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ABSTRACT 

The Memorial Tunnel Fire Ventilation Test Program 
(MTFVTP) comprised three phases: 

• 
phase I. test program development; 
phase II, test program and test facility design ; and 
phase III, test facility construction, testing, and flnal 
report preparation. 

This paper provides an overview of the testing and compre­
hensive test report preparation activities that were part of 
phase III. 

The MTFVTP was conducted to obtain deflnitive flre test 
data to support ventilation design and operation concepts in 
road tunnels. More speciflcally, the objective of the testing was 
to determine, under full-scale conditions, the relative effec­
tiveness of various ventilation systems and operating modes in 
the management of heat and smoke for tunnel flres of varying 
intensities. 

THE TEST PLAN 

At the time testing began in September 1993, 130 tests were 
anticipated. However, the dynamic nature of the program and the 
knowledge acquired during the early tests led to modifications to 
and deletion of some test sequences, such that at the completion 
of testing in March 1995, 98 fire tests had been conducted in all. 

Ventilation Systems 

The fire ventilation tests utilized the following ventilation 
schemes: 

full transverse 
partial transverse exhaust and supply, 
two-zone partial transverse, 
partial transverse with single-point extraction, 
partial transverse with oversized exhaust ports, 

point supply and point exhaust, 
natural ventilation, and 
longitudinal ventilation using jet fans. 

The full transverse and partial transverse ventilation systems 
were included because of their extensive use in the United 
States. They also aided in gaining insight as to their tunnel fire 
capabilities and the most effective ways of operating them. 

The basic partial transverse exhaust ventilation system was 
supplemented with oversized exhaust ports and single-point 
extraction openings to assess the effect of these features during 
a tunnel fire, specifically the ability to confine smoke and hot 
gases closer to the fire. 

The objective of the point supply and point exhaust opera­
tion tests was to identify the minimum longitudinal air velocity 
required to control the direction of spread of smoke and hot gases 
given off by a fire with the tunnel ceiling in place. This air veloc­
ity is called the critical air velocity and is also referred to as that 
required to prevent backlayering (the movement of smoke 
contrary to the forced ventilation). 

The natural ventilation tests were included to observe the 
length, depth, velocity, and stability of the stratified smoke layer 
produced by tunnel fires of various sizes with the tunnel ceiling 
removed and no fans operated. 

The objective of the jet fan tests was to identify the mini­
mum longitudinal air velocity required to prevent backlayering 
with the tunnel ceiling removed (providing a greater height and 
an arched crown). Prior to these tests, the use of longitudinal 
ventilation systems was not approved by the Federal Highway 
Administration (FHWA). Therefore, these tests were planned to 
answer questions concerning the performance of longitudinal 
ventilation systems with jet fans during fire emergencies. 

Test Parameters 

In addition to the type of ventilation system, the fire tests 
were varied by fire heat release rate, ventilation rate, ventilation 
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system response time, portal opening adjustments, use ofv~icle 
silhouettes, and foam suppression system use. Table 1 provides 
a complete listing of the 98 fire ventilaticm te_st§ and their_r~levant 
parameters. During many tests:, the ventilation rate was changed 
during the course of the test, qut cnilyi the initial veiitrr'ation r~te 
is listed here. · · · 

'. 

Fir~ J;Ieat Release Rate Fire release rates of 10, 20, 50, and 
100 m~ga}V.a,tts (MW) were employed to evaluate ventilation 
systems _at _different fire heat release rates-an important paramc 
eter in tunnel design. A,)0-MW fa:'1 is: equivalent to a bus or trucki 

fir
1
e, ariq a IOO~MW11~rf)s :~·ql;l1ivalent.t~ a gas ta~ke~-fully1 

engulfed in flames. .. 
I TABLE fa ,., . J 

·- As-Conducted F·i~e Ventilation Tests, 
•I '1 f l • 

Test Number 

lOlCR 
JI 

102 

102R 

-- - 102Rl 

103 

!01 

·1 
J(}-5-

106 

107 .. , 
- 108 

109-
J ~ I ' • 

HO 

111-

112A 

113A 

Verit:ifation System 

Full Transver~e 

Full Transverse 

·Fu:! Transverse ,. ' 
Full Transverse 

Full Transverse 

F!.!!! tr~~1•1er~e 
21 

Full Transverse 

Full Transverse 

Ful1
1 

Transverse 

Fuli Transver~e 
( 

Full -Transverse 

- Full Transverse 

'JI_;• 

Full·'fransverse 

Full Transverse 

Full Transverse 

/, 

I Fire1Size Ventil~tion 
.(MW) :Response.Time 

10 

20 

20 

20 

- 20 

20 

20 

20-

50 

50 

20 

50 

2min 

2min 

·2min 

- 2min 

:. : 

I . I 

I ttl 

2min- · 
I 

PrP ... ~1"P. -. - -,--

2min· 

" . -'m1n 

2 min 

5 min 

Pre-fire· · · 

Omln 

2min 

Omin 

I :. 

Ventilation Rate i Addit;oll;tl 
Comments· 

i • ' 'I , 
1 

• E;!liaust ,,.,,,. . ,, 
- (cfmtlf)~ 

r . 

-
165 

I f f • • I I 1 1 , ~ J 

60 - --commissioning test 
n 

25 90 

'· 25· • 90 

25 
,, 

9-0 . -1 
- 65 

.. 20 I• 

25 
,( !1 · ;. I 

90 " . • ·f 

25 
11 ra 

60 -
• ( ' ~ I ·-

j ,f ,' 
25-- 70 

• '• 1 

65 60 
1'~1' 

4o 
45 

,,, 40 

25 
.. 1.u <1 

--- 20 

·'.6§. . J; 
I,. 

60 
.· , 1 

'I ,, 
25-

100 100 .I 

r, 

note_4 :: .,- 1 . 

100 100 .. note 4'' 1';''. ' 

115A Full Transverse ·; , · i r 5.Q . . '" 2 min . I. " 1001 .. :;. , :notes 2, 4 ,, 

126B 20 2min 

" 
,.. -

, 12,8B Full Trl\IlS\!\:fSe , 20 2mj.n 

20i2J . PartiaLT'Jansverse.Exhauiltir. 20· , 2min 

. ' 

208A-!:~: • .. · Partial Transve!se·Exhaust 1·' ' . , . ·!2CT" ) ;rl 

210 Partial Transverse Exhaust 20 2min 

2min· 
.i 

25 

is 
. 65 . 

