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A B S T R A C T                           ―

T he one―d im ensio nal equatioh of m o tion for A r f10市 in

tunnel venti14tiO n sim ulation is the subiect of the present repo rt.

The ?quatiOn presented by the authors in previous studiOs w as
found to be incorrect, and a 的1l derivation of the cottct
equatio■of m otion fOr longituいnal air nOw  in an arbitrary
vendlation cottditiOn is perfO.1lled uSing m or●nm m  lN _ T he
dISCrepancy betw een the tw o equations is discussed w iⅢ respeるt
的nd d dynattcs and several sam ple calculatiOns for sttad,
state ventilation are presented in prder to dem o■strate hoW  the
present fom ulation functions. F or each case the velocity in tte

lon gitud inal  dよection  and  the  p ressure  d istrib utio n  are

lllustrated . T he flrst three exam p les show ed good ag eem ent

w ith  the  literature, w hereas the  fourth  and  flfth  exam ples
included  an  im balance―transverse  systenl,  w h ich  can

i
 b e

calculated onlンby the preseit inethod,ana no com paris6n w ith
the previous studies w as possible.     :     !

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

A i crOss seclon】area Oftunnell[ぜ]
A閉:eq胡v】ent dm g area of voh1los‐[ポ]
Fy:fOrce due to tFnnd  ttictiOn [N l

鳥 :fOrce due to ttattc [N 〕
ピ:tunn11 10ntth もr length of a vehtilaLiOr secdOn [m ]
Ⅳ :traf「lc density [veh/h]

r       ‐

れ:equiValent num ber of vehicles per unitlength [Veh/m ]

β:preSSure [P a]

p ri driving pressure b y trar lc [P句

②:atrユow  rate (執7 )[m
3/s]

毎:now rate 9fthe fresh airsupply leruh■にngh [m
3/s/m l

鍵 :eXh a ust a O w  rate p er u■it lerttth [m
3
/s/m ]

左tim e [S]

T atsu o K A N O H
P acttic C onsulta nts c o.Ltd.

1‐7-5 S e kido ,Tam a‐shi,206‐3550 Tokyo

y :10ngiⅢdina1 4ir aow  veⅢcity [コげS]
ち:average traf「lc speed [W s]         |
五10ngitw inal C00rdh “e [m l
九:tunnei frictio n cOettcient [_]

ξビ:COefFlcient tfexhausting m om entum [_〕

ξぅ:cOefrlcielt of b10wぃg m om entum […]
ρ:air density [kゴm l]     !

φ:Ve10City ttadient[1/S〕

S u B S C R ,P T S        
‐

キ.positive direction
―:negattve direction

。:value at the beginning of a ventilation section

:N T R O D u C T 10 N

R oad tunnels are ventilated either by a transverse or a
10ntttudinal Yendladon system .The forlner reqぃlfes vendh tion
ductS th41 are separate froh  the rafrlc r。。m ,w hereaS tho latter
uses the trafflc roOm  its01f as thl ventilation dult,The nectssity
for cOm plex ■ew  ventilatibn Systl中s is becもm ing m ore 16m m on
in order to m aintaln the envlronm ent b o th inside and o utsld e

tunnels. T O d 021 W ith these neヤ ventilatio n System si it is

essenlial tO establish thl generalized eq uation of FnOtiO n for the

air a ow  inside the tuineli S ince the beg ihning of the K an―etsu

tun nel proieCt, num erical m ethod s have beこl used lxtensively
for 10ngitudinally  ventilated  tunncis 11[1]す[2]. H OW ever,
num erical sim ulatiOn  has been i19ss ac,iVely deVo19ped for
transverse ventilation, probably 

tbccause of the idla that the
analysis Of the longitudinal air n ow ャas not im portant in the
transverse system  eVen for the flre tase. 「Fhe authOrs haVe

poh ted ott thl neclSSity 6 f an』yzing the 10ntttudina  A r a ow
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in the transverse ventilation systenl, especially for the purpose

of em ergency operations, and have m ed tO establish the basic

m ethodology of num erical sim ulation [3],〔4]. In the One of
these stud ies [4 1, how eVerj the b asic cq uatio n of m otio n w as

fo u nd to cotttain an trror9 w hich is corrected in the present

stud y. T hus, in the present Stud>  the authors attem p t to

establish a m ore 野ラReralized eq uation o f m otio n for the

lo n gitud inal air a o w  under Yario us ventilation  co nd itio ns

(SySteHIs)and present exem plary calculations in order to show
the w orid ngs of the p rop o sed equatio n .

