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The Memorial Tunnel Fire Ventilation Test Program: 

The Memorial Tunnel Test Facility 
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ABSTRACT 

Many aspects of the Memorial Tunnel Fire Ventilation 
Test Program (MTFVTP) have made it the most comprehen
sive of its kind, but none more so than the test facility itself 
The Memorial Tunnel test facility was truly state of the art in 
fire ventilation testing. 

Starting with a two-lane mountain tunnel, the engineering 
consultants for the MTFVTP designed, managed construction 
for, and maintained a one-of-a-kind facility that allowed test
ing of seven ventilation concepts and was capable of with
standing nearly 100 fires-four of which were 100 megawatts 
(MW) (341 MBtulh) . This paper describes the test facility and 
the many modifications that were made to the Memorial Tun
nel in preparation for the extensive testing. 

THE MEMORIAL TUNNEL 

The Memorial Tunnel is a two-lane road tunnel built in 
1953 as part of the West Virginia Turnpike. It is 2,800 ft (853 
m) long and it has a 3.2% upgrade from the south to the north 
tunnel portal. The cross-sectional area of the roadway portion 
of the tunnel is approximately 390 ft2 (36 m2

). The cross
sectional area of the duct above the roadway is approximately 
260 ft2 (24 m2

). Figure 1 shows additional tunnel cross
sectional dimensions. 

The original tunnel ventilation system was a full trans
verse type consisting of a supply fan chamber above the south 
portal and an exhaust fan chamber above the north portal. An 
overhead air duct, formed by a concrete ceiling above the 
roadway, was divided into supply and exhaust sections by a 
vertical concrete dividing wall. The width of the supply and 
exhaust air ducts varied linearly along the length of the tunnel, 
decreasing from south to north for the supply duct and increas
ing for the exhaust duct. Supply air duct discharge outlets were 
located near the roadway on the west side of the tunnel, while 
exhaust air ports were located in the tunnel ceiling. The supply 

outlets and exhaust ports were spaced throughout the length of 
the tunnel except that no openings were located in the imme
diate vicinity of the two portals. 

FACILITY MODIFICATIONS 

Many modifications were made to the Memorial Tunnel in 
converting it to a fire ventilation test facility. 

Fan Rooms 

The original central fans located in the north and south fan 
chambers were inadequate, both in operability and capacity, 
for the test program. These existing fans were replaced with 
six new, fully reversible axial flow fans-three in each fan 
room. To accommodate and support the new central fans and 
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Figure 1 Memorial Tunnel cross-section looking north. 
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associated equipment, new concrete bas~~ .. foi: the farvrooms 
were constrn,cted . Each fan was equipped with a 3.00-horse
power (hp) (224-kilowatt [kW]) motor with ext~rnai auxiliary 
blowers for motor cooling. Each fan 'was ?~ted1 

to'"deliver 
200,000 cubic feet per mi1~.uf'e (cfm) (~~ ,ch.bic _ meters p~r 
second [m3/s]) ofair at 5.2 inches'watef gauge (in .. w.g.) (1,294 
pasc~ls [Pa]) total pressure and was' d'esigned to withstand air 
temp' rat)Jres of 600°F (316°C). ' Adjust'abl.e-"fi'equ·~·1'icy 
controllers (AFC) tot each fai1 (aciiitated operation at variable 
speeds in the range from 120.'to 'l 200 rpm \'n ehlleflffre'diop 
ofrotation. Fan confrols whre installed loc~ily iu the fan 'roon~s 
.... _ . . .. __ ... , t ~ . ~ • • 1 .r ... , t _. t r · 
tor manual control ano m the c.ontrol trailer tor remote. oper-
ation. Fans and dubtwork in 1 Hi~ fan roortts'were irtsufoted irt 
anticipation of high exhaust air temperatures. f)ue. to t.he 
tunnel's close proximity to the interstate highway, espedally 
at the·north end, existing air intake and exiiaust:toovers were 
replaced with vertical discharge stacks to prevent smoke 
rriigr'ation toward the interstate highway' and to improve 
dispersion in the atmosphere: '· 

,, , :·) 
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. . Extensive ,modificatioµs were mad~ to the tunnel ceilfng 
and the duct above. the tunnel roadway. In particular, modifica
tions inciude,d t~1ecfollowing; , " . , . · 

iii ( ·. 1)'"
1 

~~maged ceiling section: ~eplac,ement, : :) j, i 'I ' 

installation of removable partitions in the duct dividing 
wall, ... , 

.,L. >I . • I 

... 

• · ,._jnstallati<il,ll ofmid-tunreJ duct .bu!1·~ ~ad,• 

• ' 1 !'insulation Of the duct and: clliling hangers, 

•! ,·alteration of ceiling exh~ust port~, 

~ ·I ' j~~tallatiOf\ Of Sin i.>,le~po}p.t Open,il').gS'fjWl4 ·:, • 

instal-la~ion ')+ over~ize.d exhaust po-rts, · · , · 
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Figur~1 2 illustrate~ the ino,~,wcati~ps ,tqat ,were made to :the 
,9,W;ct and. tu,nnel c,~i,lipg. , : j 1" . , ~.. • t, . , , , : , 

