p oint

F ltttn e sensols

C ontroller n10del
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T R A N S ]岡N T  C H A R A C T E R IS T IC S O F  T H E  L O N G IT U D IN A L  A IR

F L O W iV E L O C IT Y  B Y  IM B A L A N C E  C O N T R O L

In  t h e  i r s t s t a g e , t h e  a u t h o F S  W O u ld  h k e  
t o  e x p ltt n  t h e  p h e n o m e n a  u n d e r e x t I I E にly

sim plt ste, Op●rttioIIs,so Ⅲ抗a bettel understttdittg wih iegttd t9 1ongitud nal a岬成s

抗tttned : A m ollg a lttge n― beF Of ttm ulttion results,tw o typttal cases (case l,Case 2)

ホe dem onstlated in the present pap er.

E xhausting and b肺 五g ■ow  lates tte usuあ狙y equal in the traぃveFSe Ventilation

tunn11. U nder this opeFttiOn the lontttudin al air now  velocity is constant w ith n a Certホn

ventユation く五宙sio■. O n the cther h倒田ユ,if the txhausting and the blow ing now  rtte are

not equ al, the lollgit避 ュぷ air fnow  m es by place. T he b ehおvor of the loIIgil半dinal air

n ow  cttsed by the im b alatlce 花乱述抗ioll is exlained in this section .

T he colnlnoll cond tions in this section folloH7: B efore the tim e t= oぃ1,tho Ventユ抗ion

is ill norm tt bp証抗ioll, or a■the ventユ抗o、証e in ftt lo組. A t tim 3を= Olsl, a set Of

instruction is sent i om  the c6ntFOller to the vent丑抗ors. N ttural 宙nd veloctty is O.0

m /S alld t・[溢。dencity is kept constant as 10001Veh./h](1:1)during the whole dm tlation

p eriod , w hn e th e d問踏Ince in condition b etw een the case l and the case 2 is the set of

instruction sent froln the contront. to the ventilatols.

C Atte l   T he instru ction of th e n o市 rates for the case is:

9 31= 0 [m
3
/司,9を1= 9とla bギ/ Sl,9あ= 0 [m

3
/司,9と2= 0 [m

3
/ s]i

Fig。3 show s the tlm sient ofiontttudinalおI now ttd iow rates of ventilatoFS, It tatts

30 seconds for the fans aFter the instruction of zero bperation to reach the nial state.

A■er the tiIIleを= 301sl the loIItttudihtt velocitics do llot chttge in tim e.T he lollgitttdin組

ai. now vd ocities aFe COnStant in space in di宙sion 2 bettttse 9 b2 iS alttays kept equal tO

鍵2・O n the othёr httd,velocity vtties by place in di宙sion l. T he ditterence between

th e lo n g h u d in a l v e lo city 路 2 (
= 略 0) in  d iv おio ■ 2 皿 d 路 1 抗 th e e n tit t c e in  d 市主主o n  l is

7 。1 血 / s, 市h ch  is th e n o w .tt e (9 e12 ) d iV id e d 町 い e c lo SS Se c tio n a l 
tt e a (A r): A s a  ltt g e r

P ip e flic tio ll lo ss o c c u rS in  d iv isio l1 2 , |ち ュ|> 1略 2 1・T h u S , 1, iS fO u n d  th a t a  ltt g e a ln O u n t

o f lo n g itu 血五al v elo city  is in d u c e d  b y  im b al捌lc e v e n ti比荒lo n
.

C a se 2  T he instructioll of the rlow  rates for th e case 紙

931= 0〔m3/司,9を1= 9elといざ/Sl,9あ= 9b2,いギ/司,9を2= 0いや/司:
In ig. 4, it おfound that F l= 路ら,Vれ=

一略0. A S iS Sttted before, in the prёsent

paper,さntran,e 10SS and dynam lca pressure loss are nOt taken into account. T herefole,

the phenoElenOn occured in d 宙sion l cttFespOnds w ith tho one,w hich is SeeJm  under the

situation that the exhaぃting is lnly donも:br th6 halflength of the tttnnel,and vite versa

for divi立o■2,as is show n in llg. 5.