C O N V E N T 10 N A L  F O R M  O F  A C C E L E R A T 'O N  T E R M

In the previo us stud ies [3],[4 ] by the present authors, the

fo llo w ing  eq uation  of m otio n w as used  for the analysis of

transversely ventilated tunnels:

イ挙+y挙)〒一挙″1班キイⅢ
w h ere 冴″ is the m ass in the ini nitesim al co ntro l vo lum e, V  is

the longitud inal air n o w  ve10city9 ノ is the pressure, A  is the

cro ss sectional area of th e traf「Ic roprn,メand  r are the sP atial

and c m poral coord inates, 時spectively , and 冴鳥 and 冴号 h e

traF lc force and the w all lliction force, respectively. irhe terlns

o n dle righ卜hand side (R H S ) are the fo rces im posed o n the air

in the control volum e. T he rlrst tem  in the parentheses in the

left―hand side (L H S ) of E q。(1) iS the local acceleration ,and the

second is the co nvective acceleration , both of w hich are very

COIIIm Only  used  in  the  b asic a u id  d ynam ics equation s and

therefore w o uld likely co ntaln no errors.

E quatio n (1) iS inteDCrated along the メax is in ord er to o b taln

an ordinary d ir erential eq uation o f the velocity at the entrance

w ith Юgard to tim e. T he inttgratio n m ust be perfol.1led

care価 取 礎cauSe m e ttnch Ons t t  and ち Can Change ttgn 血

the range bein g co nsidered .T he integration w ili be d iscu ssed in

detatl in a later sectio n as w ell as in the appendix .

F O R M U L A T 10 N IN  T E R M S  O F  M O M E N T U M  L A W

F urther consideratio n of the long itud inal air flo w  revealed

that E q。(1) m ight be in correct. T herefore, the present authors

attem p t to refom ulatc the one―diln en sio nal equation of m otiO n

fo r longitud inal air a ow  b ased on I■om entum  law .

q ,

T he m om entum  law

(Outn O w  m Om enm m )―(inf10W  m Om entum )
= (tOtal force)‐(m ass * acceleration) (2)

is applied in the follow ing m anne■T he inflow  m om enm m  iito

the control volum e w ith an inflnitesim al length な (as ShOW n in

F ig. 1) iS the sum m atlon of the m om entum s from  upstream  of

the m ain duct and that of the fresh air supply,

lγぉ= ?yγlA ttξみρ均ぅな,

S im ilarly9 the outa ow  m om entum  is

〃。材= ?0 +″y】7 +″y lA ttξどρ均であ,

w here ρ is the densitt o f aL 毎 a nd tt are the coef「lcients

represen ting the rate of the メ.com po nents of the m om entuH ls of

the ina o w  and O utflow , resPccd Vely, and ?ぅand ?をaFe the flo w

rate of b lo w ing i esh air and that o f exh austion per un it length,

respecよvely.T he continuity eq uation is

y =
2。―メしぅ一?夕)

A

T he to tal force can

forces:

b e categorized  into the follow ing  dr ee

F 岱:force from  the cont ol surface  βA
―(p + ク )A

阜 :reactiOn force ttom  solid surface 二九三二二 A y 17 1
D 2

イ碑i m aSs fOrce どニ

T herefore, the m om entum  laW  is

亀す'十馬=″な挙キル亀所―〃が    0
E ach teH n can be substituted for to obtain

―
似

一九
1争号

A y ly l+ ″弓 = ″
挙

か

キ泌ly +ガy)ly 十″y lてでρ均でな一メy ly lモぅρ均ぁな・

By negiecting the higher―order tem s,theとeneraliZed fom  of
the cquatlon of motlon ls Obtalned as

挙=―ρ伴+券yⅣlセy挙十艶琴う} 。
.二型■.