Damaged Ceiling.~~tl.on During construction of the inter
>ta~e. highway that bypasi;ed , the J tunnelp, blasting OJJflF.~~o 15 
caused dau;i.age t'.'l a;210-ft ·(6J .:rn) 1s~ctiort of cei:ling neru the 
north end·?fthe tunnel .. Priorto any otherimodirfications·to the 
duct and dtinnd ceiling; this,•dama:goo ceiling. se·~tion was 
repaired. Repairs consisted ofdemolishing the damaged section 
and constq1ptip.g a~ entirely qe~ tunneil ceiljnP: !>ectiof\., · 

dividing walLthat separated the original supply and .exhaust air 
ducts. Oe~ending on the desired v.entilatlon:QC!ncept, the~~· open .. 
h·Hl"C! ur11ol"~ AithPi- f"f'\VPrPrl nr nn~tYiTPTPrl 11~1..nlm cztpp].11.,l~tPQ Tl-if.lo 
·--o- •• --,-.·---;-.··- -- • ---~ -- ------ ---- -,-.-._,.,...,0,--. ... ---,r,----,.-- ----

openings. ;were located 20 ft (6 m), 6-00 ft.(1831m), :and 1,200 ft 
(366 m) from each ventilation building:;1Each of the.six openings 
had an open area of approximately l80if'if: (J 7 m2

) with a height 
of 6, ft (2 ~) .. With:the opening,s~coy~r.ed,) s~parate supply i;md 
exhaust air d11cts were maintainedfo~ full transverse ventilati,nn. 
With the openings uncovered, the!wall W?.s'Rffectively removed; 

,a11p, ther~f9~e,,, bot~,Jhe l).~rth_,fl~d: ~~mti}.,;f.ij_ns cq~ld w:grk to 

~upply .o~ y~~<l;\lS,t air. . , ,.,, di · .11 , " I 

'., 1 "• .- , ~ I .i { 
: 1 r 4 1·~ , t. • 
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Mid-Tunnel Dofit,Bulkhe~d A bulkhead'-·:as installed at 
the midpoint of the duct. This by*head was equipped withi!;lpen
ings that could be covered or uncovered using concrete
protected steel plates. The bulkhead, when intact, allowed for 
two-zone ventilat'ibrr operation; With the openings in the1 bulk
head uncovered, the tunnel was :¥imtilated as 'a sing:Jei zbn~. 

Insulation A II of the ceiling hangers throughout the length 
of the du

1
C't were prote-Cted with approximately·91n. '~!29 mm) bf 

ceramic fiber insulating blankets. ln addfti'oi:i; the floor ·oHh'e 
duct was insula'.ed witha§prayed-on,high-density, l;!~tnentitious 
'irepmofing.,based tm:vermicuJiteiand cementito protect against 
structural damage. that c0uld·Mve .resullkl Sfom th~ repeated 
firesiJThe arndunts1 and :typ~s of!i11rsulatibn necessary to erisure 
the integrity of the tunnel ceiling :were determined by analysis 
prio~tothe design ofthe:testfa:diiJity:- ,• ,,, '. 1. 

Ceiling Exhau~t Ports 'Th'e' briginaf cellillg e){b'aust ports 
were 'located above the •east ilane ·of the tl!nriel. ,Jhese slots 
started. 3 ftl(0.9 in). fr.om•the east wall and were! 14 ft (1.12 ni) 
long.'Spacin:gand operi.width·ofthese ports varied. Beginning 
at. th~·.,outh'. ¥entilati0n' building and extendingJnorth 409 .ft 
(l25~m); the ports we're s\:Jaced 5 ft (1.5 m) apart and had an 
open ~idth of!approximately 1.75 in. (44 mm). For the next 
1',lOO ft (33':S m), the pof~swere spaced 10 ft (3.0 m) apart and 
had anrupen!widtn' of.ttpproximately 3 .in .. . (76 mm). For tl'le 
finaM ,U 79 ft,(3'59 m)', the ports were!sp·aced 15.ft(4l) m) apart 
andhad·awopen-widt4lof4.fn.(102mm). :·, · 1 1,' 

