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Abstract 

II • dI..jl!n cl . ... mi-cpo!n CM park without . mKha n"", ] ~tilation 'YSI. m """,n', m",1 tne 

»erf",m. nc. requirements ,Uted in (he Outc~ b~iklinB code di,ectty, it is possible tc show that the 

cruled deslsn ha. I n "quol fI,. safety je .... ] U meant by Ihl< '"g"lotlon. How .... er 11 I< Quesllon.b~ 

jf Ih. <".rent guidelinl!1i munt to ,how Ihis equivalence wil l e n,ure. ~i.f.ctofY fj, .... 1"1y level 

"' on. of. cu park flrt, lOf every ,itu;otion. In mi:! P"P!' " <ludy I. pr .... nl ed In whl"" Ih. fir. 
"'fty I~I ol ,emi-oPi'n cor part. is ;onalylN by the u, e of different variont. which .r • • ,,",o,ed 
"" Ih . lire II'ery I~ I by "alld.l. d CompOl31lonal fluid Dynamk. ICfDlllmo lalio.,,_ TII~ 'fIUM, of 

Ih is olody ohow Ihal il io po .. ible 10 d~oign • ,em~ til, P'lrk which com~ie, with correnl 

e>lnl", &uldeline,. yet wh~ n ""eo.NI with the crlte'~ lor ufe deployment of the lire deputment 

1\;1, on in,ufficienl ,afety level. F.om lhe .,,,, .. menl ol the inHoenee of wind .... n be conclude<i 

th at th e preoe nee of wind d~ln't provId e a Mgh er .. fetv level In all cues when ComPMNI 10 th. 

,ome ,ituol i"" wilhout wind. The IOller belni Ihe generally ... umNl OIJldoor ."eo.ment 

condition. 
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Appendix 5, Temperature at 2.3 [mI height over time 

Appendix 6, Local sight length towards light reflecting object at 1.5 [mI height 

Appendix 7, Local sight length towards light reflecting object at 1.0 [mI height 

Appendix 8, Local sight length towards light source at 1.5 [mI height 

Appendix 9, Local sight length towards light source at 1.0 [mI height 
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Symbols 

K 

tliTT 

Q 
Too 

UÀBL 
~ 

A 
C, 

Cp 
d 
E 
F 

f 
H 

'" K 
k(y) 
n 
N 
N' 
npop 

aso 
p 
P 
Peo 
Poft 
PI. 
PR1 stdegree bum 

PR1 nd degree bu," 

PR'otho' 
P,(y) 
q 
R 
r 
RMS 
RR 
S· 
SL, 

SL" 
SLproe 

t 

T 
TGG,on,;n 
U 
U(y) 
W 

Xcfd 

Xmeasurement 

y 
y 
Y' 
yo 
z 
a 
p 
p 
Po 
Tw 

E(y) 
a 

Von Karman constant (0.42) [ol 
Irradiation heat flux [Wm-2] 

Heat release [kW] 
Starting temperature [0C) 
Friction velocity [m ' s-'] 
Dynamic viscosity [kg' m-'s-' ) 

Total floor area of the building rml] 
The CO-content ofthe in the supplied air [%0] 

Wind induced pressure coefficient [ol 

Diameter of pan fire rml 
Margin of error (15%) [%) 
Fire frequency [yea(') 
Vehicle fire frequency per visit [visir' ] (1.71.10-7 according to §2.3.1) 

Ceiling Height rml 
Turbulent intensity [%) 
Constant for a particular type of the building [ol 
Turbulent kinetic energy [m l s'l ) 

The number of cars present in the car park with running engine [ol 

M inimal spot check size [ol 
corrected minimal spot check size for relative small populations [ol 
magnitude of population (1012) [ol 
Optical smoke density [m" ] 

percentage of specified category (worst case 50%) [ol 

Heat release of fire [W] 
The average CO production of a running engine (Pco=0.35) [m' h-l ] 
Efficiency of parking [ml space" ) 

Percentage of people that will obtain injury [%) 
Probit of people that will obtain aI" degree burn [ol 

Probit of people that will obtain a 2nd degree burn [ol 
Probit of people for which the irradiation dose is lethal [-I 
Dynamic pressure at height y [pa] 
The ventilation amount [m 3h-l ). 

Annual usage ratio ofthe parking building [visit'yea('space"') 

Distance from fire rml 
Root mean square of error is percents [%) 
Regression ra te [mm'min-' ] 
Irradiation dose [J4

/
3s-l /3m .2) 

Sight length towards a light source rml 

Sight length towards light reflecting object rml 
Sight length defined by the Dutch practical guideline [m) 
Time [s) 
Temperature IOC) 
The CO content with maximum ventilation am ou nt (CO ~ 120 ppm) [%0) . 
Velocity [m's-') 
Velocity at height y [m's-'] 

Percentage of non-specified category (worst case 50%) [-) 
Temperature found with CFD simulation [0C) 
Temperature found with measurements [0C) 
Distance offirst node to wall [m) 

Vertical coordinate rml 
Y-plus value or dimensionless wall distance [-) 
Aerodynamic roughness length [m) 
z-value at the desired reliability (99%, z=2.57) [ol 

Constant for a specific building [ol 
Density offluid [kg' m-3) 

Density of liquid [kg'm-3) 

Ambient outdoor air density (kg'm·3
) 

Sheer stress in first node from wall [N ' m '2) 

Turbulent dissipation velocity at height y [m 2s-3) 

High heating value [Jlkg-l) 
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2 Introduction 

I~ 1hl, lhes;. fint lh~ mOI ..... lion lor t~ r .. ","rm I. prOYided .fler whkl1 background inlorm.tlon 

on cir lire .t",h,tH:, .nd til. Dutm ,,,gul.ticn .re pre_led, In the followl"i par'Bf.ph • 

descrlptlon of the objecUve is pro .... ded, In whith tlle ,.,,,,,arm que<llon and ..,b que<llon. ar" 

51.ted. Th" methodology will be discu....,d in tlle following p;or~nph wh",. the ca.., study lor 

~.Iid.tj(ln of lhe CfO-modd Ind different variants lor .Imulltioo .~ introduc,.,j, In the fo ll owinll 

paUjlf'ph lhe resulu cf Ir... differem vlriont,. ", ~",ented whidl or .. di.C\m.ed ond ..,.ty,ed in 

the ne., p.';Jgriph, Fln.11y the resurch question wiN Oe lnowered I" the la<l plragrlpl'-

Z.1 Motivation tor research 
Th .. number cf molori.eQ venide. in lhe Neth...-1.r.d'II'OW> coo.tlntly. ~sed on fogu.". obt.ined 

/rom lhe (entril Bureau of Statl,lks (CBS) In Ihe Nether1lnd< it .ppell"1 Ihll in the lut 6 yel,.. the 

number ol motori,ed .... hieI". g'ew trom 9.3 m~lion to over 10.3 million (i]. M""ninH.n inc,,,,, ... 
of !'Ieorly 11" In IJle p.st 6 ve~l , MOr«l~er 11 .ppe.rs th~ 75" of 1!Iew melorlled ~ehlcl~, I~ 

""" [2]. TM~e 0.1 ho"" to be p .. ked ev""lullly, ~,ulhng In 0 ~""nt growth of c. p.rk .. e. in 

IJle NlM er1.nd,. Th!> ur Plrk or"" Cln he cre"ed in In open field, hoWevef due to the 

u~l<alion Ind ,,"oond cost it I. more effocient to build c. pork. in most ol Ihe c ...... The.e c.ar 
par'" can .;t!IN be mechanically- or ""tu .. Uv ventilatl!'d. in whlth nllu .... 11y ventllatl!'d car pa"', are 

more co>! efflcie!1t in mest ca.e •. If the Iitter I. lhe cue, then il ho, la be considered thaI the 

willIs ol thi, ""r pilfk need to hilve i CNI.in opening ilfeil whkh Is dlrectly linked to the ouWde I lr. 

