
 

GROUP 

NATIONAL TRANSPORTATION SAFETY BOARD 

Investigative Hearing EXHIBIT
Washington Metropolitan Area Transit Authority Metrorail train 302 that


encountered heavy smoke in the tunnel between the L’Enfant Plaza


Station and the Potomac River Bridge on January 12, 2015


Docket ID: DCA 15 FR 004

 

 

Agency / Organization

 

Title

C

6

WMATA


Metrorail Ventilation System Analysis 
Report, Phase I


April 1988




M etrorail

Ventilation 

System

Analysis R eport

Phase I


April 1988

prepared 

by

Parsons Brinckerhoff

Q uade 

& 

D ouglas, lnc.

M

m etro

W ashington 

M etropolitan

Area 

Transit 

Authority

prepared 

for

too

íEÁFS


@  

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIllllllllllllllllllllllll


M etrorail


V entilation System 


A nalysis R eport


P hasel

A pril 1988 


1 


i


E 38�m o§® m ]§  prepared by prepared for


 @  ¿¿ ® 1593  P arsons B rinckerhoff


Q uade & D ouglas, Inc. [

m etro


W ashington M etropolitan


Area Transit A uthority


MECH 1467




TÀBLE O F C O N TEN TS

EXEC U TIVE 

ST'}IM AR Y

IIITR O D U C TIO N

H istory of 

the 

Program

Phase 

f O bjectives

Tunnel 

Fire and Sm oke 

C ontrol

Ventilation 

Strategies

"Brute-Force" 

Em ergency 

Ventilation

"Push-Pul1" 

Em ergency 

Ventilation

Tunnel 

Blockage D evices

W all-M ounled Jet 

(Im pu1se) 

Fans

AìIAI,YSIS AIID  R ESTILTS

R eview  of 

Previous Studies

Study Approach for 

B-R oute and 

D ow ntow n N etw orks

D escription 

of 

B-R oute 

N etw ork 

and 

Sim ulations

D escription of D ow ntow n 

N etw ork and Sim ulations

coN cI,ttsroN s

B-R oute 

N etw ork

D ow ntow n R oute

Page N o.

ES-I

1


2


3


4


5


5


6


8


10

10

10

11

I2

I4

l_


E X E C U TIV E S U M M A R Y  

IN TR O D U C TIO N 


TA B LE  O F C O N TE N TS 


P age N o.


E S — l


H istory of the P rogram  l

P hase I O bjectives 2

Tunnel Fire and 

S m oke C ontrol 3

V entilation S trategies 4

"B rute— Force" E m ergency V entilation 5

"P ush— P ull" E m ergency V entilation 5

Tunnel B lockage D evices 6

W all— M ounted Jet (Im pulse) Fans 8

A N A LY S IS A N D  R E S U LTS


R eview  of P revious S tudies


S tudy A pproach for B �R oute and D ow ntow n N etw orks


D escription of B �R oute N etw ork and S im ulations


D escription of D ow ntow n N etw ork and S im ulations


C O N C LU S IO N S


B �R oute N etw ork


D ow ntow n R oute


l0


l0


l0


ll


l2


l4


i

MECH 1468




Page N o.

R EC O üM EN D ATIO N S

Ventilation 

Strategies

Single 

and 

D ouble 

Track 

Test 

Site 

Locations

C ost 

Estim ate

R EFER EITC ES

APPEN D IC ES

I6

L7

19

20

A-1

A-2

A-5

A-6

A-8

A-11

A-13

A-l_5

B-1

c-1

D -1

E-1

I.-2

APPEN D IX 

A.1

APPEN D IX A.2

APPEN D TX 

A.3

APPEN D IX 

A.4


APPEN D IX 4.5


APPEN D TX 

A.6


APPEN D IX B


APPEN D IX 

C 


APPEN D IX D 


APPEN D ÏX E


Tunnel Fire and 

Sm oke C ontrol

C riteria

Study 

Approach for 

B-R oute

C hanges 

to the 

Sim ulated 

B-R oute

N etw ork

Selection 

and 

Analysis of 

Proto-

type 

Test Sites

Basis 

for 

Final 

Prototype Site

Selection

System  

M odification

Prototype 

Testing 

O utline

B-R oute SES Sim ulations

D ow ntow n R oute SES Sim ulations

Fire M odel

D escription of 

B-R oute N etw ork

D escription 

of 

D ow ntow n R oute

l_ l_


R E C O M M E N D A TIO N S


V entilation S trategies


Single and D ouble Track Test S ite Locations


C ost E stim ate


R E FE R E N C E S


A P P E N D IC E S


A P P E N D IX A .l


AP P E N D IX A .2


A P P E N D IX A .3


A P P E N D IX 

A P P E N D IX 

A P P E N D IX 

A P P E N D IX 

A P P E N D IX 

A P P E N D IX 

A P P E N D IX 

Tunnel Fire and S m oke C ontrol


C riteria


S tudy Approach for B �R oute


C hanges to the Sim ulated B �R oute


N etw ork


S election and A nalysis of P roto�


t ype Test S ites


B asis for Final P rototype S ite


Selection


S ystem  M odification


P rototype Testing O utline


B �R oute S E S  S im ulations


D ow ntow n R oute S E S  S im ulations


Fire M odel


D escription of B �R oute N etw ork


D escription of D ow ntow n R oute


ii

P age N o.


l6


l7


l9


20


A — l


A �2


A �5


A �6


A �8


A — ll


A — l3


A — l5


B �1


C �1


D — l


E — l


E — 2


MECH 1469




Fiqure

TabIe

LIST O F FIG -TTR ES 

A¡Ü D  TABLES

Tunnel 

Fire 

and 

Sm olce 

Patterns

Schem atic 

Jet Fan 

Arrangem ent

Profile 

B-R oute 

Sta. 

480+30 

to 

1230+60

Plan 

- 

D ovrnt.ow n 

R oute

Fan 

C apacities 

- 

B-R oute

Fan C apacities 

- 

D ow ntow n 

R oute

B-R oute 

SES Sím ulations

D ow ntow n 

R oute SES Sim ulations

Follqw inq 

Page

3


I

l_0

J.

2

3

4

1

2

3

4

I1

IO

1r.

B-1

c-I

t-l-r-

Figure Follow ing P ag


l 

2 

3


4


Table


l


2


3


4


LIS T O F FIG U R E S A N D  TA B LE S


Tunnel Fire and sm oke P atterns


S chem atic Jet Fan A rrangem ent


P rofile B �R oute S ta. 480+30 to l230+60


P lan — D ow ntow n R oute


Fan C apacities — B �R oute


Fan C apacities — D ow ntow n R oute


B �R oute S E S  S im ulations A 


D ow ntow n R oute S E S  S im ulations


iii


3

8


l0


ll


10


ll


B�


C _


MECH 1470




EX E C U T\\/E 


S U M M A R Y 


MECH 1471




EXEC U TIVE SU M I.ÍAR Y

O ver the 

past 

several 

years, 

the 

V'Tashington 

M etropolitan

Area 

Transit Authority 

(W M ATA) 

has 

com m issioned 

various 

studies,

field tests, 

and site 

investigations 

directed 

tow ard 

evaluating

the ability of 

the 

M etrorail 

ventilation 

system s 

to control

the 

m ovem ent of sm oke 

during a 

fire 

"*"tg"ì"y.


This has 

led


to the


developm ent of 

W M ATA's threä-phase 

program  

for 

the study,

analysis, 

and im plem entation 

of system w ide 

m odifications 

to

the Ventilation system .

Phase I, the current 

phase 

of the 

program , 

included a


review  of 

prior 

studies, 

the 

'developm ent 

of 

ventilation

strategíes 

(or 

concepts) 

and their 

anticipated effectiveness'

and the designation 

of existing site 

locations 

w here field

testing of viable 

concepts could 

be accom plished" 

Phase II

w ill 

include 

the design of the 

field test 

program  

and related

system  m odifications, 

and the test 

program . 

Phase III 

w ill

include design m odifications to 

achieve desired 

ventilatíon

perform ance 

objectives throughout 

the 

M etrorail 

predicated

upon the findings of the 

Phase II 

program .

"


For this 

Phase I report, four 

ventilation strategies for

im proving 

sm oke 

control in the running 

tunnels w ere considered

on the basis of satisfying the 

follow ing:

N o additional fan shafts

M inim al 

cívíl/ sEructural m odifications

M inim al 

construction im pact on transit system

operatíons

C ost-ef fective solutions

o


o


o


o 

ES-1

E X E C U TIV E S U M M A R Y


O ver the past several years, the W ashington. M etropolitan


A rea Transit A uthority (W M A TA ) has com m issioned various studies,


field tests, and site investigations directed tow ard evaluating


the ability of the M etrorail ventilation system s to control


the m ovem ent of sm oke during a fire em ergency. This has led


to the developm ent of W M A TA 's three— phase program  for the study,


analysis, and im plem entation of system w ide m odifications to


the ventilation system .


Phase I, the current phase of the program , included a

review  of prior studies, the ‘developm ent of ventilation


strategies (or concepts) and their anticipated effectiveness,


and the designation of existing site locations w here field


testing of viable concepts could be accom plished. P hase II


w ill include the design of the field test program  and related


system  m odifications, and the test program . P hase III w ill


include design m odifications to achieve desired ventilation


perform ance objectives throughout the M etrorail predicated


upon the findings of the P hase II program .


. For this P hase I report, four ventilation strategies for


im proving sm oke control in the running tunnels w ere considered


on the basis of satisfying the follow ing:


o N o additional fan shafts


o M inim al civil/structural m odifications


o M inim al construction im pact on transit system 


operations


o C ost— effective solutions


E S — l
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The highlights 

of

in this 

Phase 

I report

the 

findings 

and recom m endations 

contained

include 

the 

follow ing:

I 

2 

The required 

airflow s 

to 

m eet the 

ventilation 

criteria

for controlling 

the 

m ovem ent 

of 

sm oke and 

heat in

a 

fire em ergency 

w ere 

determ ined 

to be 

less than

identified in earlier 

studies.

To achieve ef 

f 

ective 

control 

of sm oke 

and hea't 

in

a fire em ergency, the 

deploym ent 

of blockage devices'

w hich 

direct 

ventílation airflow  

to the fire site'

appears to 

provide 

a cost-effective 

solution. 

As

discussed in the 

body 

of this 

report, how ever, 

further

consideration of the use of 

such blockage devices

as it relates 

to their 

technical feasibility and

com patability w ith 

overall 

operational safety and

m aintenance 

requirem ents, needs to be 

addressed before

a firm  

com m itm ent to 

the application 

of 

such devices

can.be m ade.

A 

j.et 

fan alternative appears 

viable and approaches

the capability 

of the 

blockage devices to control

airflow s in a fire situation. 

This 

system , how ever,

m ay be m ore 

costly to apply than the blockage devices,

as 

described in item  

2 

above.

Based 

on the various analyses 

perform ed 

durin$ this

study, it is 

recom m ended that the 

tunnel section

betw een 

M cPherson 

Square and M etro C enter 

Stations

serve 

as the location for 

perform ing 

both the

single-track 

and 

double-track test 

program  

in 

Phase

II. 

The 

prototype 

tests are 

prim arily 

intended 

to

accom plish 

tw o objectives 

:


3. 

4" 

ES-2

The highlights of the findings and recom m endations contained


in this P hase I report include the follow ing: _ 


The required airflow s to m eet the ventilation criteria


for controlling the m ovem ent of sm oke and heat in


a fire em ergency w ere determ ined to be less than


identified in earlier studies.


To achieve effective control of sm oke and heat in


a fire em ergency, the deploym ent of blockage devices,


w hich direct ventilation airflow to the fire site,


appears to provide a cost�effective solution. A s


discussed in the body of this report, how ever, further


consideration of the use of such blockage devices


as it relates to their technical feasibility and


com patability w ith overall operational safety and


m aintenance requirem ents, needs to be addressed before


a firm  com m itm ent to the application of such devices


can�be m ade.


A jet fan alternative appears viable and approaches


the‘ capability of the blockage devices to control


airflow s in a fire situation. This system , how ever,


m ay be m ore costly to apply than the blockage devices,


as described in item  2 above.


B ased on the various analyses perform ed during this


study, it is recom m ended that the tunnel section


betw een M cPherson S quare and M etro C enter S tations


serve as the location for perform ing both the


single�track and double— track test. program  in P hase


II. The prototype tests are prim arily intended to


accom plish tw o objectives:

E S �2
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o


o


D em onstrate

ventilation

the 

viabil.ity of the recom m ended

strategies 

and 

physical 

m odifications.

Provide a 

basis 

of 

com parison 

w ith 

the m ethodology

of analyses to 

perm it 

"fine-tuning 

calibration"

of the analytical 

program " 

Through 

the 

fuIl

scale 

field review  of the Subw ay 

Environm ent

Sim ulation 

(SnS) 

com puter 

- 

program  

results, this

analytical tool can then 

be 

applied to a1l 

other

existing 

t 

or future sections of the 

M etrorail,

to determ ine 

the 

required m odifications, 

íf

ãîy, thaÈ m ay be 

necessary to achieve the

em ergency ventilation 

objectives.

5
 The 

total cost 

of the 

Phase 

II 

program ,

all 

engineering 

and construction costs, 

is

to be 

approxim ately 

S1,450,000, 

w hich 

is

previously 

estim ated.

including

estim ated

less 

than

ES-3

0 D em onstrate the viability of the recom m ended


ventilation strategies and physical m odifications.


o P rovide a basis of com parison w ith the m ethodology


of analyses to perm it "fine— tuning calibration"


of the analytical program . Through the full


scale field review  of the S ubw ay E nvironm ent


S im ulation (S E S ) com puter ~program  results, this


analytical tool can then be applied to all other


existing, or future sections of the M etrorail,


to determ ine the required m odifications, if


any, that m ay be necessary to achieve the


em ergency ventilation objectives.


The total cost of the P hase II program , including


all engineering and construction costs, is estim ated


to be approxim ately $1,450,000, w hich is less than


previously estim ated.


E S — 3
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I}ITR O D U C TIO TìI

H ISTO R Y 

O F 

TEE 

PR O G R .AII

O ver 

the 

pást 

several 

years, 

the lrlashington 

M etropolitan

Area Transit 

Authority 

(w uera) 

has 

com m issioned 

various 

studies,

field 

tests, 

and 

site investigations 

directed 

tow ard 

evaluating

the 

ability 

of the M etrorail 

ventilation 

system s 

to control

the 

m ovem ent 

of sm oke 

during 

a fire 

em ergency. These 

studies

have 

1ed to 

a series 

of reconrm endations 

for im proving 

fire

life 

safety 

in 

the system " 

Various 

m easures have 

since 

been

im plem ented, 

including 

fire 

hardening 

of 

vehicles 

to reduce

the 

m agnitude 

of 

potential 

vehicre 

fires 

and

repairing,/m aintaining 

the 

existing 

ventilation 

system  

to im prove

its 

effectiveness. 

N otw ithstanding 

these 

and 

other 

m easures,

the 

perform ance 

of 

the ventilation 

system  

for 

sm oke 

control

continues 

t,o be 

of concern.

As 

a result 

of these 

previous 

studies 

and m easures,

!{M ATA 

has 

developed 

a 

three-phase program  

w hich 

w ill 

assist

the 

Authority 

in 

im plem enting 

system w ide 

m odifj-cations 

to its

ventilation 

system " 

Phase 

r., 

the 

current 

phase 

of the 

program ,

included 

a review  

of 

prior 

studies, 

Èhe developm ent 

of

ventilation 

strategies 

(or 

concepts 

) 

and 

their 

anÈicipated

effectiveness, 

and 

the 

designation 

of existing 

site 

locations

w here 

field 

testing 

of 

viable 

concepts 

could 

be 

accom plished.

Phase 

rr 

w ill 

include 

the 

design 

of 

Èhe field 

test 

program

and 

related 

system  

m odifications, 

and 

the 

test 

program . 

phase

IfI 

w í11 

include 

design 

m odifications 

to 

achieve 

desired

ventilation 

perform ance 

objectives 

throughout 

the M etrorail

predicated 

upon 

the 

findings 

of 

the 

phase 

rr 

program .

1


IN TR O D U C TIO N 


H IS TO R Y O F TH E  P R O G R A M 


O ver the past several years, the W ashington M etropolitan


A rea Transit A uthority (W M A TA ) has com m issioned various studies,


field tests, and site investigations directed tow ard evaluating


the ability of the M etrorail ventilation system s to control


the lnovem ent of sm oke during a fire em ergency. These studies


have led to a series of recom m endations for im proving fire


life safety in the system . V arious m easures have since been


im plem ented, including fire hardening of vehicles to reduce


the m agnitude of potential vehicle fires_ and


repairing/m aintaining the existing ventilation system  to im prove


its effectiveness. N otw ithstanding these and other m easures,


the perform ance of the ventilation system  for sm oke" control


continues to be of concern.


A s a result of these previous studies and m easures,


W M A TA  has developed a three— phase program  w hich w ill assist


the A uthority in im plem enting system w ide m odifications to its


ventilation system . P hase I, the current phase of the program ,


included a review  of prior studies, the developm ent of


ventilation strategies (or concepts) and their anticipated


effectiveness, and the designation of existing site locations


w here field testing of viable concepts could be accom plished.


P hase II w ill include the design of the field test program 


and related system  m odifications, and the test program . P hase


III w ill include design m odifications to achieve desired


ventilation perform ance objectives throughout the M etrorail


predicated upon the findings of the P hase II program .


l
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PEASE 

I 

O BJEC TIVES

The 

overall objective of the study w as 

to 

develop

ventilation 

strategies to expand the existing ventilation 

system

capabilities 

for sm oke control and develop 

groundw ork 

for their

site 

testing at both a single 

track and 

double 

track location

considered 

to be 

prototypical 

of the system . Specific 

objectives

of 

the study include 

the follow ing:

o 

R eview  

and 

evaluate 

previous 

studies 

related to

the ability 

of the 

ventilation system  

to control

the m ovem ent 

of sm oke and heat 

during a fire

em ergency.

o


R eview  

the Subw ay Environm ent 

Sim ulation 

(SES)

Version 

3.0 

com puter 

analysis 

of 

tw o single 

track

tunnel 

configurations 

perform ed 

by 

D eleuw  

C ather

as addressed 

in their report 

"Tunnel 

Sm oke. 

C ontroi

Study, Phase 

I", August 

1985 

(net" 

1). The 

review

is to 

confirm  

the validity 

of the 

sim ulation

approach, 

the results 

of the 

study, 

and the viability

of 

Èhese locations 

as 

protoÈype 

test 

sites.

R eview  

the double 

track 

portions 

of the M etrorail

and 

propose 

locations 

for 

prototype 

testing. 

Select

tw o sites, 

w ith 

the 

assistance 

of $IM ATA 

staff,

and 

analyze 

ventilation 

strategies w ith 

the 

SES

Version 

3.0 

com puter 

program .

Select 

one single 

and one 

double 

track 

location

for 

prototype 

testing.

o


o


o


Identify 

the 

m odifications

sites 

required 

to 

achieve

flow  

rates.

the 

prototype 

test

desired 

ventilation

to

the

2


P H A S E I O B JE C TIV E S


The overall objective of the study w as to develop


ventilation strategies to expand the existing ventilation system 


capabilities for sm oke control and develop groundw ork for their


site testing at both a single track and double track location


considered to be prototypical of the system . S pecific objectives


of the study include the follow ing:


o R eview  and evaluate previous studies related to


the ability of the ventilation system  to control


the m ovem ent of sm oke and heat during a fire


em ergency.


o R eview  the S ubw ay E nvironm ent S im ulation (S E S )


V ersion 3.0 com puter analysis of tw o single track


tunnel configurations perform ed by D eLeuw  C ather


as addressed in their report "Tunnel S m oke.C ontrol


S tudy, P hase I", August 1985 (R ef. l). The review 


is to confirm  the validity of the sim ulation


approach, the results of the study, and the viability


of these locations as prototype test sites.


o R eview  the double track portions of the M etrorail


and propose locations for prototype testing. S elect


tw o sites, w ith the assistance of W M A TA  staff,


and analyze ventilation strategies w ith the S E S 


V ersion 3.0 com puter program .


o S elect one single and one double track location


for prototype testing.


o Identify the m odifications to the prototype test


sites required to achieve the desired ventilation


flow rates.


2
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o
 D evelop 

an outline 

of the 

prototype 

test 

program .

o
 D evelop 

prelim inary 

cost estim ates covering:

a

Preparation 

of

site design

program .

Supervision 

of field

preparation 

of report.

bid docum ents 

for 

prototype

m odifications 

and field test

b"

test 

program  

and

design 

.m odif 

ications

test 

program .

and

C onstruction

execution 

of

of

field

TT'ITITEL 

FIR E AIID  

SU O KE 

C O N TR O L

The 

ventilation 

system  

should 

be designed 

to control

the 

d.irection 

of 

sm oke and 

heat 

m ovem ent 

f or 

a reasonable

fire 

scenario 

to 

provide 

a 

clear and 

safe 

path 

for evacuating

people 

and 

to facilitate 

firefighting 

operaÈions. 

The

perform ance 

of 

the ventilation 

system r. 

therefore, 

plays 

an

im portanÈ 

role 

in 

a transit 

sysÈem 's 

overall 

fire life 

safety

program .

The 

fire 

and its 

associated 

airflow s 

differ 

significantly

from  

m ore 

fam iliar 

fire 

situations 

occurring 

outside 

the confines

of 

a 

tunnel 

w here 

sm oke 

and 

heat 

can 

escape 

upw ards 

into 

the

atm osphere. 

The 

m ost 

noÈew orthy 

distinction 

is 

the 

tendency

to 

create 

a 

layer 

of 

hot 

sm oke 

and 

gases 

f 1ow ing 

ar̂ ¡ay 

f rom

the 

fire 

near 

the 

crow n 

of 

the 

tunnel 

in 

both 

directions, 

w hile

air 

supporting 

com bustion 

m oves 

tow ard 

the 

fire 

beneath 

the

sm oke 

layer. 

This phenom enon 

is 

calted 

"back-layering". 

(see

Figure 

1). 

The 

m ethod 

used 

to 

evaluate 

"back-layering" 

is

discussed 

in 

APPEN D IX 

A.1.

3 

o D evelop an outline of the prototype test program .


o D evelop prelim inary cost estim ates covering:


a. P reparation of bid docum ents for prototype


site design m odifications and field test


program .


b. S upervision of field test program  and


preparation of report.


c. C onstruction of design �m odifications and


execution of field test program .


TU N N E L FIR E A N D  SM O KE C O N TR O L


The ventilation system  should be designed to control


the direction of sm oke and heat m ovem ent —  for a reasonable


fire scenario � to provide a clear and safe path for evacuating


people and to facilitate firefighting operations. The


perform ance of the ventilation system ; therefore, plays an


im portant role lJ1 a transit system 's overall fire life safety


program .


The fire and its associated airflow s differ significantly


from  m ore fam iliar fire situations occurring outside the confines


of a tunnel w here sm oke and heat can escape upw ards into the


atm osphere. The m ost notew orthy distinction is the tendency


to create a layer of hot sm oke and gases flow ing aw ay from 


the fire near the crow n of the tunnel in both directions, w hile


air supporting com bustion m oves tow ard the fire beneath the


sm oke layer. This phenom enon is called "back— layering". (S ee


Figure l). The m ethod used to evaluate "back�layering" is


discussed in A PP E N D IX  A .l.


3 . _ 
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If the ventilation

it can cause 

all 

of 

the

one direction on1y.

The 

solution 

to

been 

developed 

w hich

strategies.

\¡EN TII,ATIO IT 

STR ÀTEG IES

Four 

ventilation

in the 

running 

tunnels

the 

follow ing:

üiith 

the 

above

w ere 

considered 

in

suf f icient capaci-ty, 

how ever,

air 

and 

sm oke 

to flow  tow ards

is 

of

heated

To 

achieve these results and 

prevent 

back-layering, the

f 

ollow ing criteria 

r¡rere 

considered: f ire size an.1 critical

velocity. Fire 

size is 

an 

im portant 

criterion since the

m agnitude 

of the bouyant 

effect is directly related to 

the

size of 

the fire. C ritical velocity 

descríbes 

the level of

ventilaÈion 

required 

to cause 

all of the heated 

air and sm oke

to 

flow  

in the direction 

of 

the 

ventilation 

airflow . The

ventilation 

airflow  

against 

the sm oke m ovem ent 

m ust be equal

to 

or 

greater 

than 

this critical 

velociti. These 

criteria

are discussed 

in detail 

in APPEN D IX 

A.2. The 

ability 

of a


ventilation 

system  

to 

prevent 

back-layering 

is the current

state-of-the-art 

standard 

against w hich 

system  

perform ance

for 

sm oke 

control 

is 

m easured"

achieve 

the ventilation 

criter.ion 

has

considered 

four 

alternative 

ventilation

strategies 

for im proving 

sm oke 

control

hrere 

considered 

on 

the basis 

of satisfying

o


o


o


o


N o 

additional 

fan 

shafts

M inim al 

civLl,/structural 

m odifications

M inim al 

construction 

im pact 

on transit 

system

operations

C ost-ef 

f ective 

solutions

lim itations, 

the

the 

event 

that

follow ing 

four strategies

the existing 

ventilation

4


If the ventilation is of sufficient capacity, how ever,


it can cause all of the heated air and sm oke to flow tow ards


one direction only.


To achieve these results and prevent back— layering, the


follow ing criteria w ere considered: fire size and critical


velocity. Fire size is an im portant criterion since the


m agnitude of the bouyant effect is directly related to the


size of the fire. C ritical velocity describes the level of


ventilation required to cause all of the heated air and sm oke


to flow in the direction of the ventilation airflow . The


ventilation airflow against the sm oke m ovem ent m ust be equal


to or greater than this critical velocity. These criteria


are discussed in detail in A P P E N D IX A .2. The ability of a

ventilation system  to prevent back�layering is the current


state�of— the— art standard against w hich system  perform ance


for sm oke control is m easured.


The solution to achieve the ventilation criterion has


been developed w hich considered. four alternative ventilation


strategies.


V E N TILA TIO N  S TR A TE G IE S


Four ventilation strategies for im proving sm oke control


in the running tunnels w ere considered on the basis of satisfying


the follow ing:


o N o additional fan shafts


o M inim al civil/structural m odifications


o M inim al construction im pact on transit system 


.operations


o C ost�effective solutions


W ith the above lim itations, the follow ing four strategies


w ere considered in the event that the existing ventilation


4
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system s w ere found to be 

ineffective by them selves 

to satisfy

em ergency ventilation objectives :


"Brute-force" 

em ergency ventilation

"Push-pu11" 

em ergency 

ventilation

Tunnel 

blockage devices

W all-m ounted 

jet (im pulse) 

fans

"Brute-Force' 

F.m ergency 

Venti]-ation

Based 

on various 

studies and 

our ow n 

evaluations, m ost

of 

the existing 

fan 

shaft 

installations 

lack sufficient 

capacity

to 

effectively 

control 

the m ovem ent 

of sm oke 

and heat 

in the

event 

of a fire 

situation 

in an 

adjacent 

tunnel section. 

The

concept 

of 

"brute-force" 

relates 

to increasing 

the capacity

of 

the exisÈing 

fan 

shaft 

system  

of ventilation 

in the M etrorail

to the 

point 

w here 

sm oke 

control 

can be 

achieved.

To 

m eet 

the 

desired 

objective, 

how ever, w ould 

necessitate

an 

extraordinarily 

large 

increase 

in 

the existing 

fan shaft

capacities" 

This 

courd 

only be 

achieved 

by replacem ent 

of

the 

existing 

fans 

w ith 

substantially 

larger 

capacity 

units

driven 

by very 

large 

horsepow er 

m otors. 

rn addition 

to 

the

fan 

equipm ent, 

significant 

structural 

m odifications 

to 

the

existing 

fan shafts 

and 

a significant 

increase 

in 

the 

electrical

po!{er 

services 

w ould 

be 

required. 

This 

alternative 

w as 

therefore

determ ined 

not 

to be 

cost-effective 

and 

no further 

consideration

w as 

given 

to 

this 

"brute-force" 

approach.

'Push-PuII' 

F.nrergency 

Ventilation

In m any 

recenÈ 

rapid 

transit 

system  

designs, 

reversible

operating 

fans 

are 

installed 

in 

fan 

shafts 

associated 

w ith

each 

trainw ay 

at 

the 

ends 

of 

each 

underground 

station. 