, ' ;, The tunnel. cefofi~' 1tva~ thbdified to provide 'e:,tha'U:~t1 
ports 

above both lanes of the tunnel. The new1 'hhausr ports were 

Roadway Trench 
,,,;. 1Jl , • I • 

A..:. pipr tre~c~ , .and .a . lower: . back7filled trench were 
6?nsl~~c,t~d b~·~~atlJ. thr, ~unnel. roadway. They extended the full 
~~~g~h of .. the 1 tun~el. The. lqr;tri back-filled trench housed 
~P,proximat~lY, ,9,oo~ fin~ar feet (2,740 m) of embedded electri

c~rc~!1d~,\~ for, p~wf fe.~d~ to jet fant T~~e upper unfille~ pipe 
re°:cn, wh_icl1 pr,d, re~1ovable covers, w~~ •. 4 ft {l .2 m) wid,e

1
and 

1.f~ ~1.2 m) d~I'~: It poittained ~?re t~~n 21 00.0 linear f~et (6 400 
m/

1 
pf i .n~.ula~~~ ch

1
i1.led-water pi~ing, fuel oil ~nd gas piping, and 

n:~,p.i:otecqpn , pip,i~g ' and morr. thim 5,00_0 linear feet (l,525 m) 
o{y<;m8uitlO,f W,~I pHi~nd ignit~on ~o~~ro\,y,ables. Trench temper
~rure iq'.th~ firp ~~me was monitqre? ,by wepnocouples. 

oi'..cf Bank· ·'· · · ' 
: 1' 1 '_. , 1 ,, I , , 1, 

,The ~Jf;i~ting d~~t qank al,i;mg th~ tunnel i:oadway: was r.efur,
bish1<d and used a~ a ri:iceway for t~mper,&~t,1re-sensitivt\ qables 
!l\lCh as the pow.er fe§ds, to,thedflt!l~acquisition units and vdp_oity 
cabinets and the fiber optic commu_nication cables.to the closed
circuit television and data-acquisition systems. Parallel to the 
duct bank, a new cable tray was installed to accommodate th,er
mocouple wiring. Both the duct bank and the cable tray were 
cdmpletely insulated with ceramic fiber blanket insulation, vary
ing in thickness fr6m 1 to lOJin. (25 to 254 rnm). More than 1,o 
miles (110 km) of cable protected by appto1llmatbly 380,000 
board feet (900 m3) of insulation were installed. Duct bank 
temperature in the fire'zoriifwas monitored1by thiirmocou~les. 

· · • 1 r • f 1; . , : · _. ; J · , ~ : i , i ; : ;' 

Insulation 

spaced 15 ft (4.6 m) apart. They had an open width of6 in. (152 The walls and underside of the tunnel ceiling in the fire zone 
mm) and a combined open length of20 ft (6.1 m). The unused were covered with 6 in. (152 mm) of sprayed-on fireproofing, 
exhau~t ports:::-:c-those spaced 5 _ft (1.5 m) and LO ft (3..0 m) _ . and the floorofthe air duct received-4 in. (102 mm) offiF€proof

apart~were ~~tl~d .';ith s~eel plates., \ : • I r 1 ing~ The fireproofing material was compo~ed , primarily._ of 

·concrete planks Were U$ed tO provide for Uniform exhaust Cement and Vermiculite. ! ' I • ! c, 
through the ceiling exhaust ports. These planks were positioned 
over the ports to adjust the'ir effective opening width. Once the . Vehicle Silhouette~ ' .. _ I 

positioning that provided uniform exhaust was estatili$,"~'.d, the Vehicle silhouettes, constructed of rectangular steetpla~es, 
planks were g(outed in place so that they would not move during were placed in the air.stream to simulate the blockage effoct of 
testing and to minimize aifleakage.-. ··- --·- .. vehicles stoppedfn the foi\neC'rhey were raised or Iower.y<;l as 

Single-Point Openings Single-point openings were'° cut" ' tequired by testing. Three silllouette' size~ wbre ~sed to'represent 
into the ceiling. These 300-ft2 (28-m2) openings were positioned passenger cars, vans, and tractor trailers. The silhouettes were 
142 ft (43 m) south of the centerline of the fire site and 143 ft (44 placed along the tunnel roadway north of the fire site between the 

m), 293 ft (89 m), and 443Jt(l3~,m) n\?rth_ of the centerline of fir~ she ~nd the midpoint ofthe.mnn~,J, 
the fire site. When not in use, these openings were covered,. but, l·

1

" ·~ •• ~ 
,.,2 2 -Lighting - -· ··- • - !. 

w~~ri neede~ they could be ~djuste1 from-0 _to 30~ rr- ~28 m.). ':'~ , 1 . • • 

~ bve(siJect Exhaust ~ontJ Oversi'~~d ~xhdult l por' ts ,
11

1

[ : Lightin~ was pr~vidbd e~erYi 15 ft(4[6 m) in the~tmn~I{The 
· I - 1 2 light~ were siagg~red so ~at bn each wall thete w~s a ligN; e'very (OE~) ere but foto the' ceiling. T~ese bf,eningl; w_~ e 30 ~ ! 

(3 1n2) and were construcJedi ~n , pair~. :i ~even . p~i . ~ were : 30 ft (9.1 m); J:l1_~y-~~re ,positio~ed 7 ft ~- 1 m) <1bove th~ foad
spa~ed 3 J ft (9 m) apart beginning 30 ft (9·~l~) sotith :oft~eflre 'ii1 way.jAn ~Jec1tr\c4_1 cordujfto ' he ~igh_~ . placeq alo~g t\1e,,wall 
