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PREFACE 

At the outset of the Institute for Rapid Transit's research and 

development program on ventilatton and environmental control in 

subway rapid transit systems, a meeting of the program participants 

engaged in the theoretical and experimental investigations of sub­

way environment has been scheduled. The purpose of this meeting is 

to present and discuss the methodologies to be pursued by these part­

icipants in meeting their objectives end to further define the infor­

mational interfaces among these participants. Pursuant to the goals 

of this meeting, Parsc~s, Brinckerhoff , Quade and Douglas, Inc., which 

is responsible for the dev~lopment of mathematical models for the 

computerized simulation of subway environment, has prepared this doc­

ument for djscussion purposes. This report outlines the methodology 

proposed for the development of the me~hematical model which describes 

unsteady air flow throughout a subway system and is to be regarded as 

a working doc~ment, subject to revision and updating as the pr ogram 

advances. 
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A. SUMJ,,,tARY 

'.rhe primary objective of this report is to establish and assure an 

understanding of the methodology to be employed in the aerodynamic 

mathematical model development and of the dependence of these mathematical 

models on the physical models. This dependence is characterized by the 

requirement of enpirical input for the mathematical model. 

For any underground sub~ay syste~, or portion thereof, for which 

air flow rates resulting from train piston action are to be analyzed, 

all physical and geometrical parameters end all train performance 

characteristics must be taken into account, as exemplified by the 

numerical analysis contained in the Appendix of this report. 

The analytical development outlined herein relates at present to 

the evaluation of air flow r ates resulting from piston action of trains 

moving in single track tunnel. Future efforts will be geared townrds 

expanding the analysis to take into account the interaction of piston 

effect and forced mechanical ventilation, as well as multiple track 

subway systems, with and without barrier walls betweeo tracks. 

The analysis assumes thnt air behaves ns a perfect gas and that the 

air flow is isot~ennal, unsteady, viscous and compressible. The method 

of solution is based on the npplication of the principle of conservation of 

mechanical energy to finite system segnents, which results in a set of 

simultaneous, non-linear, ordinary differential equations vhich in turn are 

solved by an .iterntive procedure. 

Physical model investiRntions, which are scheduled concurrently 

vith the mathematical analys i s, vill develop data not included in this 

analysis and vill supply empirical input for it. 

1 



B. OBJECTIVE 

The purpose of this report 1s to outline a proposed mathematical 

analysis for evaluating air flow rates in a single track under­

ground subway ~ystem. Ar,, experimental evaluation on the basis of 

model tests vill be undertaken concurrently with this effort. 

These model tests. in turn, will serve a dual purpose: (1) to 

develop data, such as air distribution patterns through a subway 

station. not included in the scope of the mathematical analyses, 

(2) to determine experimentally the magnitude of certain 

coef'ficie.1ts used in the mathematical analysis. 

Since the mathematical model is dependent upon empirical input 

from physical model data it is important to assure an understanding 

of the methodology to be employed in the aerodynamic mathematical 

model development among all parties involved. The material 

contained herein is presented with that primary purpose in mind. 

Alternately, the results of the aerodynamic analysis or 

parts thereof will be coupled with a thennodynarnic analysis in 

order to evaluate the overall system environment and/or requirements 

for control of such environment. 



C. DEFINITIONS AND SYMBOLS 

l. Definitions: 

System 

Station 

Tunnel 

Ventila.tion 
Shaft 

Portal 

Train 

- The -physical underground structure of a subway 

system or part thereof which includes stations 

and tunnels. 

- A complete underground structure which serves 

as a means of egress to and from trains and 

as storage for passengers using the system. 

It includes platform,partial or full mezzanine, 

entr ances, equipment rooms, concession areas 

and all ventilation shafts attached to or 

protruding from the station. 

- The underground trainway between two stations, 

between two portals, or between station and 

portal . 

- Any structure provided for the purpose of 

conveying air exchange between the system or 

any part thereof, and the outside atmosphere. 