- f;) ,, : .·-. 

100 

100 .. 

100 . 

80 · ,j; I 

··:· l·Jlf 

· ' .. 80 111 ·: . .. 

. ' 
{. 

note 4 

,. 
.note 4 1 ,. :· . 

I l'.f:' riuti:'3 

,, ., Z14A . •\ . f>artiitrins~6r~~ Exh.auJi .• I 'I ; 50 r. f> 

-'+-:- --- -.--+----·--1-t i-----.------L ..l..,~-- •• ~ -.!.;-~,.+· ... . ---~---<, -,. ,...,., ~J -, ~ .... ·-:3-.-. ~· .. -~,"'~!~.-..-.~-~~I--'~-~--_,~.,,.~.,..--. 

'; 2154 l,c,,· ; '~artii;J Trapsyfr&R·J}ii:qau~L,.,,, r· ·;. 5.0 "I : ,;; " ' 2 _m,il)- I '• , • .. T" " I ,8,0 . •". :'f 

2min 
~-I 21'!A ..Pditial Trans~etse Exh~tist · i '· '5'6": ;;, J, 2 min' ''·' I ' ) "·1 (' _ :. I ,. , .. ,,: '.) _.!, 80 ,._, JI) I ''not~ i ' :;:i ,;r. 

II .. 1 j .v 
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'. 'TABLE 1a (Continued) 
· As-Condutted Fire Ventilation Te~ts 

... . ! 

,, . J . 

l ft.• I · • ' - d • ' ' • ., 

,;2•18B · Partial Trarisverse· Exhaust " 20 2min - I :, 1·00 note 4 
,I 

24fa Parti~l f r~~verse EXhau~t ·I · 
I, 

2 miri 
11· .. . • so 20 - note 3 

248B Partial Transverse Exhaust 20 2min - 100 note 3 
· r• 

249B Partial Transverse Exhaust 20 Pre-fire 25 . 
'-

.. - - .. 80 --
t52B 

j. l J ii;'!•·' . ' ' lj40' Partial Transverse Exhaust . - 20 2.min L_ 

223 Partial Transverse Supply',' 20 2min 65 - supply at roadway 

226 Partial Transverse Supply - 2,0 2min 65 - supply from ceiling -
I 

227A - - I -Partial Transverse Supply 20 2 min 90 - supply from ceiling 
' 244B Partial Transverse Supply 20 2min 45 - supply from ceiling 

229 Two~Zone Partial Transverse 2:0 2min 140 170 note 3 ·-
1 ' . ' 

- 230 Two-Zoile-,i:'artfal Transverse - . -1,0 2min JOO &5 note 3 .. ; 
231 Two-Zone Partial Transverse 2'0 2min .70 60 note 3 .. 

233 Tw~-Zone P¥fial Transverse. 
" . 

20 5 min 95 85 note 3 

. 235 ·-· TwlJ-Z0ne Partial Trbsverse - 50 2min 110 110 nott; 3 .. 
236 Two~Zone Partial Tqmsverse 50 2min' · 150 150 ' -

238A Two~Zone Partial Trii.hsverse 50 2 fnin 150 150 note 1, f 
239 Two-Zone Partial Trksverse 100 2 initi" 171 17 1 

... I nofe 3 -

245B Two-Zone· Partial Transverse 20 · 2 miri · - 135 II~ - . -. 
Twil~zone Partfal Transverse . 

--· - "146B 20 2min 135 1J5 . - note) . 
250B Two-Zone Partial Transverse

0 
20 2min 60 60 

·-· 25IB Two-Zone Partial Transverse - -· ~o-. 2 min - 100- 199 1 

' 
!Notes: .1.-

i 1. V_el;iicl.t; Silhouettes used. · · 
:1. Foam. suppression System used . 
. J. North and/or south portal openings adjusted. 
4. Tunnel in ~ull tr~sve~~ configuration with ·ventilated~length·of:tlmnel shortened_ to 2}0~_feet. I ~· I 

Ve11filation Rate ·The ventilation rate w.as varieq to deter-
';.r ·•i _ • 'i 

mine the most effective operation for each ventilation system 
~1d to,abqii il'.e ittit for U\e~aHous fi r~ heat,fele.{11'.\e rates ov<tr'a 
range of ventilation rates. ,: " 

Ventilation System Response Time. The V:entilatic:l>n. 
system response times ofO, 4, and 5 minutes were used to assess, 
the importance of quick resp~mseiri a fire emergency. The issues 
are how :far r~nd how fast the-sm-0ke will-spread prior to the oper- :_ 
ation of the fans, and~how the response time affects th~ ultimate ' 
¥~~tilati~n,~ystem~ipacify ~equired to manage smoke.' ... . - . 

1 Portal Opening Adjustments In some tests, the north and/or 
--- ·- ---· . -·-· - - -· --- --- - - --- • - • -I . - - -·· . 

south portal openings were adjusted to vary the longitudinal air:Oow ,. 
,across-thefrre site. In ~his way, the· longitudinal air velocity across·. 
the fire was varied while mahltaining:a.given exhaust rate. This· 
pro~ide~ ins_i?h~ into ' he if!1P0.rtance o(_longitudinal air~ow in.the 
managem~nt and co trol of S!11oke and hot gases produced by a 
tunnel fire. - · 

IiN-97~~-4 

:i j ' 

Use of Vehicle Silhouettes Vehicle silhouettes ,consfated of 
) ··•! 'i· '' I 

rectangular steel plate·. structUres that were placed in the 
airstr,eam ·to simulati;- the: bHkkitge effect ofaehicles stopped in 
the tunnel. T~ree ! ilhouette _sizes were used to represent-each of 
the following vehic~tt. ,type~; P<l!lsenger c~s, vans, and tractor 
trailers. A -total of 16 sj)houettes were used: 9 repre.senfing 
passenger cars, ~ repres~nting vans, a~d ~3 re~resentirlg.tractet 
trailers'. °Tl:ie silliouett~~ wer() p~a~e<l. along th~. tunnel 't@dwa)( 
between 1tbe fire site and the :111.iqppint ,ofthe t~nnel, upgr.ade of 
thefire.:,o: · - /-- ·" 1 ,,~;,,, 1. .. ~·,;·:· .. ·- ··,> ---