site . ~nd ext~nd i g nort11. 'Pile ltw~ o.tM_r_'pairs .were!!ocated . of tl~e tunne~.· ~1gh.itemper~ture. wmng wa us~d to feeJ. the 
295 ft.(90 rri} north of-the fir.~ 'and.at-mid-tu.nnel (620 ft [-189 , .Ughtmg,:11ud fir.eprel'Ofmg,:was.in~tallerl on the conduit .. · 
m] north of the fire), Whert not required for use, the OEPs .,,· i . 

were covered. Wlie~ln use, the OEPs were fitted with either Outdoor Substation 
fusible plastic panels or steel, spring-loaded dampers 
restrained with ,ftlsib1f~ linkS.' ,, 1·• • ;' 

Electricity was supplied to ~he tunnel through an outdoor, 
15-kil6voft 1su8sdHon th'at w:is thstalled for ihe purpds~§ of the 
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MTFVTP. The test program placed a high demand for power on 
the local power company during a test due to the new fans, data
acquisition units, adjustable-frequency controllers, jf)~ fa:ns, and 
other electrical equipment. · ·· l 

Electrical Equipment Rooms 

The four existing electrical equiptilent roqms thatservic~d 
the tunnel had aging equipment tbat was water damaged. This 
old equipment was removed·andJhe. walls were waterproof~d 
before the new equipment 'Ya.s installed .. · 

A 15-kilovolt-480-v.olt 'substation 1was insta)led ~' in the 
northeast and southeast elect~ic;al equipment room~. Jhe new 
equipment had the capacity- for the new fans, ·adjustable
frequency controllers, chilled-water system, foam imppression 
system, data-acquisition system, and other general power needs 
such as power to the contrbl tr.ailer. New electrical bo~es and 
conduil from lhe tunnel 'power substation •to... the ... lighting, 
cameras, data-acquisition units, and other equipment were 
installed . In addition, an uninterruptibfo power supply: was · 
instal,led in each of tqe four rq~ms to ensure that vital instrument 
circuits and equipment remained energized in the event of site 
loss of power. ·:·· 

-,~ f•' 

Modifications for Jet Fan Tests 

In order to prepare the Memodal :-Junnel for longitudinal 
ventilation using jet fans, maj9r modifications to ~he facility 
were necessary. After testing was completed with the ceiling in 
place, all instrumentation and equipment were removed from the 
tunnel, and the tunnel ceiling w'as removed so that thej'et fans 
could be installed in the crown of the tunnel. 

After ceiling remov~l, all ,equipment and instrum,entation 
were reinstalled, and then the jet fans were iiistalled in groups of 
three. Five groups of jet fans'.\.vere' insta,lled to condJct· 12 tests, 
after which an additional three groups of jet fans were installed. 
The spacing for all the groups was approximately 300 ft (91 m). 

The three jet fans in a group were in.stalled so that the.center 
of each fan was 7 ft, 5 in. (2.3 m) from the tunnel ceiling and 8 
ft (2.4 m) from one another. Each jet fan was equipped with a 75-
hp (56-kW) motor rated to deliver 91 ,000 cfin (43 m3Js)-0fair at 
an exit velocity of 6,730 fpm (34 mis). The jet fans' wert' fully 
reversible and were designed to withstand air temperatures of 
570°F (?.99°C). The tip angle 11~?:Jip diameter oft~~ fans were .. 
19.5 degrees and 53.8 in. (1,367 mm), respectively. The fans had 
an inside diameter of 54 in. (1,372 mm) and an outside diameter 
of 62 ir11

• (J ,575 mm). "i · · · •· 1 • i.. -' .. 
.n.?. 1 ~ . 

TEST SUPPORT SVSliEMSr 1 '"'.' ' " " ? ! :: ~ ; ; ' • ' \ • • () I I I 

To make testing possible, numer;.4s Sl!PP:ort. f~~stem~ ~~P,~e 
added to the Memorial Tunnel to transform if into a state-of-the-

~ii ~es~fog.' facil~tY: '.',' ' · ,.·,. ; ', ,]'. .'.'<:" 1 ::,, :: '. ·· . ~ ~ · · • • ~~ ,: ; !;; 
Cm~tr·ol Trailer-• .,.,> " 'ii>1· : 

.i: ,. rlie cohtro1 ·t~ai iir w·~s the op~thtio s ' c~Nter '.fl)r all i_e§i 
iib.th1ities. 1'·rst o~eratibn~ ~~rb ·ren'.io~~lj'li,i !~t · ~ a~~ ·monit?fe~ · 
fr'oiri this trai er. The colitriW'traiJer 11oused 'panels with ~ontr'ol s ' 

4 ) '" ·:,, 

for the central fans, jet fans, the fuel ;qil deli1,1ery system, and the • 
foam suppression system. It also containedtwo banks of.c!Osed
circuit television (CCTV) monitors that received transn'iissions 

:from each of the CCTV cameras.Jn addition,ithe control trailer 
eontained the computers and many

1
other elements of the data

a9quis'ition system. The control.trailer1 .also ac,c.ommodated a 