The total length of a shaft is measured between 

the point of intersect with the system and the 

shnft terminal at free a.tmosphere . 

- Thnt point on a track profile which coincides 

with free atmosphere. 

- Any number of cars which operate as a unit . 

(For the purpose of this analysis , as well 

as other methods of evaluation of train 
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Section 

Segment 

Finite 
Segment 

Node 

Frontal 
Area 

Blockage 
Ratio 

JW1ction 

performance which te.lce into account the 

instantaneous locatior .of a train, the train 

location is considered to be a point corresponding 

to the train nead on its longitudinal axis). 

- A grouping of all ~hose segments which are 

contained between the cen~erlines of two 

a~jacent ver.t ilation shafts. 

- Any length of station, tunnel, shaft or station 

entrance with statistically uniform physical 

and geometric proper ties. Accordingly, segments 

may be further identified as station seGment, 

tunnel segment, shaft segment, or entrance 

segment, whichever is appropriate. 

- A subdivision of a segment which in addition 

to statistically uniform physical and geometric6.l 

properties has statistically uniform fluid 

properties. 

The interface between two f inite segments . 

- The area contained within the projected 

perimeter of car and truck body. 

- The ratio of the car portal area to the cross­

sectional area of the tunnel or ~tation segment. 

- Any interface between three or more se~ents; 

for example the interface between two tunnel 

Sl!gments and a ventilation shaft. 
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2. Symbols 

English: 

Ai 

aj 

Cd 

CDF 

CDP 

d. 
l 

D 
r 

f. 
l 

F 
m 

f 
m 

-

Tunnel cross section area at node i. 

Frontal area of train j. 

Total Aerodynaniic Drag Coefficient. 

Coefficient of skin friction acting on the surface 
of the train. 

Aerodynamic Drag Coefficient of a train running in 
an open space. 

Coefficient of skin friction acting on the tunnel wall. 

Aerodynamic Drag. 

Tunnel equivalent dia!Jleter defined as four times 
the tunnel cross section area divided by the tunnel 
perimeter at a node l. 

Aerodynamic drng of a train in open space. 

Force due to flow contraction at front of train. 

Energy loss or gain at junction between tunnel sections 
Kand K+l. 

rnergy loss or gain at junction between tunnel Kand 
shaft K. 

Darcy-Weisbacb. friction factor at node k. 

Skin friction force acting on the tunnel wall. 

Term including skin friction force and forces acting 
on top and under body of train. 
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English cont'd 

f 
X 

K 
C 

K 
e 

K. 
1 

K 
X 

½c 

~ 

½cm 

~ 
M 

N 

Energy input from mechanical devices in tunnel section k. 

Energy input from mechanical devices in shaft k. 

Force due to flow expansion at rear of train . 

m !~ node'in Gegment k. 

Segment number. 

Contraction coefficient over front of train. 

Entrance loss coefficient at portal 

Kinetic Energy Flux correction factor at node i. 

Loss Coefficient for Sha:ft k. 

Kinetic Energy Correction Factor for Sha:ft k. 

Expansion coefficient over rear of train. 

Length of twmel segment k. 

The length of shaft segment k. 

Length of finite segment min segment k. 

th 
The length of them finite segment in sha:ft segment k. 

Denotes junction at section ends.M=O is the left or 
entrance portal; M=N is the right or exist portal. 

Number of sections in system. 

Number of finite segments in segment k. 

Number of finite segment in shaft k. 
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0 

s -km 

t 

T 

V 
0 

X 

y 

Greek 

Subscript denoting ambient conditions. 

Mean Static pressure at node i. 

1'he value of parameter P @ a divided by the value of 
parameter P@ b. 

th 
The air mass flov rate at them node. 

Gas constant for air. 

th m node on shaft segment k. 

time 

Temperature 

Velocity of J
th 

train. 

Mean Air velocity at node i. 

Radially dependent axial velocity at a node i. 

The mean air velocity at node a in segment k. 

Velocity nt time (t) = 0 

Coordinate designating tunnel and station segment. 