ThI, i, r\eCe''''''I in Ord N la obtaln Irn. desirabie .meunl of I~sh .ir, .nd to extrlct lhe carbon 

monoxide whid! Is cr""tl!'d by Ihe Qrs. MoreovN the .meunt of open foçade Illooid be Ilrge 

MOuih la e!1.ure Ihal rn.at.nd .molce" removed effectiYely in ca ... of a c.ar nre in order la obtilin 
illlIlety ""'el whith Is in line with Ovtth regulllioni. Ifthl> regulilUon il tak"" Into KCount il can 

be natel! 1I1.t mosl clr pa"" do nol meetlrn. requirern .. nh direct"", wl1ich Is caused by lhe I"Re 

,urfOU! a",", in,iele a 0. PI"" whidl ",.ult, in file COmpilrtme<1ts whlch .re toa larie Kcordi"" to 
!he DUlCh buildl"ll elecree. The way 10 d",,1 wllh 11, i, la show Ihal an equal safety 1 ....... 1 i, .1111 

obt"ine<! '"" me.nt by lhe Duld! building deer*<!, lor wh kh differe<11 liuideline' 1><111. In Ihl> repon 
lhe .pplicab~ily of these diffN""llIu,delin~ i. dlscusoed, mor..,_ .. nee trn. ,uideline whith i, 

commo...,. ... ed lor semi-open nilurilly venlilated car p'lrk, (NEN2«3) I> bl'ed on II1t ameunl of 

venlRal10n instead of lhe heal .nd smeke rernaval, 1I Is a .. esoed if Ihe safety level obl.ined j, of In 

appropr",te level. 

~. 



2.2 

2.2.1 

Background informatlon 

Fire safety of car parks 
Sevenl "ud~s .. re focused on speclflc trend. 000 fr""luen<~Ol ,ar par. ft'e •. T~<e "ud~. will 

tie dl«"«"" In lhis parograph. 

Trend,in <ar pwI< lIru 
ea,...:! on a ,,",,,,",eh on u.s. ~ehide fire tre nds and pattem. in 2002 UI ~ .p~",ed thai ttw..e WBe 

.bout 329,500 vehicle fire. til .. ! yeil f, whlch ,"woed 565 cMliln de.th<, 1.825 cMli .. n inj ",ie. ilnd 

$1,392,000,000 in di,..:! i><<lPerly dam,se. 11 coold tie concluded that 20% of alllht accurred lires 

in H,e US thot yeilr where vehide fires whict. "used 17% of .11 ÓVm," flre de.th •. 1"" of .11 
dvilian ft,,. Inju.les aRd 13" of lhe natIon', praperw la ... 10 Ii ..... 11 appeared 1hol """'" poople d .. d 

trom vemd. fire. tllon _ . Ihe c .. e witl! .p.rtm .... t lire.. lOod .. mueh u seven timesthe number 

of de~ru cau.ed by rIOn-fesicientlal .,.ucw.e fi,es, 11 ha, 10 be ""'i~ how~ .... lhal til;. involved 

.11 the v"hid. rlr ... , "'. Mld oul.iele car park •. 

In t~ 10.1 detail<!. 11", • Io'!le ilmounl ot vehkle fore. Nove been reported in.ide CM PlrU 
(4)!51[61171[8], ilnd ,,,,,erill invesligaljon, have been performed 10 Ihe cou,," and effects ot iI cor 

pilrk lires. 

In IM Netherl.nd'lhere were 32 lires in cor ~rko over Ihe vel" 2006, ];Q(J} and 2008 [4] which 
mak .. iln .verilge ot 10.7 nre, per ve", Far 62,. ot Ihe cues 1\ i, unknown wh" IriMered Ihe nre. 

10( th e other 25" and 13% Is Wil. re'Pf'Clively v.ndalism and ..r.ort-circuil cl in eleclric .yslem. 
The p~e wMre Ih. lir •• toned wiS Iocol i,ed in <>ne 0' mo,e vehi<Ie.ln 6.8" ofthe ei .... , In 16" 

of lhe ca .... Ihe nre didn'l ,Ian in • car and In 16" Ihe """Ilon Wil' nol known. The .v~e 
ilmoum of ein mvolved In • !;3' pa'k lire wn 3.1 CO". In 12,. of Ihe CiII" park fires Ihere whe~ 
injurles but lortunalely not fatal. TM aver_ge iIWolved v..r.lcles and abjKt, ean be ... en in ~ijJ. 1 

.-
• I ... I<W 

.1""" ..... • 3_ 
n l-
• > 3 .. __ "'iIdirwI 

· _ ... GfIIv 

aa..-d upon • lota! of 405 «Ir park lires which were ' e porte<j by th. Fire brigilde ol Pari. [5]11 

."""ared Ih .. 1I I. mo<l likely tha' there Is or\Iy 0'"'" car on fire. Mor...,...er OUl of IN' report eould 

.Iso tie ccr><luded that I1 i. unlikel-1 thaI there are more lNon three ca .. on flfe. In Ihe report a 
distir><\lon Is ml Oe t>etween unde'iround cor pa'k. and open <ar parl<$. TM Imeunt of cors on 

ftre. in an unde'!lround cilr p.rlts con acid up te a tot.1 of 7, where in.n open cilr ~rk there 
weron't anv cases In whi<h more Ihln 1 <a" were on fi'e ... ow ... e, it could al", be noticed that ln 
on open ear part there wa. a higher possibilily In.t there was more Inan one en on lire a. visible 

m fig. 2 (were IM percmUge ol Gecurrenc. I • .et i. i lunctien ot IM number of l>urning <ilrs). 1I 

-' 



wo. notked tI1,t in 31)% ol tI1e ClI~' It.. ~re wo,n'l • re.ult ol tn e cors but r~ther Irom ,_b,S'!, 

paper or olher combustil>le •. It eoold .Iso be noticed Ih, t there ""'''' 12 non IlIt. 1 injuri", 

re~e<I. B~sed upon , simII" re.e" ch ir1 BerIIn. were 31 car park r"e. were e •• mined it eould tie 

conduded tI1,t there wa<. ~w r>robability th~ tMere were more th.., Ihree tII r> on lire [5]. OUI ol 

.n 'SSl'SSment of vehi<:1e fi",. in ~ew Ze~nd [6] coole be conduded lhot there are cm ~er.ge 

, bout 3.371 .ehlde. on lire ir1 _ lealand each ye~, tn .. is bo.ed upon fire report. 0 ..... In.. 