radio .base from which the activities of the highway personnel 
;that monitor~~ the nearby interstate were co~rdinated . 

lrtstru~~nt~tion 
" 

Specific instrumentation was provided to monitor and 
record the following variables durlhg the tire tests:''- ··' · 1· ·' ' 

air temperature, 
air velocity; and 
gas concentrations. 

, ,) 

~ ' : ! i I ~ • ;, ) • ' , r ! ; ; 

11 . I l]i :; , f-· \ 
., 

' '! ) i I , 

- · . . -· _ , l ·'. 1) ~ · . i i : JL ! I : ; : .. _ · . 

The mstruments were mstalled p~ .D m~tru!Jlen:t t~ees l~d~~t1-

fied as loeps) spaced at va~ious 9ross sec~ions th~q~ghou,t !h~ 
tunnel, portal-to-portal. Diagrams of the general m~trument 
. ·' . . ... . ... . . . . . . . u .... 
1uca11ons, oom w1m me ce11111g m p,rnce ana w1m (~e ce11mg 
remcwed, are shown in Figure 3. . : .. ·n i · 

The measurement of tunnel air temperature was accom-

u 

1 JI I!.) 

plished through· the use of thery.?.c:ouples loca1ed ~t each of ~te1 1 
15 cross sections throughout the muel. The thermocoup\es'had 

4•. • I 

a~ expecte<l accuracy of±0.75% and ""'.ere capa~le "if.i:nea~,~~info( 
air temperatures from 32°F to .7500°1• (0°C to 1371 °C). Aad1-. 
tional temperature measurements were taken at locations so' ft . 

I •f' . I 
(1 5 m) outside each tunnel portal. . -

The instruinent trees located at 1,0 of the· 15 tunnel cross 
sections were equipped to me~~ur~ airfl<,>w by a modi~ed . 

ASHRAE traverse method. The m'eas'urem~nt of <:tir velocity was 
accomplished using bidirectional pitot tubes. The differential · 
pressure across the pilot tubq 'fa~, measure~ "by transdµcer: 
assemblies that i"'ere housed in ~elocity C(l-b ~ne~ loc~ted at the 
instrument trees. These transducer assemblie~ 'were desig1 ed 'to 

I . JI ' . I I 

measure very low pressure rang~ (0 to ±0.,25 in. w.g. (62.2 Pa] 
. . I,.• • 1i 

0to ± 1.0 in. w.g. (248.8 Pa], and 0 to ±l.6 in. w.g. [398.1 Pa]). T .e 
air temper~ture in the vicinity o the bidirectjo~al Ritot ~ubes and 
the ambient barometric pressure were used In combination with 
the measured differential pressur~ to cai~ul~t~ the air velocity. 

1 I 1 .I 

The gas sampling system drew gas from specific tunnel loca-
tionsito J;dS analyze ~ located infltbe electncal 'eql!ipment rooms. 
Gases were analyzed for carbon monoxide (CO) carbo9 di(;>xicr'~ 
(COi),. and total hydro~arbon cqhf~nt (THC). The an'alyzers"w~~~. 

• , • ' I • ,• I J , 0 • • • • _ ! j.J • 
housed m cltmate-controUed <'.abmets. Methane g~.s (CH was 
ruonito~~ at the fire' loca ion tl~ough the use of individ~ar ill-situ' 

' } \ I t • t 1, 

clcy~o:hcmi.cal cell d~tey,tors lo~,ated p~l~pd th~_tunn~J1~~l. ~?rbon 
monoxide concentration was afso momtoretf usmg electroc .emical 

.Li •I 1.J 
cell-~p.e ,analyzers ~t ~e conlrol ,trailer for ersonnel s~:fety . 

, {\.dditional illstrunietitatl?n' was)lr~ laed.!o ;W~~i.tor ..• 

; ambient weathef'data at · wo meteo~ological ' stations· '' 
"I coridHions' ~t !he .~re' ,pan~ 

1

incl~d i~g ·a~ ' W() ig'bt~ . fuel 
.oi.I 'flow ·'pali 'water:fomperatu'fes "add · 1~strumbrit welf 
: t 11f• • • l 'J' i •' • -.. , ~I , t rf 1 - I ._. 1 
tern peratures; 
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status of the: foam sup pres-. 
sfom, compressed air; and 'Ii 

.'' dH:Hed.water:$ystems; , Ceiling in Place 
internal :icab'inet tempera• ·" . 
tures for the;-data..ru:quisi-i. . ·: 

1: 1 ti on j. :units (DA U)i ~and. · • 
I'. · ivelocity_1cabirrets; and 

fan statlis 1including vibra~"· ''' · · ·11 ·' 

tion data and winding and 
bearing temperatures. 

bir '•f!f: ~ { ,_, ~;i c:'.J 

Data-Acquis.ition . ~yste~ 

The collection and reduction 
of test data was accomplished 
using the data-acquisition system 
(DAS). The DAS consisted offive 

DA Ufds fiv_e, il)P.L~t/0~~~1t COJPP,~t7 . 
· ll r CY r 1 1. rt . r. • .. . .1rk'' · 1,,1 ers } 

1
, two engmeermg wor -

st'i!ions:· ~h~ threb persd'nal · 

r• 

F5 

. ' fl' 

I • ' 

HI ':I I ·:~. rl ' '"''I ·:.: ' •L 
compu er~. 

1
, •• ,. , .... 

..; The bAtJs- three 1h the 
. ) .! , • 

tunnel and two in the electrical ' I; I ' , ~· 

I ~ • I t• I I 

~~Wpine.~~ 11 1r.~oms-~e~e.i~~·?1v ·Celling Removed 
ltf Pl:\~ from all mstrumentahon 
aitci'. relaf'tid it to the roes in 'the 

_ H"! f! · • • ) ··~:r • r:t r . 
c~p~ml ~~tier v1ia ~beri . ~pt1c . 