Foam -Suppres~~o.n Sy,stem,. JJ~e ·,A· fcia~ suppressi~~ 
system· was ·util~ze~ in· si~ te.sts.~ ceping· ai11d ~iaew~lj-~ysteirif 
were tested- with the J ceiling in plaee and !with th'e 'ceiling 
reinoved, Ofint~restwas Whether higb'longhJ.l~inal afrvelo~ijies 
could alter the discharge path ·of the foam;1deflecting the foam 
away from the fire.Jµe f9all1;,~uppressio~ ~ystein effectivenes~ 
was-observed for various· physical configurations, longitudinal 



Test Ventilation System 

TABLE1b 
As-Conducted Fire Ventilation Tests 

SP~ dp~ning.. ' Fit·e"· ;·Ventilation Ventilation Rate Additional Comments 
Number Lodation4 Size l~t~ Si~i( 'Response' 

. . _Suppl:>_'. Exhaust 
· - - -- (MW)- Time - (cfmllf) ;,: 

·-· T ·- ·-

I 

.. 
3QJA 

302A 

303;\ 

305A 

306A 

")f\f\ A 
JV7J-\. 

312A 

313A 

338B 

339Il 

340B 

341B 

342B 

343B 

J44B 

345B 

346'8 

Test 
Number 

403A 

407B 

408B 
-

401A 

404A 

-'I' est 
Number 

314 

f;\ . 

Partiai Transverse with_ SPE 

Partial Transverse with SPE 
-~~- --·-· 

Parti_al Transye~se=~ith .S~g 

Partial Transverse wit~ SPE 

Partial Transverse witJ:i SPE 

' n~-'"!~1 'T'-~-. .... ··~- .... ~ •• ,!+ti. CITlT:' 
J. a.1 ua1 .llall;)VVl;)V vv HU U.l L 

Partiai Transverse with SPE 

Partial Transverse with SPE ... ~ 
Purtiul Trun3vemc with SPE 

Partial Transverse with SPE 

Partial Transverse with SPE 

Partial Transverse with SPE 

Partial Transverse with SPE 

Partial Transverse with SPE 

- Partial Transverse wit!:i SPE 

Partial Transverse with SPE 

Partia!Transverse with SPE 

,Y,entilation System 

Partial Transverse wjthOEP 

Partial Transverse with OEP 

Partial Transverse with OEP 
-

Pap:ial Transverse with OEP 

Pqrtial TransV .. !<XS!<_ with OEP 

·-- Ventilation System 

Point Supply 
'I •I 

Poi~t Supply 

-

. 

I .rt, ~ .. : 

( • 'l .300 I - .. 

1 100 
I 

-

I 100 I .. 
1 100 

2 and4 300-and 300 

1 "11\f\ 
1 kVV 

- - -
2 300 

2 200 ; 

2 300 

2 300 -

2 100 

2 j 100 

2 100 

2 100 ' 

1-- 200 --

2 200 

2 - 200 . 

Oversized Exhaust Port : 
'fype 

-

Fusible Panel I . -· 

Fusible Panel 
I 

Fusible Panel ' 

Fusible Panel 

Fu§.Lble Lin]s: Daro.per .. 

Single Point Opening 

Location4 Size (ft2) 

3 and4 300 and 300 
, I' l , l d ,j I J, • 

3 and 4 300 and 300 

l ;i·Ptiirit Supply : ,;: ".l · ':; if;t:r"} . i•,i 30'0 ~ 

319A . Poi~t Exii~ust 
I' llll · "- 1.J i ) . J' ~ i I . 

,32QA .. Point Exhaust 
"I ' . ' 4 " • ''" .... 3Q9 

.. ~. ' .' I) " •.•' ! . .,. 

,4 

'" io. u·· 2min 

20 2 !ll'i!l -- -
~o ... . .. 2_ m_i_n 

20 ' 2min 

20- 2min 
,. 

"" " -.....: ..... ..JV ~ U~lU 

- - .. so.,, 2min 

50 2min 

20 ii 2min 

20 -5min -
" 20 2min 

20. . 2min 

20 2min 

20 ;;, 2min 

20 - 2min 

20 2min 

20 2min 
" . 

Fire <Ventilation 
Size Response 

(MW)- Time 
,11; 

_ 20 - . 2min _ 

l 

20 1 
'; Pre-fire 

20 2 min 
- -

50r .. : ; 2min 

20 2min 

Fire - Ventilation · 
Size 

(MW) 

10 

2o 
·r5•0=~ 

20 

20 

-50 
5() i 

Response 
Time 

2min 
.. Jf.J Ul' f " J~J' 

2min 

lliJ i' rl1in; ' 

"'i:~ln : 

2 rmrr·· ,;, 

I . ,, 

I 

.. 

(cfmll!) ' ' . . ' 
- 110 -- . ·- -.i- - c-· 1 

100 nol.1ti3 
I - ' ·- -- ----r- -- -

) 

no\t!} . - 65 
~ - -· - ... 
I i 85" note i, 3 -

' I~· 
110 -. 

l 

l - - .. 

'· I ,lf l !J I 1 1 I ·' I 

- . JOO, : . 
-

~,,.qo_ ,,,. ·t· - ·- - -
- fr\ I 

- :.J;Oo : ; 

-
:1110 ', ;r1 : ·;\)( , 

I 

'~:'ho 
1 I - . -- -· 

' '. pq :,l I I 
- 1_10 \ 

.65 
I 

- I 
I ... ' 

I 

- ..... ss i) I 

- I n1WO .. .. 
I I : -

- · ~s 
) I 

note 3 -··- - ~ - ~ 

~: ' il'.o . 6'5'fl I ' 
- ' I 

--- ' 1,00 - 1 ... - -- i - i 

. .. I 

Ventilati~nrRate Additi~nal C~~;nfs 
Supply EmiU:~t' , I 

-· .. 
(cfm/lf) ,:(cfm/H) ,; i :( 

l;-"851 ;: . ' : - - ... - -l 

35 ' .. i -

85 -· --

- I I 85 .A '' - .. - - • -1 

I - ' ir .1iQiO >,11 ; . ) 
'· n,85 :';t I - --1 - --- - . - ~ - ··- ·· 

- Ventilation Rate·· TAdditional C001ments 
Supply or Exhaust I :u . 

(cfln) . . , -1 .. • , , , .. J '.i , I·: 1 

·· · ~ .. 

'.) 

, .... 