~ht )'I'. r period Ir"'" 1995 to 200l. frOOl the fire. in this ~ th .... e wn .... e .bout 101 r"e. in 

p~rking bui ldinss whlch rnal:e. I n , ..... "ie ol 12.8 I;"e, in tIIr p..-ko ~ yeor ir1 New Ze.land. Tt.. 

repon aI.o rnal:", . n ",tirnation ol tn.. po"il>ility ol. "rPlrk r"e. whkh I. 1.7.10.7 vi.it·' or ooe 

fi re per 5.9·10' .,.;.iu. It w .. det .... mined Ih , t in 92% ofthe cas", ontv on e cal" WiS inve>lved in tlHl 

fire, ir1 2% !Wo cln and lour til" in 1% of the c"'''', in tn e other 5% there w, ,,,'t I ClIr ir1volved. 

The CAU,es ol tt.. fires were .1.0 ex.rn ir>ed. Thi. provicled the .-esuil' •• <how-n in Fil. 3. The trend 

af e .. e. ir1 which tn.. fore wo. deliberalely lil, Is romp.r.bIe to IIHI Duleh t",nd. B,~d upon 

reported tIIr ~rk lir ... in tho> UK [7] it eoold be >ftn th.t ""er I 12 yeat petiod [1994-20(5) there 

were 2 I.t. liti e •• nd 87 non 1".1 Inju,,,,,, I re.ull ol <MI" ~rk n", [7 injured peopl e ~,ye_). 

Mrut ol tt.. rl'Corded fi re, didn't .pre.d [frOOl en e eor to . notherl. II wa •• 1.0 conduded tn.t ca r

p.rk fi",. represented I SlNI ~~tage 01.11 lhe I;,. ... '" tn e UI(. In the ye..- 2006 the nurnber 

repre< enled Ie .. tM.t 0. 1% ol the tot.1 r .. e. in tne UK. 

"--... 

FIJ. 2. "'......,_ of"'''''''' , ........ -" _ do_ ,., 
".,k ['J 

.... 1. _oH ~ .. , of .. _"' .. " .. _ 
_[OJ. 

Flre frequency In reiltIon to surlace Iru 

It . ppeared tn.t tn ere h~. !>een. voriety af studie. on In.. nre Irequency in. bUilding. It eculd be 

n(l(iced thot there I. I corre lalie n betwl'l'n tne fire Irequency, tMe .urf.~ orel ol tn.. bui ldjnl .nd 

the partOculèr type ol building. Th .. corre l"ion tIIn be e.pre.<ed bor lhe loHowiflg equ~tio n [8][9j. 

F=K ·,I,'" 

In which : , • , 0 , 0 , • 

Fire Irequ en cy [)'I''''.'] 
Constant lor • ~n;çul. r type ol th e builcfinS H 
Totallloor ",e. of tho> building (m') 
Constant lor • ponOcul,r type ol th e building [ol 

1'1 

The ccn'l. nU lor the m.nullcturing indu.try, .Iorlse I Md office< are kflOWn [10] . nd vi.ible in 
TlbIe 1. OUt af tMi. ClI n tie conduded Ih.t a lire i, mo,t li4<et;- te oecur ir1 indu.try il the .u,bc~ are. 

I •• ml li er tnon ±8.800rn' lor larger Iloor orea. thi . i. tn.. ca .e tor offiCe<. 



2.2.2 

T,1>1o 1. , 

Th~ ~r~ fr~ue""" in porking l>uilding, I' bl,ed on th e .urfiCe orel and USl8~ ra~o ol I parklr;g 
building. The equltion lor th e fire Ireq~y In Cir parl:.J io ""fined lor _ Zea land a, depicted 

bdow (5). 

F=K·A" 

In whi<h: 

f • , • , • 
'. • 

", 

Vehld e r .. ~ Ir~u""cy per vi.i t [visit") (1.71·10" ., discu,>ed in il.l.1) 
Armual u"'g~ r~~o ol the parkinll OOi ldini [vi'it'yea"'p. ce·') 
Tot.11Ioor arel ol the buildini [m') 
Efficiency of plrklr;g [m'opace") [29 .crordini to [11)) 

S.n, on the New Zeal~nd r~.earch f I nd R cDUld he determined. R is delined ., Innull ...ehiClt 
vilit' to a panKu lor porking building divided by totl l num~ of parking ","ces in thi , porkin!! 

i>uildins. B~.~d on the ""mber ol parkir;g vi,it' to. car p ..... in Chri,tchurch city [,,",ond Il rge.t 
atv in New Ze.land with.n urb. n popul l tion den.jty ol 854 [!l"opl.hm·') (12)) with 3,164 porking 

spacel ~nd ±l.I·lO' vl' it,',.e." [bo>ed 00 st.ti.tic, ol 2OCI~) th41 Innull u'~8e ratio (R) I1 
determined to I>e 350 [visit',.u ,',p"ce·') [6). Th e result ol equ.tion. (2) as de><rit>ed ~ is 
shown in Fig. 4 in which on th e horizont.1 . xes the surt",e .re. ol the car park is stlted lI1d on the 

"" rtie.1 IXes th e I nnull lire IrequelKY. Next to th e di.cu .. ed CA"'I 11<0' c.a", i. plotted in which 

the u.age ratio I1 lour ~m ... hiiller a. denve<:l Irom the CM park in Chrlotchurch city. This ~n e is 
ba.ed on the differelKe In popu lltion 

den';\'( l)etween Chriotchurch dl'( and 
Am<terdam, where the urbon popuiltion in 

N. w Zul...,d is 854 [pwple'km''l It i. 
about 3,500 [pe"llle'km") in Am.terdlm 

[H). Th e rough indlc.ation In whi<:h it is 

.ssumed th.t the l mount of p.rti"" 'piCeo 
i. propOrtionll to the people den'ity and 

ev...,tually proportien.1 to U'"ie r"~o ;ond 

",Ilee arel, i. g .... n by this ~n e. And I1 onIy 

determined to make the ,,,,,.itivity to the 

Hazard ~ituation~ 

, 
l 

~ol-"''''_ , , r '-

I 
" 

·-v ----PI "--p'"" .. ....... ... ,., - -.. , , , , , • "''' .... . _ .. _ i""lI . ... .,. .•. Com_ 01....-,.,.. f~ ....... 

Th .. me,t sale .rtu.tion concern ing fire . If. tv would I>e described a, I tooe in which ~ r .. ~ <!oeon't 

occur It all, however .. de<enbed in preoou. p-aragraph this isn't I likely c.,e to happen. 
Mor"""", it is Nen question.bie il it i. po"ible to erute .uth I . itultion from I n ec.onom ic.a l, 

... theticll Ind lunctiona l poirlt of view [141. Sin~ It Ipp"a .. to be unavoidabie th.t I nr. will 



-"'p Ol one time in. partieul., t>uilding, it i. nece ... ry to ... e .. whó:n l...:torJ "u,e ~ h~urd 

, ituation in co ... of a r .. e. In liter~ture three crit,",", lor non-.. ndosed pliKe • .,..;th • short .toy 

lunction.e u",",. the,e.re 1151: 

1) ~ maximum irr.diative heat flux 1,<)In the 'moke I.ver ol 1 [kW'm-'~ 
2) A t...,,~atu re t>eIow 45 IOC]. 

3) A minim. l.ia/1t le "llth of 100 [mI. 

Howeve, the,e . ", al"" criteri. wnich indk~te that ~ more perii"". , ituation Ciln ,till he Qu.lilied 

a, $lIle 10' ev",:uOllon, the maximum <ondilion. <on lor example . ;';0 to he limitO'd to [161: 

11 ~ maximum inadi~tive he~t flux at heod helghl "<)In the """ke lave' ol 2.8 [kW'm-']. 