c~toie. Al! data pomts. were 
continuously scanned ' and 

I' I 

... 

J (. 

t 1,r? • 

F5 

. ; 

,, . .L2 
I 

t ·· ~ 

---1-c---• 
J3 J4 

·., r 

. L2 

I ) • 

) · .... 

r~!ayed at a rate ,_of 
1 
<mce, pe~ .. ~ 

second. For protection, the three 
DA 'Us in' the tunnel ~ere eh cased 
'4it'~ .. a theJmai, 'lfi,k.ul&, ting s~eli 

( \j• ll · t tr l ~·! 
a~d '' c~~leo in ~r,n'a!lJ. . by ' tll ... ~ r, _.. 

1
• ~ ·, 

02
, 

i· 

chillea-water system~ · The two . 
DA.Us oufside the 'tt;nnel wer~ f( 'II .' kl 
eq~~~P~d ·~{vffj~ ' aif~y6n'a1rion{6g I :~ : !• • I'... : 

• • . • I . ; ' ,,. • ! I J: J ' I .,... ' • I ?·. :If • 1· 

·un ftS · . :'.h~ mter~~J temp~ra.tlir.~ ... ,.
1
,, ,1 ,, i 1 

• " • ·] ' 0 
of the· DA t:J cabin_e,ts, .. 'w.as morl~ .. A2' .., A30 

tored by thermocouples. · ' . ,;" " .,.._1_1 ___,_rr._' --- --n--,.,.......__,.__ ____ _, 
The.i'ots obtained iaw dat"tl' 'J. 1 •• · " 

fro~ .theDA'iJs ·a~d 'p'~rformed iii~ JI' ! • ; ' • • · " ,. - · , • , , ,, 

; .o Jl' 

14' 

; ' • ~ • 6 l 

.. 
LEGEND 

)r ,,,, \lJ; Cart>onMO,r.oxide~CarbonOio~'a 
' • Gaa Sampll\ p~~lµcapt BO NoCe<ll; • 

o Temperatura and/or Velocity tnstnunanls 

• Tempra!Ur& Dalactor in Tu Mel Wa~ 

" Temperatur& Sensor 

' 
.. 

I ' I I 

... 
' 

I. i '; 

, r . r - .. 
... . .. " ., . . ~·: ! I 

' ·J I .. ,ri 

•J y' •.": .I 

" ' ,·,1 
~ ;.• . . ' t i) ' rJ 'l ·~ . ~ .·1 'tfJJ 1 .r , .• ' ~ 

conversions and1 calculations . , . . . . I ~ 1 • _j "r _, 11 r 
.~ 11, . • 't ·'· 1'·i/ t'l ,d, . f' d·1 • .i '· F1gurl! 3 ·' General mstrumenrallon locat10ns. sections luo1Cfng north. 
n.~c~ssarr, ? .~a.,,~, 1~ ,a. aun er~ . ,. . , •· .· · . ! ! . . . 1 , r!•. 1 ~.'~ 
stand~ble ' iisin · a· · custorh~ 11 

" " • • ' ' .:1, • i _. , • • .•i· .• 1.1 •• : ,, 

de'§ig11ed .sb~ar~ ~a~ka~e-;calle.?, EP,tCS (Ex'peiimentalPhy~i~s also accepted and relayed operator inputs to lh~ .lQps. Th~ tiµ-~~ 
al1~ Inte~rate~ ·' Q.\lt~Jl~Systems):'Theiod pr'oc~ss~d n:jbiell;an! personal computers were networked to the workstations as 
l,4Q,O d~tA: pqidts Jnd!.¥,6Sb c~lebiatiorls pets~cqhd. :T~e icj~s remote terminals for monitoring.purpQses. ·; · 1 • , 11 ·'. ; : • ..: i 
tdl1s1inittedciii' o~Niat'ioi{'over 

1

k~'~l·hern.~t \ine:'fo.: the two 1wo1-i<: , . .. 
L I ) r,l).Je' . ril.!:11'v• e s '' l..-i..i:LU • . ...... t" Ir; " 'lf .~' J ' ·"' l•f 'I ; 

st'a·'- ·1o'n·"'s'.'H . , , ~· : .. ·'. , . ;('> 1 r ,; ' ' ' ·' ~ l;• }'I .1 .,, r U4 I ue r'J y::»lt:m 
{ I 11: 1 .,., , ~ ,, ( 1;,,. ; Ji 'l , t .. I •l. ,'' ' •, ~Jll'11J, lf;j l fl: I . ~ / '. ' 'I JI I , 1

' 11: 

The ~orkstatlo~'s w~fe UNIX~oased~ syst~m's tttar 'lbgge<i Four steel pans were ins.talled at the appr,o i!11,~~e-~1;1~rltjr 
and arcMYed · ~ach an~r6~ da(~'p·orA¥ ahd ·fiHal 'calculate · ~oint. point of the tunnel (782 ft [238 m] from the south portal) in 
~here ::V!npw,o W~f~~\~.ti?N for,fri~~n~a\lCY:· T_hes~ w~f.fSla-. which the oil fires were burned to generate· notninal.rdt~t 
tio,m rM 1~.~~ap l~~c ~~ef; ,m~7rfa:c~: :-'f1.~~ . .a sen~s of. di~p!~Y.s. that r1el~af.e, ra~es r.~?.~in&/~?111 .. 10 tvtW ~~.19p f¥1:W .C~.4.:MBt~/h to 
P,~~~nt~P, ~~e.i~fot~~;~tiop. t~, ~!1.e ,<?P..e~,tor i~ . ~e~l .ttm~ 1!1 1a~1 easy- 341 l''.1~t~/J~)- . ~~!~e9 ~ 11, et~ ~1'e,erjng estimate~1 a 4~-ft2 1 _(~:~-
to-use format. This aided in test monitoring. The workstations 111 2) exposed fue( surface area produces a nominal heat release 

fJ ~ •• ·; · • ,, J•J, ;, + 1 " ' ' .,_ .J 1 jy 
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rate of approximately 10 MW (34 MBtu/h). Pan sizes of 10, 
20, 30, and 50 MW (34, 68, 102, and 171 MBtu/1.i) resulted in 
the desired flexibility to vary the total heat 'rele~~~ rate. For 
example, the 20-, 30-, and 50-MW (6S-, 102-, and 171-MBtu/ 
h) pans were used to generate a 100-MW·(341-MBtu/h) fire., 
The fire pans were set about 30 in.\762 mm}-abo~e the tunnel' 
floor and were filled with 6 in. (152 mm) of water on which the 
measured supply of fuel oil was floated. 

Delivery of lo~~sulfur number 2 fuel oil to the pans was 
actuated remotely from the control trailer, as .was ignition. Fuel
oil-handling eauioment included a 5.000-i?imon l18.927~-Hterf · · · 
storage tank l~c~ted near the south . port;i and thr~e fue~ oi.I 