By

operating 

selected 

fans 

in 

a supply 

m ode 

and 

fans 

in 

othe=

o


o


o


o


5


system s w ere found to be ineffective by them selves to satisfy


em ergency ventilation objectives:

o "B rute— force" em ergency ventilation


o "P ush�pull" em ergency ventilation


o Tunnel blockage devices


o W all�m ounted jet (im pulse) fans


"B rute�Force“ E m ergency V entilation


Based on various studies and our ow n evaluations, m ost


of the existing fan shaft installations lack sufficient capacity


to effectively control the m ovem ent of sm oke and heat in the


event of a fire situation in an adjacent tunnel section. The


concept of "brute— force" relates to increasing the capacity


of the existing fan shaft system  of ventilation in the M etrorail


to the point w here sm oke control can be achieved.


To m eet the desired objective, how ever, w ould necessitate


an extraordinarily large increase in the existing fan shaft


capacities. This could only be achieved by replacem ent of


the existing fans w ith substantially larger capacity units


driven by very large horsepow er m otors. In addition to the


fan equipm ent, significant structural m odifications to the


existing fan shafts and a significant increase in the electrical


pow er services w ould be required. This alternative w as therefore


determ ined not to be cost�effective and no further consideration


w as given to this "brute— force" approach.


"P ush— P ull" E m ergency V entilation


In m any recent rapid transit system  designs, reversible


operating fans are installed in fan shafts associated w ith


each trainw ay at the ends of each underground station. B y


operating selected fans in a supply m ode and fans in other


5
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shafts 

in 

an 

exhaust 

m ode, 

sufficient 

airflow  

through 

the 

tunnel

section 

cbntaining 

a burning 

d,isabled 

train 

can 

usually 

be

achieved 

to 

control 

back-layering 

of sm oke

The 

ventj-lation 

system  

f or 

the 

M etrorail 

vlas 

designed

for 

environm ental 

com fort 

control, 

and 

not 

for 

fire 

em ergency

situatj-ons. 

AccordingLY, 

w hile shafts 

at 

the 

ends 

of stations

have 

generally 

been 

provided 

in the 

system , 

they 

are 

not 

equipped

w ith fans.

Based 

on 

past 

experience, 

the 

m agnitude 

and 

capacity 

of

fans 

appropriate 

to 

a 

"push-pulI" 

concept 

are 

sígnificantly

greater 

than 

could 

be 

reasonably 

added 

to the 

existing 

vent

shafts 

at the 

ends 

of 

each station. 

G iven 

the 

level of

structural 

m odifications 

required, 

along 

w ith the 

significant

m echanical 

and electrical 

installations 

that 

w ould 

be necessary'

a conclusion 

w as reached 

that 

a 

"push-pull" 

system  

of em ergency

ventilation 

w ould 

not be cost-effectj-ve. 

Thereforer 

D o further

consideration 

w as 

given 

to this 

approach"

Tr¡nnel BJ-ockage 

D evices

To m ake better 

use 

of existing 

fan 

shaft 

capacities, 

this

strategy 

is designed 

to increase 

the. 

percentage 

of 

airflow

processed 

by 

the shaft 

through 

the 

tunnel 

section 

containing

a 

burning disabled 

train. 

As the 

system  

is currently 

configured'

the base of 

each fan 

shafÈ 

is connected 

to both 

inbound 

and

outbound trainw ays 

w ithout any 

m eans of 

aerodynam ically 

isolating

one trainw ay 

from  

the 

other. 

In 

the 

case of singIe 

track

tunnels, four 

possible 

airflow  

paths 

form ed 

by 

the connecting

trainw ays exíst 

at the base of 

the shaft. 

Because 

the 

presence

6


shafts in an exhaust m ode, sufficient airflow through the tunnel


section containing a burning disabled train can usually be


achieved to control back�layering of sm oke. ‘


The ventilation system  for the M etrorail w as designed


for environm ental com fort control, and not for fire em ergency


situations. A ccordingly, w hile shafts at the ends of stations


have generally been provided in the system , they are not equipped


w ith fans.


B ased on past experience, the m agnitude and capacity of


fans appropriate to a "push— pull" concept are significantly


greater than could be reasonably added to the existing vent


shafts at the ends of each station. G iven the level of


structural m odifications required, along w ith the significant


m echanical and electrical installations that w ould be necessary,


a conclusion w as reached that a "push— pull" system  of em ergency


ventilation w ould not be cost�effective. Therefore, no further


consideration w as given to this approach.


Tunnel B lockage D evices


To m ake better use of existing fan shaft capacities, this


strategy is designed to increase the_ percentage of airflow


processed by the shaft through the tunnel section containing


a burning disabled train. A s the system  is currently configured,


the base of each fan shaft is connected. to both inbound and


outbound trainw ays w ithout any m eans of aerodynam ically isolating


one trainw ay from  the other. In the case of single track


tunnels, four possible airflow ' paths form ed by the connecting


trainw ays exist at the base of the shaft. B ecause the presence


6
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of 

a train 

in 

a tunnel 

creates 

considerable 

resistance to airflow

as 

com pared 

to an 

em pty tunnelr 

ârl overw helm ing 

quantity 

of

air 

processed 

by 

the 

fan shaft 

bypasses 

the tunnel 

containing

the 

traín 

and flow s 

through 

the 

rem aining 

em pty 

tunnel 

sections.

To m inim ize 

this 

effect, 

the 

blockage 

device 

strategy 

increases

the resistance 

to 

airflow  

in the 

three 

em pty 

tunnel 

sections

by m eans of 

physical barríers.

This 

strategy 

had 

previously been 

proposed 

and 

studied

by other 

consultants 

(nef. 

L, 2, 3). 

fn 

one 

of the 

prior

studies, 

(R ef. 

1), ventilatíon system  

perform ance 

w as 

evaluated

on the 

basis of having 

tunnel 

blockage devices 

installed 

in

all four tunnel 

sections 

at 

the 

base of 

all fan shafts. 

This

allow ed the opportunity 

to block 

as 

m any as three of 

the four

tunnel sections 

at each fan shaft.

In R ef. 

1 

an 

inflatable blockage 

device that 

could be

locally or rem otely activated 

and 

be self-sealing had 

been

proposed. 

The inflatable 

portion 

of the 

proposed 

barrier w as

configured in the 

shape of a 

'rtoroid" 

w hose outer diam eter

w ould be som ew hat larger than 

the effective 

tunnel diam eter.

The 

barrier 

w ould be held in 

place 

by 

friction created by the

oversized barrier in contact 

w ith the tunnel 

w a11 

surfaces.

The 

center 

portion 

of the barrier 

w ould be m ade of a 

reinforced

fabric 

w hich could be opened 

to 

allow  

evacuating 

people 

or

firefighting 

personnel 

to 

pass 

through. In their ventilation

study, air leakage 

across 

tñe barrier r̂ /as evaluated on the

basis 

that 

approxim ately 

80 

percent 

of the tunnel 

cross-section

w ould 

be blocked. It 

w as 

pointed 

out that the 

proposed 

barrier

w ould 

require further 

design developm ent and 

prototype 

testing

before 

such a device could 

be used in the 

M etrorail.

The 

basic 

assum ptions 

used in the referenced study w ere

also 

used 

in this 

study. 

Four 

tunnel blockage devices r{rere

assum ed 

available 

at the base 

of each fan shaft and 

each device

7


of a train in a tunnel creates considerable resistance to airflow


as com pared to an em pty tunnel, an overw helm ing quantity of


air processed by the fan shaft bypasses the tunnel containing


the train and flow s through the rem aining em pty tunnel sections.


To m inim ize this effect, the blockage device strategy increases


the resistance to airflow in the three em pty tunnel sections


by m eans of physical barriers.


This strategy had previously been proposed and studied


by other consultants (R ef. l, 2, 3). In one of the prior


studies, (R ef. l), ventilation system  perform ance w as evaluated


on the basis of having tunnel blockage devices installed in


all four tunnel sections at the base of all fan shafts. This


allow ed the opportunity to block as m any as three of the four


tunnel sections at each fan shaft.


In R ef. l an inflatable blockage device that could be


locally or rem otely activated and be self— sealing had been


proposed. The inflatable portion of the proposed barrier' w as


configured in the shape of a "toroid" w hose outer diam eter


w ould be som ew hat larger than the effective tunnel diam eter.


The barrier w ould be held in place by friction created by the


oversized barrier in contact w ith the tunnel w all surfaces.


The center portion of the barrier w ould be m ade of a reinforced


fabric w hich could be opened to allow evacuating people or


firefighting personnel to pass through. In their ventilation


study, air leakage across the barrier w as evaluated on the


basis that approxim ately 80 percent of the tunnel cross— section


w ould be blocked. It w as pointed out that the proposed barrier


w ould require further design developm ent and prototype testing


before such a device could be used in the M etrorail.


The basic assum ptions used in the referenced study w ere


also used in this study. Four tunnel blockage devices w ere


assum ed available at the base of each fan shaft and each device


7
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effectively 

blocked 

80 

percent 

of the 

tunnel cross-sectional

area.

Since 

actual 

perform ance 

data 

for such devices 

is not

available, sensitivity 

studies 

in the 

current study 

w ere

perform ed. 

In som e 

cases w hen 

tunnel 

ventilation 

criteria

w as not achieved, the 

analyses 

w ere repeated 

assum ing 

the device

effectively blocked 

90 

percent 

of the 

tunnel. 

The 

resulting

level of 

im proved 

ventilation 

perform ance 

determ ined. 

the

potential 

benefits that 

could be achieved 

w ith a m ore 

effective

device.

W ith regard to the 

viability of the tunnel 

blockage devj-ce

strategy, it 

is recognized that the 

im plications of extensive

use 

of such 

untried devices in an operating 

transit system

are far reaching and 

go 

beyond 

just 

dem onstrating functional

operability" 

Q uestions 

relating to m aintenance, Iong-term

reliability, 

and in 

particular 

"operational 

safety" m ust sti1l

be 

addressed 

before 

such a strategy, other 

than its 

potential

for benefitting fire safety ventilation, 

can be 

endorsed.

lÍal.l-ltounted 

Jet 

(Inpulse) 

Fans

The 

jet 

fan strategy is also designed to 

increase 

the

resistance 

to airflow  in the three em pty tunnel sections

connecting 

Èo the base of the fan shaft. This is accom plished

through 

the dissipation of linear m om entum  created by 

the

discharge 

of a low  volum e, 

high velocity, 

quantity 

of air in

the direction opposing tunnel 

air m ovem ent"

In 

this strategy, reversible 

jet 

fans w ould be 

m ounted

along the 

w alls 

(See 

Figure 

2) of the 

four tunnel 

sections

extending 

aw ay from  the base 

of 

a fan shaft. H aving established

the 

tunnel 

section in w hich 

the 

train fire 

is 

located 

and 

the

intended 

evacuation 

path, 

the 

fan shaft 

w ould be activated

I


effectively blocked 80 percent of the tunnel cross— sectional


area.


S ince actual perform ance data for such devices is not


available, sensitivity studies in the current study w ere


perform ed. In som e cases w hen tunnel ventilation criteria


w as not achieved, the analyses w ere repeated assum ing the device


effectively blocked 90 percent of the tunnel. The resulting


level of im proved ventilation perform ance determ ined. the


potential benefits that could be achieved w ith a m ore effective


device.


W ith regard to the viability of the tunnel blockage device


strategy, it is recognized that the im plications of extensive


use of such untried devices in an operating transit system 


are far reaching and go beyond just dem onstrating functional


operability. Q uestions relating to m aintenance, long�term 


reliability, and in particular "operational safety" m ust still


be addressed before such a strategy, other than its potential


for benefitting fire safety ventilation, can be endorsed.


W all— M ounted Jet (Im pulse) Fans


The jet fan strategy is also designed to increase the


resistance to airflow in the three em pty tunnel sections


connecting to the base of the fan shaft. This is accom plished


through the dissipation of linear m om entum  created by the


discharge of a low  volum e, high "velocity, quantity of air in


the direction opposing tunnel air m ovem ent.


In this strategy, reversible jet fans w ould be m ounted


along the w alls (S ee Figure 2) of the four tunnel sections


extending aw ay from  the base of a fan shaft. H aving established


the tunnel section in w hich the train fire is located and the


intended evacuation path, the fan shaft w ould be activated


8
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to 

supply 

or 

exhausÈ 

air accordingly. 

The 

jet 

fans in the

three 

open 

tunnel 

sections 

w ould 

be operated 

in the direction

w hich 

w ould 

retard the 

m ovem ent of 

airflow  

generated 

by the

fan shaft. 

The fans 

in the tunnel 

section 

containi-ng 

the train

w ould not be operated 

because of the 

danger 

of subjecting

evacuating 

passengers 

to high 

velocity air 

and high 

noise 

levels.

The total thrust 

capacity 

of the fans 

in 

each tunnel 

section

lras selected such 

that it 

w ould have the 

sam e effect 

as a tunnel

blockage devj-ce 

in reducj-ng airflow . 

The resulting 

. 

m ore

conventional 

jet 

fan 

system  is essentially 

equivalent 

to the

one w hich uses blockage devices.

The m axim um  size 

jet 

fan that 

could be used in the tunnel

is lim ited" 

A 

review  of the 

dynam ic outline of the train

superim posed on tunnel structural- draw ings 

indicated that a


m axim um  space of 22 inches w as available above the safety 

w alk.

Prelim inary 

fan selections r̂ ¡ere based on this dim ension. 

Tunnel

services 

w ill 

have to be taken into account 

w hen m aking 

final

selections 

"


Based 

on the above discussions, only the strategies of

tunnel blockage devíces and w all m ounted 

jet 

(im pulse) 

fans

w ere 

selected for further 

evaluation. 

Either 

of 

these tw o

viable 

strategies is m ost com patible w ith 

the 

exisÈing

structural, m echanical, 

and electrical installations of 

the

Iv1etrorail 

"


9


to supply or exhaust air accordingly. The jet fans in the


three open tunnel sections w ould be operated in the direction


w hich w ould retard the m ovem ent of airflow generated by the


fan shaft. The fans in the tunnel section containing the train


w ould not be operated because of the danger of subjecting


evacuating passengers to high velocity air and high noise levels.


The total thrust capacity of the fans in each tunnel section


w as selected such that it w ould have the sam e effect as a tunnel


blockage device in reducing airflow . The resulting .m ore


conventional jet fan system  is essentially equivalent to the


one w hich uses blockage devices. � 


The m axim um  size jet fan that could be used in the tunnel


is lim ited. A review  of the dynam ic outline of the train


superim posed on tunnel structural draw ings indicated that a

m axim um  space of 22 inches w as available above the safety w alk.


P relim inary fan selections w ere based on this dim ension. Tunnel


services w ill have to be taken into account w hen m aking final


selections. 1 


B ased on the above discussions, only the strategies of


tunnel blockage devices and w all m ounted jet (im pulse) fans


w ere selected for further evaluation. E ither of these tw o


viable strategies is m ost com patible w ith the existing


structural, m echanical, and electrical installations of the


M etrorail.

9
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AN AIYSIS AN D  

R ESU LTS

R EVIETÍ 

O F PR E\TIO U S STU D IES

At 

the 

outset of this study, 

seven 

previous 

study reports

w ere 

identified by W M ATA 

as 

perhaps 

being 

pertinent 

to our

study 

objectives. 

After a 

prelim inary 

review , 

three reports

(nef" 

1, 

2, 3) v¡ere 

identified 

as key studies 

related 

to

M etrorail 

ventilation 

system s. These 

three reports 

w ere

thoroughly review ed, 

w ith 

our findings 

docum ented 

in an 

interim

report. 

(R ef. 

5). The 

findings 

served 

in 

part 

as 

a basis

for 

the analysis 

perform ed 

and are 

consistent 

w ith 

the

recom m endations 

appearing 

in this 

report

STTID Y ÀPPR O AC E 

FO R  

B-R O U TE 

ATID  D O T{N TO IìIIT 

N EITÍO R KS

The 

B-R oute 

sES 

analysis, 

presented 

in R ef. L, 

w as 

sel-ected

to 

be 

review ed 

in 

the current 

study. The 

approaches 

used 

to

evaluate 

the 

sES 

analysis 

of 

the B-R oute 

and to 

select 

and

analyze 

the 

prototype 

test 

sites in 

the 

dow ntow n 

netw ork 

are

discussed 

in APPEN D IX 

4"3"

D ESC R IPTIO IÜ  

O F B-R O U TE 

N ETTTO R X 

ÀIgD  

SI}ITTLATIO TÙ S

The 

portion 

of the B-R oute 

that r̂ ¡as 

sim ulated 

is show n

in 

Fig" 

3. 

The 

netw ork 

extends 

from  

the 

portal 

w est 

of Forest

G Ien 

Station 

to 

the 

portal 

east 

of G lenm ont 

Statíon. 

The 

netw ork

includes 

three 

stations, 

their 

interconnecting 

tunners, 

and

five 

fan 

shafts. 

Station 

and tunnel 

sections 

are 

com prised

for 

the 

m ost 

part 

of 

single 

track 

tunners. 

The 

capacities

of 

the 

fan 

shafts 

and 

station 

system s 

are 

presented 

in Tab1e

1. 

The 

analysis 

of 

the route 

and 

the results 

of 

the 

sim ulations

have 

led to 

the 

conclusions 

and 

reconm end.ations 

appearing 

in

this 

report. 

D etailed 

inform ation 

describing 

Èhe B-R oute 

is

presented 

in APPEN D IX 

E. 

The 

sim ulations 

and 

their 

results

are 

presented 

in AppEN D IX 

B
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A N A LY S IS A N D  R E S U LTS


R E V IE W  O F P R E V IO U S S TU D IE S


A t the outset of this study, seven previous study reports


w ere identified by W M A TA  as perhaps being pertinent to our


study objectives. A fter a prelim inary review , three reports


(R ef. l, 2, 3) w ere identified as key studies related to


M etrorail ventilation system s. These three reports _w ere


thoroughly review ed, w ith our findings docum ented in an interim 


report. (R ef. 5). The findings served in part as a basis


for the analysis perform ed and are consistent w ith the


recom m endations appearing in this report. '


S TU D Y A P P R O A C H  FO R  B — R O U TE  A N D  D O W N TO W N  N E TW O R K S 


The B �R oute S ES  analysis, presented in R ef. l, w as selected


to be review ed in the current study. The approaches used to


evaluate the S E S  analysis of the B �R oute and to select and


analyze the prototype test sites, in the dow ntow n netw ork are


discussed in AP P E N D IX  A .3.


D E S C R IP TIO N  O F B— R O U TE N ETW O R K A N D  S IM U LA TIO N S


The portion of the B �R oute that w as sim ulated is show n


in Fig. 3. The netw ork extends from  the portal w est of Forest


G len S tation to the portal east of G lenm ont S tation. The netw ork


includes three stations, their interconnecting tunnels, and


five fan shafts. S tation and tunnel sections are com prised


for the m ost part of single track tunnels. The capacities


of the fan shafts and station system s are presented in Table


l. The analysis of the route and the results of the sim ulations


have led to the conclusions and recom m endations appearing in


this report. D etailed inform ation describing the B �R oute is


presented in AP P E N D IX  E . The sim ulations and their results


are presented in AP P E N D IX  B . � 
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D ESC R IPTIO N  

O F 

D O T{N TO IÍN  N ETW O R K 

ÀT{D  SII{U IÀTIO N S

The 

portions 

of the dow ntow n routes included 

in the SES

netw ork are show n in 

Fig. 

4. The 

SES netw ork includes 

tw o

stations, their interconnecting 

tunnels, 

and six fan shafts.

The 

stations are 

double track 

sections 

having 

large

cross-sectional 

areas. 

The 

tunnels betw een 

the stations 

are

com prised 

of com binations 

of single track 

and double 

track

sections. In 

the 

double track sections, 

the dividing 

.w all

betw een 

trainw ays is 

either a line 

of colum ns 

or a continuous

concrete 

w aIl w ith 

openings 

betw een 

trainw ays. The 

capacities

of 

the fan 

shafts and 

the station 

exhaust 

system s 

are 

presented

in 

Table 

2. 

The 

analysis 

of the 

route and 

the results 

of 

the

sim ulations 

have 

1ed to the 

conclusions 

and 

recoîtm endations

appearing 

in this 

report. 

D etailed 

inform ation 

describing

the D ow ntow n 

R oute 

is 

presented 

in APPEN D IX 

E. 

The 

sim ulations

perform ed 

and 

their results 

are 

presented 

in AppEN D IX 

C .
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D E S C R IP TIO N  O F D O W N TO W N  N E TW O R K  A N D  S IM U LA TIO N S


The portions of the dow ntow n routes included in the S ES 


netw ork are show n in Fig. 4. The S E S  netw ork includes tw o


stations, their interconnecting tunnels, and six fan shafts.


The stations are double track sections having large


crossesectional areas. The tunnels betw een the stations are


com prised of com binations of single track and double track


sections. In the double track sections, the dividing �w all


betw een trainw ays is either a line of colum ns or a continuous


concrete w all w ith openings betw een trainw ays. The capacities


of the fan shafts and the station exhaust system s are presented


in Table 2. The analysis of the route and the results of the


sim ulations have led to the conclusions and recom m endations


appearing in this report. D etailed inform ation describing


the D ow ntow n R oute is presented in AP P E N D IX  E . The sim ulations


perform ed and their results are presented in A P P E N D IX  C .


ll


MECH 1490




FAR R AG U T

N O R TH  

STATIO N

38+36

C O N N EC T¡O N 


TR AC K 

39+33

FAR R AG U T

VEST 

STATIO N  

FSA-

SIN G LE 

TR AC K-TR AIN  

AN D  

FIR E 

LO C ATIO N

f 

R U N S 

I 

TH R O U G H  

5 

) 

PLAN

D O VN I'O VN  

R O U TE

D O U BLE 

TR AC K-TR AIN  

,\N D  

FIR E 

LO C ATIO N

ÍR U N S 

6 

TH R O U G H  

IøI

D O U BLE 

TR AC K-TR AIN  

AN D  

FIR E


LO C ATIO I.


ÍR U N S 

II 

TH R O U G H  

16¡


12+Ø 2

A-R O U TE

/IETR O  

C EN TER

STATIO N 


-t


C .R O U TE

B.R O U TE 

l?+Ø 5


G ALLER Y

PLAC E


STATIO N

FSB- 

I

7 

+BØ

N

o

7 

+3Ø

FSD . I


D -R O U TE

l3+36


FED ER AL 

TR IAN G LE


STATIO N

B+5Ø

28+75


F¡R E


FS^- 

I 

FSC -2

33+Ø Ø

/1cPH ER S0N  

SO U ^R E 

STATIO N 


FIG U R E 

4


FA R R A G U T  '


NO R TH  sr/m ow 


as
as


*
 D O U B LE  TR A C K �TR A IN  A N D  F IR E  LO C A TIO N  � 


\ C 
O N N E C T“)
 (R 
U 
N 
S 
rs  TH R O U G H  H 21]


qp 

N  T R A C K  _ __ 
_ 
__ 
_ 
_ 
__ 
 D O U B LE  TR A C K �TR A IN  A N D  F IR E  LO C A TIO P

39*33 i * 
 I ..���I' ¥§¥§¥§¥§¥§¥§§§?§¥§3§$§§§¥i*§E ?  �—  �iv ‘R 
U N S  H TH R O U G H  15' 

FA R R /‘(G U T  F 88  2  ’**‘ M C P H E R S O N  S Q U A R E  "" FSC �l

V E S T  S T A T IO N  33 'Em  S TA TIO N "
3


B +5D 
 5


S 
 22
5*“ C �R O U TE 


F
A �
 \


S IN G LE  TR A C K �TR A IN  m o FIR E  LO C A TIO N  S F5”) F 55"

(R U N S  1  TH R O U G H  51  L ® ' _ 


12'z2/ H ETR D  C E N TE R  ?*5'?' G A LLE R Y 


\  

»  2% ..


A �R O U TE 


C i? 
 I  

?+3@ ® FS D �1

D �R O U TE 


P L/\I\l ~  D O \»/N TO \�/N  R O U TE  ____gg_______13.35


.  F E D E R A L  TR IA N G LE

F 1  G U R E  4 sr/m ow 


MECH 1491




ToTAL cAPAC ITy(t 

.fm )

SU PPLY 

EXH AU ST

FAN  

SH AFT

FSA_1

FSA--2

FSB- 

1


FSC _ 

1


FSC _2

FSD - 

1


M cPH ER SO N  

STA. IJPE

9B

65

65

163

130

130

38

150

100

100

25C ,

2C -C ,

200

60

FAN  

C APAC ITIES

D O W I.,ITO W N  

R O U TE

TABLE 

?


TO TA L Q A P /�\o|"rY (I<¢rm )


I�
” __ . i___ ___  _.,. .______.._� _.i..._.__.,_l .i._.______,,,_._..l,.____._._  I. ._._._..T_._  __:�....i_. _


FA N  S H A FT g  g  I  E X H A U S T


FS A ~— 'I


FS A — �2


FS B — �‘I

FS O — 'I

FS C �2


FS D — 1

IvIcP l— IE R S O N  sr/�\. U PE 


FA N  C A P A C ITIE S D O W N TO W N  R O U TE


TA B LE Z

98


65


65


‘I63


‘IS O 


IS O 


38


I50


IO O 


IO O 


250


ZO O 


2O O 


6O 


MECH 1492




C O N C LU S IO N 


MECH 1493




cot{clusroN s

The 

conclusions 

in this section are

analyses 

of the B-R oute 

and 

D ow ntow n-R oute

as our review  

of 

prior 

SES studies.

based 

on

netw orks

our 

SES

as w ell

2


B-R oute 

N etw ork

1. The 

approach used 

in the 

prior 

analysis 

of the 

B-R oute

w as 

both reasonable 

and 

thorough.

For 

the 

train locations 

studied, 

the changes m ade

to the B-R oute 

SES netw ork 

and 

data sets 

that had

been 

provided 

had 

little 

effect on 

the resulting

airf low s. This 

conclusion 

r̂ ras 

reached 

as a result

of aerodynam ic 

sensitivity 

studies. The 

referenced

changes 

are described 

in APPEN D IX 

A'.3"

3.
 The 

SES 

predicted 

airflow  

by 

the train 

at one 

location

w as about 

the 

sam e as 

predicted 

in the 

prior 

referenced

study. For 

the second 

train 

location, 

the 

airftow

predicted 

in the 

current 

study w as 

som ew hat 

greater

(25 

percent) 

than 

previously 

predicted. 

The

discrepancy 

in m agnitude 

of the 

airflow  

at 

this

location 

cannot 

be 

explained 

w ithout 

review ing 

the

actual 

com puter 

runs 

of the 

previous 

study, 

w hich

!úere 

not 

available. 

These 

conclusions 

are 

based

on com parative 

runs 

w hich 

sim ulated 

a 20 

m illion

Btuh 

train 

fire 

and 

80 

percent 

effect,ive 

blockage

devices 

"


The 

critical 

velocity 

criteria 

used 

in 

the

studies 

result 

in 

different 

recom m endations,

though 

the 

sim ulation 

results 

are 

sim ilar.

tw o

even

The

4.


L2

C O N C LU S IO N S


The conclusions in this section are based on our S ES 


analyses of the B �R oute and D ow ntow n— R oute netw orks as w ell


as our review  of prior S ES  studies.


B �R oute N etw ork


The approach used in the prior analysis of the B �R oute


w as both reasonable and thorough.


For the train locations studied, the changes m ade


to the B �R oute S E S  netw ork and data sets that had


been provided had little effect on the resulting


airflow s. This conclusion w as reached as a result


of aerodynam ic sensitivity studies. The referenced


changes are described in AP P E N D IX  A .3. � 


The S E S  predicted airflow by the train at one location


w as about the sam e as predicted in the prior referenced


study. For the second train location, the airflow


predicted in the current study' w as som ew hat greater


(25 percent) than previously predicted. The


discrepancy in m agnitude of the airflow at this


location cannot be explained w ithout review ing the


actual com puter runs of the previous study, w hich


w ere not available. These conclusions are based


on com parative runs w hich sim ulated a 20 m illion


B tuh train fire and 80 percent effective blockage


devices.

The critical velocity criteria used in the tw o


studies result in different recom m endations, even


though the sim ulation results are sim ilar. The


l2
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5.


6.


critical 

velocity 

criteria 

used 

in the current

study 

is 

based on the 

effect 

of tunnel 

grade, 

fire

size 

and annular 

area 

at 

the train 

loçation.

Although the 

critical 

velocities 

w ere larger for

the 

current 

study, 

they 

w ere easier 

to m eet 

at

the 

train location 

since the 

annular 

tunnel

cross-sectional 

area 

is 

sm aller 

and higher

velocities, 

therefore, 

can 

be achieved 

w ith low er

airflow s.