21 A m .. imum <moke taye, temperatu,e ol 200 ]·CI. 

31 A minim. I'>I!nt ler.p;th of 30 [m]. 

The ditference bet"""", the<e two <an he expl.ined bV the diff ... ent meani"ll of $Uyins 

.amewhere lor • >hort time .nd beinS ",,,,,,.....ne,e in c .. e ol ,n ev",:u~lion. 11 ean be di,eu .. ed 

th~t in ClO>e ol on e'o'iKu . lIon minor injurie, .re <1ill ...:cepted in cont,.,t to .taving som_he,t lor 

•• hort time. The imp.ct of a r.igher temperatu , .. and irrod;~tion hu t ~u. Is linked to lhe expo,ure 

time. This expo 'ure time In reI~tlon to the irradiation i. <olled the irrOOi.tion dost .nd Call be 

cakulaled bV mult;plyins the time with the ir,adi.tion to the pov;e r 4/llequalion 3). NeJ<110 lhl. 

eGu.tion .1.0 the relatkln$ he1W~ the irr. diation dose and consequence on a ""ked human Kin 

i. ,hown. Thi<;' displayed in f it. 5117]. 

s' =t ·q:" IS) 
pR, . ... _ .... =-39_83+ 3.0186 .1n(S· ) 

=--43.14+3.0186·ln~ · ) 
=-36.38 + 2.5600.ln(S·) 

PR, ..... "" .... I' ) 

PR_ 

N 

In which: 
S· 

IS) 

[ [PR-S J .iIPR-~Jl ".. 
=50 · 1+ IPR ~ - e'J ~---:;:2' 15) I 

• 
• 
• 
• 

• 

Irradiation dose (i"'sl/'m''] 
Time I.) 
Irrodiation he.t flux [Wm''] 
Prot>it ol peeple tl1 . t will obt. in • 1" 

des''''' OOrn (-] 
Prol>it ol peop!e th~t wiN obt.ln . 2-

des''''' OOrn (-] 
• Prot>it ol peop-le lor .....nich the 

ir"di~tion dos.. I,",thal [-I 
• Percentage of peop le lh. t wiM obtain 

injury (" I 

-
•• 

• 
• 

• 

• 
• 
• 
· I I 
• • -• 

.- - I !., 
-L! 11/ ._-

f 1/ 
f-

~ --• • • • • -.-

for ,""ampIe when . ,adiation do.e of 1.05x10' (J ..... "'m·'1 i$ obt~ined, 11 apP"~rJ tNot lor 50% of 

_ Ie thi. w~1 he letn.1. TI1;$ .. di~tion dOle i. reached when. P""on;' expo.ed to 20 (kW'm-'] 

lor 20 , ,,,ond$ or 10 5.8 [kW'm-'1 lor 100 .""ond,. 

....11 

• 



FGf the s~~ r:leploymenl of the fir~ t>rigad . mor~ .. v .... ~mÎI' of ",Iely cou\d be consir:ler. d du . to 
lhe pro~ iear and dothing ol the f.-e t>rigode, Th . loIlov;ini s~I.ly crit",l~ ar. consIdered fGf 

liremen (18][191120]. 

I] A maximum lempe ... ture at 1,8]m] height 01100 (0C]. 

2] A maximum temperotur. ot 2,3[m] heiihl 01270 (0C] l"""ke I.y ... lem~alur.], 

3] A minimal <ighllenilh 0130 [mJ. 
4] A mnimum irraeliative heot flux Irom th . """k. I."... of S (kW'm-'], which i, lhe 

maximum irradialion illhe tem~ature of the .m""e I~r i. 270 r C). 

Considering the .iiM ;"nilh lhe heiehl ot whkh Ihis is observed h .. a .Îgnmcant infiuence. In th~ 
ROII ... d.m practical Buideli"" th e 30 meter ,ight at 2.$ meter is requir.d. How .... r in praeli .. a 

height ol 1,$ mete r Î$ iltteple-d by mo<l cMl mmmunrti"", Mor""ver in the concepI NEN&098 0 
heiehl 011 meIer Î$ requirm!. Due to th ese diff~re",e, both a heighl of 1.$ [mi IS 1 (m]l. I.ken 

into ~ount. finol <,,",lusion! Mw .... r ar. baJe-d on 15 [",I heirohl. 

2.3 Definition of a semi-open car park 

2.3.1 

2.3.2 

In thls chapter 0 d=rjption of ~ .. mi-open CAI" part. wil boe pro-.1ded, mor"""", diff ... ent types will 

be discu, .. d. Evenlu~lIy !h. Iype on whici1 wi~ he Io<us In this re,earch is provided, 

Descrtption of a semi-open car park 
A unllormly use<! definilion al o ... mi-01l''l1 <ar II"rk doem't ~""t. 1/1 thls research a car-park wlil be 

comidered a, •• mi-open whe n 11 M' wal;' wkich ha ... openinil' directly linked to the OUI ...... air. 
MGfeov ... Ihi , amoonl of open ore. i. lorge ~nough th.t there Î$n·t a mech~niCllly ventll;1tlon 

'yoterm required lor the h.1t , nd ,mok. r. mov. 1. Thl. "mour,t i. based on ClJrrent OUt<h 
guldel;ne •. 

Different types of car-parks and focus 
wn..n car park, or. obs"",ed it i, lIO"il>le to mok~ a di.tinc~on between diff .... nt typ'" [21]. 
The,e ore ,plit~evel deck$. sloping parking dec .. and Ilat <leek! whkh are ,k"lehed in fig. 6 to Fig. 
8. T""'. Ih"", types have 0 rectangu"'r ,hape but could IIOtentiolly have 0 significantly <liff.",nl 

inlluence on the heat aOO """k. r.moval, In ,p~I-level ded:, heat and .moI:" d"", potl'ntilily 

tr~vel qulle •• 'iIy Ihroollhout lhe entire cor park. In .Ioping parking dech thi$ would potentially 
01<0 Il<' the c.,e, however tn. ,",ok. Î$ me$! like ly la travei in on . direction due 10 buoyancy 

effect!. The type ol COf-pa rk locu,,.., on in tMis r"""rI is the Ilot deck. Me.ninB thot th e parking 
dl'Ck is rompletely hori,ontol ond hut/smoke "n·t trav.1 to anolh ... fIoor olher Ihan by a r.",p . 

.... ' i. S!'1it-_1 doeks .... 7. __ ..... " , ...... 0 



2.4 Existing Dutch regulation and gUidelines 

2.4.1 

2.4.2 

Til<! OUteh regul.ti"" <O/ICernir.g fore-s.leq is defnled in the Outch bu ll dini d~r"" (22). Thls 

~ulatlon makM a <listineti"" t>elween Iwo demands, n.meiy Ihe performanee requirem""ts .nd 
til<! prescriptive r"'luirements_ Every section ol the orditli1nce st.rts with • pe rform. nce d..."..,d 

.fter whlch. descrlptl"" Is ~ on how tIMs ~orm.nee demand can be met. TM I. ter is ""lied 

l il<! j>l"eocriptive requirement. 

Altern~t""e .oIutions .tl: .lIowed based on the "'Iulv. lence principle, me' Nns that .n equII or 

boelter ~tormanee than r"'l uired is shown ttlrough objed ....... e .. menu. TM w,y in wrnch this 
equivalen<:e c.n bol adduc. d however, i..,'t pres((ibed in til<! Outch buildl"i decr ..... Mor"'Ove r, til<! 
munkip. ll ty isn'l _uthorised to j>l"escribe hoY; it <I1ajl be done (thi. is wrillen in ,t.atsb lad 410 

[23)). 