pumps with fl1~1w-regulating va,\yes. The tank was equipped ~ith 
an anti-siphon valve to prevent oil from draining from the tank 
when the pumps were not running. Fuel was pumped from the 
storage facility outside the tunnel through piping installed in the . 
trench he low the roadway. Fuel oil wa~ introduced ·i~to the pans' 

Meteorological Stations 

I Two towers located outside the north and south t~nnel 
portals we-re !provided 'Yith meteorologicaf. instrl.mieHt~tio~ to 

, monitor and record ambient dry-bulb and wet'-hJ.!lb air t~mpera
tµres; barometric pressur(i), wind speed, and! wh1d direction. 

·, .... /. - - -~ -- -- '\-.... , ..... · 

Chilled-Water System 

A chilled-water system composed of a 70-ton (246-kW) 
cpiller, a 120-gpm (7.6-L/s) pump, and a piping distribution 
s~~tem pt:otected in the pipe trench was installed to provide cool
ing; to CCTV cameras, veiocity cabinets, and each DAU in the 
tunn~l. A 50% glycol solution chilled to 44°F (7°C) was circu
lated to each protected component at a rate of 5 gpm (0.3 Lis). 

Foam Suppressio.r:i Sys~e-.tn' 
~- '.'t- . :f' :_. 

A foam suppression system wa~ ii~stalled as a safety precau-
through a length of pipe containing multiple holes and located tion and to ascertain the impact ofventiiatio_n_()Jl foam discharge 
under the water in the pans. This pipe spafgc"f enabled fuel to be . . ana foam system effectiveness. The fqam suppression system 
added to the oans without causin!!: undue fluctuations in the heat was installed both with the ceilin11: in olace and w'ith the ceilin11: 
release rate. The fuel oil level in the pans was regulated by weigh removed for longitudinal ventilation ~si~g jet.fans. -

cells under the fire pans, which provided feedback to automatic The foam was a-3% aqueous-film-forming foam (AFFF) 
controllers in the control trailer. The ignition system included an solution formed by mixing foam concentrate with fresh water. 
electric, remote-controlled gas pilot lighter with flame sensors The water was stored in a 15,000-gallon (56,781-L) fire water 
supplied from a liquid propane (LP) gas piping system. ·storage :tank, and the foam c0ncentra~· was-stored in a\\5:>0-

The fuel pan area had a containment berm, located down- gallon (1,893-L) foam concentrate tank. The foam was mixed 
grade of the pans, to contain any fuel spillage. Thermocouples outside the south portal and pumped to an array of foam 
were provided in eaCh fueLpan-.to monitor- a possible overflow, __ discharge Jioz~t~s. TM ti<i.zzlescover~da 90-ft (27-fu) seetion of 
pan W,ater tyrnperature, and instrument temperature in the pit i . the tunny) and Were locattld above Of to the side of the fuel pans. 
below the pans. · For the tests conducted with th;j tunnel ceiling in place, the 

Closed-Circuit Telev~sion_S~stem. 

A CCTV system was installed to visually monito,r the fire 
ventilation tests. The CCTV system consisted of seven 1 

cameras: two located 200 ft (61 m) north and s.outh of the fire 
and designated the fire zone cameras, one located 1, 100 ft (33'5 
m) north oftlfe fire-arid designated die nortfi'roadway camera,. 
two located outside the tunnel and aimed1at the tunnel portals, 
and two located' at the north and south rrieteorofo~ical towers 
and aimed at the highway. The north roadway camera was 
installed after 13 tests had been conducted when the n~ed' for · 
an additjonal cam!Jra to monitorsmoktpnovem~p.t,nor~~.oft,he 
liie was identifi~Ci. 'the three cameras inside the t~'nnel had 

. ·~- i IF ·- , .. ' ' . ' ;:,: 'I',. \· '· •.i 

only zoom capability. the remaining cameras wde equipped 
with pan, tilt, and zoom capability. All camera~ had remote 
operating capability from the control trailer. The !two' :h;.~·z;;ne 
.m11me~aSi iwere .c.ooled with;·chilletd 1wate:r and :were provided 
M;ithcom.p1.es:>ed aint9 olw theleilsesiof\soot w!ien.necessary. 
iJL~e-:S(;TN. ·system :also consisted'.i(IJf recording. eqi.lipmerifas 
tw~)l as.~·wq b.ci11ks <?l mQnit0rs;')with·\O\ac.h bank.containing a 
.I1J.Q1litor ,fo.r;,eachrpl\1,11eni .. In adqition..to these 7ei)1; (:178-mm), 
·~lack,an.d-\:'lfhite, iP1:m~~9rs,, a l.7cin. (4~i?..-!11U'IJ) ·color ,monitor 
.t~\l~ 190µ,~d rec~iVt'l ·iµput frqm .any pf t.\11'( ~e:yen, camera~, i,yas 

il'\~·~~~\e~}n tjl~ co,ntr,o~ trailer.. .. . I: 