) ·: .. ) -~-~ ' 

I i'.!i,000 · .. ' ' • ' ' •\. t :1(, 1 '.hote;S·11•/i 
:u " .l'J1 ·~·.: ., ,. II .. , , UJI · ' I 

140,000 note 3 

· .. • [ " • • 1,..i - .. r · 1' t ,., · note 3 

I\ 364,000' ; Ii ' 

H ::.:i ... . ,o :J PtJ l . ;- ' • J . ~ , , l .. 11 .• • 

~70,.000 . 1 •••• • ' ' q.qtiy ~. 3. 



., 

t•/• .. •'· TAJ3LE 1b (Continued) 
·~ 

As-Conducted Fire Ventilation Tests 
I ' 

Ventilation I Ventilation Initial Number of Jet Fans i11, Test Number 
.System 

Fire Si.Ze (MW) 
Response 1:ime Operation 

Additional Comments 
'• 

50}, I Natural 20 :i ' I - .. I - -
502 .. . Natural 50 1. - r - , 
605,. Longitudinal • IO Omin · ' 15 r '. 

(15 Jet Fans) -. 
' 606A Longitudinal IO 5 mirt 2 

(15 Jet Fans) I• I }·' '1 ' -
607 Longitudinal 20 Omin'' 3 I 

{IS Jet Fans) . , 

608 Longitudinal 20 2min 3 .. , 
(15 Jet Fitiis) 

610 Longitudinal , 50 Omin 5 
(15 Jet Fans) • -

611 Longitudinal 50 2min '. 5 
• ! .. 

(15 JetFans) . 
612B Longitudinal 50 5 min 5 •• 

(15 Jet F\illsj - I -,. ' I 

615B 
- • -I 

Longitt1dinal IOO 2min 6 - I 

(15 Jet Fans) ~ 

I I ' '' .. ' " 617A Longitudinal 10 - Omin 5 - note I 

- (15 Jet Fans) 

'· l '6i'8A Longitudinal '• 20 2min I ,, .. · 2 . I, note! i 

(15 Jet,Eans) ,. 

621A Longitudinal IOO Qmin 8 -
(15 Jet Fans) 

.. 
I ' 

.. . ' I I 
... -

622B Longitudinal so· Omin. ' •' 5. 
I ' • 

(15 Jet Fans) - -
623B Longitudinal 20 Omin - 3 

(24 Jet_Fans) !. I l " .... - - - -
624B Longittiqinal 50 2 JTliD ,. ~ . : 6 !lOte ~ · 

I 

- . -
(24 Jet F~s) . I 

' ~ ,, !11 " -·- - - - --625B Longitudinal IOO Omin 9 note 2 
(24·JetFans) - I - . .. -- . ' . ,. .. 

Notes: I • ~ . \. 
1. Vehicle silhouettes used. I' 'I ,,., 

.2. Foam .suppression system use& :-
3. North· and/or south portal openings adjusted. . 1 1 
4. Poirjt opening location designation: (I) 142 feel south offire; (2) 143 feet north oftire;' (3) 293'feet north offfre; (4) 43 foetnotth offlte. 

. 'l· . . , 11 I ' .. II ' ' I 
air vel9qities, and fi~e heat relea~e rates. Secondarily, the foam 

, - suppression system Wa8 iristal\ed a:s a safety precautiOn: 
'' . \... ' I.' 

, . Ventilati()n System T1.mnel ~onfiguration 1 

For each ventilation system, a specific tunnef configura- , 
tion was required to aiiow,, for correct ii11ptementation and ' 
operation of the·ventilation cblicept. When necessary, modi­
ficatibns 'to 'the overhead afr

1 d1titt were m!ade fo c'onfig ure tl1e 
tunnel for the desired concept. Figure 1 illustrates the original 

.... -- .. ! 

M~morial Tunn~I duct and ceiling.,i;onf1gµration, and Fjgur,e 2 
depicts a lvlemorial Tunnel c ross ·section . flt adoition, :a dµct 
bul'k:i1ead-l~cateci at-tl1e,m idpoint-Ofthe fl:mnelcou ld be 6P~rieq 
or dose~ to~~! low for ~i ~1g le-z<?_ne or tW6JZone ~en~i l~tiort~ if he 
duft and ceiling configurations ;fqr t·qe ven,tilation systt;Ql~ fol' 

·the various. ventilation scl1emes are described below. 
' . . ' ., 
Full Transverse Ventilation The mid-tunnel duct bulk:. 

heilct'was notin place, and openings in th~ duct divlding wal 
were covered to allow for separate supply and exhaust air ducts. 

:s 



I I I I I I I I I .I. I I I I I I I I,· I ·l 1 I I· I I I _ I I J I I _I I I U 111,J !1l1h1 i 
J ' I I I . .::::: 

Ceiling Exhaust , -\_ i · , 1 g 
Port (Typical) . ~uq Djvidlng ~ 

Wall ' S. c: 
I s· 
I ()'Q 

, .. 
I . 

- -Road Supply r Flue (Typical) . 

- - - -- -'.i - - ....;. +--·. 
Figure i Plan view.of the original lvfe,m_oi:ial Tunne_J duct and ceiljng 

.. " .. ' ' " l ' >: . 

'•I) 

' 

.r ; 

.. , 

. . '.11 

Location M: 
Duct Dividing Wall 
at North End 

,')!Fig: 1 
' If :_, 

. ,, 
... 

Ceiling 
Hanger, 

• t 

"-- . cei1i~~ 
II, II 1: 1 ,.,. 'l 

·•:., •I' . l 

. , ·, 

•,1 

• 1 •t '· '. 
' \ 

) ;~ ' I I') 'r ' f . • I . f 

... ,. "IF ' 

.. 

' -=:•1 

Location of 
Duct n·viding Wall 

at-Sou~ En~-) _ 
·. , I 

.•') ' .. 
: r i ~) ' I: i 

: I ._:, . 

l ~ -·t.. • • 

') .I ,,·: 'I .,: 

11 I 

,t; ' i l. ~ I· 

,. ,. l:J • 

.1 1 • 1:. 