The recom m endations of the 

prior 

and current studies

w ould be consistent if sim ilar' 

critical 

velocity

criteria 

w ere 

used. 

Even 

though 

the airflow s

predicted 

for one 

of 

the 

train locations is

different, the reconm endations 

w ould be sim ilar

w hen the sam e critical 

velocity criteria are used.

Blockage 

devices 

are not requirêd at the train

locations 

evaluated to direct sufficient airflow

by the train" 

This 

is 

in 

contrast to the

recom m endations 

of the 

previous 

study because

different 

criÈicaI 

velocity 

criÈeria 

w ere used.

7


I


Train 

fire heat release rates

Btuh 

are able 

to be controlled

locations 

sÈudied"

up

at

to 

40 m illion

the tw o train

From  a ventilation 

standpoint, 

the 

B-R oute 

has

relatively 

few  flow  

paths 

and is therefore considered

a 

"tight" 

system . The 

effects of 

operating tunnel

ventilation 

f ans and 

station system s r̂ rere readily

apparent 

on the 

predicted 

airflow s. This

characteristic 

of 

the system  is beneficial 

in 

Èhat

the 

airflow s 

past 

a 

train can be 

augm ented 

by the

operation 

of fans rem oved 

from  

the train 

location.

13

critical velocity criteria used in the current


study is based on the effect of tunnel grade, fire


size and annular area at the train location.


A lthough the critical velocities w ere larger for


the current study, they w ere easier to m eet at


the train location since the annular tunnel


cross�sectional area is sm aller and higher


velocities, therefore, can be achieved w ith low er


airflow s.


The recom m endations of the prior and current studies


w ould be consistent if sim ilar� critical velocity


criteria w ere used. E ven though the airflow s


predicted for one of the train locations is


different, the recom m endations w ould be sim ilar


w hen the sam e critical velocity criteria are used.


Blockage devices are not required at the train


locations evaluated to direct sufficient airflow


by the train. This is in contrast to the


recom m endations of the previous study because


different critical velocity criteria w ere used.


Train fire heat release rates up to 40 m illion


B tuh are able to be controlled at the tw o train


locations studied.


From  a ventilation standpoint, the B — R oute has


relatively few  flow paths and is therefore considered


a "tight" system . The effects of operating tunnel


ventilation fans and station system s w ere readily


apparent on the predicted airflow s. This


characteristic of the system  is beneficial in that


the airflow s past a train can be augm ented by the


operation of fans rem oved from  the train location.
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9
 There 

w ere 

no 

required 

increases 1n 

tunnel fan

capacity to satisfy the 

critical velocity 

criteria

for the tw o locations sim ulated. Although 

the

three rem aining sites studied on the 

B-R oute 

w ere

not sim ulated, 

it is 

unlikely that the tunnel fan

capacity 

increases 

previously 

recom m ended w ould

be 

required to satisfy 

these 

locations. Further

analyses 

should be 

perform ed 

to confirm  

this

conclusion 

"


D ow ntow n 

R oute

Blockage 

devices or 

jet 

fans are required 

to direct

sufficient 

airflow  by 

a train to satisfy 

critical

velocity 

criteria" 

Blockage 

devices 

are m ore

desirable 

thail 

jet 

fans 

from  a ventilation

standpoint, 

since their 

perform ance 

is less subject

to varying 

tunnel 

airflow  conditions.

The 

"brute-force" 

approach, i.e", 

increasing 

the

existing 

tunnel ventilation 

fan shaft 

capacity

until 

the critical 

velocity criteria 

in the 

tunnel

is 

satisfied, 

is not 

a 

practical 

solution. R equired

fan 

capacities 

using this 

m ethod w ould be 

m any

tim es 

greater 

than 

w hat 

is currently 

installed.

3.
 From  

a ventilation 

standpoinÈ, 

the D ow ntow n 

R oute

has 

m any 

flow  

paths, 

Iarge 

open stations, 

and

m ultiple 

entrancew ays. 

C onsequently, 

the 

system

is 

"fuIl 

of holes". 

Therefore, 

w hen 

the 

tunnel

ventilation 

fans 

and 

station 

system s rem ote 

from

the 

train 

location 

are operated, 

they 

have littl_e

effect 

on increasing 

the airflow  

by the 

train.

1 

2


4


It 

is 

envisioned 

that

structural 

m odifications

only 

m inim al 

civil

to 

the tunnels 

m ay

and

be

I4

There w ere no required increases in tunnel fan


capacity to satisfy the critical velocity criteria


for the tw o locations sim ulated. Although the


three rem aining sites studied on the B— R oute ‘w ere


not sim ulated, it is unlikely that the tunnel fan


capacity increases previously recom m ended w ould


be required to satisfy these locations. Further


analyses should be perform ed to confirm  this


conclusion. ,.


D ow ntow n R oute


B lockage devices or jet fans are required to direct


sufficient airflow by a train to satisfy critical


velocity criteria. B lockage devices are m ore


desirable than jet ‘fans from  a ventilation


standpoint, since their perform ance is less subject


to varying tunnel airflow conditions.


The "brute— force" approach, i.e., increasing the


existing tunnel ventilation fan shaft capacity


until the critical velocity criteria in the tunnel


is satisfied, is not a practical solution. R equired


fan capacities using this m ethod w ould be m any


tim es greater than w hat is currently installed.


From  a ventilation standpoint, the D ow ntow n R oute


has m any flow paths, large open stations, and


m ultiple entrancew ays. C onsequently, the system 


is "full of holes". Therefore, w hen the tunnel


ventilation fans and station system s rem ote from 


the train location are operated, they have little


effect on increasing the airflow by the train.


It is envisioned that only m inim al civil and


structural m odifications to the tunnels m ay be
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5.


6.


7"


required 

to im plem ent 

blockage 

devices 

or 

jet 

fans

at the 

sites 

studied. 

W hen 

using 

blockage 

devices

to 

control 

airflow  

in 

the 

tunnel sections 

having

continuous 

concrete 

díviding 

w alls 

w ith opénings,

it 

w as 

found 

necessary 

to 

close Èhese 

openings 

in

order 

to 

achieve 

sufficient 

airflow s 

to 

prevent

back-layering 

of sm oke. 

The effect 

of 

closing 

these

openings 

on 

passenger 

com fort 

(sensed 

air 

pressure

changes during 

train operation) 

m ust 

be evaluated.

Train 

fire 

heat release 

rates 

up to 

40 m illion 

Btuh

can be controlled 

using 

blockage 

devices 

and existing

tunnel 

ventilation 

fan capaciÈies 

at the sites 

studied.

The existing tunnel 

ventilation 

fan capacities 

w ere

sufficient to 

m eet the critical 

velocity criteria

by 

the train at the sites studied 

w hen 

the 

fans are

used in concert 

w ith blockage devices 

or 

jet 

fans

and 

w ith m odifications to certain 

dividing 

w alIs

as 

previously 

identified:

The 

three 

sites exam ined 

Ì̂ ¡ere 

typical 

of the dow ntow n

area. Som e of the inform ation 

gained 

from  this study

is applicable to other 

sties 

throughout the system .

Because 

of the m any different site configurations

existing in 

this system , each should be exam ined

to determ ine the 

extent of required m odification.

15

required to im plem ent blockage devices or jet fans


at the sites studied. W hen using blockage devices


to control airflow in the tunnel sections having


continuous concrete dividing w alls w ith openings,


it w as found necessary to close these openings in


order to achieve sufficient airflow s to prevent


back�layering of sm oke. The effect of closing these


openings on passenger com fort (sensed air pressure


changes during train operation) m ust be evaluated.;


Train fire heat release rates up to 40 m illion B tuh


can be controlled using blockage devices and existing


tunnel ventilation fan capacities at the sites studied.


The existing tunnel ventilation fan capacities w ere


sufficient to m eet the_ critical velocity criteria


by the train at the sites studied w hen the fans are


used in concert w ith blockage devices or jet fans


and w ith m odifications to certain dividing w alls


as previously identified.


The three sites exam ined w ere typical of the dow ntow n


area. S om e of the inform ation gained from  this study


is applicable to other sties throughout the system .


B ecause of the m any different site configurations


existing in this system , each should be exam ined


to determ ine the extent of required m odification.
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R EC O U II{E}ID ATIO N S

As 

previously 

described, the 

prim ary 

objectives of the

Phase I 

program  

w ere to develop 

ventilation 

strategies and

to identify both a single 

track and a 

double track locaÈion

for testing the recom m ended 

concept(s). O ur 

recom m endations

relevant to each of these objectives 

are as follow s:

\rEN TII,ATIO N  

STR ATEG IES

In addition to review ing the existing ventilation system 's

capability 

to achieve desired em ergency ventilation objectives,

four other 

alternative 

ventilation 

strategies viable for

im plem entation 

in the 

M etrorail 

w ere considered. The four

alternatives 

previously 

described w ere:

"Brute-Force" 

Em ergency Ventilation

"Push-Pu1I" 

Em ergency Venti-lation

Tunnel 

Blockage D evices

W aIl M ounted 

Jet 

(Im pulse) 

Fans

Based 

on the required 

airflow s to control 

the 

m ovem ent

of 

sm oke and heat 

during a fire 

em ergency as 

determ ined by

SES 

analyses' it w as 

concluded that 

the applicat.ion 

of either

of 

the first 

tw o alternatives 

identified 

above 

(i.e.,

"brute-force" 

and 

"push-pu1l" ) 

w ould 

be extrem ely 

costly to

im plem ent, 

due 

to the 

extensive installation 

and 

equipm ent

m odifications, 

and 

therefore 

neither one 

of these w ould 

provide

a 

practical 

solution. 

C onsequently, 

our attention 

w as focused

on the 

rem aining 

tw o 

ventilation 

alternatives.

To 

achieve 

the 

m ost 

effective 

control 

of sm oke 

and heat

in 

a fire 

em ergency, 

the deploym ent 

of blockage 

devices 

appears

o


o


o


o


I6

R E C O M M E N D A TIO N S


A s previously described, the prim ary objectives of the


P hase I program  w ere to develop ventilation strategies and


to identify both. a single track and a double track location


for testing the recom m ended concept(s). O ur recom m endations


relevant to each of these objectives are as follow s:


V E N TILA TIO N  S TR A TE G IE S


In addition to review ing the existing ventilation system 's


capability to achieve desired em ergency ventilation objectives,


four other alternative ventilation strategies viable for


im plem entation in the M etrorail 'w ere considered. The four


alternatives previously described w ere: _ 


o "B rute— Force" E m ergency V entilation


o "P ush— P ull" E m ergency V entilation


0 Tunnel B lockage D evices


o W all M ounted Jet (Im pulse) Fans


B ased on the required airflow s to control the m ovem ent


of sm oke and heat during a fire em ergency as determ ined by


S ES  analyses, it w as concluded that the application of either


of the first tw o alternatives identified above (i.e.,


"brute— force" and "push�pull") w ould be extrem ely costly to


im plem ent, due to the extensive installation and equipm ent


m odifications, and therefore neither one of these w ould provide


a practical solution. C onsequently, our attention w as focused


on the rem aining tw o ventilation alternatives.


To achieve the m ost effective control of sm oke and heat


in a fire em ergency, the deploym ent of blockage devices appears
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to 

provide 

the better 

cost-effective 

sol-ution. 

H ow ever, 

as

discussed 

in the body 

of 

this report, 

further 

consideratj-on

of 

the 

use 

of such blockage 

devices 

needs to 

be addressed 

before

a com m itm ent 

to them  

can 

be 

m ade. 

W e w ould 

propose 

this 

as

a concurrent 

tw o-pronged 

process 

in the 

early 

part 

of the 

phase

II 

program . 

O ne of 

these actions w ould 

consist 

of our review

w ith 

the m anufacturers 

of 

such devices, 

and 

the subsequent

establishm ent 

of operational 

requj-rem ents 

and design 

criteria.

The 

other 

concurrent 

action 

w ould' be 

a review  

by 

the W M ATA

m aintenance/operations,/safety 

personnel 

regarding 

the 

use of

such 

devices 

i-n a transit 

system . 

The 

tim e required 

to com plete

t.his 

tw o-pronged 

process, 

and 

its 

findings, 

w il1 

bear

significantly 

on the 

definitive 

scope 

and com pletion 

schedule

for 

the balance 

of 

the Phase 

rr 

program . 

At 

this 

tim e there

is 

no 

transit 

system  

precedent 

for 

the 

use 

of 

such blockage

devicesr 

although 

sim ilar 

devices 

have been 

used 

for 

m any 

years

in 

m ines, 

and 

other very 

substantial 

barriers 

are used 

on large

m ainline 

railroad 

tunnels 

in 

the 

U nited 

States 

and 

C anada.

The 

jet 

fan 

arternative 

appears 

viable 

and 

approaches

the 

capability 

of 

the 

blockage 

devices 

to 

control 

airflow s

in a 

f ire 

situaÈion. 

vte 

recornm end 

that 

a 

design 

f 

or its

subsequent 

testing 

be 

developed 

concurrently 

w ith 

the

investigation 

of 

Èhe barrier 

devices 

during 

the Phase 

II 

program .

Thus, 

in 

the 

event 

for w hatever 

reason 

the blockage 

devices

are 

eventually 

deem ed 

to be 

inappropriate 

for 

the M etrorail,

the 

jet 

fan 

alternative 

w irl provide 

a 

technically 

viable,

alÈhough 

significantly 

m ore 

costly, 

alternative.

SIIIG LE 

TR .AC K 

A¡ID  

D O TIBLE 

TR AC K 

TEST 

SITE 

LO C ATIO N S

Based 

on 

the 

various 

SES 

analyses perform ed 

during 

this

study' 

it 

is 

recom m ended 

that 

the 

tunnel 

section 

betw een

M cPherson 

Square 

and M etro 

C enter 

Stations 

serve 

as 

the 

1ocation

L7

to provide the better cost�effective solution. H ow ever, as


discussed in the body of this report, further consideration


of the use of such blockage devices needs to be addressed before


a com m itm ent to them . can be m ade. W e w ould propose this as


a concurrent tw o�pronged process in the early part of the P hase


II program . O ne of these actions w ould consist of our review 


w ith the m anufacturers of such devices, and the subsequent


establishm ent of operational requirem ents and design criteria.


The other concurrent action w ould' be a review  by the W M A TA 


m aintenance/operations/safety personnel regarding the use of


such devices in a transit system . The tim e required to com plete


this tw o�pronged process, and its findings, w ill bear


significantly on the definitive scope and com pletion schedule


for the balance of the P hase II program . A t this tim e there


is no transit system  precedent for the use of such blockage


devices, although sim ilar devices have been used for m any years


in m ines, and other very substantial barriers are used on large


m ainline railroad tunnels in the U nited S tates and C anada.


The jet fan alternative appears viable and approaches


the capability of the blockage devices to control airflow s


in a fire situation. W e recom m end that a design for its


subsequent testing be developed concurrently w ith the


investigation of the barrier devices during the P hase II program .


Thus, in the event �� for w hatever reason — —  the blockage devices


are eventually deem ed to be inappropriate for the M etrorail,


the jet fan alternative w ill provide a technically viable,


although significantly m ore costly, alternative.


S IN G LE TR A C K AN D  D O U B LE TR A C K TE S T S ITE LO C A TIO N S


B ased on the various SE S  analyses perform ed during this


study, it is recom m ended that the tunnel section betw een


M cPherson Square and M etro C enter S tations serve as the location
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for 

perform ing 

both the single track and 

double track 

test

program  

to be accom plished 

in Phase II:

The 

prototype 

tests 

are 

prim arily 

intended 

to accom plish

tw o objecÈives 

as 

follow s:

o


o


D em onstraÈe the viability of 

the

concept(s) 

and 

physical 

m odifications.

recom m ended

Provide 

a basis 

of 

com parison 

w ith the SES 

analyses

to 

perm it 

"fine 

tuning 

calibration" 

of the SES

program . 

Through 

the fuI1-scale verification 

of

the findings 

from  Èhe SES 

com puter analyses, 

this

analytical 

tool 

can then be 

applied 

to any and

all other 

existing 

t 

ot 

future sections 

of 

the

M etrorail, 

to determ ine 

the required 

m odifications,

if 

any, 

that 

m ay be necessary 

to achieve 

the

em ergency 

ventilation 

objectives 

and 

elim inatê

further 

full-scale 

testing. The 

basis for 

final

prototype 

site 

selection, 

the required 

system

m odifications 

and 

an outline 

of 

the 

proposed

prototype 

testing 

program s 

is 

presented 

in APPEN D IX

A.4.

18

for perform ing both the single track and double track test


program  to be accom plished in P hase II:


The prototype tests are prim arily intended to accom plish


tw o objectives as follow s:


o D em onstrate the viability of the recom m ended


concept(s) and physical m odifications.


o P rovide a basis of com parison w ith the S E S  analyses


to perm it "fine tuning calibration" of the S E S 


program . Through the full— scale verification of


the findings from  the SE S  com puter analyses, this


analytical tool can then be applied to any and


all other existing, or future sections of the


M etrorail, to determ ine the required m odifications,


if any, that m ay be necessary to achieve the


em ergency ventilation objectives" and elim inate


further full— scale testing. The basis for final


prototype site selection, the required system 


m odifications and an outline of the proposed


prototype testing program s is presented in A P P E N D IX 


A .4.
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C O ST ESTIM ATE

The testing 

portion 

of the entire 

Phase II 

program  

for

both single and double track tunnels 

w ill 

be conducted 

at a


com m on site as described in the 

R EC O I4M EN D ATIO N S section. 

The

testing w ill 

be 

done to evaluaÈe 

both blockage device and 

jet

fan ventilation strategies. O rder-of-m agnitude 

costs for the

planning 

and execution of the 

Phase II 

program  

are as follow s:

I. Preparation 

of Bid D ocum ents for

D esign 

M odifications, Equipm ent

Procurem ent, 

and 

Fie1d 

Tests

ç240,000

II. 

C onstruction 

and 

Im pact 

Studies

Jet Fans 

and 

Electrical 

Service

Blockage D evices*

C losure 

of 

R efuge 

O penings

betw een Trainw ays

O perations 

Safety C ontrol System s

Investigations 

and 

M aintenance

Im pact 

SÈudies

III. 

Perform ance 

of Fíeld Tests

Testing 

C ontractor

Engineering 

& 

Supervision

IV

A

B

c 

$350,000

$300, 

ooo


$ 

2o, ooo

$150,000

$820, 

ooo

$r00,000


$ 

¿o,000

D .

A

B

$140,000

Analysis 

and R ecom m endations 

for 

Ventilation

Strategies 

and System  M odifications

$230,000

Phase 

II Program  

Total:

$1r430r000


Say 

$1,450,000

Estim ate 

based 

on 

letter 

from  A"J. 

!{endt 

(Sheldahl) 

to John


Bum anis 

(D eleuw 


cather), 

dated 

July 

3r, 1985, 

(nef. 

1),


and


subsequent 

discussions 

relevant 

to additional 

features


w hich


m ight 

be 

required 

for 

the 

blockage 

devices.

*
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C O S T E S TIM A TE


The testing portion of the entire P hase II program  for


both single and double track tunnels w ill be conducted at a

com m on site as described in the R E C O M M E N D A TIO N S  section. The


testing w ill be done to evaluate both blockage device and jet


fan ventilation strategies. O rder— of�m agnitude costs for the


planning and execution of the P hase II program  are as follow s:


I. P reparation of B id D ocum ents for


D esign M odifications, E quipm ent


P rocurem ent, and Field Tests $240,000


II. C onstruction and Im pact S tudies


A . Jet Fans and E lectrical S ervice $350,000


B . B lockage D evices* $300,000

C . C losure of R efuge O penings


betw een Trainw ays $ 20,000


D . O perations S afety C ontrol S ystem s


I
nvestigations and M aintenance


Im pact S tudies $150,000


$820,000


III. Perform ance of Field Tests


A . Testing C ontractor $100,000

B . E ngineering & S upervision $.40,000


$140,000


IV. A nalysis and R ecom m endations for V entilation


S
trategies and S ystem  M odifications $230,000


P hase II P rogram  Total: $1,430,000

S ay $1,450,000


* E stim ate based on letter from  A .J. W endt (S heldahl) to John

Bum anis (
D eLeuw  C ather), dated July 3l, 1985, (R ef. l), and

subsequent discussions relevant to additional features w hich

m 
ight be required for the blockage devices.
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APPEI{D IX A.I

TTIIÙ IIET. FIR E ÀN D  SIIO KE C O IITR O L

In a horizontal 

(zero 

percent 

grade) 

unventilated tunnel

w ith 

a fire 

near the m idpoint, 

the buoyant 

effect w iII establish

a sym m etrical 

circulation 

pattern 

w ith the hot, sm okey air

leaving 

both ends of the 

tunnel and 

air outside the tunnel

draw n in beneath it.

A longitudinal ventilation system  

forcing air to flow

through the tunnel w iIl shift the 

balance 

of 

heated air 

and

sm oke in 

the direction of 

the forced flow . 

W hether 

back-layering

occurs depends upon a num ber of factors 

w hich 

include the

intensity' of the fire, the 

grade 

and 

geom etry 

of the tunnel,

and the velocity of the ventilating air by the fire site.

The basic 

analytical tool used in'this study to evaluate

ventilation 

strategies for sm oke control is the Subw ay

Environm ental 

Sim ulation 

(SES), 

Version 

3.0, com puter 

program

(R ef. 

4) 

. U nlike earlier versions, 

Version 

3.0 incl-udes an

option 

to 

m ake 

use of a 

"fire 

m ode1" w hich has the ability

to 

sim ulate 

the 

overall 

interactive effects of a tunnel fire

on 

the air flow  induced by 

the 

ventilation 

system " After

sim ulating 

a 

fire together w ith 

the 

intended 

operation and

capacity 

of 

the 

ventilation 

syslem , 

the 

resulting 

air 

velocity

approaching 

the fire 

site is com pared to a certain 

"critical

velocity". 

W hen 

the resulting 

air velocity exceeds 

the critical

velocity, 

back-layering 

is 

precluded 

and the ventilation 

system

is considered 

adequate 

for 

sm oke control. The 

expression used

to 

evaluate 

the critical 

velocity 

is an integral 

part 

of 

the

SES 

fire m odel. 

D etails 

of 

the fire 

m odel, 

including 

the

expression 

for 

the 

critical 

velocity, are 

presented 

in APPEN D IX

D .

A-1

A P P E N D IX A .l


TU N N E L FIR E A N D  SM O KE C O N TR O L


In a horizontal (zero percent grade) unventilated tunnel


w ith a fire near the m idpoint, the buoyant effect w ill establish


a sym m etrical circulation pattern w ith the hot, sm okey air


leaving both ends of the tunnel and air outside the tunnel


draw n in beneath it.


A longitudinal ventilation system  forcing air to flow


through the tunnel w ill shift the balance of heated air and


sm oke in the direction of the forced flow . W hether back�layering


occurs" depends upon a num ber of factors w hich include the


intensity‘ of the fire, the grade and geom etry of the tunnel,


and the velocity of the ventilating air by the fire site.


The basic analytical tool used in this study to evaluate


ventilation strategies for sm oke control is the S ubw ay


E nvironm ental S im ulation (S E S ), V ersion 3.0, com puter program 


(R ef. 4). U nlike earlier versions, V ersion 3.0 includes an


option to m ake use of a "fire m odel" w hich has the ability


to sim ulate the overall interactive effects of a tunnel fire


on the air flow induced by the ventilation system . A fter


sim ulating a fire together w ith the intended operation and


capacity of the ventilation system , the resulting air velocity


approaching the fire site is com pared to a certain "critical


velocity". W hen the resulting air velocity exceeds the critical


velocity, back�layering is precluded and the ventilation system 


is considered adequate for sm oke control. The expression used


to evaluate the critical ve1ocity' is an integral part of the


SE S  fire m odel. D etails of the fire m odel, including the


expression for the critical velocity, are presented in AP P E N D IX 


D . '
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APPETVD IX 

A.2

C R ITER IÀ

Fire 

Size

The 

ability 

of 

the ventilation 

system  

to control 

the

m ovem ent 

of 

sm oke and 

heat resulting 

from  

a vehj-cle 

fire 

is

dependent 

upon 

m any 

variables 

including, 

and 

in 

particurar,

the size 

of 

the fire. This 

variabte, 

represented 

in 

the 

analysis

as 

the 

"fire 

heat release 

rate", 

is evaluated 

in consideration

of 

such 

variables 

as the 

am ount 

and 

type 

of com bustibles

com prising 

the vehicle, 

their respective 

burning 

rates, 

their

distribution 

and relative 

is'olation 

from  

one 

another, 

and 

the

source-of 

ignition.

Previous 

studies 

(nef. 

2) 

addressed 

em ergency 

ventilation

using 

fire 

heat release 

rates 

ranging 

from  

8 

to 

40 

m ill-ion

Bi-u/hr 

(Btuh) 

" 

A 

subsequent 

study 

(nef" 

3) 

focused 

on refining

the 

heat 

rerease. 

rate 

and 

included 

perform ing 

a fuel 

road

inventory 

for 

the R ohr 

vehicle 

and m athem atically 

m odeling

fire 

propagation; 

R esults 

of these 

studies 

red 

to

recom m endations 

for 

fire 

hardening 

the vehicles 

w hich 

w ould

lim Ít 

Èhe 

burning 

rate 

to 

20 m ilrion 

Btuh. 

vtM ATA 

has

subsequently 

undertaken 

a 

fire 

hardening 

program  

to 

im plem ent

the 

recom m endations.

As part 

of 

the 

current 

scope 

of virork, 

a review  

of 

the

relevant 

prior 

stud.ies 

(R ef. 

5 

)


Ied 

to 

reconm endations

identifying 

further 

w ork 

required 

to 

confirm  

the 

appropriate

fire 

heat 

release 

rate 

to 

be 

used 

in the 

em ergency 

ventilation

analysis. 

This 

additional 

w ork 

w ill 

be 

accom plished 

in 

a


A-2

A P P E N D IX A . Z


C R ITE R IA


Fire S ize


The ability of the ventilation system  to control the


m ovem ent of sm oke and heat resulting from  a vehicle fire is


dependent upon m any variables including, and in particular,


the size of the fire. This variable, represented in the analysis


as the "fire heat release rate", is evaluated in consideration


of such variables as the am ount and type of com bustibles


com prising the vehicle, their respective burning rates, their


distribution and relative isolation from  one another, and the


source�of ignition.


P revious studies (R ef. 2) addressed em ergency ventilation


using fire heat release rates ranging from  8 to 40 m illion


B tu/hr (B tuh). A subsequent study (R ef. 3) focused on refining


the heat release_ rate and included perform ing a fuel load


inventory for the R ohr vehicle and m athem atically m odeling


fire propagation; R esults of these studies led to


recom m endations for fire hardening the vehicles w hich w ould


lim it the burning rate to 20 m illion B tuh. W M A TA  has


subsequently undertaken a fire hardening program  to im plem ent


the recom m endations.


A s part of the current scope of w ork, a review of the


relevant prior studies (R ef. 5) led to recom m endations


identifying ‘further w ork required to confirm  the appropriate


fire heat release rate to be used in the em ergency ventilation


analysis. This additional w ork w ill be accom plished in a
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subsequent 

phase 

in 

the overall 

program . 

To 

bridge 

this 

gap

w ith 

the current study, the 

ventilation 

analyses vlere 

perform ed

for 

tw o fire heat release 

rates z 20 

and 

40 m illion Btuh.

C ritical VeJ-ocity

The 

sim ultaneous solution 

of 

Equations 1 

and 

2 

in APPEN D IX

D  

determ ines 

the critical velocity. This 

criterion 

determ ines

the m inim um  

steady-state velocity 

of 

the 

ventilating 

air. m oving

tow ard 

the fire 

that w ould 

prevent 

back-layering. 

N ote 

that

this criterion 

determ ines 

the required velocity 

during 

the

fire 

and 

not the 

air 

velocity 

in 

the absence of 

the fire w hich

can be 

substantially 

different.

The 

critical velocity 

corresponds 

to the average 

tunnel

air velocity 

across the fire 

incident area; 

i.e., 

the annular

space 

betw een 

the traj-n 

and the 

t.unnel w alI 

surf aces. The

appropriate 

annular 

area depends 

on the 

type of tunnel 

in w hich

the train, 

ât 

the 

fire 

site, 

is located. In 

this study 

tunnel

sections 

w ere analyzed 

as being 

either single 

track 

or double

track 

depending on 

the type 

of dividing w aII 

that 

is 

present

betw een 

trainw ays. Trainw ays 

w ithout 

a dividing w al1 

or 

those

separated 

by 

one that 

offers little 

aerodynam ic 

separation

betw een 

trainw ays, 

such as 

a line 

of colum ns, w ere 

considered

double 

track. 