A 放

I, ind ucing th is expression , M ttr and 〃筋are exchanged w hen

▼く0,

乳 +
甲

ゥ  0

Fig.1: M Om en“m  law  fOr an i述直“sim al reJ on
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R EA S O N FO R T H E D iS C R EPA N C Y
In the nuttedcal sim ulahon foF transversely ventilated

的nnels,the authOrs had been uscd Eq.(めas the basic equation
of h ottOn [3],14].Fじrther lonsideration,how evci reved ed that
Eq.(1)い埴ht be incOrrect and the authors t五ed to refom ulate
the Oqutti。, 6f m otion b基Ⅲ On m om enthm  laⅢI A tthe hm e,
the ide4 ,hat 'rrOrs Were present in Eq. (1) Was alhost
i,conceivable,belause the coivectiVe te..1l of the eqttati9n is
ohe 6f tte m ost conlm on expゃSSiOns used in d uid dynaFllCs‐
H O W e■手 1■ じ, here d iscu ss the re郷9n fO r thl d SCrep ancy
be tw ee■E q st(1) 4id (5 ).             i

O tt difFetthte betw een 早9S。(1) 4nd (5) is that Fhe
COnVICtiVC aCIlleration of Eq。(5)is tw iCe t,at OfEq,(1).ThiS
phenom en9■iS generally rlferred to tt the

`̀air curtain effecr'.
A nother difFerenle iS th4t the inal term  in ,arenthesis in EqⅢ(5)
represPnts the m 9m entum  in and out caused by theifresh air attd

the exhaustiO n ventilatio n .

S ince the fresh air is u sually b iow n into the trar lc r。。m

8 om  the d芭||‐W ith6 dt a m om entum  com po nent in the ax ial

d irectionl th9 m ain strtam  m ust b e responsibll for dle

acceleration of軌l fresh aiL so that the new ly introduced air has

the salne lolgim d in41 Ve10ciけ 本 the surrou nd ing rluid . T his

m eans that thl m ain 1 0 W  m u st accelerate b oth the flow ing ttr

itself (w hen ttesh air is introd uced ; the m ain a ow  m ust b e

accelerated due to co ntinuity law ) and the hew  fresh aitt T his is

cOn sid ered to be the pd m ary reaspn for the d ir erence betw een

the tw o exp ress10ns.

:N T E G R A T :O N  A L O N G  T H E  T U N N E L  A X iS

A itho ugh the eq uatlo n of lnOtion developed in th e previo us

sPction is app licable for the p urpo se o f num erical siln ulatio n in

the  unstead y  state, in  this sectiO n, the  authors presen t the

integration  along  the  m n nel 左xis  under  the  steady―state

cond ition .

Supposing that the now rate ofthe fresh air supply and that
of the exhauStion per u,■leng■of the lunnel are の and クで,
respectivel卜:which are constant alontt a v・ntilation section,the
continuity law reads:               !

y=路+らT?!ズ=ち十年,毛衿=坤 =φ,あ'

w here the subscript O denotcs thetvah e at the beginning of the
ventilatipn  section! and  ,  is the velocity  gradient. T he
express19n 

“Ventilation section" denotes the ranoCe of ズ, over
w hich ?b and tt rettain cOnstant.T he integration ofthe pressurc

gradient over the entire ventilati9n section is equivalent to the

pressure difference bet、veen both endS Ofthe section,

耳βな=71二βO,

w h ch is horm ally related to the natural w ind cond id oni and

m ay be considered to be kn o w n.

In the follow ing,w e assum e the coefFlcients are tt f01low s.
T he m om entum  brought intO the trafflc ro。い by thl fresh air is

assum ed to be zerα thus,生= 0,W hettas the exhaustぶr is
supposed tt a o w  o ut w ith thc m om entum  based o■the m ean

V胡?City2 yielding 侵 = 1. Thus,ぃe steady=stac  equation of
m otlon can b e w ritten as

(6)

Subsdtuting (3)
'
intO F S in E q。(6), the pressure ttadやnt is

expressed as a function of】as follow s:

|

+

〔″
i

わ l

y O
I チ l

―
、
十 争    T

S pecial atten tiO n m ust be exercised in in tettating this f0111lula7
because the functiOn tO be integrated includes abso lute values,
w hich causes the sig■ to vary accord ing to the reg ion. i「he

孝IT't争サ1ヤ1177毛浄|と生y}十1キ縁|

″＋路佐＋幌九
一妙
ｒｌく―に

ρ一二
ク
所

０
　
　
　
　
　
　
　
０

ヽ

―

―

―

―

ノ

が

　

　

　

　

　

ヽ

―

ブ

Ｌ
プ
　
　
　
　
砕

十
　

　