Th.re • • ist SOm e iuidelines which CAn boe used to ""ow equivalence when de. ~ng with <ar parks. 

These iuideli"", will be discu.1ed in the fo ll owing subpar'81'phs. 

Guideline manageability of fire 
The method des<:ribed In thi. guide line is meant to show equ ..... lene. by Ih. m.n.ge.bility of. ft tl: 

[24). Wh en til<! melhO<! is imple me nled it ens ....... thai durinlllll<! ~"'spl n of a lire, Ihe nre i. 
mainlained within the fire <om~rtment. Th",efore th e guide~ne h.r>dl ... two requirement!, 

tIi1mely • requireme nt on the .mount ol (omt>ustl~ ml tenal pr ... ent in Ihe ~re rompartment, 

..,d • r"'lulrement on the """el "!,,, of the lire rompanment 

Guideline NEN 2443 
Thi. Kuideline formu lates performanu!-.r>d prescript .... e requirement. for the p .. king of passenger 

c ... "" terrain .00 in i",ages (25). Only I re\atl ..... ",," il pan ol the lIu idelin e is orlented on fire 
safety. TOO gUideline reg,,,d. element. a. th e eledrk.1 inst. ll alion (tor e .. mple the emergenC'/ 

light! . nd emergency powe r supp ly), ventilat ion aOO .ecurily system (Iike evacuation alarm, dry 

extinsu ish lubini . nd fire exti"iuishersl 

Thlssuldell ne I. often u<ed to determine il. ca r parkir.g can be rellarded as. n. tura lly vent~~ted 

(open) car p.rn. AccordinK to this guide li ne tIM. can be delined in two ways: 

1) When I iI !he loI lowinf; conditio", are mei: 

al At lea.t lwo oppooite w.Hs mu . t be outoide w.11$ ..,d prOYided with openin" th.t can'l 

be dosed trom Ihe outs\de lir. 
b) Th e oul.ide opposite w.ns can't be more than 54 meter IWl y trom each other. 
cl The lowe<l floor isn'l mor~ thon 1.4 met", b-eklw ground level. 

dl Th<! insld<! w.lI. may oot form. restraint tor the vent~.bon (tIMs v.n be cakulat<"<l by the 

u<e 0iNENI0B7 [26]). 

el Ooe ofthe two fol lowing requirem enu h •• te be met: 
I) Allopposite opening> thaI can't be clo.e<! trom the out.ide .ir need to have a tot.1 

surf.c~ aru ofat ie •• t 1/3 of the tot.1 .urface OliM w.11> in Ih. ftre compartment_ 

ii) All oppo<lte OI'enins. !hal c",,'t be do.ed trom the outside oir eoch need to hove . 
tot. 1 .urfac~ are. of.t le~.t 2.5" ol th. 101.1 .urface .re. of the gar.ge lloor in the 

f.-e comp.nme nt_ 

.... ,+ 



2.4.3 

2) Wh~n lhe loregoing conditio", aren't met bul it can be d"",on.trated thai lt1e """Iililion 

capadty I. $lIl lsf"tory (for Instance by lhe use of an alr110w nelwork model or NEN1087). The 

demanded vemi lalion CIJlatitV <afl be determined in two w~, namely: 

a) from Ihe building cod ~ dMsIon 3.10 artic'" 3.48 1221 which .III~. thot lor In ediflc~ wilh 

a lYrICIi"" 10 park motor """ie"'. should hlve I nntill1ion ClJladlV ol 3 100. r ~ •• cond 

~ square meter surface "ea, 
b) In Ihe NEN2443 an equation I. <Ialed wl,;ch can also p"""",,, lhe a .. ncw ameun!, this 

equllien is b.osed on. ma.imum OO·con<entfltien which is .nowable in a Cilr PMk. Thi. is 

equatIen Is: 

n·P. ·10' q e: ÇQ 

TGG",... C. 

Inwhich : 

, • Th . ventilatlon rale (m;" ' ). 

" • Th . numb .. of con per hour which are presenl in lhe car park wrth • 
running enlin . (. ) This car> b. det .... mined Irom publicalion "Handboek 
instanatietechniek" (H l 

'. • Th<! .v .... ag. 00 ",oduction of • running engine (P .,..0. 35 (m'!. " J) . 

ffi'_ • Th<! 00 contenl (time ~Ied average) wOlh maximum vent~ati"" .meum 
100" UO ppm) ("-). 

C. • lhoI CO content ol the in lhe supplied . ir Iwhkh has to be det"mined 
out ol measurement, "" locatien) 1"-1 

LNB Guîdellne 
The LHB guideli ... 118) live5 ,ul>P"'mentary lire salety requirement, on Ih. building code lor ca' 
parks 1.'lI" th an 1000 m' . II p'ovlt\es. cembin e<! al>Proach lor ",,;oeual""', cempartmenling and 

nre flghlinl;: Icr new- de.igned c:ar park<, which i, in mainly oriented on an ~ective .nd ,"Ie 

deplovment ol. fire brigade. Th. guideline is .ggravited On mechiM1kally ven1111led g"ag". 

The Ioliowiflll . upplementllry fire $lIlety requirements are liven in lt1e lNB guideli .... 

1) Walkirlg dISl'nc .. lrom .nv ~nl in lhe car park te iM1 Hit is maximum 3.0 "",Ier. 
1) When Ihe low.,t lIoor is mC>fe than 8 meters belcw ground level. • ~igh er rlfe·nsistanl tc 

collapse ol lhe structural """"' Is required. 

3) Structu,,1 parts h;we 10 .~Ii.fy rlfe Pfo~.tion cia .. 1. 

4) Evacualien ,Igns hive 10 be IoCilted balh high and lew. 
Sj Fire ho,,,, h;we te be Pfe5ent and capable 10 cOller the cemplete car park. 

6) In a stalrweH dry fi'e ho ... hive te be pr~senl. 

7) In cose of. rlf~ there ha> to be venti lot,."" thi, CiIf1 be not",.1 or mechanical aslontl •• the 

capJdlV i, sulfiden\. 

In !he table depicted below lhe relation between!he ,urfilCe arH ol. car parl< Ind the ,equired 

imeunt ol fresh air cin be .. en . In !he CII'" lhal .. CFD-,I mulallon hlS to be p'elor~. the 

Inl",u ion I. 10 'how Ihat 4S mlnut ... fter lhe start of .. rif. the . ighllenil:h is "' "'.st 30 meters. 

,"".U 



2.4.4 

Tlb,. J, ""'IU_ .... _"""""" _11'1 '0 "'" "'"1_ 
" 

Rotterdam practical guideline 
nr. guideline is compant>le 10 the LNB gu;d"line, nowever ",me diff .... enc~ exi,t in the 

reqult"~""t, [29]. The,e diff ... ence • .re: 

1) Th e walking din.nee, na .... te meet the p-erformance requiremenl' of tho. building code 2003 
in,tead of tho. 30 met .... stated in the lNB guid",."",. 