1: . ;11 .• 

• I 

-, '"Figure J'" MemoriaVJlum!elcr6ss settiof1, setfionfooking north.:· ,, • 1 A •" 

J• .rl ·.·,.,,Ir-:; •rJ1 1;'J'.· ·,rl !":I ;~ 1 : 1 .\. __ ;;: i,'J.\ • .tj-f ~(. 1 '.; 11··' -ii! ·i~ ;r ,1: .1~j .. tJ: 

'
1 ;;.,! ,.Th~ p'O#s,i·:Nrl~~iiing' i1i1 the1ev~~J~t ~1i~t' · ·e~e b~l~ric~dto 

'·~'Jil: •. ·· 1(1 • ·:.. )f . ~rih~~ ,;; 1.- 1 ,, · 1f't •11\ - ~f ii VO JG .. . , .. i i1.I~ : .. !C-1 

pro i#l\'.fqr.,wJ!~~r.m . ti'5 !~f\UJ~ 10:."..er t~e .fi 1µ ~lfll$~h ~f ,tl,J.e ~unn.eI. 
The north portal central fans,w,¢r~ dedicated to tl,le ~~aµ~t .. 9,uct. 

-.Tiiu: ports in the: eeil.ing"ln tho supply duct':wiere closed;and the 

"supply' flues along1he weM:-tv-ail'we~e bafauc~~ tO provide for 

ukiform ~upply over 'di~· full length of th~ turthet The supply 

. ;flu~s'it~opp~d 1down ~ithikthe wall t6 introd~ce stippl~ ~ir at the 
I 1 )I 

1 
'. 1 ' . '.:I·~' .) , . . ' . ii :: •". .f , ~, ( ' 

~ 6 

• ! \ 
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Figure 2 Duct configuration for full transverse ventilation. 

North Portal 
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Wall 

South Portal 

Road Supply 
Flue (Typical) 

Figure t Modified ~ucfronfiguration for full transverse: ventiladon. 

! 
tance pf t~sting at 100 cfm:/lf; additional mooifications fo the · 
tunnel were made for tests having 100 cfm/lf ventilation. To 
allow for this ventilation rate, the ventilated length of the tunnel 
was shortened from 2,800 feet (853.4 m) to 2,300 feet (701 m). 
This was accomplished by closing 500 feet (152.4 m) of supply 
flues and exhaust ports closest to the north portal and rebalancing 
the active flues/ports to provide uniform supply /exhaust over the 
2,300 feet (701 m). Figures 3 and 4 illustrate the duct configu­
ration for full transverse ventilation. 

Partial Transverse Exhaust Ventilation The mid-tunnel 
duct bulkhead was not in phice and the openings in the duct 
dividing wall were uncovered so;the dupt W.QUld act as if there 
was no dividing wall, wit~ the 'north and south central fans 
utilized to exhaust air. 

The ports in the ceiling· were balanced to provide -for 
uniform exhaust over the full length of the tunnel, with the nort'1, 
and south central fans operating to exhaust equal amounts of air. 

F,?r ~ase,?~balanciµg, only the. p,o rt~ in the ceilin~ 1
1
ocat.ed ~bove 

'the east'ian~ nortii of the tunne 's mio'point and a~6ve th~ vlest 
_ !a~~ .s~'!t~ ~fth~,t;unne l ' s ~i9po.in~ we~e.l!fli~~~ - ~li~ othe~J'.were 
closed. < igure 5' illu$trates tlie ' duet' con:figurati'on fol-' partial 
tra~sver~e· e~a\ist vdirl1J!lori:'" ' ·' . ' · ' " 

I• :;:,~· P~r,~.u ):~r:w;~,1 ~~ j~~P.PJY. v~~l#a
1

~pn' f~o.~. R~a~r<ay 
For 1s ven,t1lat1011 sy~te n the tunnel was configured as fo r full 

11trans~~~~e venti!'atio~. '1 e · ~outh' ~enfr~i' fans ~er~ b~erated 'to 
.-. r 'I ..,.,. j J1Jil Jj l ' " I • . !' l {: 

supply air, which was introduced 'at' the roadway. be iiortb 

. . 
central tans were not operatetf: Figure 6 illu,~trates the duct 
configuration for partial transverse supply ventilation from the 
roadway•. ' · 

Partial Transverse Supply Venplation from Ceiling For 
this ventilation system, the tunnel was configured as for partial 
transverse exhaust ventilation. 'fhe north and south central fans 
were operated to supply air, which was introduced at the ceiling. 
Figure 7 illustrates the duct co~figuration for partial transverse 
supply ventilation from the ceiling. 

Two-Zone Partial Transverse Ventilation The mid­
tunnel duct bulkhead was in place in order to divide the tunnel 
into two ventilation zones. ;The openings in the duct dividing 
wall were uncovered so that each zon,e in the duct would act as 
if there was no dividing wall. : 

The ports ill the ceiling ill the supply zone, the zone north of 
the.bulkhea,d,,we,re balan.ced to.prpvide f~r, m1iform !lll:PPiy·over 
the length of this zone. The ports in the ceiling in the exhaust 
zone, the zone south of the bulkhead, were alariced to .provide 

: for'tf~ifo'rm exha~~ 'dvei-th~·1~ngtli ~'fthi~ zoiie. l'ti~>suHpJy flues 
· :w-ei-g c16·se'd. Figures Ulllstrate'~ thei11tlet·conl'iguratio1i1tor'tWo-
. ;:z:one pariiai transverse ~erttilati'On;" : . :n 1: , '· ": . · , l 

, · Li Partial , Transver;se- : Eidlaust ·Ventilation with 1~ingle-
11Po~nt ExtraqUon. For this ventilation syi;tern,'. ,the, tunnel ,w(ls 
configured a~, fC?~ partial transverse. ~~~aust v~ntilati9n, Jn 'a~qi­

. ti on, l~rge, normally close.9 openin~~ in ~he ceilin?; were 11tiJized . 
The ports iri the ceiling 'were baJaric~~ with the single:point 
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extradiorl'op~furigs (SPE) closed ib p~bvjd~.f~.uniform exhaust- -additien, 30. ft2 (2~'7-m2-) of oversized e~haust·ports- (OEP) in 
overthefull!~engthofthetunnel. r1e ceqi11g \\(er~ u ili:iea'. Tpe ports in ithe' c~ili~g were 

Four S~Es;~· e lpcated in th~ tunnel beiling~one south of b
1

ala11cep wlith jth'10~Ps\clo~edj to r' rorid~ fqr unif~rm'. exhaust 
the fire and three n rt~ofthe fire. O~e ornjore13t:these openings • · erthHu1l length oftJ\e tunnel. I I 1 I · 