T he above IIletttioned results are instructive fOr constructing a proper,contrOl schem e

in that tho dyntttm cS of the ⅢI nOW  iS clearly dem onstitted.
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T im e  s

F ig . 6   A ir now  velocity under ordin ary op eration .

E M E R G E N C Y  V E N T IL A r IO N  C O N T R O L

It is cOm m only assum ed in this section thtt at tiIIle↓=Otsl m  accident octur, at thゃ
pd nt竹=~ 750[m l,under,heさonditiOns in w hich ntturtt wind veloctty is 215 m /s l tt the
tran c ttensity iS 1000[Veh./h](1:1). Fig。6 shows the lonびtudinalぶr nOw velocity (yrr)
at the nre pd nt w hen the OTdinary vei,1latibn is kept after a re,in case such as the nam e

sensor dO not w ork . T he ve10city rises by the im bal例lce of the trafnc condition t B ut

it is strongly desired to suppress the ve10city so ぃat peOple can safely evacutte. Fro血
this veiw point, the m thOrs exam ined t6 suppress the long tuぃnal ail n?w velocity by
ilnbttance cOntrol of the blow ing and exhausting in the next O pe角あθοp tttοれをヂο!.
O p en L oop C ontrol T h s controlis perform ed by im balance Of now rttes in division
2 w h le the ventilttiOn in division l iS shut dow n. T he sim ulatiOn is executed undor the
sam e conditons tt in ig. 6. T he longitudinalぶr n9w velocity (略r) at tim e t= Olsl iS larger
thttR zerO due to pOSitive nttural w ind.
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F ig . 7  A ii n ow  velocity u nder op en ioop cOnt■Ol.

T he instruction of th e n ow  rates genertted by the cOntroller is: .

9 31= 0 [m
3
/ sl,9を1= 0 [m

3
/ s〕,9あ= 9b22[m

3
/ sl,9を2= 0 [m

3
/s〕,

T he result is dem onstrated in n g。7. T he aim  Of this ,01trOl iS tO m aに ぃe ve10City (y rr)
b e10w  zero as soon as p oSsible. T he velocity com es d Ow n tO zero iT1 30 second s. T hln it

rises fOr a m om ent b ecause of the efFect of tran c im b alance b ut it does not excled zerb .
O n_the Otler httd,いe ttr ioW velocity (4 2)at the entrance (竹=二1509[m l)rぉes OVer 6
m /S beCause of the pipe frictibi loss ii division l. For a m Ore unfavOrable conditions of
tram c and n ttural w ind , theFe Can be cases fOr w hich y rr d6Se nOt ttfive zero . H ow eveI,
it w ill b e p ossible to keep the 10ngitidinal air n ow  velocity tO be zero for this case by

p rOpёl cOntrol of the blow in g and the exhausting.

F eed b ack C on trol  T he authOrs prOpose tt feed back cOntrOl ttgOrithnl, for w hich

the p erforttaとe iS dもぃ。nstr】ed . T his m ethOd is the prop er cOntr01 of the now  rates in

d宙sib■2.

０
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1n OrdeF tO brh g the longitudinalぶr now  velocity to the tttget value tt the cOntroler

generates a set of instrtction to ventilatorsゃVery 30 slconds.                  
‐

T h l  d ifFe r l n c e  b e tw e e n  t h e  e x h t t s tin g  c e2 ) 抑 曲 h e  b 10 W in g  i o tt r t t e (9 碗 ) in  d iV iS iO n

2 お denned as

△9う= 9e2~ 9b2, (11)

w hele - 9 b2ど≦△9 2 ≦ 9 e2か A t the tim e step れ,△9 2 fOr the next control period is

deterIIIned by

△9号≡ハ9ダ ーる(略
二路), (12)

where rゎis p.。pOtiond gain attl y。ls the targct value of路抗the ire point. In the
fo llo w in g  s im u l抗 お n tt rf P

= 2 0 0 [m
2
1 a n d  y o

主 0 .O lm / S l 勧降 a d O p t e d .