2) A dlvldl"i w.1I helW....., .n e ndo.ed room and the 'lIi""",1I wniclt i, more InOn S mete r. 

t>eIow 'Uff~e hu to nave 0 rwe re,i<t~e of.t ~o.t 60 minut~. 
3) It ha, to t>e ovoided th.1 evacu.llo!1 rout~ coIncide. 
4) Dry fire ho .... have to I>e I>'e,ent t tho. fIoor i. highe r thitn 20 met ... , cr !ow ... thitn 8 met .... 

from the . urfoee. Mo reover the coupllngo for the ho,~ ... ed 10 t>e pl aced.1 me entrance noll 
of the ,tairwell. 

S) Next 10 rwe ho,e •• 1<0 ether form. of (portab le ) e><tineui,h equipment is allowed (when 
agrNd upon t.,o the fi r1l department). 

5) Ne>:t to required ventll.tkm rate Ihere .1<0 I, a requlrem ent en lhe velodty by whicn lhe air 

flow.. Thi, Cóln be ,een in d.. tat>le d..picled beIow. 

In ""se. CfD~imulat!on ha, 10 he performed thr. ha, the Inten';"" 10 show Ih. t lhe , ;ght length i, 
tligher th. n 3Q met .... froot l1 minute, .fter tn e ,tort of the rn. The CFD-simulatkm .hould .1.0 

,how that firemen can reach th e nre in the time $p.n of 10 to 20 minute •• fte r lhe n.rt of the ftre. 

Z.5 Existing guldelines in practice 
The existing guidelin~ me""l 10 sn ow lhe equivalence of Ihe nre-,afelY level IS inlended by tho. 
performance requireme nt in th e l>uildins code, ~e with exception of th e NEN2443 meant for 

rnedtanic.Uy .... ntl l. ted cor-park,. A' 0 r""ult of Ihi, only Ine NEN2443 " con,idered by con,ulting 

~eJICie, wn .... a .. ""ing th e fire-.. fety l ..... eI of semi-open CM park' . The refore in pr.ctke ther. 
",,,,,'t CfD-1imul . titln s required in Ihe de.lsn of . ,eml-open co r p-a rl< (if not . <ked tor by Ihe ~re 

d..partment) ond .......... il the ccndition, on th e geometry ~en't met, it i. ,til po .. ible te ,how 

equiv. lence by .howin!! thitt the notuni vent~atron I •• t leut 3 [dm'/,m'] or the _ount of . Ir 

that can he fOtll1d by usinj: the eqUltion in NEN2443. It ha, te t>e noticed how ........ th.t the lotter " 
b.oed on the rlOrrmol CO production ol. cor with 0 runnmg e nglrle. It i. th erefore qu e.tion .~ e if 

thi. ""ntllotlon amount I •• 1<0 v.lld for • r .. e . llu . titln. 



2.6 Comparlson with international guidelines 
WMn tn ~ Duteh NEN2443 i. comp.red to interr>lltion,1 guideline< dl<pI~yed In Toblo- g ['IOJ il can 

he ob,erved Ihat the st.t~ment that 1/3 ol 1Il00 CM port laço d ~ is o~ i •• requirement wnich con 
,Iso bf! 10u00 in ~leium. Germ.ny . 00 Norw. y. Moreov~r, tM other requirement in lhe 

Netnerlands tnat each o»en loç;t<le hu to h,ve ,n open are. of M leo" 2.5" oltn ~ ", rIace .. e. ol 

the Ilo", i. comp" 'ble to the &u.,.,li"" in Great Srrtain, .ince .t Ie .. t !wo lac.de. h.~e to bf! open 
in th ~ Netherlands whid1 th erel",e is in line with the 5" open IlÇ.de in Gre3l Brit. in. It ca n . 1", he 

noticed th . t '\'U<tri l .00 IlO" h ov~ • requirement lor tne tot. 1 ", rIace ..-e. of th e complete 
bulldl"i whicI1 i. ~~ Ihan the requirement. in the ot~ observed countrlM, this would lead 10 

• lar,er o""" . rea lor th e building ~s' whole, now",,"er th ~ o~ are. per Hoor can potenti.lly bf! 

iower th .., 1$ the C/lse in tn ~ Netn..n.nds. Th e I.tter st.tement is ce rt. inly t[\Je lor countrle. lor 

which tn ~ "P"n . re. per Iloor con be lower th'n 33" . 

, ....... CNl,..-... _. iII'omatlonal ....... _ ..... ~ on [10[. 

M.,lmaI f>!ratnl ... open of fil«<l< 

Of 'otal .- M .. i"",m 



3 Objective 

TlIe guidel"" which IJ most 01'1..., u'led lor ,""';-open natur.lty ventilated c.r por1<, i. mainly bo>ed 

on IM """,unI ofnatural venlilalion in<te.d ofthe heat . nd ,make remov~ On ciSe ol fir • . S<"". il 
is unknown il thi. w~llI<cvide • fore ... ,. ,itu.!ion in .11 condltion" on nl"S""""t of the lire-safety 

of semi-open Cl' p,.ks Is made. Thl, . 'se,m""l will t.. b.sed on u,e .. ~ aiter" disCIJ .. ed On the 

previous par'lIr.i>/l 000 wil! indude the inlluence> cl: the f~ oJ>el1ir;g " el . wind Mfem, 

1""lion ol open .re ••• bal.str.de .nd ev""tually .nuctu,. 1 t.o..m •. Th .. is dooe in order Ic 

prGYide In .M"' .... 10 t"" lollowinll re~",arch que<lion: 

'70 what ~xt~nt i> tM'~ a rilk i1I IM ,of" d"p!c~menl of r~ ft~brigade durifll} a CM fi~ in <) semi
open ca, port, when tilt> omount 0{ ootural ... nlilation is in OM with tM condition. ,,. .ta~ i1I 

cur~nr OUteh lIuideliM'. ond WMn wind-effr'~ c. ~ OJ poreMiol1y "",,,,I-cose lUnaria, cre 

roken mlO ouoon'" 

In or~r to provide an an.wer 10 lhe re.earcl1 que,lion the f<>llowing .... b que.lion. will t>e 
answ",ed .. wel: 

Wh", ar~ Ih~ lj:en",;01 car park dimension. in Ihe Nelherland .7 

~ Ih~ iI1flu~nce of wind j>rovide a hiliher .. fety leve l iI1 all "' .... when comp.red to • 

"tuation without wind? 

Does the distribution .,.,d Iocllion of the 0"""ir18 area in the f.~ of lhe car park ha"" a 

.Isnltlc.nl iI1flu"",,~ on lhe nre .afety Ieovel? 

H."" <truclural beam. ploced at ceiling height I .igniflant influence on the rore safety l ... eP 

~ lhe j>re<ena. of • balustrade allM the fn .. fety IoN'" . ignificlntly comp.red 10 • 
• itu l tion without I b.lu.tr.d~? 

,"".t. 