In 

this 

case the 

annular area 

.orr"=pord= 

to

the 

sum  of 

the areas 

of 

each trainw ay 

less 

the 

train area.

Trainw ays 

separated 

by 

a solid 

dividing 

w aI1 

or one 

having

a 

porosity 

level 

less 

than 15 

percent 

\̂ lere 

considered 

single

track. 

In 

this 

case 

the annular 

area 

corresponds 

to the area

of 

the 

trainw ay 

containing 

the 

train 

less 

the train 

area.

v'Iith 

'this 

in m ind, 

critical 

velocities 

in fL/m ín 

(f 

pm ) 

f or

these 

categories 

are 

show n 

below . 

The 

range 

corresponds 

to

differences 

in tunnel grade 

and 

tunnel 

area 

at the 

particular

sites 

studied.
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subsequent phase in the overall program . To bridge this .gap


w ith the current study, the ventilation analyses w ere perform ed


for tw o fire heat release rates: 20 and 40 m illion B tuh.


C ritical V elocity


The sim ultaneous solution of E quations 1 and 2 in A P P E N D IX 


D determ ines the critical velocity. This criterion determ ines


the m inim um  steady— state velocity of the ventilating air m oving


tow ard the fire that w ould prevent back�layering. N ote that


this criterion determ ines the required velocity during the


fire and not the air velocity in the absence of the fire w hich


can be substantially different. " 


The critical velocity corresponds to the average tunnel


air velocity across the fire incident area; i.e., the annular


space betw een the train and the tunnel w all surfaces. The


appropriate annular area depends on the type of tunnel in w hich


the train, at the fire site, is located. In this study tunnel


sections w ere analyzed as being either single track or double


track depending" on the type of dividing" w all that is present


betw een trainw ays. Trainw ays w ithout a dividing w all or those


separated by one that offers little aerodynam ic separation


betw een trainw ays, such as a line of colum ns, w ere considered


double track. In this case the annular area corresponds to


the sum  of the areas of each trainw ay less the train area.


Trainw ays separated by a solid dividing w all or one having


a porosity level less than. 15 �percent. w ere considered single


track. In this case the annular area corresponds to the area


of the trainw ay containing the train less the train area.


W ith '
this in m ind, critical velocities in ft/m in (fpm ) for


these categories are show n below . The range corresponds to


differences in tunnel grade and tunnel area at the particular


sites studied.
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Fire 

Size

20 

m itlion 

Btuh

40 m illion Btuh

C R ITIC AI, VELO C ITY 

(fpm )

Single Track

430-480

470-540

D ouble 

Track

330-360

400-430

A-4

C R ITIC A L V E LO C ITY  ( fpm )


Fire S ize S ingle Track D ouble Track


20 m illion B tuh 430�480 330�360


40 m illion B tuh 470�540 400�430
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APPEN D IX 

A-3

STU D Y 

ÀPPR O AC H  

FO R  

B-R O U TE

For this 

study, 

it 

r̂ ¡as assum ed 

that 

com puter 

printouts

of the 

SES 

sim ulations 

underlying 

the 

prior 

study 

(nef. 

1)

w ould be 

available 

for 

review . 

Instead, 

only 

com pleted input

data 

coding 

form s 

and sim ulation 

netw ork 

diagram s w ere 

provided

for the 

sections 

of the 

B- and 

F-R outes 

that 

brere sim ulated"

After review ing 

this 

data together 

w ith 

the results 

presented

in 

the report, 

it 

w as 

decided 

to 

sim ulate 

the 

B-R oute netw ork.

Subsequently, 

a 

"list-off" 

for 

B-R oute 

w hich updated and

supplem ented 

the 

previous coding form s 

w as received"

In the 

process 

of 

review ing 

the resulting data set,

inconsistencies 

betw een the inform ation 

presented 

on the input

form s and the 

netw ork 

diagram  

r̂ tere observed. C onsequently,

the contract draw ings 

of the 

sim ulated 

sections had to be

review ed to 

insure 

both 

g'eom etric 

com pliance 

and appropriate

sim ulation 

representation. 

All 

pertinent 

aerodynam ic and

therm odynam ic 

characteristic 

data 

along w ith sim ulation 

controls

w ere also review ed 

and changes 

w ere 

m ade w here deem ed

appropriate.

After review ing the 

various train 

locations 

previously

sim ulated, tw o 

locations considered 

to 

be 

candidates 

for

prototype 

site 

testing w ere selected 

for sim ulation. 

For 

each

Location a m atrix of sim ulations 

w as 

perform ed 

to test the

sensitivity 

of. 

results to m odifications 

m ade to the input data,

to 

fire 

size, and 

to 

effectiveness 

of tunnel 

blockage 

devices.

A-5

A P P E N D IX A .3


STU D Y A P P R O A C H  FO R  B — R O U TE 


For this study, it w as assum ed that com puter printouts


of the S ES  sim ulations underlying the prior study (R ef. l)


w ould be available for review . Instead, only com pleted input


data coding form s and sim ulation netw ork diagram s w ere provided


for the sections of the B � and F�R outes that w ere sim ulated.


A fter review ing this data together w ith the results presented


in the report, it w as decided to sim ulate the B �R oute netw ork.


Subsequently, a "list�off" for B — R oute w hich updated and


supplem ented the previous coding form s w as received.


In the process of review ing the resulting data set,


inconsistencies betw een the inform ation presented on the input


form s and the netw ork diagram  w ere observed. C onsequently,


the contract draw ings of the sim ulated sections had to be


review ed to insure both geom etric com pliance and appropriate


sim ulation representation. A ll pertinent aerodynam ic and


therm odynam ic characteristic data along w ith sim ulation controls


w ere also review ed and changes w ere m ade w here deem ed


appropriate.


A fter review ing the various train locations previously


sim ulated, tw o locations considered to be candidates for


prototype site testing w ere selected for sim ulation. For each


location a m atrix of sim ulations w as perform ed to test the


sensitivity of results to m odifications m ade to the input data,


to fire size, and to effectiveness of tunnel blockage devices.
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C EAN G ES 

TO  Tffi 

SIITITII,ATED  B-R O U TE 

¡IEIW O R K

o liletw ork G eom etry

A 

detailed review  

of the sim ulated 

netw ork w as

perform ed. 

U sing contract 

draw ings 

provided 

by

W M ATA, 

pertinent 

data 

such as lengths, cross

sections, and 

perim eters 

associated w ith 

the station

and 

tunnel sections w ere evaluated. The 

geom etric

cþanges 

resulting f rom  this 

review  \̂ rere 

considered

to be m inor. The 

SES 

netw ork diagram  

used in a


prior 

study 

(nef. 

1 

) 

to represent 

the 

physical

conf iguration 

of the 

system  

\̂ /as 

also revised 

at

the base 

of som e fan shafts to 

reflect a 

m ore

accurate 

representation of the actual 

flow  

patterns.

o Tunne1 

Surface R oughness 

Length

The 

tunnel 

w alI 

surf ace roughness 

lengths \̂ rere

adjusted 

to reflect a resulting 

tunnel 

surface

friction 

factor w hich is typical for 

transit tunnels

of this 

type. In 

general, 

the 

tunnel- friction

factor w as reduced 

from  about 0.033 

to 0.026.

o


Train 

Aerodlm am ic 

R esistance

The train 

skin friction 

coefficient 

$ras changed

from  0.012 

Lo 0.023. 

The train drag 

coefficient

w eighted total truck 

area 

w as changed from  75.0

to 

zero 

sguare 

feet. 

These values are considered

to 

be m ore typical 

of the 

R ohr and Breta cars.

A sensitivity 

analysis 

of these 

changes w as 

perform ed

and 

is 

discussed 

in APPEN D IX 

B.
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C H A N G E S  TO  TH E  S IM U LA TE D  B �R O U TE N E TW O R K 


N etw ork G eom etry


A detailed review  of the sim ulated netw ork w as


perform ed. U sing contract draw ings provided by


W M A TA , pertinent data such as lengths, cross


sections, and perim eters associated w ith the station


and tunnel sections w ere evaluated. The geom etric


changes resulting from  this review  w ere considered


to be m inor. The S E S  netw ork diagram  used in a

prior study (R ef. 1) to represent the physical


configuration of the system  w as also revised at


the base of som e fan shafts to reflect a m ore


accurate representation of the actual flow patterns.


Tunnel S urface R oughness Length


The tunnel w all surface roughness lengths w ere


adjusted to reflect a resulting tunnel surface


friction factor w hich is typical for transit tunnels


of this type. In general, the tunnel friction


factor w as reduced from  about 0.033 to 0.026.


Train A erodynam ic R esistance


The train skin friction coefficient w as changed


from  0.012 to 0.023. The train drag coefficient


w eighted total truck area w as changed from  75.0


to zero square feet. These values are considered


to be m ore typical of the R ohr and B reta cars.


A sensitivity analysis of these changes w as perform ed


and is discussed in A P P E N D IX  B .


A �6


MECH 1510




o


R adiation 

C onponent-Fire 

Eeat R eJ-ease 

R ate

The 

radiation 

com ponent 

of 

the 

fire 

heat 

release

rate 

depends 

on 

the 

effective 

flam e tem perature

and 

the 

effective 

surface 

area 

of the 

fire' 

In

the 

D eleuw  

cather 

study, 

the 

values 

entered 

for

these 

variables 

results 

in 

approxim ately 

86 

percent

of 

the 

20 

m il-l_ion 

Btuh 

fire 

being 

radiated 

directly

to 

the 

tunnel- 

w alls. 

The 

airflow  

across 

the 

fire

site 

is 

therefore 

subjected 

to 

only 

14 

percent

of 

the 

fire 

load. 

Although 

the 

w alls 

transfer

a 

portion 

of 

the 

radiant 

heat 

received 

back 

to

the 

airstream  

via 

convection, 

the 

process 

is

relatively 

slow  

and 

w ould 

require 

a long 

sim ulation

tim e 

for 

the 

air tem perature 

and 

resulting 

buoyancy

effects 

to 

reach 

steadY-state-

In our 

analvsis, 

20 

percent of the 

20 

m illion

Btuh fire 

and 

10 

percent 

of 

the 

40 m illion 

Btuh

fire 

w ere 

assum ed 

to 

be 

radiated 

to the 

tunnel

w alls. 

The 

effect 

of 

this 

assum ption 

is 

that 

the

airflow  

by the 

train 

is 

subjected 

to a significantly

higher 

heat 

release 

rate" 

This, 

in turn, 

increases

the 

'buoyancy 

ef f ect 

and 

results 

ín 

a 

m ore

conservative 

analysis 

"


o


Fire Si¡nulation 

airnê

Fíre 

sim ulation 

tim e 

w as increased 

from

900 seconds 

to 

insure 

that 

adverse 

buoyancy

w ere better 

established 

further 

dow nstream

fire site.

500 

to

effects

of the
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R adiation C om ponent— Fire H eat R elease R ate


The radiation com ponent of the fire heat release


rate depends on the effective flam e tem perature


and the effective surface area of the fire. In


the D eLeuw  C ather study, the values entered for


these variables results in approxim ately 86 percent


of the 20 m illion B tuh fire being radiated directly


to the tunnel w alls. The airflow across the fire


site is therefore subjected to only 14 percent


of the fire load. Although the w alls transfer


a portion of the radiant heat received back to


the airstream  via convection, the process is


relatively slow  and w ould require a long sim ulation


tim e for the air tem perature and resulting buoyancy


effects to reach steady— state.


In our analysis, 20 percent of the 20 m illion


B tuh fire and 10 percent of the 40 m illion B tuh


fire w ere assum ed to be radiated to the tunnel


w alls. The effect of this assum ption is that the


airflow by the train is subjected to a significantly


higher heat release rate. This, in turn, increases


the ‘buoyancy effect and results in a m ore


conservative analysis.

Fire S im ulation Tim e


Fire sim ulation tim e w as increased from  500 to


900 seconds to insure that adverse buoyancy effects


w ere better established further dow nstream  of the


fire site.
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SELEC TIO N  A}ID  

À}IALYSIS 

O F 

PR O TO TYPE 

TEST SITES

At the 

suggestion 

of 

W M ATA staff, 

the search for 

potential

prototype 

test 

sites 

focused on 

the dow ntow n 

area. 

U sing

M etrorail System  

M aps 

(nef. 

6) to 

initially 

determ ine locations

and 

lengths of 

double 

track 

sections 

betw een stations, 

potential

double track 

prototype test 

sites 

w ere identified 

based on

a 

guideline 

that 

a continuous 

double 

track section 

should 

be

at least as 

long 

as 

an 

eight-car 

train. 

The num ber of 

potential

sites w as 

further 

reduced 

to 

-the 

general 

area of l"fetro 

C enter

Station and 

adjoining 

stations 

w here 

m ore 

inform ation on 

the

perform ance 

of 

the 

ventil-ation 

system s 

is 

know n 

as a 

result

of 

previous 

studies 

and 

testing. 

A schem atic 

diagram  of this

area 

\das developed 

identifying 

the 

portion 

of the system  

w hich

had to be sim ulated 

to 

study the 

potential test siÈes. C ontract

draw ings 

covering 

this area 

w ere 

used 

to develop the tunnel

configurations. 

Fan shaft 

capacities 

r,rrere identified from

W M ATA system w ide 

draw ings 

and 

verified through recent 

field

inspections and tests 

(net. 

-7, 

8). 

Specific 

single and double

track test 

sites 

\̂ 7ere then 

proposed to 

VüM Ä,TA 

staf f f or their

review . 

The finat 

sites 

proposed w ere selected 

as 

a 

consequence

of being 

prototypical- of the system  

and also 

for 

their 

proxim ity

to relatively 

high capacity 

ventilation 

shafts 

w hich 

m inim izes

the 

potential 

increase 

in 

fan capacity 

required for the tests.

After review ing 

the 

proposed 

site 

locatj-on w ith 

W M ATA

staff, one single 

track 

location 

(A-R oute 

betw een M etro 

C enter

and 

Farragut N orth) and 

tw o 

double 

track 

locations 

(C -R oute

betw een 

Farragut Vtest and M cPherson 

Square, C -R oute 

betw een

M cPherson Square and 

M etro 

C enter) 

w ere 

selected for 

SES

analysis.

Initial 

sim ul-ations

focused 

on determ ining

of a 

particular 

ventilation strategy

airflow  rates and air velocities
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S E LE C TIO N  A N D  A N A LY S IS O F P R O TO TY P E TE S T S ITE S


A t the suggestion of W M A TA  staff, the search for potential


prototype test sites focused on the dow ntow n area. U sing


M etrorail S ystem  M aps (R ef. 6) to initially determ ine locations


and lengths of double track sections betw een stations, potential


double track prototype test sites w ere identified based on


a guideline that a continuous double track section should be


at least as long as an eight�car train. The num ber of potential


sites w as further reduced to.the general area of M etro C enter


S tation and adjoining stations w here m ore inform ation on the


perform ance of the ventilation system s is know n as a result


of previous studies and testing. A schem atic diagram  of this


area w as developed identifying the portion of the system  w hich


had to be sim ulated to study the potential test sites. C ontract


draw ings covering this area w ere used to develop the tunnel


configurations. Fan shaft capacities w ere identified from 


W M A TA  �system w ide draw ings and verified through recent field


inspections and tests (R ef. 7, 8). S pecific single and double


track test sites w ere then proposed to W M A TA  staff for their


review . The final sites proposed w ere selected as a consequence


of being prototypical of the system  and also for their proxim ity


to relatively high capacity ventilation shafts w hich m inim izes


the potential increase in fan capacity required for the tests.


After review ing the proposed site location w ith W M A TA 


staff, one single track location (A �R oute betw een M etro C enter


and Farragut N orth) and tw o double track locations (C — R oute


betw een Farragut W est and M cP herson S quare, C �R oute betw een


M cPherson Square and M etro C enter) w ere selected for SES 


analysis.


Initial sim ulations of a particular ventilation strategy


focused on determ ining airflow rates and air velocities
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corresponding 

to a 

"no 

fire" 

condítion. 

!{hen 

the resulting

average air 

velocity 

in the annulus 

betw een 

ihe 

train and tunnel

surfaces 

\̂ ras 

considered 

high 

enough, 

only then w as a fire

sim ulation 

perform ed. 

The latter 

sim ulation 

predicts the

resulting 

airflow  

rates 

taking into 

account 

the retarding 

effects

of 

the fire. 

W hen the 

resulting 

annular 

velocity exceeds 

the

"critical 

velocity", 

back-Iayering 

of 

sm oke 

is considered 

to

be controlled.

The m ethod 

used 

to sim ulate 

the 

double 

track 

tunnel

sections 

at 

the 

proposed test sites 

w as arrived at by 

perform ing

sensitivity 

studies 

w ith the 

SES 

program , 

coupled 

w ith

com parisons 

to 

field 

test results. 

A review  of the 

contract

draw ings 

at 

the 

proposed test sítes 

and throughout the 

sim ulated

portions 

of 

the 

system  

indicates 

the double track 

dividing

w alI 

to be 

either 

a continuous 

l-ine 

of colum ns or 

a continuous

concrete 

dividing 

w all- having 

openings 

betw een trainw ays.

The m athem atical 

m odel in the 

SES 

program  w hich 

describes 

the

airflow  

in a 

tunnel 

section 

is 

effectively one-dim ensional.

C onsequently, 

the 

double 

track tunnel 

can 

be 

practically 

treated

as either one 

large 

tunnel or 

tw o 

sm aller 

tunnels, depending

on the 

porosity 1evel 

(tne 

ratio 

of open 

area to total 

area)

of the 

dividing 

w aIl" 

The 

tunnel 

sections 

having a line 

of

colum ns 

betw een 

trainw ays 

can 

be accurately 

sim ulated as 

one

large singte tunnel 

because 

the 

porosity 

level 

(80 

percent)

is 

sufficiently 

high 

such that air 

essentially 

flow s 

.uniform ly

over 

its entire 

cross section. 

O n the 

other hand, the 

m uch

l-ow er 

poro.sity 

level 

(10 

to 

l-5 

percent 

) 

of the continuous

concrete 

dividíng 

w all w ith openings 

has 

a substantially 

greater

isol-ating effect on the trainw ays" 

Furtherm ore' the openings

are 

located 

in 

the low er half 

of the 

dividing w aII, 

w hich

in the event of a fire effectively 

confines the hotter 

stratified

sm oke 

layers to the crow n 

of the trainw ay 

containing 

the fire.

This 

type of 

double track section 

w as sim ul-ated as 

a 

pair 

of

non-interconnecting 

paralle1 

tunnefs 

.
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corresponding to a "no fire" condition. W hen the resulting


average air velocity in the annulus betw een the train and tunnel


surfaces w as considered high enough, only then w as a fire


sim ulation perform ed. The latter sim ulation predicts the


resulting airflow rates taking into account the retarding effects


of the fire. W hen the resulting annular velocity exceeds the


"critical velocity", back�layering of sm oke is considered to


be controlled.


The m ethod used to sim ulate the double track tunnel


sections at the proposed test sites w as arrived at by perform ing


sensitivity studies w ith the SES  program , coupled w ith


com parisons to field test results. A review of the contract


draw ings at the proposed test sites and throughout the sim ulated


portions of the system  indicates the double track dividing


w all to be either a continuous line of colum ns or a continuous


concrete dividing w all having openings betw een trainw ays.


The m athem atical m odel in the S E S  program  w hich describes the


airflow in a tunnel section is effectively one— dim ensional.


C onsequently, the double track tunnel can be practically treated


as either one large tunnel or tw o sm aller tunnels, depending


on the porosity level (the ratio of open area to total area)


of the dividing w all. The tunnel sections having a line of


colum ns betw een trainw ays can be accurately sim ulated as one


large single tunnel because the porosity level (80 percent)


is sufficiently high such that air essentially flow s�uniform ly


over its entire cross section. O n the other hand, the m uch


low er porosity level (10 to 15 percent) of the continuous


concrete dividing w all w ith openings has a substantially greater


isolating effect on the trainw ays. Furtherm ore, the openings


are located in the low er half of the dividing w all, w hich


in the event of a fire effectively confines the hotter stratified


sm oke layers to the crow n of the trainw ay containing the fire.


This type of double track section w as sim ulated as a pair of


non— interconnecting parallel tunnels.
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To 

exam ine the 

reasonableness 

of 

this 

approach, 

separate

airf 

Iow  

sim ulations l4tere 

perf 

orm ed treating 

the 

tunnel 

section

each w ay for com parison. In both casesn the 

sum  

of the 

airflow s

in 

each trainw ay rdas 

about the sam e. 

H ow ever, 

the flow  

split

betw een 

trainw ays 

w as 

considerably 

greater 

w hen 

treated. 

as

separate 

tunnels. The resulting 

flow  splits 

w ere com pared

to fietd 

t.est results of 

sim ilar situatíons 

presented 

in R ef.

2. This 

com paríson confj-rm ed 

the appropriateness 

of the 

m ore

conservative 

approach 

of 

sim ulating each trainw ay 

as 

a 

separate

tunnel.

A-10

To exam ine the reasonableness of thi$ approach, separate


airflow sim ulations w ere perform ed treating the tunnel section


each w ay for com parison. In both cases, the sum  of the airflow s


in each trainw ay w as about the sam e. H ow ever, the flow split


betw een trainw ays w as considerably greater w hen treated as


separate tunnels. The resulting flow splits w ere com pared


to field test results of sim ilar situations presented in R ef.


2. This com parison confirm ed the appropriateness of the m ore


conservative approach of sim ulating each trainw ay as a separate


tunnel.
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APPEIÜ D IX A- 4


BASIS FO R  FIIÙ AL 

PR O IIO TYPE SITE SELBC TIO N

The 

tunnel section 

betw een 

M cPherson Square and 

M etro

C enÈer 

Stations 

$/as 

selected 

as the 

prototype 

site for testing

ventilation strategies 

for both single track and 

double track

tunnel configurations on the 

basis 

of 

the follow ing:

o Instal-J-ed Fan C apacity

Ventilation 

for this section 

is 

provided 

by fan

shaft 

FSC -I. 

Installed fan capacity is 

250 kcfm

in 

exhaust and approxim ately 

163 kcfm  

in supply"

Additional 

fan capacity w ould not be required for

the 

testing. 

The 

effect 

of less available 

fan

capacity, w hich 

is typical of other fan shafts

throughout the system , can be tested by operating

few er 

fans"

o
 I\rnnel. 

C onfiguration

This 

tunnel 

is 

com prised of three 

basic 

types of

sections w hich, 

from  the standpoint of ventilation,

are 

typical 

of the 

M etrorail" Starting 

from

M cPherson 

Square Station, these three types are:

trainw ays 

separated 

by 

a line 

of colum ns 

(309 

ft),

trainw ays 

separated by a continuous 

concrete dividing

w a11 

w ith interm ittent 

openings betw een 

trainw ays

(366 

ft), 

single track tunnels w ith no 

access betw een

trainw ays 

( 

525 

ft to fan 

shaft 

FSC -I 

, 

625 ft to

M etro 

C enter 

Station). The 

double track 

section

(access 

betw een 

trainw ays 

) 

is sufficiently 

long
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A P P E N D IX A .4

B A S IS FO R  FIN A L P R O TO TY P E S ITE S E LE C TIO N 


The tunnel section betw een M cPherson S quare and M etro


C enter S tations w as selected as the prototype site for testing


ventilation strategies for both single track and double track


tunnel configurations on the basis of the follow ing:


o Installed Fan C apacity


V entilation for this section is provided by fan


shaft FS C — l. Installed fan capacity is 250 kcfm 


in exhaust and approxim ately 163 kcfm  in supply.


A dditional fan capacity w ould not be required for


the testing. The effect of less available fan


capacity, w hich is typical of other fan shafts


throughout the system , can be tested by operating


few er fans.


0 Tunnel C onfiguration


This tunnel is com prised of three basic types of


sections w hich, from  the standpoint of ventilation,


are typical of the M etrorail. Starting from 


M cP herson S quare" S tation, these three types are:


trainw ays separated by a line of colum ns (309 ft),


trainw ays separated by a continuous concrete dividing


w all w ith interm ittent openings betw een trainw ays


(366 ft), single track tunnels w ith no access betw een


trainw ays (525 ft to fan shaft FS C — l, 625 ft to


M etro C enter S tation). The double track section


(access betw een trainw ays) is sufficiently long
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to 

accom m odate 

an eight-car train. 

The 

single

track 

tunnels 

in the section 

betw een 

M cPherson

Square Station 

and the fan shaft 

can be effectively

extended to accom m odate 

an eight-car train 

w hen

the openings 

in 

the 

dividing 

w aII are closed.

C losing these openings 

at som e 

tim e during the

testing is 

required in any 

event as 

part 

of the

ventilation strategy 

for the double 

track

configuration 

"


G iven the above 

physical 

and 

geom etrical 

features

of this tunnel section 

and the ability to locate

the train as required, tests for 

Lroth 

single and

double track tunnel configurations can 

be

accom plished m ost cost-effectively in this one

tunnel section.

A-l-2

to accom m odate an eight�car train. The single


track tunnels in the section betw een M cPherson


Square S tation and the fan shaft can be effectively


extended to accom m odate an eight�car train w hen


the openings in the dividing w all are closed.


C losing these openings at som e tim e during the


testing is required in any event as part of the


ventilation strategy for the double track


configuration.

G iven the above physical and geom etrical features


of this tunnel section and the ability to locate


the train as required, tests for both single and


double track tunnel configurations can be


accom plished m ost cost— effectively in this one


tunnel section.
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SYSTETII I{O D IFIC ATIO N S

This 

section 

discusses

system  

that are likely 

to be

test 

program  

for 

evaluatíon

strategies,

APPEN D IX 

A.5

the 

m odifications 

to the 

existing

required to im plem ent 

the field

of both recom m ended 

ventilation

O ne im portant 

reason for recom m ending 

the designated

test site w as 

that 

there 

w ould 

be no need 

to 

increase 

the

existing 

fan 

shaft capacity. The 

m odifications 

to the 

system ,

therefore' 

involve 

the installation 

of 

Èhe elem ents associated

w ith 

each strategy; 

such 

as 

blockage 

devices, 

jet 

fans and

electrical 

service, 

and a m eans 

of closing 

the openings 

in

the 

dividing w al1 

during the 

program .

o Install- Tunnel 

Blockage 

D evices

A 

m inim um  

of three 

tunnel blockage 

devices 

located

at the 

base 

of the fan 

shaft are reguired 

for 

the

tests. 

The 

devices 

provided 

for the 

testing need

not be 

com plete 

w ith 

all required 

controls, 

safety

features, 

and self-inflating 

system s, 

although

the 

final 

design 

of the basic 

blockage 

elem ent

of 

the system  

m ust 

be 

used to 

-accurately 

assess

their 

airflow  

control 

capabilities 

(sealing

effectiveness 

) 

"


o
 rnstall 

w alr-Ìtounted 

Jet Fans 

and Electrical 

services

Approxim ately 

eighteen 

jet

the 

tests. 

Six 

f ans w ill-

are 

required 

for

m ounted 

at 

about

fans

be w aII
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A P P E N D IX A .5


S Y S TE M  M O D IFIC A TIO N S


This section discusses the m odifications to the existing


systenr that are likely to be required to im plem ent the field


test program  for evaluation of both recom m ended ventilation


strategies


O ne im portant reason for recom m ending the designated


test site w as that there w ould be no need to increase the


existing fan shaft capacity. The m odifications to the system ,


therefore, involve the installation of the elem ents associated


w ith each strategy; such as blockage devices, jet fans and


electrical service, and a m eans of closing the openings in


the dividing w all during the program .


o Install Tunnel B lockage D evices


A m inim um  of three tunnel blockage devices located


at the base of the fan shaft are required for the


tests. The devices provided. for the testing need


not be com plete w ith all required controls, safety


features, and self— inflating system s, although


the final design of the basic blockage elem ent


of the system  m ust be used to _accurately assess


their airflow control capabilities (sealing


effectiveness). u 


0 Install W all— M ounted Jet Fans and E lectrical S ervices


A pproxim ately eighteen jet fans are required for


the tests. S ix fans w ill be w all m ounted at about
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100 

foot 

intervals in each of 

the 

three unoccupied

tunnel sections adjoining the base of the 

fan 

shaft.

The 

jet 

fans w ill be 

bracket 

m ounted over the safety

w alk 

and supported 

by m eans of 

anchor 

bolts. 