A ccording to the value △9 号at a certttn control period ,the cOntrも1ler ge五erates a set

of inStruction as follow s:

9あ= 0    9あ〒△9身
9あ= 0    9 あ= 0

9あ= |△9歩| のあ= 0

if   △9 号> 0

if   △9 雰= 0

if   △9 身< 0

and the ventilatioll in dヤisioll l is shut dOwn (9 31=0, 9を1=0 抗む≧0)・
F ig. 8 illllstrates the result of thおfeedback coitrol silnulation under the sam e condi―

tion as ig. 6 and i g, 7. FroEl the i gule the concept of the pFoposed control is clearly
understood in th tt the object vallle yrr iS kept at ヵero under the saclince of the velocity
in divisiOI1 2.At tim e t=Olsl the longitudintt ail now velocity (yrr)equals O.7 m ′s,sO the
controllei gellelttes a set of instruttiOn and now rates accorditt」y change.HoweveF,the
velocity rises for a m om ent by the ゃfect of the tI航 c im b alm ce b ecause of the delay ttm e

of ventilttort B ut the velocity com es dow n ポter 15 secottds as a rёsult of the im b alttlc●

of flow  rates an sln g. Fu rth er,at 45 second s th e velodity achives thё tttget value zero ,an d

afterw ards the velocity keeps zero tt pIOp er control of the now  rttes. For instance, in

resp onse to the tr調碇 血品alance お抗ing,the n ow  ltte (9 b2) COuld b e low er fro血 ,= 901Sl・

Fig: 9 shows the other exam ple of th s feedback cOntrol under the ne3ative 五抗llral
wind ve10city - 2.5 m /s ttld the sam e tr創価c conditioIIs. A t tim e t= 91sl thO 10ntttudittal
ai. now velotity (yrr) iS less thtt zero,so 9ぁ< 9を2 iS Specined. But as a rゃsult of the
velocity (7rr)止Sing by the traftt im bahmce,9ぁ>9と2f°・を=60[胡to t= 180〔sl.After ttIIle
サ= 180卜1,the erect of the tra

VFnc im b胡抽ce disappear ttd 9ぁ<9あin order to cttcd the
n ttulal w lnd , It is w ell controled in this case by prop erly com bin atゃd Op eratioll of the

blow ing and the exh austin g .                                       _
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C O N C L U S 10 N

M ain lesults obtained in the plesent work are suFnttarizld as fOllows:

1 . A 五 ae ro d y n a H llc IIIO d d  to  atn tty se th e 10 五g itu d n al お r n o w  u n d e r th e im b ala llc e O f

the blotting and the exhausting ventilatiOn for a transvelsely ventd ated tun llel お

develop ed . Further,■um erical sim ulator is cOnstFuCted b ased on the m Odd ,

2. It w as m t t  clear how the lontttuⅢnal tt・Ilow  vd ocity behaves in sptte alld tim e,
w hen the ventilttors aFe Opertted in im balance cttd tions. From  the presett reSults,
one can  understand the possiЫlty ax l im portttce of contIOlling the lo“gitit t al aII

now  velocity fOr em ergency case even in a transversely ventilated tunnel.

3, T he lontttuttn al ttl now  velocity is reduced to zero w ithin a m inute ttnd is kept calm

by the feedb ttk contrOl of the im b ttance vent丑抗おn undel supposed cond tions,

4. In the siHlulation cases itt the sections
“
O pen Loop C ontrol

"
 抽d rFeed航よ C on―

tr《ゴ
'
〕the ventilttion in the ire zone is shut dow n . 正ow ever,the phenol lena brought

町 th S COTrespond to those tt the condition thtt the blow ing ttld the ёxhattting

争re fully operated ,w ith w hich sIIIoke can be relnoved .
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