4 Method 

4,1 Plenary approach 
The loIlo",irlg str.tegy is Iollo",ed in order to <onduct the study to the he,t ,nd .smoke remov,1 cl 

semi..cpen ur p"ks. flrst ~ ldentlflution ol th e Outch r"gulation Is made, It is a""Iy,ed il, .nd 
",here petenti.1 ri.ts in th e existing regulotion CM1 he IOIJnd. The nex! step is . n id ent<r.ution <>f 

!he most CGmmon semi.open Uf Pl'rks .nd tI,~r dimensIons. SubsequentJy, Computatlonal Fluld 

OVn. mlcs (Cf DI "m"lotions are p"rfor~ ol the c.ses th.t 'Il! considered ~ petenti ... h .. ardous 
or the ",Ortt u.e pos.ible withln the ,e,"I"ion. These ao "mul",ions r>eed to he Ie sled on their 
,ell.biliry beIore usi", lhem, lor ",hieh • v.lidoolion ol lhe Cf 0 >imul.tion. i. m.de. The Ilo", field 

in the cue-stud'( 'or the v"lid'lion ~ 10 he COmp.llr"ble 10 lhe flow·field in " seml.open ur p.lIrk, 
w~h wu fcuOO in • pertormed stud'( cl . U [MWI fI'e In a 88 met...- 10", cor,ldor. The v.lidated 

CfO-1-imulations ol the ",crst case situ.toos (whk"h " . ,epresented by 7 differe nt v"riintsl ire 
uses.sed on tM tempe"ture ~d light lenlth ulely ctll ... ii u doossed in §2.2.2 wr.lch .re: 

11 A maximum t""'peritu'e " 1.8 (m[ height 01100 ["C]. 
2) A maximum lempe,.tu,e .1 2.3 (m[ height ol 270 [0C]. 

3) A minim.1 sight length 0130 [mI. 

A •• ,esult ol thi. il can be .""Iysed il it i. peuible th.t unwle de>ign. ol semi.open ur p.rkl clon 

he m. de th"t still SlItLsfy Ihe guld~I "". The key elM>en1< <>flh Ls approach wiM he descrit>ed in this 

pa,,&'.ph. 

4.2 Identification of general semi"open car park dimensions 
In 0""" 10 impl"",ent lhe diSOJssed CFO·"mulotions il is necesu'Y 10 perform " U 5e-studv IC Ihe 
bu k len ... ,,1 dimen,,;ons ol semi-open u, Pl'rU. Thl. is do"" by lhe combin. lion cl blrd f!>/f' 

im.ge, pinpoinled cn semi.open u, p;orks in lhe Nethe,l.nd. "00 dist.nce del...-min"tion toGi. 

b. sed on salell~e ~p •. By IM use of a cenain Sólmple sI,e in per/ormi", thi. melhoef ~ can be 
determined ",hk-h dimension, Ut most geoofOl lor ",m~open , .. p.iI,ks in tht Netl>erl. oos The 

spol cheCk ,,;,e I. de1~ rmlned by u'KlI the loIlo"'irf; ,~Iotlons (31). 

N'= 
N 

N <> -
"-

Inwhkn: , • , • 
w • , • , • 

'" • 

" • 

Min.imal.ample slze H 
~cent'le of s;>eclfied oateg<>ry [-I 
percent3jle ol non~pecified CO{e&<>ry [-I 
,.,.,.iue al IM de1ired ,eliabililV (99%, ' . 2,57) H 
requi,ed m.'Sin of e rror (15" ] [" I 
magnitude of populalion (l0121 [-I 
,orrected minlmo l spol check .i,~ lor ,"'Olm. ""all populatio'" [-I 

,., 

'" 



By the U$e of a sa mple size of 7S ca, P""'I general dimen>ion, lor "'''''-open carparks in the 

Netr.erland. h . .... been determined. The obtai""d a reli.bility ol 99% and mi"l!În of 15" " 
c.lculilte<J by th e impl.-menUtion of tr.e equ ations dl$WS$ed in !i4.2. in appe ndix 2 I n overvie'M of 

the .emi-<>Jl"n COI r pan:. of tho. <pot: check is <hown. FÎi. 9 ond Fi&. 10 .umma",e. tho. di,tribution 

of cor packs toward, the lenlllh 1"'ler",,110 [m]) and width linterval5[mll re'lI"ctively. 

'Ic. 11. DhI1lO.'1or< of ..... 'h' ",-..., cor,..., 

The length ol a carpork which i. mo.1 commonly lound is ""lw""", S5 and 6S meIer •. Tr.i< i< uled In 

lho. sim ulotion v.rianu. for lhe widlh of lhe car p.'" • high <>ccuranee t>etween 30 0110 35 meIer. 
i. foond. Th e re~n lor thi> i. that in mo.t ofthe carparkllou' rOW. ol p.rI<ingp ll ces ore (Ii-..1r:1ed 

by IWO <!rilling !>nes. Thls I. lIIultrlled in fi&. 11 where lhe pa"'in& p1aces are . kel5ched u'q blIJe 

rectMlgIe • ...,d lhe drlving lil"", ore indicate<J by two IrTOW>. 

3O<x<35 

4.3 Basic principles ofComputational Huid dynamics 

4.3.1 

In thi . <,,"pIer a brief inlroductlon ol lhe balic principle. of <omputillicn l l fiuid dynamic. (CfD) 

will De provided, wI1ich " mo",1y meanl a, e.planalicn lor definitiom allP li ed in ol thi> reporl. 

Moreover (If)/y the a.lI'!cI' on which a dec"ion hu 10 "" ma';" lor lhe ca ule of W< "'$el rch wi~ 

"" dl<cu .. ed. 

Computational fluid dynamics in general 
CFD "so/ving fiuid flow numerically. Thi , "done by an ite ... ting proces, over finile volume, lor 
wI1ich Ihe partial differential N~r Sloke> equoUon. are implemented into a 101_. o;~,enl 
<OI\ierl are Iv.il.ble, mo<l f.mi~.r are : JASMINE, FDS, SOfIE, PH()(NICS, Cf X and fllJ(NT. It i. 

theoretically IK'ssible to ~ .... lhe Navier SIO>ke. eq uitions <ompletely by lhe u,e ol dH"ec1 

num ericaI , imulalion (ONS), in praelice how""er thi< is very time-consuming Ind will require huge 



4.3.2 

<om .... t.tioo.1 re$OllrCU 132]. Mor_er lt'. oofy use.j Icr very sim~ geornetries for th .. r •• .on. 
Another .pprcoch Is tc ..... <Hct t~ Ik>w field by large eddy slmul.tion (LES). In thl. metho<! only the 

1" l1e I'ddi~ .re 5CWO<l direcUy wheru, the .m.11 ene •• re model"'" U.inll a turbulenc:e model 

whkh t.kes into occount the .~t" of the sm.U eddles. Thi. doesn'! .... O'Oide In..act 5Clution, 
howev ... il'. Ie .. time consuming than direct numerical .imul.tion. 1I ,hould be notIeed thot thi. 

iwraoch would ItlH dem.nd .n ""-tenlive .maunt of finlte volumel if. gre.ter ""CUtlCV hili to be 

obll inl'd t~n is th . ... e far Ihe implemenlation cf Ihe Reynolds ... v .... gl"ll Navier Stokes (RANS) 

method. In thi. method the .vetlgO<l N.vier Stokes equ.tion. ore 5C lvO<l. meaninl th.t ""fy t~ 
mean llow I. ",hoed.cd all eddle. are """"'led u"n& a turtlUlence model. Thls ' Wroach I.n't e •• ct 
but it i. gener.lfy applk.ble [33]. for tki. re.earch!he decisien i. made te ...... ~ by the u ... af 

RANS reII.ble r.su~s con he obtolned. 1I thl< I<n't the Cille. then LES", the method whlch Cln be 

u.ed. 