Each

fan w ould 

be driven 

by 

a 

10 

hp, 3 

phase, 

460 volt

m otor. 

The 

fans w ill have 

100 

percent 

reversible

flow  capability. The fans m ight also 

be equipped

w ith silencers if 

deem ed 

necessary.

It 

is assum ed that sufficient 

porrer 

is available

at the fan shaft to drive the 

jet 

fans and that

adequate space in the fan shaft ancillary areas

is 

'available 

to locate the necessary sw itchgear

and m otor 

starters. 

Po\ârer 

to the 

jet 

f ans w ould

be fed 

through 

w all-m ounted 

cable" W ith the

assistance 

of 

W M ATA 

sÈaff, a review  of the electrical

services in 

this 

portion 

of the system  w ill be

perform 'ed 

to determ ine the m ost cost-effective

w ay 

to 

pow er 

the 

jet 

fans.

o
 C lose 

llall 

O penings

The 

results 

of the analysis indicate that in order

for the blockage devices 

or 

jet 

fans in the trainw ay

adjacent to 

Èhe train 

to be 

effective, the openings

in the dividing w all m ust be 

closed. 

Therefore,

the ability 

to 

close 

som e or all of these openings

during 

the tests is required. It is 

envisioned

that 

this could be achieved for 

the tests by

construction 

of non-com bustible 

fram es in 

each

of the 

openings. The fram es w ould 

be securely

fastened 

to 

the concrete. The 

openings 

w ould 

then

be 

closed 

as required by 

m eans of non-com bustible

panels 

on one side 

of the fram e. To 

close all

of 

the openings, 

about fifteen 

of these 

tem porary

w aIls 

w ould 

have 

to be constructed.
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100 foot intervals in each of the three unoccupied


tunnel sections adjoining the base of the fan shaft.


The jet fans w ill be bracket m ounted over the safety


w alk and supported by m eans of anchor bolts. E ach


fan w ould be driven by a 10 hp, 3 phase, 460 volt


m otor. The fans w ill have 100 percent reversible


flow capability. The fans m ight also be equipped


w ith silencers if deem ed necessary.


It is assum ed that sufficient pow er is available


at the fan shaft to drive the jet fans and that


adequate space in the fan shaft ancillary areas


is ~available to locate the necessary sw itchgear


and m otor starters. P ow er to the jet fans w ould


be fed through w all— m ounted cable. W ith the


assistance of W M A TA  staff, a review  of the electrical


services in this portion of the system  w ill be


perform ed to determ ine the m ost cost�effective


w ay to pow er the jet fans.


C lose W all O penings


The results of the analysis indicate that in order


for the blockage devices or jet fans in the trainw ay


adjacent to the train to be effective, the openings


in the dividing w all m ust be closed. Therefore,


the ability to close som e or all of these openings


during the tests is required. It is envisioned


that this could be achieved for the tests by


construction of non— com bustible fram es in each


of the openings. The fram es w ould be securely


fastened Ix: the concrete. The openings w ould then


be closed as required by m eans of non�com bustible


panels on one side of the fram e. To close all


of the openings, about fifteen of these tem porary


w alls w ould have to be constructed. ~ 
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APPEIID IX 

A.6

PR O TO TTPE TESTII{G  O U TLIIIE

The 

purpose 

of the 

tests is to determ ine 

the effectiveness

of the ventilation strategies 

to direct 

the airflow  from  the

fan shaft 

past 

the 

train. 

This inform ation w ould then 

be used

to 

"fine 

tune" the SES 

program  

and its application 

approach

for subsequent evaluation 

of the 

required ventilation

m odifications throughout the 

M etrorail. The 

prototype 

tests

w ill 

be 

perform ed 

by a testing contractor under 

the supervision

of 

W M ATA 

staff and their consultants.

The 

prototype 

tests w ill involve a series of airflow

m easurem ents carefully sequenced to 

evaluate 

the ventilation

strategies 

in 

a 

cost-effective m anner. Specific air 

m easurem ent

tests, 

to 

be 

developed and detailed in 

Phase II, 

include the

follow ing:

o


o 

o 

o 

D eterm ine

fan 

shaft

the net airflow

in both exhaust and

processed 

through the

supply m odes.

D eterm ine 

the 

leakage characteristics of the blockage

devices.

D eterm ine 

the 

airflow  splits at the base of the

fan shaft.

D eterm ine 

the airflow  

m oving by the train at the

assum ed 

fire 

site.

Tests 

w ill first 

be 

perform ed 

to 

establish 

the airflow

processed 

through the 

fan shaft 

in both 

supply and 

exhaust

m odes. The 

resulting 

airflow s w ill be 

com pared to 

the 

rated

capacity 

of the fans 

and serve 

as a benchm ark for 

subsequent
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P R O TO TY P E TE S TIN G  O U TLIN E


The purpose of the tests is to determ ine the effectiveness


of the ventilation strategies to direct the airflow from  "the


fan shaft past the train. This inform ation w ould then be used


to "fine tune" ‘the S ES  program  and its application approach


for subsequent evaluation of the required ventilation


m odifications throughout the M etrorail. The prototype tests


w ill be perform ed by a testing contractor under the supervision


of W M A TA  staff and their consultants.


The prototype tests w ill involve a series of airflow


m easurem ents carefully sequenced to evaluate the ventilation


strategies in a cost�effective m anner. S pecific air m easurem ent


tests, to be developed and detailed in P hase II, include the


follow ing: _  ' " 


o D eterm ine the net airflow processed through the


fan shaft in both exhaust and supply m odes.


o D eterm ine the leakage characteristics of the blockage


devices.


o D eterm ine the airflow splits at the base of the


fan shaft.


o D eterm ine the airflow m oving by the train at the


assum ed fire site.


Tests w ill first be perform ed to establish the airflow


processed through the fan shaft in both supply and exhaust


m odes. The resulting airflow s w ill be com pared to the rated


capacity of the fans and serve as a benchm ark for subsequent
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tunnel airflow  

m easurem ents"

Tests w ilI 

then be 

perform ed 

to 

develop the 

leakage

characteristics 

of the blockage 

devices. 

The 

airflow  

across

one isolated blockage device w ill 

be 

varied 

w hile airflow  

and

static 

pressure 

readings 

(across 

the device) are 

m easured"

The 

resulting airflow  

vs. static 

pressure 

characteristic curve

allow s 

the leakage across the blockage devices to be determ ined

in subsequent tunnel 

tests 

by 

taking relatively sim ple static

pressure 

m easurem ents 

only. The rem aining 

tests 

w ill 

focus

on airflow  

m easurem ents 

past 

an eight-car train in 

the tunnel"

For the,single 

track 

testsr the 

train w iII 

be 

located

in the 

tunnel adjacent 

to the solid 

dividing 

w all 

(or 

m ade

solid by 

closing 

the openings 

) 

. 

Blockage 

devices w ill be 

located

at 

the base 

of 

the fan shaft across 

the three em pty 

tunnel

sections. 

W ith 

the fans 

operating, static 

pressure 

readings

w ill 

be taken 

across each 

of the 

'three 

blockage 

devices 

and

airflow  w ill 

be m easured 

in the 

trainw ay containing 

the traÍn,

either upstream  

or dow nstream  of 

the train. An 

airflow

"continuity" 

check w ill 

then be m ade by 

com paring 

the m easured

airflow  

to the difference 

betw een 

the fan shaft flow  

rate 

(w hich

w as 

previously 

established) 

and the sum  

of the leakage 

rates

across 

the blockage 

devices 

(determ ined 

by the 

static 

pressure

readings 

and the blockage 

device characteristic 

curve 

previously

developed 

) 

.


For 

the 

double 

track 

tests, 

the train w i1l 

be 

located

in 

the 

portion 

of 

the tunnel 

.adjacent 

to 

the dividing 

w arl

com prised 

of 

a continuous 

line 

of 

colum ns 

and solid 

dividing

w aII 

w ith 

openings 

betw een 

trainw ays. 

A 

series 

of 

tests w ould

be 

perform ed 

sim ilar 

to those 

described 

for 

the single 

track

but 

w ill 

also 

include 

airflow  

m easurem ents 

in 

the 

unoccupied

trainw ay 

adjacent 

to the 

train. These 

tests 

w ill 

be repeated,

closing 

different percentages 

of 

the openings.
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tunnel airflow m easurem ents.


Tests w ill then be perform ed to develop the leakage


characteristics of the blockage devices. The airflow across


one isolated blockage device w ill be varied w hile airflow and


static pressure readings (across the device) are m easured.


The resulting airflow vs. static pressure characteristic curve


allow s the leakage across the blockage devices to be determ ined


in subsequent tunnel tests by taking relatively sim ple static


pressure m easurem ents only. The rem aining tests w ill focus


on airflow m easurem ents past an eight�car train in the tunnel.


For thejsingle track tests, the train w ill be located


in the tunnel adjacent to the solid dividing w all (or m ade


solid by closing the openings). B lockage devices w ill be located


at the base of the fan shaft across the three em pty tunnel


sections. W ith the fans operating, static pressure readings


w ill be taken across each of the "three blockage devices and


airflow w ill be m easured in the trainw ay containing the train,


either upstream  or dow nstream  of the train. A n airflow


"continuity" check w ill then be m ade by com paring the m easured


airflow to the difference betw een the fan shaft flow rate (w hich


w as previously established) and the sum  of the leakage rates


across the blockage devices (determ ined by the static pressure


readings and the blockage device characteristic curve previously


developed).

For the double track tests, the train. w ill be located


in the portion of the tunnel _adjacent to the dividing w all


com prised of a continuous line of colum ns and solid dividing


w all w ith openings betw een trainw ays. A series of tests w ould


be perform ed sim ilar to those described for the single "track


but w ill also include airflow m easurem ents in the unoccupied


trainw ay adjacent to the train. These tests w ill be repeated,


closing different percentages of the openings.
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The tunnel 

airflovl 

m easurem ents 

for 

both 

the 

single

and 

double 

track tqnnel 

train 

locations 

w ill 

then 

b"e 

repeated'

w ith 

jet 

fans 

in lieu 

of blockage 

devices.

The 

m atrix 

of tests 

and 

the airflow  

m easurem ent 

techníques

w il-l 

be 

further 

developed 

in 

Phase 

II.
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The tunnel airflow m easurem ents for both the single


and double track tunnel train locations w ill then be repeated,


w ith jet fans in lieu of blockage devices.


The m atrix of tests and the airflow m easurem ent techniques


w ill be further developed in Phase II.
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APPEIID IX B


B-R O U TE SES SIT¡ftII,ÀTIO N S

This section describes 

the SES 

sim ulations that 

\,vere

perform ed 

to verify the 

conclusions 

reached in the analysis

of 

ventilation requirem ents for train locations 

3 and 4, as

identified 

in the 

prior 

study 

(nef. 

1). These locations are

show n in 

Fig. 

3. 

Both 

locations are on 

a four 

percent 

grade,

the steepest of the 

B-R oute 

netw ork.

For 

each of the tw o train situations sim ulated, train

location, 

fire location, and direction of ventilation hrere

as before. In each case, the fire \,vas located in the vicinity

of 

the dow ngrade end of the train thereby requiring the

ventilation 

system  

to 

force air 

dow ngrade in the' direction

opposing 

buoyancy. The m ode of 

operation of the tunnel

ventilation 

fans and station system s, the capacities of w hich

are 

show n in Table I, 

and the 

resulting 

air velocity in the

annulus 

by the train 

are 

presented 

in 

Table 

3 for each of 

the

sim ulations. 

The resulting 

airflow s in the tunnel 

sections

and fan 

shafts in the vicinity of 

the train for each sim ulation

are 

show n schem atically 

in figures 

presented 

in this 

appendix.

For 

R r¡ns I 

throug}r 7, 

the train w as at 

location 3

R un I 

(Figrure 

1B)

' 

The 

objective 

of 

this run w as 

to 

provide 

a base 

case

of 

airflow s 

against 

w hich 

airflow s 

in subsequent 

runs 

sim ulating

blockage 

devices 

and heat 

sources 

are 

com pared. The 

tunnel

ventilation 

fans, 

station 

underplatform  

exhaust 

fans 

(upE),
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B — R O U TE  S E S  S IM U LA TIO N S


This section describes the S E S  sim ulations that w ere


perform ed to verify the conclusions reached in the analysis


of ventilation requirem ents for train locations 3 and 4, as


identified in the prior study (R ef. 1). These locations are


show n in Fig. 3. B oth locations are on a four percent grade,


the steepest of the B — R oute netw ork.


For each of the tw o train situations sim ulated, train


location, fire location, and direction of ventilation w ere


as before. In each case, the fire w as located in the vicinity


of the dow ngrade end of the train thereby requiring the


ventilation system  to force air dow ngrade in the‘ direction


opposing buoyancy. The m ode of operation of the tunnel


ventilation fans and station system s, the capacities of w hich


are show n in Table l, and the resulting air velocity in the


annulus by the train are presented in Table 3 for each of the


sim ulations. The. resulting airflow s in the tunnel sections


and fan shafts in the vicinity of the train for each sim ulation


are show n schem atically in figures presented in this appendix.


For R uns lthrough 7, the train w as at location 3.


R un l (Figure lB )


� The objective of this run w as to provide a base case


of airflow s against w hich airflow s in subsequent runs sim ulating


blockage devices and heat sources are com pared. The tunnel


ventilation fans, station underplatform  exhaust fans (U P E ),
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VELO C ITY 
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TR AIN 


(tpm )
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1 
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and 

dom e exhaust 

f ans 

(D E 

) 

r̂ zere 

operated 

according to the

schedule 

outlined 

in the 

previous 

study 

and show n 

in 

Table

2. 

This 

"aero" 

run show s 

the airflow s 

established 

by the fans

in the absence 

of 

both 

blockage devices 

and heat sources.

The 

total 

sim ulation 

tim e 

for this 

and all 

other 

"aero"

runs w as 

I20 

seconds, 

w hich is sufficient 

tim e 

for the airflow s

to reach steady-state. 

This run sim ulated 

the 

D eleuw  C ather

netw ork as 

m odified 

by our review "

. 

The 

sim ulation 

show ed 

that 

the airflow  

by the 

train

w as approxim ately 

72.4 

kcfm . 

This resulted 

in an annular 

air

velocity 

(va) 

by the Èrain 

equal to 

9L2 fpm  as 

show n 

in Figure

Ia. The 

airflow  

in the 

inbound 

paralle1 

tunnel 

w as 205.8 

kcfm

or 2.8 tim es 

greater 

than 

the airflow  

by the Èrain- 

The airflow

difference 

is due to the 

increased 

resistance resulting 

from

the 

presence 

of 

the train 

in 

the 

tunnel.

R un 2 

(Fig¡ure 

28)

This 

w as the 

first run to sim ulate 

the

capabilities of tunnel blockage devices. 

For

each blockage 

devices 

w as assum ed to 

block 80

tunnel cross-sectional area 

w here it w as located.

All 

conditions 

rem ai-ned as in 

R un I 

addition 

of 

80 

percent 

blockage devices at the

in 

Figure 

2B 

.


to

at

airflow  control

this sim ulation

percent 

of the

except 

for the

locations show n

For 

these conditions, the 

airflow  

by 

the 

train increased

99.5 

kcfm . 

This 

is 38 

percent greater 

than 

the airflow

the sam e 

location for the 

previous 

sim ul-ation.

R un 

3 

(Figure 

38)

This w as 

a sensitivity run 

to 

sim ulate m ore 

"effective"

B-2

and dom e exhaust fans (D E ) w ere operated according to the


schedule outlined in the previous study and show n in Table


2. This "aero" run show s the airflow s established by the fans


in the absence of both blockage devices and heat sources.


The total sim ulation tim e for this and all other "aero"


runs w as 120 seconds, w hich is sufficient tim e for the airflow s


to reach steady— state. This run sim ulated the D eLeuw  C ather


netw ork as m odified by our review .


~ The sim ulation show ed that the airflow by the train


w as approxim ately 72.4 kcfm . This resulted in an annular air


velocity (V a) by the train equal to 912 fpm  as show n in Figure


1B . The airflow in the inbound parallel tunnel w as 205.8 kcfm 


or 2.8 tim es greater than the airflow by the train. The airflow


difference is due to the increased resistance resulting from 


the presence of the train in the tunnel.


R un 2 (Figure 2B )


This w as the first run to sim ulate the airflow control


capabilities of tunnel blockage devices. For this sim ulation


each blockage devices w as assum ed to block 80 percent of the


tunnel cross�sectional area w here it w as located.


A ll conditions rem ained as in R un 1 except for the


addition of 80 percent blockage devices at the locations show n


in Figure 2B .

For these conditions, the airflow by the train increased


to 99.5 kcfm . This is 38 percent greater than the airflow


at the sam e location for the previous sim ulation.


R un 3 (Figure 3B )


This w as a sensitivity run to sim ulate m ore "effective"
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blockage devices. 

Each

90 

percent 

of the 

tunnel

of these devices w as assum ed 

to 

block

cross-sectional area.

All conditions 

rem ained as in 

R un 2 w ith 

the exception

of 

the 

increased efficiency of the 

blockage devices.

This 

sim ulation show ed that 

the airflow  by the train

\̂ ¡as 110.8 kcfm , 

an 

11 

percent 

increase 

over the f low  

predicted

using the less 

effective 

blockage devices,

Sum nary 

of 

R un l, 

through 

R un 3


By 

adding blockage devices for airflow  control, 

the

available 

fan capacity can be directed to the location w here

it is m ost 

needed. Strategic 

placem ent 

of 

blockage 

devices

closing 

off 80 

percent 

of the cross-sectional 

area increases

the 

airflow  by the 

train 

by 38 

percent. 

Increasing 

the

"effectiveness".of 

the 

blockage 

devices to 90 

percent 

increases

airflow  

by 

another 

11 

percent. 

Vlith m ore 

effective blockage

devices, 

the airflow  is 53 

percent greater 

than 

the 

base 

case

w ithout blockage 

devices"

R un 4 

(Figrure 

48)

This 

run sim ulated 

a 

20 

m illion 

Btuh 

train

j-ts 

effect 

in reducing 

tþe airflow  by 

the train.

percent 

reduction

R un 

2 w ithout 

a 

fire 

and

in airflow

fire. 

The

The 

location 

and effectiveness 

( 

80 

percent) 

of the

blockage 

devj-ces, 

and fan operation 

rem ained 

as sim ulated 

in

R un 

2. The 

total 

sim ulation 

tim e for 

this and all 

other 

"fire"

runs 

w as 

900 

seconds, w hich 

is 

sufficient 

tim e 

for 

the system

to achieve 

steady-state 

behavior.

The 

sirnulation 

show ed 

an 

11

by 

the 

train 

as 

com pared 

to 

the

B-3

blockage devices. E ach of these devices w as assum ed to block


90 percent of the tunnel cross�sectional area.


A ll conditions rem ained as in R un 2 w ith the exception


of the increased efficiency of the blockage devices.


This sim ulation show ed that the airflow by the train


w as 110.8 kcfm , an ll percent increase over the flow predicted


using the less effective blockage devices.


S um m ary of R un l, through R un 3

B y adding blockage devices for airflow control, the


available fan capacity can be directed to "the locatirua w here


it is m ost needed. S trategic placem ent of blockage devices


closing off 80 percent of the cross�sectional area increases


the airflow by the train by 38 percent. Increasing the


"effectiveness" of the blockage devices to 90 percent increases


airflow by another ll percent. W ith m ore effective blockage


devices, the airflow is 53 percent greater than the base case


w ithout blockage devices.


R un 4 (Figure 4B )


This run sim ulated a 20 m illion B tuh train fire and


its effect in reducing the airflow by the train.


The location and effectiveness (80 percent) of the


blockage devices, and fan operation rem ained as sim ulated in


R un 2. The total sim ulation tim e for this and all other "fire"


runs w as 900 seconds, w hich is sufficient tim e for the system 


to achieve steady— state behavior.


The sim ulation show ed an ll percent reduction in airflow


by the train as com pared to the R un 2 w ithout a fire. The


B �3


MECH 1525




air 

velocity 

by the 

train 

htas 1114 fpm .

(Vc) 

is 

474 fpm . 

Since 

the critical

the 

airflow  by 

the train 

is 

sufficient 

to

The 

critical 

velocity

velocity is exceeded,

prevent 

back-Iayering.

R un 5 

(Fignrre 

5B).

This run sim ulated 

a 

m ore 

severe 

40 m illion 

Btuh

fire and 

its effect 

in reducing 

the 

airflow  by the 

train.

train

AII conditions 

rem ained as 

in R un 

4 w ith the 

exception

of the increase 

in 

heat release 

rate. 

By increasing 

the heat

release 

rate, the 

"choking" 

effect 

of the 

fire is m ore 

severe

and therefore 

the effect of 

retarding 

airflow  is 

m ore 

pronounced.

The 

sim ulation 

show ed an 

8 

percent 

reduction in airflow

by 

the train 

as com pared to 

R un 

4, w hich sim ulated a 

20 m illion

Btuh fire. The air 

velocity by the train 

is 

I02I 

fpm ' exceeding

the critical velocity 

of 538 fpm " 

D espite the 

larger fire

heat release 

rate, the airflow  

by the train 

is still sufficient

to 

prevent 

back-layering

R un 

6 

(Figure 

68)

This 

run sim ulated 

the m ore severe 

fire rate of 

40 

m illion

Btuh w ithout using blockage devices to 

control airflow  direction.

As 

a result of the 

þigh 

airflow  

predictions 

of R uns 4 

and 

5 

t


this sim ulation w as 

perform ed 

to 

predict 

w hether back-layering

could be controlled 

w ithout using any blockage devices 

"


Alt conditions rem ained as in R un 5 except the five

blockage 

devices hrere rem oved.

The airflow  

by the 

train in this 

sim ulation w as reduced

by 38 

percent 

as 

com pared w ith 

R un 

5. 

The 

air velocity by

the 

train \̂ ras 

636 fpm  w hich 

still- exceeded the critical velocity

B-4

air velocity by the train w as 1114 fpm . The critical velocity


(V c) is 474 fpm .. S ince the critical velocity is exceeded,


the airflow by the train is sufficient to prevent back�layering.


R un 5 (Figure 5B )


This run sim ulated a m ore severe 40 m illion B tuh train


fire and its effect in reducing the airflow by the train.


A ll conditions rem ained as in R un 4 w ith the exception


of the increase in heat release rate. B y increasing the heat


release rate, the "choking" effect of the fire is m ore severe


and therefore the effect of retarding airflow is m ore pronounced.


The sim ulation show ed an 8 percent reduction in airflow


by the train as com pared to R un 4, w hich sim ulated a 20 m illion


B tuh fire. The air velocity by the train is 1021 fpm , exceeding


the critical velocity of 538 fpm . D espite the larger fire


heat release rate, the airflow by the train is still sufficient


to prevent back�layering. � 


R un 6 (Figure 6B )


This run sim ulated the m ore severe fire rate of 40 m illion


B tuh w ithout_using blockage devices to control airflow direction.


A s a result of the high airflow predictions of R uns 4 and 5,

this sim ulation w as perform ed to predict w hether back�layering


could be controlled w ithout using any blockage devices.

A ll conditions rem ained as in R un 5 except the five


blockage devices w ere rem oved.


The airflow by the train in this sim ulation w as reduced


by 38 percent as com pared w ith R un 5. The air velocity by


the train w as 636 fpm  w hich still exceeded the critical velocity
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of 

538 fpm .

Srurnary 

of R un 

4 

through 

R un 6


R uns 4 

and 

5 show ed that 

the 

resulting airflow s

exceed those 

required 

to 

prevent 

back-Iayering. 

Even

using 

blockage devices, 

back-Iayering 

can 

be controlled.

greatly

w ithout

R un 7 

(rigrure 

78)

This run exam ined the effect 

of changing 

the 

values

used 

for the train 

skin 

friction coefficient, 

the train drag

coefficient w eighted total truck 

area, the roughness 

length

in the incident tunnel and the 

perim eter 

of the 

incident 

tunnel

on 

the airflow  

by the train. 

The values used in the current

study w ere changed to those used 

by D eleuw  C ather as follow s:

o


o


o


o


tunnel

fr

tunnel

train

train

from  0

roughness length from  

0 

" 

040 ft 

to 

0.0760


perim eter 

from  50.9 ft to 59.9 ft

skin 

friction 

coefficient 

from  0"023 to 0.0I2

drag 

coefficient w eighted total truck area

"0 

to 

75.0 

sq. ft

This w as 

an aerodynam ic sim ulation 

identical to R un

w ith the'exception of the 

above

2 

(80 

percent

four 

changes"

blockage devices 

) 

This 

sím ulation show ed 

that the com bined effect of the

above 

changes 

reduces the airflow  by 

the train from  99.5 kcfm ,

predicted 

in R un 2, 

to 92.2 kcfm . This 

result could 

therefore

partially 

explain 

the consistently 

low er airflow s 

predicted

by 

the 

previous 

study 

for 

this train location.

For 

R uns 

I and 9, 

the train w as 

positioned 

at location

4

B-5

of 538 fpm .


S um m ary of R un 4 through R un 6

R uns 4 and 5 show ed that the resulting airflow s greatly


exceed those required to prevent back�layering. E ven Inithout


using blockage devices, back�layering can be controlled.


R un 7 (Figure 7B )


This run exam ined the effect of changing the values


used for the train skin friction coefficient, the train drag


coefficient w eighted total truck area, the roughness length


in the incident tunnel and the perim eter of the incident tunnel


on the airflow by the train. The values used in the current


study w ere changed to those used by D eLeuw  C ather as follow s:


o tunnel roughness length from  0.040 ft to 0.0760


ft


o tunnel perim eter from  50.9 ft to 59.9 ft


0 train skin friction coefficient from  0.023 to 0.012


o train drag coefficient w eighted total truck area


from  0.0 to 75.0 sq. ft


This w as an aerodynam ic sim ulation identical to R un


2 (80 percent blockage devices) w ith the‘exception of the above


four changes.


This sim ulation show ed that the com bined effect of the


above changes reduces the airflow by the train from  99.5 kcfm ,


predicted in R un 2, to 92.2 kcfm . This result could therefore


partially explain the consistently low er airflow s predicted


by the previous study for this train location.


For R uns 8 and 9, the train w as positioned at location


4.
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R un 8 

(Figrure 

8B)

The 

ob 

jective 

of this 

run 

rÀIas to 

provide 

a base case

of 

airflow s 

w ithout 

using 

blockage 

devices. 

The tunnel

ventilation 

fans and 

station 

system s 

(underplatform  

exhaust

fans and 

dom e 

exhaust 

fans) 

w ere 

operated 

according 

to the

schedule outlined 

in the 

previous 

study 

and 

as show n 

in 

Table

¿"

The sim ulation 

show ed 

that 

the 

airflow  

by the train

w as 

about 

90.9 

kcfm . 

This resulted' 

in 

an annular 

air 

velocity

by 

the 

train 

of 

LI44 fpm . 

The airflow  

in the 

inbound 

para1lel

tunnel w as 

276.3 

kcfrn or 

approxim ately 

three 

tim es 

greater

than. 

the airflow  

by the 

train. 

The airflow  

difference 

is due

to the 

increased. 

resistance 

resulting 

from  

the 

presence 

of

the 

train in the 

tunnel

R un 9 

(Fignrre 

98)

This run sim ulated 

a 

20 m illion 

Btuh

its effect in 

reducing the airflow  

by 

the 

train"

train 

fire and

Previous runs for train 

position 

3 indicated 

an 

11 

percent

d.ecrease in airflow  

by the train due 

to the 

presence 

of a 

20

m illioir Btuh fire" 

These résults w ere 

projected 

to those 

of

R un 8, resulting in a 

-predicted 

ain 

velocity of 

1018 fpm  by

the' 

train. 

Since this value exceeded the 

critical velocity,

the sim ulation 

r̂ ras 

executed 

w ithout the 

addition of blockage

devices.

The 

sim ulation show ed a reduction 

in airflow  of 20 

percent

from  

-that 

predicted 

in R un 8. 

The 

greater 

reduction in 

airflow

from  

R un 2 

lo R un 4 com pared to R un I to R un 9 is due to the

low er 

initial airf 

low s 

by 

the train in the later runs. 

V,lith

low er 

airflow , the air at the fire 

site 

reaches 

a 

higher

tem pérature 

thereby retarding 

the 

flow  m ore. The airflow  along

the 

train for R un 

9 is 72.4 kcfm . 

The 

corresponding 

air velocity

B-6

R un 8 (Figure 8B )


The objective of this run w as to provide a base case


of airflow s w ithout using blockage devices. The tunnel


ventilation fans and station system s (underplatform  exhaust


fans and dom e exhaust fans) w ere operated according to the


schedule outlined in the previous study and as show n in Table


2.