Coordinate designating shafts. 

Perimeter of segment k . 
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l=jk -

JH -
.)_; 

)jk -

:Sm -
~(. 

¢jK -

Operatorvith value of unity vhen train j is in 
segment k - othervise O. 

Length or head of train . 

Length of train j. 

Length of train j in tunnel k. 

Length of ttain portion of train. 

Mean air mass density at node i. 

J 
th 

Blockage ratio of the frontal area of the 
train to the cross sectional area of segment k. 
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D. INTRODUCTION 

The method outlined herein related at present to the evaluation 

of air flov rates resulting from piston action of trains moving in a 

single-track tunnel. In future efforts the analysis vill be expanded to 

tnke into account the interaction of piston effect vith forced mechanical 

ventilation as veil as multiple t rack systems, vith and vithout structural 

separation of trainvays. The annlysis is based on the assumption that 

air behaves as a perfect gas and that air flov iS one-dimensional, isothermal, 

unsteady, viscous and compressible. 

The analysis, as outlined herein, requires that the system be 

divided into a series of finite segments. Application of the principle 

of conservation of mechanical energy to these finite segments results inn 

set of simultaneous, non-linear, ordinary differential equations which 

reflect the interdependence of pressure, density and velocity. 

The proposed method of solution involves an iterative process: 

(1) an initial distribution of density is assumed; (2) using a numerical 

technique such as the Runge-Kutta method, the simultaneous equations 

are solved for the velocity distribution; (3) these velocities in turn are 

utilized to cal.culnte the pressure distribution; (4) the density distribution 

is then computed utilizing the thermodynamic equation of state; (5) 

(6) 

this 

if the density distribution is compared vith that originally assumed; 

computed densities do not match the assumed densities vithin a certain 

tolerance, the nev density distribution is used and the process repeated 

until the tolerance between the nev and previous densities is acceptable. The 

time is then stepped by some time increment and the process is repeated. 

9 



E. ANALYTICAL DEVELOPMENT 

The descriptive geometry of an arbitrary subway system is illustrated 

by Figure 1. From this diagram it is seen that the origin, 0, of the 

coordinate frame is the left portal. The abscissa, X, designates the 

tunnel and station segments and the ordinate, Y, designates the shaft 

segments. A shaft segment may be connected to tunnel segments a:nd/or 

station segments. 

Ficure 2 illustrates the finite segments into which the subway system 

!s uivided to facilitate treatment of spatial variations in physical para­

meters. It should be noted that, for ease of presentation, only one seg­

ment per section has been depicted. A finite segment must lie wholly 

within a segment; thus they will have in common sta.tistically uniform 

physical properties such as wall roughness and cross section shape and 

area. 

Application of the mecha.~ical energy equation between the two adjacent 

nodes that bound a finite segment yields the following relationship between 

the mean air velocity and the mean static pressure: 

'l'he subscript:. A and B denote the adjacent nodes of t.he finite segment. 

The subscript Bis used to "tag" the finite segment and always represents 

the node with the ~ore positive X value. 

The kinetic enerBY flux correction factor, K
1

, is defined as: 

K· I 

E>; vt(uJ d /~ ~ 
z 

JO 

( E-2) 



..... 1,Y .._. 

I 
01 LI 

Porto I 

NotaHons: ► t ► 1 ► Denotes Jun-:tions of Tunnel Segments and /or 
Stot,on Segments with Shoft Segments 

S1 

-l -

M1 -

+ 
L2 

M2 M3 

s2 

Jl 
r 

i3 
--r-

~ I " 

SI< t2 

SI( "t I - Sl(,tl -

1 
S!<t3 -- .T ~ 

-
r<> 

- · - 1, , . .: I . ·- ··-I - - - ---

SK Sn-4 Sn-2 

_sn-3 Tl sn · I 

~ '?It NI~ 
• C ' 

C 

- r L3 

ttf,,- I 

r-1r~ 

Mi - ~f i +r t.1 it-2 M i + 3 

,, L i-r1,,. Li1-~1 Li1·~1 

Mn-4 

Fig. I SCHEMATIC REPRESENTATION OF A SUBWAY SYSTEM 

(SINGLE 1 R/ .. CK ) 

)( 

Mn 

Portal 



...., 
iv 

r • I 

I , 7 .~~, 
00 :t: I\J ..J <..- :( ,,.. L- -

, ; .,. I 

~ 
' 

I -
,_ '7 

"" IJ') 

~ 
~-

11) 

I l·tt-x 
-:,::. 