I ' • , I I I . ! . I I . ' 
were Utilize~ < S rfqUire~, f9r ac~ fi ~e tfSt Conducted ln)hi~ - .; ~~~e paiqs qf ove~siz~d bp~niqgs •were ~od1ted in the 
sequenee. Enc~ SIIB ou~d be adjusted frc!im 0 to 300 ft:2 (:27.f ' tunnel ceiling. Se.v~_r:i_pairs :wete ~paced po fee,t (9,.1 m) apart 
m2

). Pigure 9 ii us~at~ tl~e duc~co?figur~tion for parli~I trpns~ ' 1 pegin~ing 30 feet (9 .. 1 rn) south of th'e fire ~ite and extending 
verse exhau$1 vent;lation ~it~l sipgle-p~in extraction. · 

1 
: ,pofth·. '\'heutlter tw6 pairs were located 295 feet (-89--9 .. llh) north 

Partial~ fran.s~erie V~ptUatlo.n.:. w.fih . QyersizeJ _
1 

·of the ~~e .i~d 62-~}e~t_(18~:~.1E).!:1£rt!!_()f~h~fi!~.(mid~tunnel). 
Exhaust Ports For this v~p.tpation S¥ stem,, the tunn¥.l was Jn this ventHa.tion. ot>nc~p't; two different system config~\: 
configured as for partial transverse exhaust ventilation. In rations were employed. In one, all nine pairs of oversized 
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Figure 9 Duct configuration for partial transverse exhaust ventilation with single-point ·extraction. 

openings were used and they were equipped with fusible 
panels. Irr.the other, only the first four pairs (from the south) 
were u~ed. Th.ese: openings were equipped with steel, spring­
loaded dampers' restrained wffh fusibie linkS'. Figure i 0 illus­
trates the duct configuration for partial transverse exhaust 
ventilation with oversized exhaust ports. ' 

Point ~upply and ~oint Exhaust Operation The mid­
Lunnel duct bulkhead was not in place and the openings in the 
duct dividing -.yall were uncovered so the duct would act as if 
there was no l:liv ding wall. All 1of the standard pdrts and 
supply flues in the ceiling were closed . Large, normally closed 

North Portal 
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' I ; v J• . 

· I 

Ceiling Exhaust 
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.. ... ,, 
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! .. 1 .ii' 

openings in the ceiling were used as discrete points to supply or 
exhaust air. Four ofthese.,openings were located in the tunnel ceil­
ing-one so11~h of the fire and three north ofth~_fire. These open­
ings were used,, as required, for ~ese tests. Fig

1
ure 11 illustrates the 

duct cohfiguratiori for point supply and po,int exh1mst operation. 
, • I 

Natural Ventilation The-tunnel ceiling was removed for 
the natural ventilation tests. fter testif1g with the ceiling in 
place wa:s complJted, all instrqmentation and equipment in the 
tunnel and overhead air duct were re.moved. Ti}.e due~ dividing 
wall and the tunnel ceiling were then removed. Th~ tunnel, 
after these modifications, had an arched ceilin~ , and the 
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, d~s~11,1nce ~~om roa.<hya,y to 9f?W,fl w~E approximatelY,)6 feet 
.• (,7,9 m). B~fon: cqu,qµctipg th,¥ natural ventilatio.n tests, all the 

_.1 ,' ';. ,"••••.,,r.•J• I, i:.,: 'l· ,, 1';· '; ',, 

v~~trurnentatiyn ai/d equipinent -.-·as :·eplaoed ii})he .tunnel. 
. ., ,. ~~mgitudinal Ventilation witl\Jet Fans The jet fan tests 

11 l•_I,. I, , ; ,• , ,, -.. 

were performed after the natural ventilation tests. Prior to the 
... + ..... + .... c: ...... + +-... - + ........... : ..... ,_ 1 c : ........ .c ........... ,, ....... _ ...... : .... ,,+ ... 11 ...... ..J : ..................... _ .... ,....+ 
wi \ u .1 r.. VJ.JY"" '"-•• ""'"L1.1a5 J ..J·J'-'-. .. u•1.i.1 ""'"'' r ... • ..,uu'"'"",. 111 51vu. 1,,~ v.t 

~ uc'>~~? ·of th~ tire:Xfte~,.~l\~ ~6!1?.uct at 12 test~;'. ~1 additional 
Jet fans were mstalled, also 111 ll'.roups of3. One oltfiese groups 
w~ i!W;.alled north oqh~ fir~, af.' the o~b·~·r.' lV.ro ff_ro~ps were 
inst'a fle (fsouth of the ·me. · ' · 

Ji 11('11 

CONDUCTING A Fl'RE \li:NTILATION TEST 

Personnel 
.. ? ··~ ~i ,;-; \ • 

The individuals responsible for the day-to-day activities 
'Cff th~ prl:Jject; as well asithe tasks neces~ary forthe conduct of 
each fite test; Were an Hrlp6rtant part of1the test program. Only 
'authotized'persotthel wi~h!s'pecifkassignment~ and tratnied in 

1 einergenc~ procedures were·permit'ted to ·remai11 ort sit!l duiing 
. '11 test, ahd they· were iconfined' to rthe control trailer. Ptoject 
;, per.ii6iirtel included !, -!,·, "~"'' 

H!i':i l l. i .~ li·i 1 • !i ;; · 

test supervisor/resident engineer, 
lead field engineer, 
lead start-up engineer;· ; ff'0 • .,; \! 1. 

: . field engineer,.: 
:' ., · diit'!- .flC_qu\si~~P'il system (I?l\~);l!:c\ln~91~¥:~· .. , ;: , 

~'.: jyi1¥; l~~tgrul}p, (JT,G),l;h<:tj r > . ·rwi· .• ~-J , 1t , , , 

;1 r n' feclmi~~l, eyajua.~~on <?Om111itt&1 .. (Xf;G). re.f?.teserita~i~ 
: '"'~; 1 ··,tilienior V,1Wti~atipn engii;re,yi;, and;. 11 :. •. , _,, . !• .. : ;·, 
ii-,.~"' ve11t;il_"tiQQ,eqgjneer1. , !ii· .. • ;· 'i;;.: 1 :,,.~, .. • ::, ·,,/ 

l'J;--,:;, ,, ·1q ;}',.l•,/1, J!l .. ;h..-,J •' ( .. ir:····'./~:· '.') 1 1~L: I ~! 1 " 