　

　

　

　

　

１

一
３

７　尚隔々
　
確

や
　
れ
２
　
竹

応
の
　
　
　
　
　
　
　
の

ヽ

―

―

―

ノ

ニ
．Ａ　

ル

キ

針

船
切

(c) For y。≧0 ,

r季Ⅲ
(10 )

(d)For yO < 0 ,y。_ φでく0 ,

r場争あ=ρt7発「(イ″
|すゼt,φ十1:丼

W hen th e tun nel has m ultiple ven tilation sections, these

sections can be co nnected urlder CO ntin uous pressure and the
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a cw  rate conditiOns. コhe force induced by trar lc i  is
described in the A ppendix.

E X A M P L E  C A L C U L A T 10 N S

E xam ple calculations are perfot t  fOr Several s俺狙y,state
conditions.A lthough the equation of rnotion fo111lulated here is
in generalized f01111, and thus can be applied to unsteady‐state

problem s, for sim plicity, the present study deals exclusively
w ith steady,state problem st T hrough sゃady→sttte callulatibn,
the balance betw ech the convective te口m  and the extem al force
tellll can be con丘11111d quantkatively.F or each of i ve exam ples,
flgures are presettted W hiCh illustrate the ventilation system ,
velocity distribution and pressure distribution.E ach of the i ve

盤鉛歴躍品胡詣幣!盟
a樹:42辞,艦‰1術。n

温c rate, 3,000 vchicles per hour

(ORe‐W ay  traF lc), vehiCle sp eed ; 6 0  的m 偽, w all 魚ictio n
coefttcient; 0 .025 , and  entrance  loss coefrlcient; o .6 , T he
vend lat on air a ow  raに is O .2 R

3
た unless Otherw ise specifled .

Ob=900m3/s

齢 替亀毛品船札ユ盤温品1名器s撚漁
(6.44 nw低),and the pressure diSttbdtiOn is line‐ (Fig.2)

韓6f盤縄s乱1,粘諄督譜総 盤推博盤革矯紺
In this system ,the longiludinal air velocity bl19m es linearj and

the presSure distibution is indit4ted by 4 quadrattc function
(F ig。3).

E xam ple 3:C om bined ventilation syste中、N e flrsl half Of

』釧撚l群『歴側船濫温鮮才̀紹:&曲
system  w ith exhaustion (2ぁ却 m 3/s,。マ‐450 m 3/s).T hiS type of
ventilation system  is approP' ate fOr tu点五els, from  w hich
exhausl gas cannot be vented due to environm enセ1l reStrictions,
T he velocity distribution bends at the centei and the pressurP
distribution also changes atぃe ccnに二(Fig.4)   |

位卜900m3/s

材
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卓
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(b)Velocity diStぶbution
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(b ) V elCにity  d istrib u tion
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(C) P ressu re dis白占b u d on

F ig : 2 F u ll tran sv erse v en tilad on  system

(E xa m P le l)

1 0 0 0 2 0 0 0     3 0 0 0     4 0 0 0

x 〔m ]

(C) P ressu re d istボb u 6 o n

H g : 3 S em i‐tra IN erse v en tila S o n  w ith  fresh  air su P P ly

(E xa m P le 2 )

(a ) V en t』atic n  system (a ) V en d ad O n  system
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ポ 盤 i鑑 轡 鋼 縛 鑑 縄 謂 輔
portal exhaustiOn . E xcessive exhaustio n causes a higher iniet
velo city and a lo w er Outiet ve10cit卜T he pressure d istributio n is
asyIIlm etttc d ue tO trar lcr(F ig .5 )

綽蚕
located near the center of the tunnel because the inlet velocity is
sm封1,In add“lon,entrance loss is,o,Observable in the aguret
(F ig,6)

T h9 resuits o f the flrst three exam p les w ere com p ared to
those Presentやd in R eference [6],and the resuits of the present
study w ere conflrlned to be valid. E xam ples 4 and 5, w hich
in91ude an im balance―r ansverse system ,w ere calculated for the
flrst tim e using the proposed fbrlnulation.