.-r. I I-

I 

<:::,,/ I u.. I 
~ 

I 
\ 

~ 
1/) 

I~ 
-:!f 
-"" I 
-"' 

1 .,,-- \fl 

5 c4 ivicNTf;• 1 

' --( 

z 

-,_,,-._.., 
1/)Y. ---

;~1 
I 

. '}-t-;=-
11) L.<: 

N 
'>1 

s:r 
'>I.., 

U' 

~ 
~' 
),{ 

t '\ -

... 
I U. I 
1 /4. I 
I :t I 
I \.') I 

\.J 

1-

~ 

~ 

--- • jj "i ~'~~ E.\J' 
T 
-b-i .¥ 

SEG ME:Jl 6 c:-v j ..,_) 

--
. . . . 

,~.-:.rn ,.~-1 • ...i11, iv--l N,,-11",l '~i2 ir,,3 11',,Nj(.·2 'l',. ·""K"' l~N.,_
1

·.c! K+t, I lt:,•~'2 ijo:_1-1,3 

L _ ____ l ;(sr,c.r101'J L ------- - ---1<---L-v.-1 t K ..._,., 

'ENTK-, I 

J 

FIG. 2. SCHEMATIC PRESENTATION OF A TRAIN MO VING IN A SECTION WITH FINITE SEGMENT ARRANGEMENT SHOWN 

. I , ' ... L-..'t".,l;:','-..~,~:; ~. : ,ii• 
C .. •- ,. t .- , 1 • 
- I • -· .d 

.,,_ 1 ,. ,.., • 
• I!'"'!' ,S ·::;,L·, iv ,·:,[ ·S!:c. f.C't! LC1;r.r1--1 



Implicit in the formulation of•·equation (E-1) are the folloving 

assumptions: 

l. The air behaves as a ideal gas 

2. The flow is one-dimensional, unsteady, turbulent, 

and isothermal. with negligible energy changes due to body forces . 

3. The rate of change of the air ~ass in a finite segment is 

negligibly small in comparison vith the net air mass flux 

through the finite segment. 

By virtue of the defined statistical uniformity for a finite 

segment and nssumption 3 above, the integrals 

be evaluated in the following manner: 
B 

/
.J:1dx ~ (d-B) dVa 

- Jt dt 
A 

B 

_J_f erlvlv dx ~ 
" ~8 2.ci 

tl 

fs (11-B 2 lv~i'h 
Zda 

in equation (E-1) may 

(E-3) 

(E-4) 

Substituting equations (E-3) and (E-4) into Equation (E-1) yields : 

(E- 5) 

The principle of conservation of mass may be applied at nodes and 

junctions to nrovide the follovinr, expression: 

(E-6) 

vhere N is tbe total number of finite segments meeting at a node or 

Junction. 
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Equations (E-5) and (E-6) together vith thermal equation 

of stete, can be utilized to describe the behavior of air floving 

through the subvny system, nssuming the existence of some forc i ng 

function to create t:1e air :'low. In this case, the forcin~ function 

is tr~in piston effect, vhich is attributable to aerodynamic drag. 

A pre-requisite to the evaluation of piston effect is a 

knovledge of the position, velocity, and acceleration of all trains in 

the subway sys tem. Such information is illustrated by the Train Situation 

Diagram shovn in Figure 3, At any instant the ·head of a train, J , 

is moving &s depicted in Figure 3 in the positive X direction in the 

1-th tunnel section. By denoting this history curve or train Jin 

functional form, Fj (t), the train velocity can be expressed as: 

U · ( .f) = d (j (-t) : { (-t) ( E- 7) 

J . df ~ 
vhere fJ (t) is a known 1'uncti on of time. 