:-: p.-~p"~!~Q,t.~~J~GiJit~1·,,,; .. , ;,·::•1;;11 ,,.., ··· 'r. · ;, 

Once the .tJl!nriel" :was ccdtflgured•-fcm ;a, given .ventilation 
system, additional preparations (specific to individual tests) 

· · ·: werri 11equit~d;,J'.Fhese adltitfol'lial pre'plttatioirs iii eluded· · 
··'1t I ;i, ;11; I )lJ 

modifying th,¢;fuel deli-ve(y;,sy,&tem tmdeli.y,elj;fu~l to .the 
·i. 1d.~sir!i!dfuelJ?11n(s);, ,, , !,;'·:1.i . ''~'"''" 

10 

opening the large, normally closed openings ~J;l; the tun­
f' . ny,l cejling, as req4ir;~d ( appJ.i1;able t(;')' pal}\a.l: ,tnmsverse 

. . ~~. •: j i I < ~ 1 JI I ii J : f ; 
,, S.ingle P.<;>.int11 e,;: . · 

. Qpe11i11gi (Typ,i~a\), 1 · Squth.'1>orta~ 1 • 

,, . 

i . I 

~ I , . 

J .... . 

,, .. 

'· J ~ , • ,. I i 

., "l ' 

..... .~ , I\. 

·u. · " 

f,; ,1 . 

,\ l 
I 1J. f 

• {!' 

.,J • . 

'l1 )) 

. ventilat.ion with single-point extraction and poin't:'stipp1ly 
'·andpoilllexliaustOiJ'eration);· ;,!' 1 •;:, 1•1:.· 

1::! .Ji ·' ·• ; I·\ ·• 'j ' !' j, .•. ~-,1-'.~.IJ ~J~ • :1~ ·,' ,; 

• ., aOJ1U~t1nd~.)nde n~~f~ ;~~a .~;o~~~ J?Or~~.1 :•.~~.f,?,~~g~, .. as 
·reqmre ; an . : .. :· ·-·· 

' 1 ra ) .• . ti 't ~ " '!I . 

erecting vehicle silhouettes, as re'quired. ' J " , 

'·' Testing Procedures 

''..,1,"The fire.~~ts w~re,c~~duct~ in stri~t .~on{J~f~·.~·;P,wqy,ed 
' prqtp~l, and. ~afety, proce~ur~~ anq. in ac,co~~~ce w.if11:~W. F.n~i~on­
., niental, l!1;1JMFt. Statement req1.Jired:;hY th~ 1State1o~W.~'\(~1ir~ipi~! 11 

Op.erafamal work pr.o.<;t~dures (Qi\¥,-P.) were d~;y~\0P,,4 1 to 
c~mtroi}111rious aspects of th~ test prpgram. Thirteep 0"''.R~ w~re 
established. While most ofthese OWPs dealt with p)last:11~'?~¢.e 
test program not directly related to the conduct of the. fin: • ..vi:inti­
lation tests, OWP-03, "Test Performance and Control," relat

0

ed 
specifically to testing. OWP-03 consisted of a serws ofton:fig­
ur.atioq ,f,heckl~~(~ df1~.i~nedto mak~ p~rt,~in. ~!l ~HPP,O~ systems 
were configured to conduct the scheduled fire ventifation test. 

·· r··r( · "' /11 

Chec)<li~t~ ~v,~re estab!j~~9fl for the ~9\lowin~ 1~pppof!. ,~sfems: 
. .Ji.re: p~n .. , , ~l~~e1d-circ~\t. _t~l!-.~~~iop . (GCTY~t _C~\il!~~ 1i.Y'at1er, 

compr".5sed a1r, data, .a~~~1s1ti~n ,~re ~r.01t,:r,~~on, ~~I ?'\1 .1,~~~u­
,,r~~nta,~1g_1.i,, entral f~pr' J fi~:fan, h3~11.9_p.r~p~1rye tLPJ .g?·~~ and mete­
or?i)9g1~l Al~ ~~ 1~ll ~P,;9rt sys~~~fs te,~~~~~t t~,the scl~ed,u. 1.~~ .t_esl 

, , ,were :r.~n(led agcor?!ng to t~~ co,n;fig~r,ation checklist~· prior to 
the start ot'~ach 1im'd every test. '' ! • - ' "I I J, ' ~I " ••_" •.' 
~· ri • . .,.,...r p· :: ... JJ ' •. i 1 ~1 · , ,._, _>J n· >. • h .- ,: n, , 

OperationalJ 41lli,t,P;r,~c~qw~. (0_1:~1~ .re .als~ :~tablislmt1 as part of the test program. An OTP was prepared for every fire test 
before the start of the test. OTPs were prepar@4Juq~~ \ead field 
:rPg!neer and :~()yie))led f9~ accµrac~ ~y ~q~ JTG ch~ir, qr desig­
nated TEC representative. Customized graphics" 1 tr,ep,ds, and 
tables tha~,,P~esent~ t!$.f !¥.~ :whilS\!!~'fR : test ~~s.i1uirogress 
were used to aid test moni.t~ri.~~· A~SbTJ;> Pierni~P ~~y,test obj~c-
,Jh[r§:~~ outli(\~d th1MP.ep · fi~ ,Prn,~edy,r~.~ ,to b~f,ol~q'Y~,d for the 

... ~Ylccessfu1Jlr'.f9 !na~ce. RftJi~ test.11 " ,. .,,. __ ,,,'. ,.;.· .·, 

_ , , · . ~ft:er th~ QT.P, »'.as, p,rpp11r,t;c\ ,~mq, revie,wi:q, l}.11,d ,after all 
support systems were configured properly, testing coll\gienced. 

, , ,puri,i;i.g1a, tf%,a\l sy~~fm.~i»IH~· mo11itoryp andJ99ntro\l~d by the 
lead, ~a~·,UP engin(f~~ u~iµg Jhf .DA~ .a,o,4, GGJV CJttµrras. The 

., . u;Q.phfl.ir or df'!s,ig~ate~J;'~C,r~pre~em11ttye ~nAthy ~ewli>r venti­
lation engineer monitored the test using DAS CO!U:P¥,t~~s and the 



CCTV cameras and recommended changes, if necessary, to 
the operation of the test while the test was· in progress. A 
customized1graphic user interface of tlle DA'.S displayed test 
conditions.in real time that aided this dedsionmaking process. · 
In additiOn, a test could be halted at any timr- by ejther termi­
nating fyel delivery and/or employing the; toam suppression 
system. , ' · · · · 

At the completion of each t~st and upon rece~pt of initial 
test data; the TEC representative and the ve'ntilation engineers 
prepared and signed a test synopsis that summari¢ed the test 
and det~iled some test observat~ons regarding tempe1iitures, 
carbon monoxide (CD) concentrations, and smoke movement. _ 
Graphs were also prepared that focused primarily op. fan 
airflows, fire heat release rate, temperatures, and CO concen-

· !~~at~9q.~·. ,(' 11 •; r, J , I I i!I .. 