The sim ulation show ed that the airflow by the train


w as about 90.9 kcfm . This resulted in an annular air velocity


by the train of 1144 fpm . The airflow in the inbound parallel


tunnel w as 276.3 kcfm  or approxim ately three tim es greater


than the airflow by the train. The airflow difference is due


to the increased resistance resulting from  the presence of


the train in the tunnel. � 


R un 9 (Figure 9B )


This run sim ulated Ia 20 m illion B tuh train fire and


its effect in reducing the airflow by the train.


P revious runs for train position 3 indicated an ll percent


decrease in airflow by the train due to the presence of a 20


m illion B tuh fire. These results w ere projected to those of


R un 8, resulting in a _predicted air‘ velocity of 1018 fpnl by


the‘ train. S ince this value exceeded the critical velocity,


the sim ulation w as executed w ithout the addition of blockage


devices.


The sim ulation show ed a reduction in airflow of 20 percent


from  that predicted in R un 8. The greater reduction in airflow


from  R un 2 to R un 4 com pared to R un 8 to R un 9 is due to the


low er initial airflow s by the train in the later runs. W ith


low er airflow , the air at the fire site reaches a higher


tem perature thereby retarding the flow m ore. The airflow along


the train for R un 9 is 72.4 kcfm . The corresponding air velocity
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by the train 

of 913 fpm , 

how ever, far 

exceeds 

the 

critical

velocity 

of 

474 

fpm .

The 

extent 

to 

w hich 

the airflow  by 

the train allow s

the critical velocity 

to 

be 

m et m akes it reasonable 

to 

predict

that the 

available airflow  

w iII 

also satisfy the critical

velocity 

for the m ore severe 

40 

m illion Btuh 

train fire 

w ithout

perform ing 

any additional 

sim ulations. 

Assum ing 

that a 20

percent 

further 

reduction in airflow  w ould 

occur 

due to an

increased 

fire rate 

to 

40 

m illion Btuh, 

the estim ated available

airflow  

by 

the Èrain w ould be 57.9 kcfm . The 

corresponding

velocity 

of 726 fpm  by 

the train 

w ould 

still 

exceed the critical

velocity 

of 

538 

fpm . For these 

airflow  

predict-ions 

and those

previously 

identified 

in R un 6, 

the airflow s required 

to satisfy

the 

m ore severe 40 m illion 

Btuh 

train fire can 

be 

generated

by 

the 

"existing' 

fan capacities 

w ithouÈ using 

blockage 

devices

to direct 

the flow .

Sum ary 

of 

R uns 

I a¡rd 9


The 

high airflow s 

by 

the train can 

be 

generated 

by 

the

"existing" 

fan 

capacities 

w ithout 

using blockage 

devices.

The 

sim ulations 

show ed 

that a 20 

percent 

reduction 

in airflow

by 

the 

train 

occurs w ith 

a 

20 

m illion 

Btuh 

fire. Based 

on

an assum ed 

sim ilar 

airflow  

reduction, 

the effect 

of 

a 

40 

m illion

Btuh 

train 

fire 

w as 

pred.icted 

w ithout 

the need 

to 

pqrform

additional 

sim ulations. 

The 

airflow  

predicted 

by 

this 

assum ption

still 

exceeds 

the critical 

velocity 

criteria.

D iscussion 

of 

B-R oute 

Sim u]-ations

The 

results 

of 

the 

B-R oute 

sim ulations 

indicate 

that

for 

train 

locations 

3 

and 4, 

the 

existing 

fan 

capacities 

show n

in Table 

1 provide 

sufficient 

airflow  

to 

control 

back-layering.

B-7

by the train of 913 fpm , how ever, far exceeds the critical


velocity of 474 fpm . _ 


The extent to w hich the airflow by the train allow s


the critical velocity to be m et m akes it reasonable to predict


that the available airflow w ill also satisfy the critical


velocity for the m ore severe 40 m illion B tuh train fire w ithout


perform ing any additional sim ulations. A ssum ing that a 20


percent further reduction in airflow w ould occur due to an


increased fire rate to 40 m illion B tuh, the estim ated available


airflow by the train w ould be 57.9 kcfm . The corresponding


velocity of 726 fpm  by the train w ould still exceed the critical


velocity of 538 fpm . For these airflow predictions and those


previously identified in R un 6, the airflow s required to satisfy


the m ore severe 40 m illion B tuh train fire can be generated


by the "existing" fan capacities w ithout using blockage devices


to direct the flow .


S um m ary of R uns 8 and 9

The high airflow s by the train can be generated by the


"existing" fan capacities w ithout using blockage devices.


The sim ulations show ed that a 20 percent reduction in airflow


by the train occurs w ith a 20 m illion B tuh fire. Based on


an assum ed sim ilar airflow reduction, the effect of a 40 m illion


B tuh train fire w as predicted w ithout the need to perform 


additional sim ulations. The airflow predicted by this assum ption


still exceeds the critical velocity criteria.


D iscussion of B — R oute S im ulations


The results of the B �R oute sim ulations indicate that


for train locations 3 and 4, the existing fan capacities show n


in Table 1 provide sufficient airflow to control back�layering.
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The m ore severe 

40 

m illion 

Btuh 

train 

fire lrras 

tw ice as large

as 

that 

considered 

in the 

prior 

study 

but r̂ ras 

still w ithin

the control capabilities 

of 

the ventilation 

system .

The 

use 

of blockage 

devices 

w as considered 

in this study

as in the 

previous 

study. 

The sim ulations 

for this 

study show ed

that although 

airflow s 

by 

the 

train 

could be 

significantly

increased by using blockage 

devices, 

the 

predicted 

airflow s

by the train exceeded 

the critical 

velocity 

criteria 

w ithout

the use of 

blockage devices.

Som e

the results

additional 

points 

should be

of this study 

w ith 

previous

considered 

w hen com paring

studies:

I

The 

proposed 

'corrective 

action 

in the 

previous 

dtudy

to increase tunnel fan shaft 

capacities is the result

of analyzing five train locations. C hanges in 

system

capacity required for 

one train 

location w ere considered

base 

capacities for subsequent 

analyses of other

locations. The 

present 

study investigated only tw o

of the five locations. 

Although 

no increases in fan

capacities w ere 

identified for the tw o train locations

studied, 

additional fan capacities 

m ay be required 

to

satisfy all locations. As a future 

w ork 

item , a study

of the rem aining 

three sites 

w ould determ ine 

if any

increases 

in fan capacities are required.

The 

proposed 

corrective 

action 

in 

the 

previous 

study

\̂ ¡as 

the use 

of 

blockage 

devices 

at 

f 

an shafts 

FSB-5,

FSB-6, 

FSB-7, 

FSB-8 

and 

FSB-9. Although 

blockage

devices for 

train locations 

3 and 

4 

| 

the available 

airflow

at 

the rem aining 

three 

train l-ocations are 

unknow n and

therefore 

the reguirem ent 

for using 

blockage 

devices

is not 

certain. 

As w ith 

fan capacity 

increases, 

future

study 

of 

the rem aining 

three 

sites is required 

to

determ ine 

w hether 

blockage 

devices 

are required.

2
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The m ore severe 40 m illion B tuh train fire w as tw ice as large


as that considered in the prior study but w as still w ithin


the control capabilities of the ventilation system .


The use of blockage devices w as considered in this study


as in the previous study. The sim ulations for this study show ed


that although airflow s by the train could be significantly


increased by using blockage devices, the predicted airflow s


by the train exceeded the critical velocity criteria w ithout


the use of blockage devices.


S om e additional points should be considered w hen com paring


the results of this study w ith previous studies:


1. The proposed corrective action in the previous study


to increase tunnel fan shaft capacities is the result


of analyzing five train locations. C hanges in system 


capacity required for one train location w ere considered


base capacities for subsequent analyses of other


locations. The present study investigated only tw o


of the five locations. A lthough no increases in fan


capacities w ere identified for the tw o train locations


studied, additional fan capacities m ay be required to


satisfy all locations. A s a future w ork item , a study


of the rem aining three sites w ould determ ine if any


increases in fan capacities are required.


2. The proposed corrective action in the previous study


w as the use of blockage devices at fan shafts FS B — 5,


FS B — 6, FS B �7, FS B — 8 and FS B �9. A lthough blockage


devices for train locations 3 and 4, the available airflow


at the rem aining three train locations are unknow n and


�  therefore the requirem ent for using blockage devices


is not certain. As w ith fan capacity increases, future


study of the rem aining three sites is required to


determ ine w hether blockage devices are required.
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3


W hether or not the airflow  

by 

the traj-n 

predicted 

in

the 

previous 

study 

com plies w ith the cri-tica1 velocity

criteria 

requires clarification. 

The 

critical 

velocity

criteria 

previously 

used required 

com parison w ith open

tunnel air velocity, 

rather than 

w ith air velocity by

the train. 

This resulted 

in few er 

cases satisfying

criteria and 

the need for 

system  m odification. 

The

airflow s 

predicted 

in the 

present 

study 

are slightly

higher for train location 

3 and about 

the sam e for train

location 

4 

as com pared 

w ith those 

predicted 

by the

previous 

study. 

Increasing fan capacity and 

the use

of blockage devices r,rras required in the 

previous 

study'

how ever, 

to 

m eet 

the 

m ore 

difficult 

critical 

velocity

criteria. As stated above, neither fan capacity 

increases

nor blockage 

devices 

are required in order for the

critical 

velocity criteria to 

be satisfied at train

locations 

3 and 

4.

The 

approach of the 

previous 

analysis 

w as 

reasonable

and sound. Although changes in the 

B-R oute 

netw ork

w ere 

required based 

on 

our review  of the contract

draw ings, 

the 

changes w ere insignificant 

in that the

m agnitude 

of the 

predicted 

airflow  did 

not 

significantly

change. If 

the resulting airflow s of both 

studies 

w ere

com pared to the sam e 

critical 

velocity 

criteria, ít

is 

likely 

that sim ilar recoflrm endations w ould have

resulted.

4.


B-9

W hether or not the airflow by the train predicted in


the previous study com plies w ith the critical velocity


criteria requires clarification. The critical velocity


criteria previously used required com parison w ith open


tunnel air velocity, rather than w ith air velocity by


the train. This resulted in few er cases satisfying


criteria and the need for system  m odification. The


airflow s predicted in the present study are slightly


higher for train location 3 and about the sam e for train


location 4 as com pared w ith those predicted by the


previous study. Increasing fan capacity and the use


of blockage devices w as required in the previous study,


how ever, to m eet the m ore difficult critical velocity


criteria. A s stated above, neither fan capacity increases


nor blockage devices are required in order for the


critical velocity criteria to be satisfied at train


locations 3 and 4.


The approach of the previous analysis w as reasonable


and sound. A lthough changes in the B �R oute netw ork


w ere required based on our review  of the contract


draw ings, the changes w ere insignificant in that the


m agnitude of the predicted airflow did not significantly


change. If the resulting airflow s of both studies w ere


com pared to the sam e critical velocity criteria, it


is likely that sim ilar recom m endations w ould have


resulted. . 
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APPEI{D IX 

C 


D O TÙ N TO TYN  R O U TE 

SES 

SIM U I,ATIO N S

This section 

describes 

the 

SES sim ulations 

perform ed.

Three 

train 

and fire 

locations, 

show n 

in 

Fig. 

4 

w ere 

selected

for exam ination. 

In tw o 

of the 

three 

cases, 

the 

ventilation

system  

is operating 

to m ove 

air dow ngrade 

in the 

direction

opposing 

buoyancy. 

The w orst of 

these 

tw o 

cases 

is the double

track site 

betw een 

M etro C enter 

Station and 

M cPherson Square

Station 

w here 

the 

grade 

is 

4 

percent. 

The third 

case' 

a double

track 

site 

betw een 

M cPherson 

Square 

Station 

and 

Farragut 

hTest

Station, 

has buoyancy 

effects 

of 

a 0.35 

percent 

grade 

aiding

the 

ventilation system . 

This ventilation 

strategy 

rrtras chosen

to avoid 

pulling 

sm oke into 

t,he station 

in 

the event 

of a train

fire in 

this 

particular 

tunnel 

location" 

The m ode of operation

of the tunnel 

ventilation 

fans and 

station 

system s 

and the

resulting 

air 

velocity 

in the annulus 

by the train 

are 

presented

in 

Table 4" The resulting 

airflow s 

in the 

fan shafts 

and the

tunnel 

sections 

in the 

vicinity of 

the train 

are show n

schem atically in the 

figures 

presented 

in this appendix"

For R uns I through 

5, the study 

focused on 

the 

A-R oute

betw een 

Farragut 

N orth 

and 

M etro C enter 

.Stations. 

The front

of the train 

w as 

located 

at Sta. 

27+93 on the outbound 

track.

The dividing w aI1 betw een 

trainw ays is 

solid over the entire

length of the train"

R un I 

(rigrure 

lC )

. 

The 

objective of this 

run w as 

to 

provide 

a 

of airflow s 

against 

w hich 

airflow s in subsequent 

runs

blockage 

devices and heat sources are com pared.

base case

sim ulating

The 

tunnel ventilation fans and 

M cPherson 

Square 

Station

c-l_

A P P E N D IX C

D O W N TO W N  R O U TE S ES S IM U LA TIO N S


This section describes the S E S  sim ulations perform ed.


Three train and fire locations, show n in Fig. 4 w ere selected


for exam ination. In tw o of the three cases, the "ventilation


system  is operating to m ove air dow ngrade in the direction


opposing buoyancy. The w orst of these tw o cases is the double


track site betw een M etro C enter S tation and M cP herson S quare


S tation w here the grade is 4 percent. The third case, a double


track site betw een M cPherson S quare S tation and Farragut W est


S tation, has buoyancy effects of a 0.35 percent grade aiding


the ventilation system . This ventilation strategy w as chosen


to avoid pulling sm oke into the station in the event of a train


fire in this particular tunnel location. The m ode of operation


of the tunnel ventilation fans and station system s and the


resulting air velocity in the annulus by the train are presented


in Table 4. The resulting airflow s in the fan shafts and the


tunnel sections in the vicinity of the train are show n


schem atically in the figures presented in this appendix.


For R uns 1 through 5, the study focused on the A �R oute


betw een Farragut N orth and M etro C enter �S tations. The front


of the train w as located at S ta. 27+93 on the outbound track.


The dividing w all betw een trainw ays is solid over the entire


length of the train.


R un l (Figure 1C )


� The objective of this run w as to provide a base case


of airflow s against w hich airflow s in subsequent runs sim ulating


blockage devices and heat sources are com pared.


The tunnel ventilation fans and M cP herson S quare S tation
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underplatform  

exhaust 

fans, 

having 

capacities 

as show n

3, 

w ere 

operated 

according 

to the 

schedule 

outlined

4" This 

"aero" 

ru¡t 

show s 

the 

airflow s 

established 

by

in the 

absence 

of 

both 

btockage 

devices 

and 

heat

in Table

in 

TabIe

the 

fans

sources 

"


The 

sim ulation 

show ed 

that 

the 

airflow  

by 

the 

train

w as 

only 

18 kcfm . 

This 

resulted 

in 

an annular 

air 

velocity

by the 

train 

equal 

to 

209 

fPm "

R un 2 

(rigrure 

2C )

To increase 

the 

airflow  

by the 

train, 

blockage 

devices

w ere added 

as show n 

in 

Figure 

2C . 

For this 

sim ulation, 

each

blockage 

device 

w as assum ed 

to 

block 

80 

percent 

of 

the tunnel

cross-sectional 

area 

in w hich 

it 

w as located.

All conditions 

rem ained 

as 

in 

R un 

1 

except 

for 

the added

blockage 

devices.

The resulting 

airflow  

by the 

train 

w as 

48"6 

kcfm ' an

increase of 

170 

percent. The 

airflow s 

in 

aII other 

tunnel

sections 

near the 

train 

htere low er.

R un 3 

(Figure 

3C  

),

This 

\̂ tas a


blockage 

devices.

90 

percent 

of the

sensitivity 

run 

to sim ulate 

m ore 

"effective"

Each of these 

devices 

w as 

assum ed to 

block

cross-sectional 

area in w hich 

it 

\̂ tas located.

All conditions

increase in efficiency

rem ained as 

in 

R un 2 

except 

for the

of the 

blockage devices.

The 

sim ulation show ed 

that the 

airflow  

by the train

w as 

to 70.0 kcfm , a 

44 

percent 

increase over 

the flow  

predicted

by 

the sim ulation using the 

less effective 

blockage 

devices.

c-2

underplatform  exhaust fans, having capacities as show n in Table


3, w ere operated according to the schedule outlined in Table


4. This "aero" run show s the airflow s established by the fans


in the absence of both blockage devices and heat sources.

The sim ulation show ed that the airflow by the train


w as only 18 kcfm . This resulted in an annular air velocity


by the train equal to 209 fpm .


R un 2 (Figure ZC L


To increase the airflow by the train, blockage devices


w ere added as show n in Figure 2C . For this sim ulation, each


blockage device w as assum ed to block 80 percent of the tunnel


cross�sectional area in w hich it w as located.


A ll conditions rem ained as in R un l except for the added


blockage devices.


The resulting airflow by the train w as 48.6 kcfm , an


increase of 170 percent. The airflow s in all other tunnel


sections near the train w ere low er.


R un 3 (Figure 3C )


This w as a sensitivity run to sim ulate m ore "effective"


blockage devices. E ach of these devices w as assum ed to block


90 percent of the cross�sectional area in w hich it w as located.


A ll conditions rem ained as in R un 2 except for the


increase in efficiency of the blockage devices.


The sim ulation show ed that the airflow by the train


w as to 70.0 kcfm , a 44 percent increase over the flow predicted


by the sim ulation using the less effective blockage devices.


C �2
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Sum ary 

of 

R uns 

I 

through 

3


By adding 

blockage 

devices 

for 

airflow  

controlr 

the

available 

fan 

capacity 

can be 

directed 

to 

the 

locaÈion 

w here

it 

is 

m ost 

needed. 

Strategic 

placem ent of 

blockage 

devices

closing 

off 

80 

percent of the 

cross'sectional 

area 

increases

the 

desi-red 

airflow  

by 

the 

train 

by 

170 

percent. Increasing

the 

"effectiveness" 

of the 

þlockage 

devices 

to 

90 

percent

increases 

the 

airflow  

by another 

44 

percent. Vüith the 

m ore

effective 

blockage 

device 

the 

airflow  

is 

approxim ateÌy 

four

tim es 

greater 

than 

the 

base 

case 

w ithout 

blockage 

devices.

R u¡r 

4 

(Figure 

4C )

This run 

sim ulated 

a 

20 m illion 

Btuh

its effect 

in 

reducing 

the 

airflow  

by the 

train.

train fire 

and

severe 

40 m illion 

Btuh

airflow  

by the 

train.

train

Based

The locations 

and effectiveness 

(80 

percent) 

of 

the

blockage 

devices 

and 

m ode 

of fan 

operation 

rem ained 

as 

sim ulated

i-n 

R un 

2. For 

this sim ulation 

the 

fire 

w as 

located 

in the

train 

car 

closest 

to 

fan 

shaft 

FSA-I. 

Passenger 

evacuation

is tow ard 

fan 

shaft 

FSA-2 

opposite 

to 

the 

direction 

of

ventilation 

"


The sim ulation 

show ed 

a 

20 

percent reduction 

j-n 

air

floú 

by the trainr 

âs com pared 

to 

R un 

2 w ithout 

a fire. 

The

air 

velocity by the 

train 

is 

452 fpm . 

The 

critical 

velocity

is 

439 

fprn. 

Since 

the critical 

velocity 

is exceeded, the 

airflow

by 

the 

train 

is sufficient 

to 

prevent 

back-layering.

R un 5 

(Figrure 

5C )

This run sim ulated 

a 

m ore

fire 

and its 

effect in 

reducing

c-3

S um ary of R uns 1 through 3

B y adding blockage devices for airflow control, the


available fan capacity can be directed to the locati1u1 w here


it is m ost needed. S trategic placem ent of blockage devices


closing off 80 percent of the cross�sectional area increases


the desired airflow by the train by 170 percent. Increasing


the "effectiveness" of the blockage devices to 90 percent


increases the airflow by another 44 percent. W ith the m ore


effective blockage device the airflow is approxim ately four


tim es greater than the base case w ithout blockage devices.


R un 4 (Figure 4C ) _ 


This run sim ulated a 20 m illion B tuh train fire and


its effect in reducing the airflow by the train.


The locations and effectiveness (80 percent) of the


blockage devices and m ode of fan operation rem ained as sim ulated


in R un 2. For this sim ulation the fire w as located in the


train car closest to fan shaft FS A �l. P assenger evacuation


is tow ard fan shaft FS A �2 opposite to the direction of


ventilation.

�� The sim ulation show ed a 20 percent reduction in air


flow by the train, as com pared to R un 2 w ithout a fire. The


air velocity by' the train is 452 fpm . The critical velocity


is 439 fpm . S ince the critical velocity is exceeded, the airflow


by the train is sufficient to prevent back�layering.


� R un 5 (Figure 5C )


This run sim ulated a nm re severe 40 m illion B tuh train


fire and its effect in reducing airflow by the train. B ased
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on 

the 

results 

of 

R un 

4, m ore 

effective 

( 

90

devices 

w oul-d 

be 

required 

to 

m eet 

criteria

fire.

percent) 

blockage

w ith 

this 

larger

The 

locations 

and 

effectiveness 

of 

the 

blockage 

devices

and 

m ode 

of 

fan 

operation 

rem ained 

as 

sim ulated 

in 

R un 

3'

It 

\̂ ¡as 

anticipated 

that 

the 

"choking" 

ef 

f ect 

of 

the 

larger

train 

fire 

w ould 

attenuate 

the 

flow  

by the 

train 

to the 

extent

that 

the 

critical 

velocity 

criteria 

w ould 

not 

be 

satisfied

using 

80 

percent 

efficient 

blockage 

devices.

The 

sim ulation 

show ed 

an 

18 

percent reduction 

in airflow

by 

the 

trainr 

âs 

com pared 

to 

R un 

3 

w ithout 

a 

fire. 

The air

velocity 

by the 

train 

is 

664 

fpm . 

The 

critical 

velocity 

is

4gg fpm . 

Since 

the 

critical 

velocity 

criteria 

is exceeded'

the airflow  

by the 

train 

is sufficient 

to 

prevent back-layering.

Snm ary 

of 

R rins 

4 

and 

5


R uns 

4 and 

5 show ed 

that 

existing 

fan 

capacity 

operated

in accordance 

w ith 

Tab1e 

4 is sufficient 

to 

control 

back-layering

if 

blockage 

devices 

are 

used. 

For train 

fire 

heat 

release

rates of 

20 and 

40 m illion 

Btuh, 

blockage 

devices 

having

effectiveness 

of 

8O  

percent 

and 

90 

percent' respectively' 

are

required 

at 

the 

locations 

indicated.

'


For R uns 

6 through 

I0, the 

study 

focused 

on 

the 

c-R oute

betw een 

Farragut 

W est 

and 

M cPherson 

Square 

Stations. 

The front

of the 

train 

w as located 

at 

Sta. 

26+50 

on 

the 

inbound 

track.

The 

dividing 

w all betw een 

trainw ays 

is a 

line 

of 

colum ns 

for

about 

half the 

length 

of the 

train 

and 

continuous 

concrete

w ith 

-ref 

uge openings 

f or the 

rem aining 

half 

-

R un 6 

(rigrure 

6C )

The 

objective 

of this 

run 

w as to 

provide a 

base case

c-4

on the results of R un 4, m ore effective (90 percent) blockage


devices w ould be required to m eet criteria w ith this larger


fire.


The locations and effectiveness of the blockage devices


and m ode of fan operation rem ained as sim ulated in R un 3.


It w as anticipated that the "choking" effect of the larger


train fire w ould attenuate the flow by the train to the extent


that the critical velocity criteria w ould not be satisfied


using 80 percent efficient blockage devices.


The sim ulation show ed an l8 percent reduction in airflow


by the train, as com pared to R un 3 Tnithout. a fire. The air


velocity by the train is 664 fpm . The critical velocity is


498 ‘fpm . S ince the critical velocity criteria is exceeded,


the airflow by the train is sufficient to prevent back�layering.


S um m ary of R uns 4 and 5

R uns 4 and 5 show ed that existing fan capacity operated


in accordance w ith Table 4 is sufficient to control back�layering


if blockage devices are used. For train fire heat release


rates of 20 and 40 m illion B tuh, blockage devices having


effectiveness of 80 percent and 90 percent, respectively, are


required at the locations indicated.


I ' For R uns 6 through 10, the study focused on the C �R oute


betw een Farragut W est and M cP herson S quare S tations. The front


of the train w as located at S ta. 26+50 on the inbound track.


The dividing‘ w all betw een trainw ays is a line of colum ns for


about half the length of the train and continuous concrete


w ith refuge openings for the rem aining half.

R un 6 (Figure 6C )


The objective of this run. w as to provide a base case


C �4
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of 

airflow s 

against 

w hich 

airflow s 

in subsequent 

runs are

com pared. 

The 

tunnel 

ventilation 

fans 

and 

M cPherson 

Station

underplatf,orm  

exhaust 

fans 

w ere 

operated 

according 

to the

schedule 

outlined 

in 

Table 

4 to 

effect 

a 

"push-puI1" 

m ode 

of

ventilation 

by 

the 

Èrain. 

From  

previous 

sim ulations 

using

the dow ntow n 

netw ork 

it w as 

determ ined 

that 

sufficient 

airflow

by the 

train 

w as 

not 

avaitable 

w ithout 

using 

blockage 

devices"

Therefore, 

this 

run 

included 

blockage 

devices 

(80 

percent)

at 

the 

base 

of 

the 

operating 

fan 

shafts 

as 

show n 

in 

Figure

6C .

To 

properly 

sim ulate 

the 

effect 

of 

a 

concrete 

dividing

w aII w ith 

refuge 

openings 

extending 

over 

one-half 

of the 

train,

it 

\̂ ¡as necessary 

to 

sim ulate 

it as 

a sotid 

w all. 

For this 

base

run, blockage 

devices 

could 

not 

be used 

to 

block 

the airflow

path 

in the 

trainw ay 

adjacent 

to 

the 

tunnel 

section 

w ith the

train, 

since 

the 

refuge 

openings 

in 

the dividing 

w all betw een

the 

fan shaft 

and 

the 

train 

w ould 

short-circuit 

the 

effect

of the 

blockage 

device.

I4taS

314

or

The sim ulation 

show ed 

that 

the 

airflow  

by the 

train

l-9.7 

kcfm , 

corresponding 

to 

an annular 

air 

velocity 

of

fpm . 

The airf 

low  in 

the ad 

jacent 

trainw ay 

r̂ 7as 

117.5 kcfm '

approxim ately 

six tim es 

greater.

R un 7 

(Figrure 

7C )

The effect 

of operating 

less 

tunnel 

ventilation 

fans

to effect 

the 

"push-pulI" 

m ovem ent 

of air 

by the 

train 

w as

sim ulated 

w ith this aerodynam ic 

run.

-

The conditions 

rem ained as 

in 

R un 

1 except 

that the

fans in three 

fan shafts 

(FSA-I, 

FSA-2, 

FSD -I) rem ote 

from

the train 

\̂ tere turned 

of f 

, 

as outlined 

in 

Table 4 

"


The three

blockage devices associated 

w ith 

f 

an shaf 

t 

FSA-2 

vitere also

c-5

of airflow s against w hich airflow s in subsequent runs are


com pared. The tunnel ventilation fans and M cP herson S tation


underplatform  exhaust fans w ere operated according to the


schedule outlined in Table 4 to effect a "push— pull" m ode of


ventilation by the train. From  previous sim ulations using


the dow ntow n netw ork it w as determ ined that sufficient airflow


by the train w as not available w ithout using blockage devices.


Therefore, this run included blockage devices (80 percent)


at the base of the operating fan shafts as show n in Figure


6C .


To properly sim ulate the effect of a concrete dividing


w all w ith refuge openings extending over one— half of the train,


it w as necessary to sim ulate it as a solid w all. For this base


run, blockage devices could not be used to block the airflow


path in the trainw ay adjacent to the tunnel section w ith the


train,�since the refuge openings in the dividing w all betw een


the fan shaft and the train w ould short— circuit the effect


of the blockage device.


The sim ulation show ed that the airflow by the train


w as 19.7 kcfm , corresponding to an annular air velocity of


314 fpm . The airflow in the adjacent trainw ay w as 117.5 kcfm ,


or approxim ately six tim es greater.