The approach utilized in this analysis for the evaluation of 

aerodynamic drag and the pres~ure change a.long the length of a train 

traveling in a subvay system involves an examination of the unGte~dy 

flov in the gap betveen the train and the tunnel vall . This method closely 

parallels Hara 1 s vork (7) vhich treats the steady drag case in a single 

tube. For the conditions described in FiRure 2, vhich provides a schematic 

representation of n train moving in a tunnel section, the unsteady pressur~ 

oho.ngc along the train length may be approximated by: 

RT l,,.'.' = Cl6Kj, (U;-V1<,JU;-V~.)i + J) I dUj _ dV, ~ 
Fs (1-¢Kj)- 2 (l-¢Kj)\ dt c)c 7 

+ c '· SL jj ( 0-ViJ/(Ur v" .)/ T (,tc+k,)(lj- v.,,)IM-V,,)/ 
2H~ (1-0,:;)1 

2(1- ¢1--j) 

( E-fl) 
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WheJ·e the subscripts A and B are the nodes ahead or and behind the 

train re::pectively. 

The unsteady aer~dynamic drag on the train is given by: 

2 I 

D: Cn ~A Jj aj 

2 
{E-9) 

{E-10) 

The coefficients in equation E-10 are defined as follows: 

{E-lla) 

{E-llb) 

{ E-llc) 
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Fe 
(E-lld) 

K = X (E-lle) 

The coefficients in equations (E-10) and (E-11) are functions of 

Reynolds number, and local Mach number for given train and system 

geometries. The coefficient CDp depends also on the Strouhal 

number vhich is a unique function of the Reynolds number (8). Therefore, 

the drag coefficient, Cd, depends upon Reynolds number, Mach number, 

blockage ratio, general porosity of the subway system, train history 

and ventilation (initial Kinematic condition); 

The development to this point has been concerned with flow in 

statistically uniform finite segments, while no mention has been made 

of viscous losses due to abrupt cho.nges in cross sectional area, and 

changes in flow direction. These losses are incorporated in the analysis 

as loco.lized losses at nodes and junctions , since such area and 

flow direction changes are, by definition, nodes or junctions. 

Mathematically, this means that the fluid propertie:; are piecewise 

continuous at a node or junction vhere such a change occurs . 

The equation of energy can be combined with the equation of 

continuity, vith r eference to the specific geometry of the subway system. 

As Figure l illustrates, the tunnel sections are numbered sequentially 

fron left to right , as are the nodes in each tunnel section. Note 

17 



tha~ the node numbers begin anew in each segment . The node number in 

each shaft progresses from the top to the bottom of the shaft . By 

wri ting the equation of continuity for each node in a section, the result 

can be manipulated such that all of t he velocities for this group 

of nodes ar e expressed in terms of the velocity at the reference node~ 

tir· These velocities are then substituted into the energy equation (E-5}. 

1be unsteady pressure ch~nge (equation E-8) is also substituted into 

the energy equation for the two nodes irmnediately preceeding and following 

the train. The pressures are eliminated by this process and the equations 

are expressed only in terms of the velocities and densities. In matrix 

form the equations are as follows: 

(E-12) 

'Which is subject to the initial conditions: 

(E-12a) 

B is a squar e matrix (Bl<k) vith its dimensions being equal to the 

nu."!lber of segme~ts and thus the number of unknown velocities at tht? 

reference nodes. V and _f2_ are col~ matrices (Vk and~) whose 

lengths are equal to the dimension of 1' - N. Thus: 

811 8,~ 0 0 
dV,., _fl, l dt .. 