nozzles were installed atthe ceiling, 14 ft (4.3 m) above the road
way. The nozzles were placed in two rows parallel to the tunnel 
·roadway"and spaced 10 ff (:Um) apart. Each ,.o~ contained nine 
nozzles that were spaced 10 ft (3.0 m) apa¢. With the ceiling 
removed, the nozzles were mounted on the west wall of the 
tunnel adjacent to the fire, 7 ft (2.i'm) above the roadway. The 
piping and discharge nozzle layout of the two foam suppression 
systemconfigurations is-~hown in Figures 4-6. 

Thct foam suppressio~ systeni..was manually initiated at the 
cont'tol1 center. The average time for the foam to discharge from 
the nozzles after initiation oft~~ sys~emwa~,approximately 30 
seconds. Uuring dis'~harge, them~

1

asured voiui'ne tlow ;ate of the 

foa~ .. was,apprq-1d!llately 200 gpm, (,12.qJ,/s),f9r th~ip_verir~!.ld 
discharge system: and 12? gpm, CZ:~ lr{~) for th,e ,sif!ie~a,11 
discharge system. 

ANCILLARY FACILITIES 

:·; · : ArtcillafyfatiPiti~s were'also iricldd~d aSpartOfthe test _site. 
These faciliti~s were ·used to 'coordirta:te.antf c3i\.t~dl maii)' ·df the 
daily program activities and are detailed bef6w.''' · cih· ,. 

Administration Trailer 

'· ,,. Tqe;apmini~~rationtrit:J.~.r was;the1h·-~b of the.test program's 
dai)y .actiri,ties. l_t .contain~t!. the: resident, engine.er' s· ant' Jhe lead 
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. ,:Figure 4: 1Flo.w.schf1matic .olthe foam suppressi<Jn,system. 
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herd en'ghieer's otfi.d:~·A.It staffm~~tings, status nieetirigs, and ~ihocafed 4i the ent~an. ce of the test 'site
1
fo ensur·e that ~riJv 

I ' I \' .. , . ' I . I' I " I , . I ; " ' i ff' 1 l ., , ( 
ineetiri.g's With the contractdriwere held here. ~ ~~ '; ,, i i:) " ~~~rori~~~,.P~.rs?nnel,~~·~~ , ~1.towed a~i~ess . . ,.. . ,11 • 1 ~. , 

Document Storage 

.. : i,. ~~I te~t dfl~ WP_~B?d. :v,\qeo,. f P,gtagpf _Sl~ .lf1".~r~'\tel),t were kept 
in: 1firep.rqqf ,q¥>itj.~~ rilP:.1~!\f11g,y.ar9Jhi§)l'lfO~Jl)lj.tjqn .. f~qll) _ !\ny 
unforeseen acciden~·;.c; ;,".· i ··: 1c, i) ., 1. [ 1, •· ... ,: 1:, • , ._ ,, '" !!' , r: b 

Guard Station 

,, • 11 rThe test she had tt1tihtl~1he~clod!ttsecurity fcitrtlle!duration of 
the•test lJl'ogram. A guard stati:'On statfed with-securify'<l)ersoi\nel 

7 .• ·I' .· 
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•. ! :.:· . il l ' . • •i! . ' •i.1!);~ )1.Jiil· .. .'') '·," flt,,l ···Ji!i(~ ' Ii _,, I · 

.-, i ,i The. design and11conStlilieti:'3ll'1M' the"test ·facility ;took 
approximately.4Jmohtbs./1'he noti.cil:tapr.6ceoMor,the dei:ign 
of theitest faoiljty'.was'issood· ori O:ctobeM 9J 1989. Th'e design 
of the test.faci'licy '°t@'tlcerh\ed the .fac:ill'ty ttlodi:ftea°fi<'>tis !mtl 
ihs.ttumehtatioh an di support; :Systerusi des'ign.' 'Fi'na} desigWbf 
the facility mod'ifidtions was conipletedrill Jutre 1990': '1J1h~ 
facility. n'lodif'icatibils. Cdntrllcr ; w~s ' awarded' i'n' NoVetriber 
1990, at which time constructiort 'of the 'test flacility bbgan. 

,, 
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Tunnel Crown _/ 
Foam Discharge r Nozzle (typical) 

10 ft 0 in 

(typical) 

TunnelRoadway _/ Fuel Pans Tunnel North :-+ 

Figure 6 Sidewall discharge foam suppression system configuration. profile view. 

completed in May 1991. The instrument installation contract 
was awarded in January 1992, at which time instrumentation 
__ ..J .... . __ ,...,.. ................... _ .................. ,....J..J .... ....1 4. .... ....... 1'.f .... ..-. ...... : .... 1 'T' ............ 1 
u.uu "'""t'}JVl\. ")""'-"'11" "'""'""' u.uu""u t.V 1.11~ J.1'.£.'-"J.AlVJ.U.41 _a_ u.1.1.1.1.'""1. • 

Construction of the test facility was completed in April 
1993. Two commissioning tests were held on May 18, 1993, and 
July 1, 1993, to verify that all systems were functioning properly. 
Actual fire ventilation testing began in September 1993. Testing 
with the central fans (ceiling in place) was completed in July 

8 

1994. At this time, the modifications to the test facility in prep
aration for jet fan testing were made. These modifications were 
completed in December 1994, al which lime lesling resumed. Jel 
f:m tP~tin~ w:i~ r.nm~lPtPn in M:irr.h 1 QQ<:i 
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