‘ R un 7 (Figure 76)


The effect of operating less tunnel ventilation fans


to effect the "push— pull" m ovem ent of air by the train w as


sim ulated w ith this aerodynam ic run.


� The conditions rem ained as in R un 1 except that the


fans in three fan shafts (FS A — l, FS A �2, FS D — l) rem ote from 


the train w ere turned off, as outlined in Table 4. The three


blockage devices associated w ith fan shaft FS A �2 w ere also
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rem oved, as 

show n in 

Figure 7C .

The sim ulation 

show ed that 

there 

w as 

no 

significant

change 

in the airflow  

by the train. 

Therefore, 

to 

reduce 

the

operational 

com plexity 

of the ventilation 

system ' these 

fan

shafts 

and 

blockage devices 

w ere not 

used in the 

rem aining

sim ulations 

for this train 

location"

R un 8 

(Figrure gg¡

by the

to the

The objective of this 

run 

w as 

to increase 

the airflow

train by adding 

a blockage device to the trainw ay adjacent

one occupied by the train.

The 

conditions rem ained as in 

R un 7 except that 

one

blockage 

device 

(80 

percent) 

w as added as show n in 

Figure 

8C "

In 

order for this additional device to be effective, the 

refuge

openings in the concrete dividing 

'w al1s 

have 

to 

be 

closed.

The 

resulting airflow  by the train hras 62.9 kcfm ,

corresponding to an annular air velocity of 997 fpm " 

This

value 

is m ore than three tim es the airflow  

predicted 

w ithout

using the additional blockage device to isolate the adjacent

trainw ay.

Sum m ary 

of 

R uns 

6 through I


These 

aerodynam ic sim ulations show ed 

that it w as necessary

to both 

close 

the refuge 

openings in the dividing w all 

and

add 

a blockage 

device in the adjacent 

trainw ay to direct 

a


sufficient 

airflow  by the 

train. 

The 

runs also 

predicted 

that

there- is no 

significant 

change 

i¡ the airflow  

by the 

train

w hen 

certain 

fan shafts 

and blockage 

devices rem ote 

from  the

train 

location are 

not used.

c-6

rem oved, as show n in Figure 7C .


The sim ulation show ed that there w as no significant


change in the airflow by the train. Therefore, to reduce the


operational com plexity of the ventilation system , these fan


shafts and blockage devices w ere not used in the rem aining


sim ulations for this train location.


R un 8 (Figure 8c)


The objective of this run w as to increase the airflow


by the train by adding a blockage device to the trainw ay adjacent


to the one occupied by the train.


The conditions rem ained as in R un 7 except that one


blockage device (80 percent) w as added as show n in Figure 8C .


In order for this additional device to be effective, the refuge


openings in the concrete dividing ‘w alls have to be closed.


The resulting airflow by the train w as 62.9 kcfm ,


corresponding to an annular air velocity of 997 fpm . This


value is nm re than three tim es the airflow predicted w ithout


using the additional blockage device to isolate the adjacent


trainw ay.


S um m ary of R uns 6 through 8

These aerodynam ic sim ulations show ed that it w as necessary


to both close the refuge openings in the dividing w all and


add a blockage device in the adjacent trainw ay to direct a

sufficient airflow by the train. The runs also predicted that


there� is no significant change in the airflow by the train


w hen certain fan shafts and blockage devices rem ote from . the


train location are not used.


C �6


MECH 1546




R un 9 

(Figrure 

9C )

This run 

sim ulated 

a 

20 m illion 

Btuh train 

fire 

and

its 

effect 

in 

reducing 

the 

airflow  

by 

the 

train-

The 

location 

and 

effectiveness 

(80 

percent) of the

blockage 

devices 

and 

the m ode 

of 

fan operation 

rem ained as

sim ulated 

in 

R un 

8. 

For this 

sim ulation 

the 

fire 

\das 

located

in 

the train 

car closest 

to 

fan 

shaft 

FSC -2. 

Passenger

evacuation 

w aS 

tow ard 

M cPherson 

Square 

Station' 

opPosite 

to

the direction 

of 

ventilation.

The sim ulation 

predicted 

a 

24 

percent reduction 

in airflow

by the trainr 

ês 

com pared 

to 

R un 

8, from  

62.9 

kcfm  

to 

47.8

kcfm , 

The corresponding 

air 

velocity 

by the 

train 

decreased

to 

758 fpm . 

The critical 

velocity 

is 

424 fpm . 

Since 

the

critical 

velocity is 

exceeded, 

the airflow  

by the 

train 

is

sufficient to 

prevent 

back-Iayering"

R un 

10 

(Figrure 

10C )

This run 

sim ulated 

a 

m ore severe 

40 m illion 

Btuh train

fire and 

its effect 

in 

reducing the 

airflow  

by the 

train

The

except for

conditions 

sim ulate.d 

in R un 

9 rem ained 

the sam e

the 

increa.se 

in 

the f ire 

heat 

release rate.

The sim ulation 

predicted 

an airflow  

of 

37.5 kcfm  

by

the traín. 

This represents 

a 22 

percent 

reduction 

in 

airflow

com pared to 

R un 9, 

w hich sim ulated 

a sm aller 

20 m illion 

Btuh

train fire. 

The airflow  

by 

the 

train 

w as approxim ately 

40

percent 

less than 

the airflow  

predicted 

in 

R un I w ithout a


fire. 

The 

air 

velocity by the train 

for the current 

sim ulation

is 595 fpm , 

w hich is 

greater 

than the 

critical 

velocity of

47I 

fpm . 

The 

existing fan 

capacities and effectiveness 

of

the 

blockage 

devices 

that 

w ere 

sim ulated 

are therefore 

sufficient

to 

prevent 

back-layering.

c-7

R un 9 (Figure 9C )


This run sim ulated a 20 m illion B tuh train fire and


its effect in reducing the airflow by the train.


The location and effectiveness (80 percent) of the


blockage devices and the m ode of fan operation rem ained as


sim ulated in R un 8. For this sim ulation the fire w as located


in the train car closest to fan shaft FSC — 2. P assenger


evacuation w as tow ard M cP herson S quare S tation, opposite to


the direction of ventilation.


The sim ulation predicted a 24 percent reduction in airflow


by the train, as com pared to R un 8, from  62.9 kcfm  to 47.8


kcfm . The corresponding air velocity by the train decreased


to 758 fpm . The critical velocity is 424 fpm . S ince the


critical velocity is exceeded, the airflow by the train is


sufficient to prevent back�layering.


R un 10 (Figure 10C )


This run sim ulated a m ore severe 40 m illion B tuh train


fire and its effect in reducing the airflow by the train. .


The conditions sim ulated in R un 9 rem ained the sam e


except for the increase in the fire heat release rate.


The sim ulation predicted an airflow of 37.5 kcfm  by


the "train. This represents a. 22 percent reduction iJ1 airflow


com pared to R un 9, w hich sim ulated a sm aller' 20 m illion B tuh


train fire. The airflow by the train w as approxim ately 40


percent less than the airflow predicted in R un 8 w ithout a

fire.‘ The air velocity by the train for the current sim ulation


is 595 fpm , w hich is greater than the critical velocity of


471 fpm . The existing fan capacities and effectiveness of


the blockage devices that w ere sim ulated are therefore sufficient


to prevent back�layering.
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Sunm ary 

of 

R uns 9 and 

I0

If a train 

fire 

is located 

along 

the continuous 

concrete

dividing 

w a11 

w ith refuge 

openings 

betw een 

M cPherson Square

Station 

and 

fan shaft 

FSC -2, 

it is 

necessary to 

close the 

refuge

openings and 

provide 

a 

blockage 

device in 

the adjacent 

trainw ay"

By 

using this, 

in com bination 

w ith strategically 

pÌaced 

blockage

devices at other 

locations, 

sufficient 

airflow  to 

control even

the m ore severe 

train 

fire can be 

achieved 

w ith the existing

fan capacities.

If a train 

fire occurs 

w ithin the 

colum n line 

portion

of tunnel contiguous 

to 

M cPherson Square Station, 

the results

of 

previous 

sim ulations 

indicate 

that back-Iayering 

w ould be

controlled 

for both fire sizes. 

For this situaÈion, the 

blockage

devices betw een the fire location 

and fan shaft 

FSC -2 should

not 

be.used. 

H ow ever, in order to satisfy the 

critical velocity

criteria for all fire locations 

w ithin this tunnef 

section,

the installation of four 

blockage devices 

at the base of fan

shaft FSC -2 

is 

required"

For R uns II through 

L6, 

the study 

focused on the C -R oute

betw een the 

M cPherson Square and 

M etro 

C enter 

Stations. The

front of the train 

w as located at Sta. 

13+75 

on 

the inbound

track. 

The 

dividing 

w all betw een trainw ays is a line of colum ns

for about 40 

percent 

of the train and continuous concrete 

w ith

refuge openings for the rem aining train length.

R un 1I 

(Figrure 

J-IC )

The 

objective of this 

run hras 

to 

provide 

a base case

of airflow s 

against 

w hich 

airflow s in subsequent 

runs are

com pared. The 

tunnel ventitating 

f ans 

and 

¡tcPhe-rson 

Square

Station 

underplatform  exhaust fans w ere 

operated according

to 

the schedule outlined 

in 

Table 4 

to effect a 

"push-pu11"

c-8

Sum m ary of R uns 9 and l0


If a train fire is located along the continuous concrete


dividing w all w ith refuge openings betw een M cPherson S quare


S tation and fan shaft FS C �2, it is necessary to close the refuge


openings and provide a blockage device in the adjacent trainw ay.


B y using this, in com bination w ith strategically placed blockage


devices at other locations, sufficient airflow to control even


the m ore severe train fire can be achieved w ith the existing


fan capacities.


If a train fire occurs w ithin the’ colum n line portion


of tunnel contiguous to M cP herson S quare S tation, the results


of previous sim ulations indicate that back�layering' w ould be


controlled for both fire sizes. For this situation, the blockage


devices betw een the fire location and fan shaft FS C — 2 should


not be used. H ow ever, in order to satisfy the critical velocity


criteria for all fire locations w ithin this tunnel section,


the installation of four blockage devices at the base of fan


shaft FSC — 2 is required.


I For R uns ll through 16, the study focused on the C �R oute


betw een the M cP herson S quare and. M etro C enter S tations. The


front of the train w as located at Sta. l3+75 on the inbound


track. The dividing w all betw een trainw ays is a line of colum ns


for about 40 percent of the train and continuous concrete w ith


refuge openings for the rem aining train length.


R un ll (Figure 11C )


The objective of this run w as to provide a base case


of airflow s against w hich airflow s in subsequent runs are


com pared. The tunnel ventilating fans and M cP herson S quare


S tation underplatform  exhaust fans w ere operated according


to the schedule outlined in Table 4 to effect a "push— pull"
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m ode of 

ventilation 

by 

the 

.train. 

From  

previous 

sim ulations

using 

the dow ntow n 

netw ork 

it $tas 

determ ined 

that 

sufficient

airflow  

by 

the train 

w as 

not available 

w ithout 

using 

blockage

devices. 

Therefore 

this 

run 

inctuded 

blockage 

devices 

( 

80

percent) 

at 

the 

base of 

the operating 

fan 

shafts 

as show n 

in

Figure 

1IC .

To 

properly m odel 

the 

effect 

of a 

continuous 

concrete

dividing 

w aII 

w ith 

refuge 

openings 

it w as 

necessary 

to sim ulate

it as 

a solid 

w aII. 

For this 

base 

run' 

blockage 

devices 

could

not be 

used to 

block 

the 

airflow  

path 

in the 

trainw ay 

adjacent

to 

the tunnel 

section 

w ith 

the 

train, 

since 

the 

openings 

in

the dividing 

w all 

betw een 

the 

fan shaft 

and 

the 

train 

w ould

short-circuit 

the 

effect 

of 

the 

blockage 

device.

w as

584

or

The sim ulation 

show ed 

that 

the 

airflow  

by the 

train

36.8 

kcfm , corresponding 

to 

an 

annular 

air 

velocity 

of

fpm . 

The airflow  

in the 

adjacent 

trainw ay 

w as 

132.1 kcfm ,

approxim ately 

three 

tim es 

greater.

R un 

12 

(Figrure 

I2C l

The objective 

of 

this 

run

by the 

train 

by adding 

a blockage

track tunnel 

adjacent 

to 

the train"

The conditions 

rem ained

blockage device 

(80 

percent) 

w as

w as to 

increase 

the airflow

device 

to 

isolate the 

single

as in 

R un 11

added 

as show n

except that 

one

in 

Figure 

L2C .

For this 

additional 

blockage 

device to 

be effective'

the 

refuge openings in 

the continuous 

concrete 

dividing 

w alls

w ould- have to be closed. 

The resulting airflow  

by the 

train

\̂ /as 

6I.7 

kcfm , w ith a corresponding 

annular 

air 

velocity of

978 

fpm . 

This is alm ost 

I.7 

tim es 

greater 

than 

the airflow

predicted 

w ithout using the 

additional 

blockage device to 

isolate

c-9

m ode of ventilation by the .train. From  previous sim ulations


using the dow ntow n netw ork it w as determ ined that sufficient


airflow by the train w as not available w ithout using blockage


devices. Therefore this run included blockage devices (80


percent) at the base of the operating fan shafts as show n in


Figure llC .


To properly m odel the effect of a continuous concrete


dividing w all w ith refuge openings it w as necessary to sim ulate


it as a solid w all. For this base run, blockage devices could


not be used to block the airflow path in the trainw ay adjacent


to the tunnel section w ith the train, since the openings in


the dividing w all betw een the fan shaft and the train w ould


short— circuit the effect of the blockage device.


The sim ulation show ed that the airflow by the train


w as 36.8 kcfm , corresponding to an annular air velocity of


584 fpm . The airflow in the adjacent trainw ay w as 132.1 kcfm ,


or approxim ately three tim es greater.


R un 12 (Figure 12C )


The objective of this run. w as to increase the airflow


by the train by adding a blockage device to isolate the single


track tunnel adjacent to the train. '


The conditions rem ained as in R un ll except that one


blockage device (80 percent) w as added as show n in Figure l2C .


For this additional blockage device to be effective,


the refuge openings in the continuous concrete dividing w alls


w ould� have to be closed. The resulting airflow by the train


w as 61.7 kcfm , w ith a corresponding annular air velocity of


978 fpm . This is alm ost 1.7 tim es greater than the airflow


predicted w ithout using the additional blockage device to isolate
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the adjacent trainw ay"

R un 

13 

(Figrure 

I3C )

The 

effect of operating 

less

to effect the 

"push-puIl" 

m ovem ent

sim ulated w ith this aerodynam ic 

run.

tunnel 

ventilation

of air 

by the train

fans

I,faS

The 

conditions rem ained as 

in R un 

12 

except the fans

in fan shafts FSB-I-, 

FSC -2 

and FSD -I w ere turned off, as 

outlined

in 

Table 

4. The blockage devices at FSC -2 and at the connection

track r̂ rere 

also rem oved as show n in 

Figure 13C .

The 

sim ulation show ed that there 

w as no 

significant

change in 

the 

airflow  by 

the train. 

To reduce 

the operation

com plexity 

of the ventilati.on 

system , 

these fan 

shafts and

blockage 

devices need not be used for thís train location.

Sum nry of R uns ll 

through 

13

These 

aerodynam ic sim ulations show ed 

that it 

w as 

necessary

to close 

the refuge openings in 

the 

continuous 

concrete dividing

w aII 

and 

add a blockage device in 

the 

adjacent 

trainw ay to

direct a reasonable 

airflow  by 

the train" 

The 

runs also

predicted 

that the effect 

of using certain fan shafts and

blockage 

devices rem ote 

from  the train location is 

not of

significant 

benefit.

R un 14 

(rigrure 

14C  

)


This 

run 

sim ulated 

a 

20 

m illion Btuh 

train fire 

and

its 

effect 

in 

reducing 

the airflow  by 

the train.

The 

location

blockage 

devices 

and

effectiveness 

( 

80 

percent) 

of 

the

of fan 

operation rem ained 

as 

sim ulated

and

m ode

c- 10

the adjacent trainw ay.


R un 13 (Figure 13C )


The effect of operating less tunnel ventilation fans


to effect the "push— pull" m ovem ent of air by the train w as


sim ulated w ith this aerodynam ic run.


The conditions rem ained as in R un 12 except the fans


in fan shafts FS B — l, FS C — 2 and FS D — l w ere turned off, as outlined


in Table 4. The blockage devices at FS C — 2 and at the connection


track w ere also rem oved as show n in Figure 13C .


The sim ulation show ed that there w as no significant


change in the airflow ' by" the train. To reduce the operation


com plexity of the ventilation system , these fan shafts and


blockage devices need not be used for this train location.


S um m ary of R uns ll through 13


These aerodynam ic sim ulations show ed that it w as necessary


to close the refuge openings in the continuous concrete dividing


w all and add a blockage device in the adjacent trainw ay to


direct a reasonable airflow by the train. The runs also


predicted that the effect of using certain fan shafts and


blockage devices rem ote from  the train location is not of


significant benefit.


R un 14 (Figure 14C )

This run sim ulated a 20 m illion B tuh train fire and


its effect in reducing the airflow by the train.


The location and effectiveness (80 percent) of the


blockage devices and m ode of fan operation rem ained as sim ulated
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in 

R un 

L2 . 

For this sim ulation, 

the f ire 

\̂ las located 

in 

the

train 

car 

closest 

to 

fan shaft 

FSC -I 

as show n 

in 

Figure 

IAC .

passenger 

evacuation 

is 

tow ard 

M cPherson 

Square 

Station' opposíte

to 

the direction 

of'ventilaÈion.

The sim ulation 

predicted 

a 

25 

percent 

reduction 

in airflow

by the trainr 

âs 

com pared 

to 

R un 

L2 

w ithout a 

fire. 

The 

air

velocity 

by 

the train 

decreased 

to 722 

fpm . 

The critical

velocity is 

481 

fpm . 

Since the 

critical 

velocity 

is exceeded'

the 

airflow  by 

the train 

is 

sufficient 

to 

prevent 

back-Iayering.

R un 15 

(Figure 

15C )

A 

to show

m ore severe

its effect 

in

40 

rnillion 

Btuh train

reducing 

airflow  

by the

fire 

w as sim ulated

train.

The

the

conditions

fire heat

sim ulated 

in

R un 

14 rem ained 

the sam e

w as increased 

to 

40 m illion

except

Btuh.

release 

rate

The sim ulation 

results' 

presented 

in 

Figure 

15C ' 

show

a 

reduction in airflow  

by 

the 

train 

of about 

20 

percent 

as

com pared to 

R un 14" 

The 

airflow  

by 

the train 

w as approxim ately

40 

percent 

less than 

the airflow  

predicted w ithout a fire 

(nun

12) 

" 

The air 

velocity 

by 

.the 

train 

for the current 

sim ulation

is 578 fpm , 

w hich is 

greater 

than 

the critiial 

velocity 

of

540 fpm . 

The existing 

fan capacities 

and the 

blockage devices

sim ulated 

are therefore 

sufficient 

to 

prevent 

back-layering"

Suunary of R uns 

14 and 

15

If a 

train 

fire is located 

along the 

continuous concrete

dividing w all w ith refuge openings 

betw een 

M etro 

C enter 

Station

and 

M cPherson 

Square Station, it is 

necessary to close 

the

refuge openings and 

provide 

a blockage devj-ce 

in the adjacent

C -1I

in R un 12. For this sim ulation, the fire w as located in the


train car closest to fan shaft FS C — l as show n in Figure 14C .


P assenger evacuation is tow ard M cP herson S quare S tation, opposite


to the direction of ventilation.


The sim ulation predicted a 25 percent reduction in airflow


by the train, as com pared to R un 12 w ithout a fire. The air


velocity by the train decreased to 722 fpm . The critical


velocity is 481 fpm . S ince the critical velocity is exceeded,


the airflow by the train is sufficient to prevent back�layering.


R un 15 (Figure 15C )


A m ore severe 40 m illion B tuh train fire w as sim ulated


to show  its effect in reducing airflow by the train.


The conditions sim ulated in R un 14 rem ained the sam e


except the fire heat release rate w as increased to 40 m illion


B tuh.


The sim ulation results, presented in Figure 15C , show 


a reduction in airflow by the train of about 20 percent as


com pared to R un 14. The airflow by the train w as approxim ately


40 percent less than the airflow predicted w ithout a fire (R un


12). The air velocity by the train for the current sim ulation


is 578 fpm , w hich is greater than the critical velocity of


540 fpm . The existing fan capacities and the blockage devices


sim ulated are therefore sufficient to prevent back�layering.


S um m ary of R uns 14 and 15


_  If a train fire is located along the continuous concrete


dividing w all w ith refuge openings betw een M etro C enter S tation


and M cP herson S quare S tation, it is necessary to close the


refuge openings and provide a blockage device in the adjacent


C �ll
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trainw ay. 

By using this, 

in 

com bination 

w ith strategically

placed 

blockage 

devices 

at other 

locations, 

sufficient 

airflow

to control 

even 

the 

m ore 

severe 

train 

fire 

can be achieved

w ith 

the 

existing 

fan capacities.

If 

a 

train 

fire 

occurs 

w ithin the 

colum n 

line 

portion

of the tunnel 

contiguous 

to 

M cPherson 

Square 

Station, 

the 

results

of 

previous 

sim ulations 

indicate 

that 

back-layering 

w ould 

be

controlled 

for 

both fire 

sizes. 

For 

this 

situation, 

the 

bl-ockage

devices 

betw een 

the 

fire location 

and 

fan 

shaft 

FSC -1 should

not be used. 

H ow ever, 

in order 

to satisfy 

all 

fire locations

w ithin this tunnel 

section, 

the 

installation 

of 

four 

blockage

devices at 

the base of 

FSC -I is 

required.

Atthough m ore 

fans and 

blockage 

devices 

w ere used 

in

R uns 

L4 

and 

15, it 

w as show nr 

by com parison 

of resul-ts 

f 

or

R uns 12 and 

13, 

that 

they 

had an insignificant 

effect 

on the

airflow  

by 

the 

train. 

C onsequently, 

it follow s that 

the resulÈs

of 

R uns 14 

and 

15 w ould be vatj-d if 

fan operation and 

location

of blockage devices 

w as as show n 

for R un 

13 in 

Table 4"

R un 

16 

(rigure 

I6C )

This run investigated 

the use of 

jet 

fans as 

analternative

to 

blockage 

devices 

for increasing 

ventilation 

by 

the 

train.

' 

The conditions for this aerodynam ic 

sim ulation 

rem ained

as in R un 12 except that 

w here blockage devices had 

been 

used,

the 

effect 

of operating 

jet 

fans 

in the tunnel sections 

v¡as

sim ulated 

" 

The 

jet 

f an capacity 

\̂ Ias 

selected such 

that the

pressure 

differentials 

created 

by 

operating 

the 

jet 

fans w ould

duplicate 

those of 

the blockage devices. 

This 

required that

the 

jet 

fans deliver approxim ately 

300 

pounds 

of thrust in

each 

of the three tunnel sections.

The 

results of the 

sim ulation, 

w hen com pared 

to R un

c-L2

trainw ay. B y using this, in com bination w ith strategically


placed blockage devices at other locations, sufficient airflow


to control even the m ore severe train fire can be achieved


w ith the existing fan capacities.


If a train fire occurs w ithin the colum n line portion


of the tunnel contiguous to M cP herson S quare S tation, the results


of previous sim ulations indicate that back�layering w ould be


controlled for both fire sizes. For this situation, the blockage


devices betw een the fire location and fan shaft FS C — l should


not be used. H ow ever, in order to satisfy all fire locations


w ithin this tunnel section, the installation of four blockage


devices at the base of FS C — l is required.


A lthough m ore fans and blockage devices w ere used in


R uns 14 and 15, it w as show n, by com parison of results for


R uns 12 and 13, that they had an insignificant effect on the


airflow by the train. C onsequently, it follow s that the results


of R uns 14 and 15 w ould be valid if fan operation and location


of blockage devices w as as show n for R un 13 in Table 4.


R un 16 (Figure 16C )


This run investigated the use of jet fans as analternative


to blockage devices for increasing ventilation by the train.


' The conditions for this aerodynam ic sim ulation rem ained


as in R un 12 except that w here blockage devices had been used,


the effect of operating jet fans in the tunnel sections w as


sim ulated. The jet fan capacity w as selected such that the


pressure differentials created by operating the jet fans w ould


duplicate those of the blockage devices. This required that


the jet fans deliver approxim ately 300 pounds of thrust in


each of the three tunnel sections.


The results of the sim ulation, w hen com pared to R un


C �12


MECH 1552




12, sho¡r¡ 

that 

t.he 

. 

effect 

of blockage devices 

can 

be closely

dupli'cate'd 

by using 

je,t 

f,ans 

- 

A f ire sim ulation 

conf 

irm ed

the 

potential 

effectíveness 

of 

using 

jeL 

f,ans' 

in 

lieu 

of,

blockage devices, 

to 

prevent 

back-layêring.

c-13

12, show  that the effect of blockage Idevices can. be closely


duplicated by using jet fans. A  fire sim ulation confirm ed


the potential effectiveness of using jet fans, in lieu of


blockage devices, to prevent back�layering.


C �13
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APPEN D IX 

D 


FIR .E 

I{O D EL

The 

sES 

Fire 

M odel 

ís 

a


quasi-steady 

state'

one-dim ensional 

m odel 

capable 

of sim ulating 

the 

overall 

effects

of 

a 

tunnel 

fire 

on 

the 

airflow  

induced 

by the 

ventilation

system . 

It 

can 

indicate 

w hether 

or 

not 

the 

ventilating

airflow s 

are 

sufficient 

to 

prevent back-tayering 

w hen 

com pared

w ith the 

critical 

vetocity. 

If 

the 

ventilating 

air 

m oving

tow ard 

the 

fire 

is equal 

to 

or 

exceeds 

the 

critical 

velocity.'

then 

back-layering 

is 

Precluded.

The critical 

velocity 

is 

determ ined 

from  

the 

follow ing

cpupled 

equations:

Vc

a


l/

/3

Kg, 

g.H '

cn.þA'r¡

Equation 

t

The sim ultaneous 

solution 

of

detergines 

the 

critical 

velocity.

ventilating 

air 

m oving 

tow ard the 

fire'

+ 

Tæ  

Equation 

2


these 

tw o 

equations

The 

velocity 

of 

the

to 

w hich 

this 

criterion

Tf

o 

Vühere:

cp.-ßA. 

Vc

Vc 

= 

critical 

velocity, 

ft/sec


g 

= 

acceleration 

due 

to 

gravity, fl/sec2

H  

= 

tunnel 

height' 

ft

Q  

= 

fire heat 

release 

rate, 

Btu/sec

JL 

= 

am bient 

'air 

density 

, 

l-bm /fLt

C p 

= 

specific 

heat 

of 

air 

at constant 

pressure'

Btu 

lbm -dgg 

R  

A 

= 

net crossléectional 

area 

of 

tunnel, 

fE'

Tf 

= 

hot 

gas 

tem perature, 

deg 

R 


( 

= 

0.61 

(dirnensionless)

Kg 

= 

grade 

correction 

factor 

(dim ensionless)

Toe 

= 

am bient 

tem perature' 

deg 

R 


D -1

A P P E N D IX D

FIR E M O D E L


The S E S  Fire M odel is a quasi— steady state,


one— dim ensional m odel capable of sim ulating the overall effects


of a tunnel fire on the airflow induced by 'the ventilation


system . It can indicate w hether or not the ventilating


airflow s are sufficient to prevent back�layering w hen com pared


w ith the critical velocity. If the ventilating air m oving


tow ard the fire is equal to or exceeds the critical velocity,


then back�layering is precluded.


The critical velocity is determ ined from  the follow ing


coupled equations:


'/


Vc = K 9’K (E ;§;Q ___§ 3 E quation l

C p1Q A 'Tf


Tf = Q + T’; E quation 2

�C p�F; A �V c


W here:


V c = critical velocity, ft/sec


g = acceleration due to gravity, ft/secz


H = t
unnel height, ft


Q = f
ire heat release rate, B tu/sec


ji
>= am bient air density, lbm /fta


C p = specific h
eat of air at constant pressure,


B tu lbm �deg R '


A = net cross�sectional area of tunnel, ft’


Tf = h
ot gas tem perature, deg R

K  = 0.61 (
dim ensionless)


K g = g
rade correction factor (dim ensionless)


Ta» = am bient tem perature, deg R

The sim ultaneous solution of these tw o equations


determ ines the critical velocity. The velocity of the


ventilating air m oving tow ard the fire, to w hich this criterion
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m ust 

be applied, 

is 

provided 

by the SES fire m odel.