C O N C L u S ,O N

T he fott ulatiOn of thl equation of lnotion fOr 10ngitudinal

歓。品鷲謎桃盟苫f辞私鵠s縄報
抽d ttJe

敬卜450m3/s

x [ m ]

(b ) V elocity distrib u d oE

x [ m ]

(C) P ressu re d istd b u d on

Fig:4 C OIIlbihed ventilation syste品
(E xa m P le 3)
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(b ) V elocity ttsti b u 6 on

研
卜
］
車

研
誉
】
≡

0

- 1 0 0

- 2 0 0

- 3 0 0

- 4 0 0

- 5 0 0

0

- 1 0 0

- 2 0 0

- 3 0 0

- 4 0 0

- 5 0 0

〔ｏ」
］α

x [ m ]

(C) P ressu re d istrib u d on

F ig : S Im b ala n ce‐traコsv ers●ven tilatioEI Sy stem

(E xa m p le 4 ‐la rger exh au stion )
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1) m e ettpression 6f the one―dim ensional equation of
i   m otion for tuhn1l ventiladon air flow  is fom ulated

i and presented.The proposed equation むan ,e used
t   to analyze bo th stead y

―state and  unsteady
istate

cond itions.                    ‐  i     l

2 ) Th e valid ity o f the current fo.1llulation‐is conflrlned

throu gh several exam p le calculation s.

3) ,「he fallibility of applyl早g a g o Verning eq uation is

exem pltted, and the ittpOttnce of coisideing
p henom ena from  a m ore basic view point in prder tO

m od el m athen atically  the  prob lem  properly  is

show n .

C o nfliェ1latio n of the present resuits appears to be rathlr d iri cuit

in  telills of COttpan sO n  w ith  prev ious exP erim ental resultst

H o w eveL  the present authors hope that the above discussion

w ill be verifled  thro ugh  a variety o f ind irect m etturem ents

perfo11lled at actual tunnels.

1 4

1 2

1 0

8

6

4

2

0

1 0 0 0     2 0 0 0   ‐ 3 0 0 0     4 0 0 0

x [ m ]

(b ) V e10d ty d istrib u tion
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A P P E N D tX

T h O 的rce ind u ced by Ⅲl trafrlt in E q s, (8 ) Ⅲro u g h (11) iS

calculated b y the in tettratio n O f the local force alo n g the w ho le

tun nel sectio n .

二=ピ句,
w here

冴二= つr+A 十クr_A ,            ‐

ln w hich the a rst and second tem  on the R H S arise from  the

trafrlc force in the positive and negative direction卓ゃspectively.

T he pressure gain due to tra8ほc in the positive diI●ction over an

inflnitesilnal reglon dx is

材
誉
】
卓

0       1 0 0 0     2 0 0 0  1  3 0 0 0     4 0 0 0

x [ m ]

(C) P ressu re d istrib u tio n

F ig : 6 h b ala n ce‐tran sv eド●ven tila d o n system

(Exam ple s ‐larglr fresh air supply)

(12)

w here y is the 10Cal air aow  velocily and ″+ is h e tralfc density
expresses in Vehicles per unit length [vehi/m 〕,

れキ= IN +/3600略|.

By dギⅢng y . = L +
二7。,and uSi4g the conlnw t斗

ダレ|十=孝七I
Z・(r十~“)iΨtt Tケ

|あヤ

T his exp ression  is q uadratit w ith  regard  lo χ and  Can  be

intettated   along   the  tunnel  d ivislo n  thro ugh   special

consid eration  for the treatm ent o f the ab so lute  value. irhe

results are:

For y 十≧0 'y + ―ひビ≧o ,
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つ 卒
=

孝争
Z・化

二y )IL T Y Iか ,

〔ＱＬ
】ａ

5 0 0

4 0 0

3 0 0

2 0 0

1 0 0

0

(a ) V en d ia 6 o n  sy stem
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(16)
In the salne ttanner, the trafrlc force in the Opp osite (negatiVe)
direction can be intettated using the deinition y _ = 路_一路
as fo llow s,It shO uld be no ted that Vl takeS a neg ative valuet
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For y _ ≧0 ,y _ 一φで≧0 ,

r 宅 発

・てな =

号 →争

Z ―

t

″-
2

For y _ < o ,y _―ぱ くo ,

ビ宅静とあ焼=一号1汁″―tヽ/「
For y _ ≧o,y _ 一φビ< 0 ,

だ宅静
ユ̀よ= 一

号
=生‐比―ゼ

十

一
:ち

手十ソ_

マーy_ぱ+等}
(20 )
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