B2, B:·:. 
T) 

0 . 0 "' I u:. ·-s • • .. .. 0 0 X (E-13) 

B,.~ r.JJI 

• • 
• • \I/ • • 

I! 1// B11)1 
0 ' J/ 

L _[}_N. , # ~~ 
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{E-13a) 

OR O <11 <N w 1TH I< <M 

(E-13b) 

TH £ .V 
(E-l3d) 
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If M = N then equation(E-14)is modified by removing the terms 

enclosed by brackets of type {. ~ and adding the term kAI VN~N 

to the right hand side of the equation. 2.. 

Equation (E-12) can be solved for the velocities at each 

r e~erence node at any instant in time. Utilizing the equation of 

continuity, the velocities at each node are then found from the 

velocities at the r eference nodes . The nodal velocities are substituted 

into the energy equation yielding the pressures at each node. For an 

isothermal. process, assuming a.n ideal gas, the pressu~e - density re­

lationship takes the form: 

PKm 

(E-15) 

vhere TKM has a given value at any instant. 

Using this state rel ationship, the density at each node is evaluated 

and compared vi th t !1e assu:aed densities. If the difference between 

succeeding densities is greater than a specified tolerance, the 

new densities are used and the entire process is repeated. If the densities 

are vithin the tolerance, the time is stepped and the process is repeated. 
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F. APPENDIX 

1. Numerical Example Assuming Incompressible Flow 

A previous modeling of the aerodynamic behavior of a subway 

system was based on the assumption of incompressible flov (1). 

The assumption of incompressibility may be restrictive in the 

sense of limiting the range of applicability of the results 

(low blockage ratios, lov velocities and short section lengths); 

nevertheless, the resul ts obtained through such an approach 

can serve to provide the analyst with qualitative information 

as to aerodynamic behavior. The folloving numerical 

example in presented with this thought in mind. 

There are six coefficients, CDf' CF, CDP' JSc, KC and fF 

in the governing equations which must be determined through 

experiment• Literature shovs that available date are limited. 

The following data are used in this numerical example. 

The coefficient of the drag force acting on the side surface 

of a train, CDf' was measured by Hara in tests(7)vith actual trains. 

The result is: 

= 0.0045 > to 0.00791 (1) 

vhere ~ is the length of the train in meters. 

The coefficient of skin friction on the tunnel wall, c
1

, measured 

by Maekawa(9)and rearranfled by Miyata (10) falls in the range 

= 0.0035 to 0.0087 (2) 

22 



The coefficient of air drag acting on both the front and 

the rear surfaces of an operated train vithout attachments 

on both and surfaces of a t rain is approximately (7), 

CDP a 0,12 (3) 

The suggested values of the friction factor, ff, (11) are 

0.02 for concrete subvey segments and concrete shafts, and 0.08 

for ribbed steel lined Sfgments. A value of 0.012 for a tunnel 

friction factor is reported in the Libby Dam test (12). 

The expansion pressure loss coefficient, K, over the rear 
X 

of the train may be evaluated based on the Carnot-Borda equation: 

(4) 

vhere v
1 

and v
2 

are the air velocities at both sides of an abrupt 

increase of the gap flow. Using Eq. (1) and the equation of 

continuity, K is given by: 
X 

vhere 
(5) 

The contraction pressure loss coefficient, K, over the front 
C 

of the train is given a value of 0.5 to describe the maximum 

head loss involved vhen a floving constant density fluid 

encounter s an abrupt decrease in the area of its system boundaries 

(13, 14). In the present numerical example, the following is used: 

( 6) 
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The coefficients of energy loss and gain of flov in the 

entrance region of tunnels and shafts are dependent largely 

on the configuration of the entrance region (15, 16). 

In utilizing the mathematical model, the user specifies 

the subvay layout, subway geometry (length, cross-sectional 

area, and perimeter of trainvays, stations and shafts}, 

train operation schedule, train geometry ( l ength, cross­

sectional area, and perimeter), physical coefficients (energy 

losses and gains) and initial ventilation conditions. 

The model output consists of a report of the direction and 

magnitude of the air velocities at each section of the subvay 

system, and the locations of trains in the system with respect 

to time. 