· After each test, in the interest pf qbtaining maximum 
. I,. ' 

benefit from the tests, the JTG performed some preliminary 
• ··. Al './() ,' 1'.oi , 1r f) : · 

data analysis on the test to determine the operational proce-
dures for the next scheduled test. 

•.,. ,J'. 

USING THE TEST DATA 
,,_ ")' ,i . ' 

On average, each fire ventilation test yielded approxi-
·mately thte~ fu.iliionl'points of data and seven videotapes 
confalnirig footage o'f the test. Because of this large volutne of 
inif6rmati6h: thete1st data were reduced to a grapll:ic'at format 

r • tb' facilitate and suppor't'the efforts of examining a'.nd analyzing 
· > ithe data. These graphics were included as part of the compre­
; hertsivetest report of the Memorial Tunnel fire ventilation test 
• pro'grnin. · ! 1 • ' , : •• • 

I I ~ ; ' 

Tes~ Data Reduction 

,r, , T.l1 ~.· 'ata t'fo,m dach test wete doc1umen,fed by' the follow-
1 ... . I , I · i 1 .i1 ·; , • mg reports. . - -

I • Test Summary he test summary lists h'ci test number 
f 'I! 11 , , 

test date~ n'ornina.I fire size, sequence oftest events, and other 
pe r'tine~t i'nformation specifl~ to each test. . ' •.. .. 

. _ · .. , Poin't~'in-Time, .Gf~P~~cs Ea.qi\p,~ge of ti\es.<graphics 
_ shows the ins antaneo1,1s value ("s11apsli c;it in time") of impor­
, tant' ~ariables at pretesfconditions , eU~h minute from o to 6 

miqute,s, and thereafter ever) 2 minutes.' SpeCitically, e~ch 
; 'poiht-iri~fime graphic depicts tlie foll owin1g:' ii ·' · 
.. ' .1 ' " I, 1 1 •• 

·• · '· Test'initnber. · " 
Nominal -' ventHation rate '(for tests using the central 
fan's). 1

• ; 

')et fan operation (fdr tests' using the jet rans). ' ' ' ! 

I·; 'Acttl'itl fite he'at release rate'. . 
Air temperature <llstdbuti'Oh in the :ttlnnel:....:.....temp'eraiure 
measurements taken at vari'Ous· devatlons 'at' 15' loca­
ti6r1il ih the tun'.nbl were used to·d'evelop the temperature 
dbntOurs·.: ~i , :.. H ' · 

A:fr ' ve!oc'ity 'at the!'· ihstrumenteC: . cross' sections~air 
velocify measurements takeri at various eleVatiohs at 10 
lo·cations iri the tun'ifol wer'e' used' to create air velocity 
ptofil(js'.' · · · r · • :'. ,, 

Bulk tunnel airflow-bulk airflow was calculated using 
the measured air velocities. 
Smoke position and camera visibility-footage from the 
various CCTV cameras provided information on smoke 
position and relative concentrations. Visual observations 
of this footage, regarding smoke position ftnd density, 
were represented on the smoke graphics. 

Time History Graphs Graphs of the important variables for 
the duration of the test are presented in the form ofvai:iable vs. time 
graphs. Specifically, the graphs developed for each test include 

' . 

centrt,tf fan airflow (for tesis using the central fans); 
air temperature through the central fans (for tests ~sing the 
central fans); 
'fire heat release rat'e-lhcluoing a calculated value, which is 
based on foel consu'mptioh'! and a' cbfrected vaiue, which is 
the calculated value corrected by an efficiency factor calcu­
lated using'tarboH monoxide and carb~n dioxide concenlra-
tions; 
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• bulk ninnel airflow at the instrumented cross sdctions; 
' air temperature for t~e various ~levations ~t the instru-

' I I 
mented turinel cros~ s

1
ections;. 

~ ~ air velocity for the va
1
£-ious elevations at the inSt:u1nented 

'•I ' 

tunnel cross sections; and · ' ' ' 
carbon monoxide .• ,concentrations ,at the .various sensing 
points throughout the tunnel. 

Test Data Analysis 
·v: . 

The primary objective of the d~ta anaiysis w.~s to deWmine 
the effectiveness of the various t~nq.~l ventil!1tion, sy,~'tem~ and 
co~figuratiop.s on ~emperature ;i~d sµ1-0ke, !llaµageqieµt qµr\ng a 

·.fire in the Mwno~ial TunneL, The poim-in-time gr~phics apqthe 
time history graphs wer~;the tools usesf tq accomplishthi~ objec­
tive. These graphics facilitated test-to-test 9omparisons that 
were essential in identifying the capabilities of each ventilation 
system. 

Comprehensive Tes1 Report 

The comprehensive test report is composed of nine 
volumes. Volum~ 1 'corifains background information orl the test 
program, a description of the test facility, results of the data anal­
yses, and finoing~'and conclusions of the test progtaln~Volumes 
2 through 8 are a compilation ofth'e reduced data for a1Hhe tests. 
Volume 9 contains the field test synops~s fdt alVfitetests, as well 
as the phase I report. A synopsis th~t sull1.marized prelimif!ary 
test observations was prepared att!ie'c~nclusfon oTea6h fosCfhe 

"'volumes oontaining·reducedit.ata are as follows:' ~,;, · ; 

Volume 2: N.aturhl. rv entUation and LQFJ.gitudi~al, Yl:lntila­
tion with Jet Fans 

• ' 'Vdlutt::e 3 :; FUii' Transverse: Ventifation ·:, , 1 

Volume 4: Partial Transverse Supply and Exhal.lfit Venti-
lation : : ' 
Volum'e 5: TwoiZor;e Partial lfransverse Ventilation 
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Volume 6: Partial Transverse Ventilation with Single­
Point Extraction 

Volume 7: Partial Transverse Ventilation with Oversized 
Exhaust Ports 

Volume 8: Point Supply and Point Exhaust Operation 
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