The 

SES 

program  

has the 

ability to 

m odel 

the effects

of a subw ay 

fire by considering 

various aerodynam ic 

and

therm odynam ic 

factors. 

The first 

of these 

is the throttling

effect that 

a tunnel 

fire has 

on the 

ventilating 

airflow .

This 

is caused 

by the 

rapid expansion 

of 

the 

hot air around

the fire 

site, and the 

consequent 

im pingem ent 

on the 

airflow

past 

the 

fire site. 

Alsor âs a 

consequence 

of the 

law  of

conservation 

of 

m ass, the 

velocity 

of the 

hot 

gases 

dow nstream

of the 

fire increases 

inversely 

proportional 

to 

the density

(or 

equivalently, 

directly 

proportional 

to the 

absolute

Èem perature 

of the 

gases), 

hence 

increasing 

the 

viscous

pressure 

losses 

in this 

section 

of the tunnel. 

These 

pressure

changes w iJ-l reduce 

the tunnel 

airflow . 

The density

differences betw een 

the 

hot 

gases 

and the 

am bient 

air 

give

rise 

to 

pressure 

differentials 

w hich can either 

augm ent 

or

retard 

the 

tunnel- airflow s, 

depending 

on the 

direction 

of

ventilation 

(uphiIl 

or 

dow nhill) 

"


The elevated air

tem peratures 

produced 

by a 

fire cause 

the tunnel 

w alls to

heat up. 

This 

transient 

heating of 

the 

w aII surface is an

im portant 

factor in determ ining 

the conditions 

dow nw ind of

the 

fire. 

Allow ing the w aII surface 

tem perature to 

respond

properly 

im proves 

the accuracy 

of the 

predicted 

air

tem peratures 

w hich are subsequently 

used to calculate 

the

buoyant 

prèssure 

differential"

The 

m odel treats the 

w all as 

a 

one-dim ensional slab

of infinite thickness 

w ith uniform  therm al 

propertíes 

and

an 

arbitrary 

tim e-dependent 

heat flux 

at the 

w a11 

surface.

This 

approach is appropriate because firstly, tem perature

changes resulting from  heating 

at the 

w all 

surface 

w ill be

confined 

to 

w ithin 

a short 

distance 

of 

the 

w all surface,

and 

secondly the w al1 surface 

tem perature is of interest

rather 

than the 

tem perature at 

som e depth 

below  

the surface.

D -2

m ust be applied, is provided by the S E S  fire m odel.


The S E S  program  has the ability to m odel the effects


of a subw ay fire by considering various aerodynam ic and


therm odynam ic factors. The first of these is the throttling


effect that a tunnel fire has on the ventilating airflow .


This is caused by the rapid expansion of the hot air around


the fire site, and the consequent im pingem ent on the airflow


past the fire site. A lso, as a consequence of the law  of


conservation of m ass, the velocity of the hot gases dow nstream 


of the fire increases inversely proportional to the density


(or equivalently, directly proportional to the absolute


tem perature of the gases), hence increasing the viscous


pressure losses in this section of the tunnel. These pressure


changes w ill reduce the tunnel airflow . The density


differences betw een the hot gases and the am bient air give


rise to pressure differentials w hich can either augm ent or


retard �the tunnel airflow s, depending on the direction of


ventilation (uphill or dow nhill). The elevated air


tem peratures produced by a fire cause the tunnel w alls to


heat up. This transient heating of the w all surface is an


im portant factor in determ ining the conditions dow nw ind of


the fire. A llow ing the w all surface tem perature to‘ respond


properly im proves the accuracy of the predicted air


tem peratures w hich are subsequently used to calculate the


buoyant pressure differential. '


The m odel treats the w all as a one— dim ensional slab


of infinite thickness w ith uniform  therm al properties and


an arbitrary tim e— dependent heat flux at the w all surface.


This approach is appropriate because firstly, tem perature


changes resulting from  heating at the w all surface ‘w ill be


confined to w ithin a short distance of the w all surface,


and secondly the w all surface tem perature is of interest


rather than the tem perature at som e depth below the surface.
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'The 

heat 

conductíon equation 

is solved by using 

an

approxim ate integral 

m ethod. 

This 

m ethod 

\das chosen because

it 

requires relatively 

litt1e 

com putation 

tim e, and 

provides

good 

accuracy 

(results 

range 

from  3 

percent 

to 

9 

percent

of the 

theoretical 

value) 

"


H eat 

is 

transferred 

to the 

w aII by convection 

and

radiation" 

R adiation 

w ill be the 

dom inant 

m ode of heat

transfer at 

the fire site, 

w hile dow nw ind 

of the 

fire, both

m odes 

w ill 

be nearly the 

sam e order of 

m agnitude"

At 

the 

site of the 

fire, heat 

is radiateil 

from  

the

flam e 

directly to the 

tunnel 

w aII at an 

"effective 

fire

tem perature". 

The 

effective 

fire tem perature 

and a 

param eter

called 

the equivalent 

fire area are input 

item s" 

D ow nw ind

of 

the- 

fire 

site, the 

hot sm oke is assum ed 

to be radiating

to the tunnel 

w all 

at 

a tem perature 

equivalent to the 

"bulk"

air 

tem perature at a 

given 

location. O nly 

radiation effects

in the transverse direction 

from  sm oke to tunnel 

w all are

considered.

The 

changes in air 

density associated 

w ith 

elevated

tem peratures 

affect the 

perform ance 

characteristics 

(pressure

vs. volum e 

flow  curve) of 

the exhaust 

fans. These 

effects

have been 

accounted for in the 

m odel"

A 

typical 

application 

of the fire 

m odel 

consists 

of

the 

follow ing steps:

Perform  

an SES 

sim ulation 

to determ ine the tunnel

air velocity 

and the 

hot 

air tem perature.

o 

D eterm ine 

the required

sim ultaneous 

solution of

previously.

velocity from  

the

tw o equations 

given

ar_r

the

If 

the 

predicted

air 

velocity, 

the

adequate.

air 

velocity

ventilation

exceeds the required

system  is considered

o 

D -3

' The heat conduction equation is solved by using an


approxim ate integral m ethod. This m ethod w as chosen because


it requires relatively little com putation tim e, and provides


good accuracy (results range from  3 percent to 9 percent


of the theoretical value).

H eat is transferred to the w all by convection and


radiation. R adiation w ill be the dom inant m ode of heat


transfer at the fire site, w hile dow nw ind of the fire, both


m odes w ill be nearly the sam e order of m agnitude.


A t the site of the fire, heat is radiated from . the


flam e directly to the tunnel w all at an "effective fire


tem perature". The effective fire tem perature and a param eter


called the equivalent fire area are input item s. D ow nw ind


of the fire site, the hot sm oke is assum ed to be radiating


to the tunnel w all at a tem perature equivalent to the "bulk"


air tem perature at a given location. O nly radiation effects


in the transverse direction from  sm oke to tunnel w all are


considered.


The changes in air density associated w ith elevated


tem peratures affect the perform ance characteristics (pressure


vs. volum e flow curve) of the exhaust fans. These effects


have been accounted for in the m odel.


A typical application of the fire m odel consists of


the follow ing steps: A 


° P €IfO IH l an S E S  sim ulation to determ ine the tunnel


air velocity and the hot air tem perature.


° D eterm ine the required air velocity from  the


sim ultaneous solution of the tw o equations given


previously.


° If the predicted air velocity exceeds the required


air "velocity, the "ventilation systen1 is considered


adequate. � 
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If 

the 

predicted 

air 

velocity 

is 

less than 

the

criterion, change 

the 

system  and 

repeat 

the 

process.

N ote that 

the 

sES 

is essentially 

a one-dim ensional'

incom pressible, 

turbulent, 

slug-flow  

m odel. 

The throttling

and buoyancy 

effects 

w hich are 

prim arily caused 

by 

changes

in 

density 

are 

convenientty 

accounted 

for 

by 

noting 

that

changes 

in 

density 

are 

inversely 

proportional 

to 

changes

in 

the absolute 

tem perature 

of 

the 

gas 

(air), 

a 

quantity

w hich 

is com puted 

bY the 

Program .

The sES 

Fire 

M odel 

has 

been designed 

w ith 

the 

abitity

to 

sim ulate 

the 

"overall" 

effects 

of 

a tunnel 

fire 

on 

the

ventilation 

system . 

This 

leveI 

of 

detail 

is considered

sufficient 

for 

evaluating 

the 

adequacy 

of an 

em ergency

ventilation 

system .

o 

D -4

° If the predicted air velocity is less than the


criterion, change the system  and repeat the process.


N ote that the S E S  is essentially a one— dim ensional,


incom pressible, turbulent, slug— flow  m odel. The throttling


and buoyancy effects w hich are prim arily caused by changes


in density are conveniently accounted ‘for by noting that


changes in density are inversely proportional to changes


in the absolute tem perature of the gas (air), a quantity


w hich is com puted by the program .


The S E S  Fire M odel has been designed w ith the ability


to sim ulate the "overall" effects of a tunnel fire on the


ventilation system . This level of detail is considered


sufficient for evaluating ythe adequacy of an em ergency


ventilation system .
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APPEIID IX E


D ESC R IPTIO IT O F 

B-R O T'TE 

N ETflO R K

G eneral 

R oute: 

The 

B-R oute 

netw ork sim ulatedr 

show n

in 

Figure 1, runs 

from  the 

portal 

outbound 

of 

Silver Spring

Station at 

Sta. 

480+30 to the 

portal 

outbound 

of 

G lenm ont Station

Sta. 

1230+60. 

There are three 

stations on 

the 

route: 

Forest

G len Station, 

W heaton Station and 

G lenm ont 

Station" 

Forest

G Ien Station 

is located at 

Sta. 

1036+94 to 

1038+94. W heaton

Station is located 

at Sta. 

Ill-2+32 to 

Sta. 

ILI4+32, 

and 

G lenm ont

Station is at Sta. 

:.214+65 to 

L2L7+65. 

The route is scheduled

for revenue 

service during the 

next decade.

Fan 

Shafts and 

Evacuation 

R outes: 

There 

are five 

fan

shafts and one dedicated 

evacuation shaft. 

Fan shaft 5 

(FSB-S)

is located 

at Sta. 

1017+19, 

(betw een 

the 

portal 

and 

Forest

G len Station)" 

Fan shaft 6 

(FSB-6) 

is at Sta" 

1057+48 and

Fan shaft 7 

(FSB-7) 

is 

at Sta. 

1101+39, both of w hich are

betw een 

Forest G len Station and 

VÍheaton 

Station. 

Fan shaft

8 

(fSB-8) 

and fan shaft 

9 

(FSB-9) 

are 

located at Sta. 

Il-47+97

and Sta. 

1191+67, 

respectively, 

betw een 

V'Theaton Station and

G lenm ont 

Station. 

The dedicated evacuation 

shaft 

(EB-l) 

is

located at Sta. 

982+43. D uring an em ergency, 

fan shafts and

stations can also be evacuation routes 

and exits.

Tunnel Structures:

tunnel is a double box

run from  

Sta. 964+80 to

section runs from  Sta.

box section runs 

from

1230+60.

R oute 

G rades:

From  the 

portal 

to 

Sta. 964+80 the

section. 

Single track rock tunnels

Sta. 

1203+68. A 

cut-and-cover 

tunnel

1203+68 

to 

1224+88. Another 

double

Sta. 

L224+88 

to the 

portal 

at Sta.

The 

grades 

along the route are

tunnel section from  the 

portal

betw een

to Sta.

-3.3% ' 

and 

+4.0?. 

The

E-t

A P P E N D IX E

D E S C R IP TIO N  O F B— R O U TE  N E TW O R K 


G eneral R oute: The B �R oute netw ork sim ulated, show n


in Figure l, runs from  the portal outbound of S ilver ~S pring


S tation at S ta. 480+30 to the portal outbound of G lenm ont S tation


S ta. l230+60. There are three stations on the route: Forest


G len S tation, W heaton S tation and G lenm ont S tation. Forest


G len S tation is located at S ta. l036+94 to l038+94. W heaton


S tation is located at Sta. lll2+32 to S ta. lll4+32, and G lenm ont


S tation is at S ta. l2l4+65 to l2l7+65. The route is scheduled


for revenue service during the next decade.


Fan S hafts and E vacuation R outes: There are five fan


shafts and one dedicated evacuation shaft. Fan shaft 5 (FS B �5)


is located at S ta. l0l7+l9, (betw een the portal and Forest


G len S tation). Fan shaft 6 (FS B �6) is at S ta. l057+48 and


Fan shaft 7 (FS B �7) is at S ta. ll0l+39, both of w hich are


betw een Forest G len S tation and W heaton S tation. Fan shaft


8 (FS B — 8) and fan shaft 9 (FS B �9) are located at S ta. ll47+97


and S ta. ll9l+67, respectively, betw een W heaton S tation and


G lenm ont S tation. The dedicated evacuation shaft (E B �l) is


located at S ta. 982+43. D uring an em ergency, fan shafts and


stations can also be evacuation routes and exits. ~ 


Tunnel S tructures: From  the portal to S ta. 964+80 the


tunnel is a double box section. S ingle track rock tunnels


run from  S ta. 964+80 to S ta. l203+68. A cut— and�cover tunnel


section runs from  S ta. l203+68 to l224+88. A nother double


box section runs from  S ta. l224+88 to the portal at S ta.


l230+60.


R oute G rades: The grades along the route are betw een


�3.3% ’ and +4.0% . The tunnel section fronm  the portal to S ta.


E �l
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1014+43 

has 

a 

grade 

of 

-3.3å. 

Th.e 

tunner 

section 

f rom  sta"

101-4+43 

to Sta" 1092+57 

has a 

+0.35å 

grade. 

From  

Sta. 1092+57

to 

Sta.1l17+50, 

the 

grade 

is 

+4.0å. 

From  

Sta.1117+50 

to

1128+69t 

the 

grade 

is 

+0.35?. 

The 

section 

from  Sta. 1128+69

to 

1142+60 

has a 

-2.88 

grade. 

From  Sta" LL42+60 

to 

1174+50,

the 

grade 

is 

+0.35*. 

The 

section 

betw een Sta. LI74+50 

and

1206+60 

has 

+3.958 

grade. 

From  Sta" 1206+60 

to 

L225+I3 

the

grade 

is 

-0.35% . 

From  

Sta. I225+I3 

to 

L229+L3 

and from  Sta"

I229+I3 

to 1230+60, 

the 

grades 

are 

+0.498 

and 

+0.35å,

respectively 

"


D ESC R IPTIO II O F 

D O IiIIIIIO YÍN  

R O U TE

G eneral 

R oute: The D ow ntow n 

netw ork 

used in 

this anatrysis

consists 

of four 

lines: 

(A-R oute, 

B-R oute, 

C -R oute 

and D -R oute),

intersecting 

at a 

transf er 

station 

(t'letro 

C enter 

Station 

) 

.


A 

connection 

service 

track 

joins 

c-R ouÈe 

w ith A-R oute. 

The

C -R oute 

runs 

from  Farragut 

W est 

Station 

at Sta" 

39+33 

to M etro

center 

station 

at sta. 

0+00, 

going 

through M cpherson 

square

station 

at sta. 

23+50" The 

D -R oute 

begins 

at M etro 

center

station 

and 

runs 

to 

Federal 

Triangle 

station 

at 

sta. 13+36.

The 

A-R oute 

extends 

from  Farragut 

N orth 

station 

sta. 

38+36

to M etro 

C enter 

Station. 

The 

B-R oute 

begins 

at M etro 

C enter

station 

and ends 

at sta" 12+05" 

The 

ends 

of the 

netw ork 

are

m odeled 

by 

the equivarent 

aerodynam ic 

effects 

of 

the four

surrounding 

stations 

m entioned.

Fan 

Shafts:

The 

netw ork 

includes 

six 

fan 

shafts. 

O n

the 

c-R oute, 

fan 

shaft FSc-2 

is 

located 

at 

sta. 

33+oo, 

betw een

Farragut 

!{est 

Station 

and lr{cPherson 

Sguare 

Station; 

f an 

shaf 

t

FSC -I.is 

located 

at 

Sta. 

8+50 

betw een 

M cPherson 

Square 

Station

and M etro 

center 

station. 

Fan 

shaf 

t FSD -1 

is 

rocated 

on 

th.e

D -R oute 

at 

Sta. 

7+30 

betw een 

l"tetro 

C enter 

Station 

and Federal

Triangle 

Station. 

The 

A-R oute 

and B-R oute 

include 

fan 

shafts

I'-2

l0l4+43 has a grade of �3.3% . The tunnel section from  S ta.


lO l4+43 to S ta. l092+57 has a +0.35%  grade. From  S ta. l092+57


to S ta. lll7+50, the grade is +4.0% . From  S ta. lll7+50 to


ll28+69, the grade is +0.35% . The section from  S ta. ll28+69


to ll42+60 has a �2.8%  grade. From  S ta. ll42+60 to ll74+50,


the grade is +0.35% . The section betw een S ta. ll74+50 and


l206+60 has +3.95%  grade. From  S ta. l206+60 to l225+l3 the


grade is �0.35% . From  S ta. l225+l3 to l229+l3 and from  S ta.


l229+l3 to l230+60, the grades are +0.49%  and +0.35% ,


respectively.

D E S C R IP TIO N  O F D O W N TO W N  R O U TE 


G eneral R oute: The D ow ntow n netw ork used in this analysis


consists of four lines: (A �R oute, B — R oute, C �R oute and D — R oute),


intersecting at a transfer station (M etro C enter S tation).

A connection service track joins C �R oute w ith A �R oute. The


C �R oute runs from  Farragut W est S tation at S ta. 39+33 to M etro


C enter S tation at S ta. 0+00, going through M cP herson S quare


S tation at S ta. 23+50. The D �R oute begins at M etro C enter


S tation and runs to Federal Triangle S tation at S ta. l3+36.


The A �R oute extends from  Farragut N orth S tation S ta. 38+36


to M etro C enter S tation. The B— R oute begins at. M etro C enter


S tation and ends at S ta. l2+05. The ends of the netw ork are


m odeled by the equivalent aerodynam ic effects of the four


surrounding stations m entioned.


Fan S hafts: The netw ork includes six fan shafts. O n


the C �R oute, fan shaft FS C — 2 is located at S ta. 33+00, betw een


Farragut W est S tation and M cP herson S quare S tation; fan shaft


FS C — l_is located at S ta. 8+50 betw een M cPherson Square S tation


and. M etro C enter S tation. Fan shaft FS D �l is located on the


D �R oute at S ta. 7+30 betw een M etro C enter S tation and Federal


Triangle S tation. The A �R oute and B — R oute include fan shafts


E �2
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FSA-I, 

FSA-2 

and 

FSB-I" 

Fan 

shafts 

FSA-I 

and 

FSA-2 

are located

betw een Farragut 

N orth Station and 

M etro 

C enter 

Station, 

ât

Sta. 

12+02 and Sta. 

28+75ì 

respectively. 

FSB-1 

ís betw een

M etro 

C enter 

Station and 

G aIIery 

Place Station, 

ât Sta. 7+80"

Tunnel Structures: 

The A-R oute is 

com prised of single

track, horseshoe-shaped 

tunnels 

from  Sta. 

38+36 

to Sta" 

15+10"

D ouble 

track, 

cut-and-cover 

sections 

run from  

Sta" 

15+10 to

Sta. 3+00 

on 

A-R oute and 

from  Sta. 3+00 

to 

Sta. 

L2+05 on the

B-R oute. These sections 

have 

a continuous 

concrete dividing

w all 

w ith refuge 

openings,

The 

C -R oute 

has a 

double track 

cut-and-cover 

section

from  

Sta.39+33 

to 

Sta.26+50, 

w ith the 

continuous 

concrete

dividing'w aIl 

ending 

at Sta. 29+82. 

C olum ns divide 

the tracks

in the section 

from  Sta. 29+82 

to Sta. 

26+50, Sirnilarlyr 

orl

the other side 

of M cPherson 

Square Station, 

colum ns run 

from

Sta. 

20+50 

to 

Sta. 

L7+4I, w here the continuous 

concrete

dividing 

w aII 

w ith 

refuge openings 

begins. 

This 

section 

runs

from  

Sta. 

I7+4I to Sta. 

13+75" At Sta. 

13+75, the cross 

section

changes 

to 

single track 

circular tunnels, 

w hich extend 

to 

M etro

C enter Station" 

Si-m ilar circular 

tunnels on 

the 

D -R oute extend

from  

M etro 

C enter 

Station to 

Sta. 

13+36. The connection 

track'

running from  the outbound 

track of C -R oute to 

the outbound

track 

of A-R oute, is a single track 

horseshoe-shaped 

tunnel.

R oute 

G rades: 

The

C -R oute, 

from  

Farragut Vtest Station

to Ivletro 

C enter 

Station, has 

the 

f ollow ing 

grades: 

-0.35%

from  Sta" 

39+33 

to Sta. 37+00, 

-2.08 

from  Sta. 37+00 

to Sta"

32+50, 

-0.35å 

from  Sta.32+50 to 

Sta.18+50, 

-4.04 

from  Sta"

18"50 

to Sta. 8+50, and 

-0.354 

from  

Sta. 

8+50 to Sta. 0+00"

O n the 

D -R oute 

the 

grades 

are: 

+0.35? 

from  Sta.0+00 to 

Sta.

7+30, 

-and 

+0.48U  

from  

Sta. 7+30 to 

Sta. 13+36 at Federal Triangle

Station. The A-R oute, 

from  FarraguÈ N orth Station to 

M etro

C enter Station has the follow ing 

grades: 

+0.358 

from  Sta.

E-3

FS A �l, FS A �2 and FSB— l. Fan shafts FS A �l and FSA�2 are located


betw een Farragut N orth S tation and M etro C enter S tation, at


S ta. l2+02 and S ta. 28+75, respectively� FS B — l is betw een


M etro C enter S tation and G allery P lace S tation, at S ta. 7+80.


Tunnel S tructures: The A �R oute is com prised of single


track, horseshoe— shaped tunnels from  S ta. 38+36 to S ta. l5+l0.


D ouble track, cut— and�cover sections run from  S ta. l5+l0 to


S ta. 3+00 on A �R oute and from  S ta. 3+00 to S ta. l2+05 on the


B — R oute. These sections have a continuous concrete dividing


w all w ith refuge openings.


The C �R oute has a double track cut�and�cover section


from  S ta. 39+33 to S ta. 26+50, w ith the continuous concrete


dividing w all ending at S ta. 29+82. C olum ns divide the tracks


in the section from  S ta. 29+82 to Sta.‘ 26+50. S im ilarly, on


the other side of M cP herson S quare S tation, colum ns run from 


S ta. 20+50 to S ta. l7+4l, w here the continuous concrete


dividing w all w ith refuge openings begins. This section runs


from  S ta. l7+4l to S ta. l3+75. A t S ta. l3+75, the cross section


changes to single track circular tunnels, w hich extend to M etro


C enter S tation. S im ilar circular tunnels on the D �R oute extend


from  M etro C enter S tation to S ta. l3+36. The connection track,


running from  the outbound track of C �R oute to the outbound


track of A �R oute, is a single track horseshoe�shaped tunnel.


R oute G rades: The C �R oute, from  Farragut W est S tation


to M etro C enter S tation, has the follow ing grades: �0.35% 


from  S ta. 39+33 to S ta. 37+00, �2.0%  from  S ta. 37+00 to S ta.


32+50, �0.35%  from  S ta. 32+50 to S ta. l8+50, �4.0%  from  S ta.


18.50 to S ta. 8+50, and �0.35%  from  st.�.1. 8+50  to S ta. o+oo.


O n the D �R oute the grades are: +0.35%  from  S ta. 0+00 to S ta.


7+30,�and +0.48%  from  S ta. 7+30 to S ta. l3+36 at Federal Triangle


S tation. The A �R oute, from  Farragut N orth S tation to M etro


C enter S tation has the follow ing grades: +0.35%  from  S ta.
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38+36 

to Sta. 

35+50, 

-0.929t 

from  Sta. 

35+50 

to 

Sta. 8+50,

and 

+0.35* 

from  Sta. 

8+50 

to 

Sta. 0+0C I'- O trl the 

B-R oute 

the

grade,s 

are: 

-0.358 

from  SÈa.0+00 t,o Sta. 

7+30, 

*0.35å 

fro¡n

Sta. 

7+30 to- Sta. 

12+05. The 

connection track" 

from  C -R oute

to A-R ouËe 

has a lengrth of 658 feet and 

a 

grad.e 

of, 

-0.7578.

E-4

38+36 to S ta. 35+50, — 0.929%  from  S ta. 35+50 to S ta. 8+50,


and +0.35%  from  S ta. 8+50 to S ta. 0+00. O n the B �R oute the


grades are: �0.35%  from  S ta. 0+00 to S ta. 7+30, +0.35%  from 


S ta. 7+30 to S ta. l2+05. The connection track, from  C �R oute


to A �R oute has a length of 658 feet and a grade of �0.757% .
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E= 

Sheldahl

1150 

Sheldahl 

R oad 

. 

p.O . 

Bor 

120

N orthfíeld, 

M N  

ss057-0170

507/663'8000 

. 

TW X: 

9't0.565.21 

gO

5 

t{ay 

I9g9

M r.


Ferdinand


Sasse

Sr.


fnduetrial


Engineer


Parsons 

Brinclcerf¡õft

lprlng 

Park 

TechnoJ.ogy 

C enter


460 Spring 

park 

placã-

H erndon, 

VAr 

22070

Ferd,:

Às 

dissussed 

earrier 

thÍs


_ 

w eek,


r 

have encroged 

prellninary


sketches 

of 

deployable


alr
blockå


that'are


m echanfcal


in 

nature


aÊ 

oppoeed 

to 

the 

infl,atabre 

concepts 

prevro"åri-piãË"eed.

At 

t'his 

l¡oint, 

r have


not 

altered, 

ttre 

lnflatalrre 

concepts


describeil


1n


|Y. 

19s5


proposal


-aittãuãn 

r
norr 

þelieve


there


are 

a


few  

changes 

tbat 

ghou1,d 

Ée 

rnade Ín


tiJã
conrigu;;ti;= 

-

ÊÌ¡at can


côm e 

later.

are 

passlve


in 

the


d
be 

obtained 

w ith

The third-approach

The 

tunnel 

configuration 

(in


par


nechanica! 

devicÃs 

a
littie


¿itr


how ever,


I
tÌrinlc


re
have


sone


vl¡


feel 

refinenent


oÉ 

tåe 

concepts,


concepts, 

1s the 

frrst task 

oi orir 

w ork 

once 

w e 

get 

started.

r w lll 

be 

follow ing 

up- this 

letter 

trith 

a 

!ûore couprehensive

proposal 

earry 

next
seêk.


rn 

Èhe


ueantl¡e,


á;;'C  

nå"-iiãïã-i;


call 

lf the 

encloEed 

slcetehee 

are 

not 

clear.

s 

f


û)
 "


Àlfred


J.

w endt

Sr.


Engineer

TechnÍcal 

Eales

E S heldahl


1150  S heldahl R oad  ~ P .O . Box 170


N ofthfield, M N  55057�0170


507/653�8000 � T W X : 910�565�2180


5 M ay 1989


M r. Ferdinand S asse


S r. Industrial E ngineer

P arsons B rinckerhoff


spring P ark Technology C enter


460 S pring P ark P lace


H erndon, V A , 22070


Ferd:


A s discussed earlier this w eek, I have enclosed prelim inary

sketches of deployable air blocks that are m echanical in nature

as opposed to the inflata
ble
concepts previously proposed. 

A t this point, I have not altered the inflatable concepts


described in m y 1985 proposal although I now  believe there are a

few  changes th
at should be m ade in the configurations � that can


com e l
ater.


The enclosed sketches cover 2  approaches that are passive in the

sense that deploym ent of the air blocks w ould be obtained w ith


the aid of gravity and the tunnel air flow . The third approach


w ould require sm all gear m otors for operation.


The tunnel configuration (in particular the w alkw ay) has m ade the

m echanical devices a little
difficult to visualize and im plem ent:


how ever, I think w e have som e viable concepts. In any case, I


feel refinem ent o
f th
e co
ncepts, and perhaps generation of new

concepts, is the first task of our w ork once w e get started.


I w ill be. follow ing up this letter w ith a m ore com prehensive


p
roposal early next w eek. In the m eantim e, don't hesitate to

call if the enclosed s
ketches are
not clear. 

S incerely,

A lfred J. W endt


S r. Engineer


Technical S ales
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