Sa.:11ples of input data for a subway system are given in 

Table. 1. Fig. 4 is the alignment of the subway system 

described in Table 1. The system has three stations, eleven 

station and tunnel sections nn~ ten shafts. 

Figs. 5 and 6 are histories of air flows in the tunnels 

and the shafts for the train traveling with a maximum speed, 

U from the left portal toward the right portal. Initial max. 
nir flow in the system is assumed to be zero. As the train 

enters the left portal, substantial air flow is generated 

in tunnel section No.land shaft No. 1. This is due to tne 

fact that positive pressure created in front of the train 

pushes the air through the shafts and tunnels. Once the trnin 

is fully in section No. l air flow in shafts Nl). l and No. 2 

is fully built up. 
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TABLE 1. 

Input Data for a Train-Tunnel System 

£lStem Sections 

Section Length Cross Section Perimeter 
Number _i!_tl Area (sq. ft.) (ft) 

l 1501.5 209,5 52 .5 

2 1501,5 209.5 52,5 

3 500.0 795,9 133,0 

4 1006.5 209,5 52.5 

5 1006.5 209.5 52.5 

6 500.-0 795,9 133,0 

7 1521.0 209.5 52.5 

8 1521.0 109,5 52,5 

9 500.0 795,9 133,0 

10 1113.0 193. 7 56.1 

11 1113.0 193,7 56.1 

Shafts 

Length Cross Section Perimeter 
NtJ11ber (ft) Area (sq. ft.) (ft) 

l 32.0 72.5 34.3 
2 91.0 152.5 58.4 

3 91.0 152,5 58.4 
4 32.0 71.5 34.3 

5 91.0 152,5 58.4 
6 '- :91.0 152.5 58.4 

7 32.0 72. 5 34.3 
8 91.0 152,5 58. l~ 

9 91.0 152,5 58.4 
10 23,l 57.0 30.4 

Train 

Lef~~~ 
Frontal /\rf!'a Perimeter fneerl Nw:iber ( sq. ft.) (ft) (•~PH) 

1 (only) 400.0 93,7 36.4 1,4 
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As the train enters section No. 2 , the air flow 

decreases in section No. 1, and increases in section No. 2. 

The air flow in shaft No. 1 changes its direction, r eacting 

to the negative pressure generated at the rear of the train, 

The maximum negative air velocity in shaft l appears 

to be greater than the maximum positive air velocity for this 

case. However, the relative magnitude of the air flow in 

the shaft depends on the subway geometry as a whole (i.e., 

relative location, length and size of shafts and sections}. 

Usually the positi ve pressure generated in front of train 

appears to be smaller in absolute magnitude than the 

negative pressure at the rear of the train. 

The effect of changing the system size on the air flows 

in tunnel sections and shafts is seen to be small in these 

sections which are in the immediate vicinity of a moving 

train. In the computation, alternative systems with three 

stations {Fig. 4} two stations (station No. 3 omitted} , and 

one station (stations No. 3 and 2 omitted) were used. The 

air flow in sections No. 1, 2 and 3 as well as in shafts 

No. l, 2 and 3 in three subways are nearly the same. There 

is a minor change of air flow in the other sections. However, 

the magnitude of air flow in these sections is negligibly. 

small. This implies that the air motion generated by a train 

is confined to the three sections associated with a moving 

train. This apparent characteristic of the air motion will 

perhaps allow the flow analysis of a large subway system to 

be performed on a smaller system. 
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The sensitivity of air flow to changes in train speed 

is illustrated in Figs. 5 and 6. For a given system, the 

pattern of the dimensionless air velocity with respect 

to the dimensionless time is nearly identical. The 

maximum air flow generated by a train is proportional to the 

maximum train speed. Figs. 5 and 6 also show that the 

total volume of air motion in a tunnel or a shaft 

generated by a moving train with a headway is largely 

independent of the maximum train speed. This implies that 

shorter headways will result in the generation of greater 

air circulation in the system. 
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