TllrbliJence models 
.... discus.>ed in the previous chapter lurbulen"" model. ar. needed lor the implemenlalion of 

RANS (icd LES). Th. turbulence models discu .. ed In thll (h.pter ore the It.nd.rd Kol model, the 

'IInd.rd .-w model .nd the Reynoids ,tres. model. Which is juSI a Ir~i"" of the 16 different 
model, which are .~. II.b'" in Fluent [331. ho_ver the modell discusse.j here.rt molt commonly 

used. 

Standard Kol mode l 
This i. the lurbulente model which" ma,tfy u5ed by teehnkil co",u~i"ll comp.nies, moreoo;er it i. 

known thll the m~ provld,.. re l.tlve rellllble r •• uk. In a t>road variety ol us. !33J (whlch I< '" 

ccmt>irn1ti"" witk the relativefy short CPV tI"",!he re .. "" thlt thi, model i. uled most often). The 
model i. ho ll~pinc .nd b.se.j on a transport equotion lor the turbulent k!netic eneriV (K).n<! 

the di .. ipition v"'ocity ol thi l energy Ir). The tronlj>Or't equltÎOn.lor the turbulent ~inetic energy 

are ba<ed "" e.aet lono~i[alfy determined) equati""s, wher ... s the disslpalion ol turbulent 
energy do<I, .how significant dilferenees with the milhem. tk.1Iy determinO<l enet soluti"" (this 

!>eeau.e it's the empirie part of th e mod"'). The •• nd • can he sten .. a 5Cur,. and a slnk ol 

!urbul.,.,t .n..-gy. wl\ich Me. function ol th. v"'ocity Rradiems. Wh.,., lirae velocity Kradient, do 
exl$l,' and ~ wiH al5C he lirger (and vice versa). II should he noticed that the model is ereated with 
a completely i..,tropit turbulen! Ilow in mind, in whieh molecular ~ect5 are negli&ible. The model 

sIIould there/are only be ",e(I in these k"'d ol fluid flows 13-4) 

Stindlrd .... n'IO<Iel 

Thls mod'" d~s in eompari",n with m.. stand.,d Kol model olso determine the trinsport 
equition. lor th. turbu~nt ~inetic energy acd the dissipation velocity of this .nergy. The 

dilfe'enee ,an be found '" the faet thlt the tran.port equ.tions and parometers whkh ire used 
or. "",.nfy me.nt lor the determination ol fluid flow. ne.r wall, 133] (in the outl'l' Iayer). Thi, 

model (ould potentla lly provIde QUiI. r ... i.bIe resultl becluse ol !he relati~.1y Iow helght In 

comp:ori5Cn to tlHllenllth (Iorge ,"rf"", area ol waM,). 

Reynold. strns model 
Th .. I. the most det.iled RANS model aVlil.b~ in Fluent, in th. crutl"" of thi. model it isn', 

a.,umed tNo!!he turbulence is isotropic. Th...-elore thi. is soIved bV ,dd~ional tran'port equat"'" 
lor eoch direction. moreov.r IIso the t~rbul."t le ngth se.1e is ,olved by thf ... par.te !r;.nlj>Or't 
equalions. Eventu.11y tni, re,ulu in 7 erua tr,n'!>Oft equation. (fCf • 3 dim.",ion.1 ~tu"tion) 



4.3.3 

whkh hJve to be $Olved for ea<:h nodf,. For this reO$CH1 tM CPU time willincre~$e when Ih~ mooe l 
is u,ed. 

It i$ e'p"cted th<lt Ihls m~ wlll provIde l)etter re$ollS ., ene Ih e edd~$ hl ve J preferred 

di'K OCH1. Whlch is lor e •• m~ Ihe CI,e in 'pir.1 ,haped e<ldi e,. How ..... er il moold boe ""'ieed that 
tM implementatien ef thls m~ wouId net ,esuit in more ",Iill>le result, lor IiI c._ [33][34). 

WaJl treatment 
n.o. turbu"'nce model, have I""ir ut~illli<>n in Ihe core ol • room, lhat is 10 say nuenl flow. 
rel.tively dórtant trom WJII, Ir>d ethe r ebsta<:lu . I1 Î$lheref(M"e ""cesSlry to imple ment J methoo 
whid1 cln ca lcul.te the flut'l11 fi()W, do,e 10 w.N •. n.o.loter is called t"" wall treolment, whkh wWI 

be e.pl .ined in thls p.r~ro»h. 

n.o. tlcw l"Iearby w." (Ihe inner Ioyer) Cln boe subdivided in Ihre-e different Jayer, [13)[34), .... mely: 

• VIKeu. $~er '" li",,", $ub~~er 

• Buffer zone 

• L"I!-Jaw loyer 
In th e I~Ver desest 10 I"" wd (me lliscou. ,ub-I.ver) Ihe flow can be cCH1.ide,ed u .lmen lamin",. 

In thi, Javer the ",,"ecu lor vi«:esitv pi.". • d"",inont re,," ., t"" velocitv .nd ""at- .nd mo .. 
IrJn$port. Th e ll yer most re mOle fr"", Ihe wlll bul In<id e !he .,ner ,,"Ver I. Cliled Ihe I",-law laver, 

., thi . lover turbulen", lII.v' the mo,t domin~t rele in the determinatkln cl tM .b<Ne mentioned 
p~r""eler'. The IaVer between Ir.e,e loVers is Cliled I"" buffer zon e," which lhe Iwo menlioned 
effect, have a cemplroble infiuence. 

o 0'0 '};; 
Ti. ,0"", ~""~"'~ 0"" 0iT~"?' ,7';, 2"" ,,~} §f 1 

_ .... 

To delermine the flow ne.rby. waU or ob,tocle II i. nece ... ry to ., .... in whid1lo)'<!rthe r"'1 <eli 
~Ir the "," il is IOC8ted. To determ.,e thl$. &Ie >t vl lue Cln be u.ed. Thi$ vl loe Is 11$0 CJlled IM 

dimen'iCH1l ess wall di.tance, I nd i$ cakul.led in wim followini equ.liCH1: 

y ' 

F. 
P'Y'~p (10) 

!I 



4.3.4 

In whlrn: 

" , , 
'. 

• 
• 
• 
• 
• 

Y..pIUS v,loe or dimenslonless wall di<t.n~ (.) 
Densitv ol flold IIo:g'm"'J 
Di"~nce ol fi'st node to WIU (m) 
Sheer me ... in fint node lrom w~1I (N'm4) 
Dyn~mic viscositv IkH'm·'s·~ 

Fig. 13 shows th,t IS I luncllon ol y' lhe U· veiodly prolile Ciln t... Cilkul. ted lor the viseous .ub 

liY'" or Ine Icilllw I.ver. In me viseou •• ub I.ver tne v~ocily profile Cln be det"""ined CiU!oe here 
the stltement th't u·~·. whe'e u' Is Ihe dlmen''''''I" .. velodtV .p~s to he vahd. How ........ 

Implem..,.,linillhi, method woold re,ult in ,ignificant ,m.1I eells nNr Ihe bounda'le!. whlch In cue 

oIthe relaliveiy I.r,e dim..,.,siOf1S of, '" Pl'rI< would result In In extensiw .moun! ol nodes. This 

Is on""slrable bec.use ol the I.rge ePU-time in whkh thi. woold re>u~ . Th .... efore it is lor this Cue 
more ""sirlble 10 ere.le fi'st cell dimeruions which 'esuit In, y' vl lue Ih l l m.kes Ihe Ci!kul.lion 

ol the ve\Odly pro~le in de lot! law I.V .... po .. ible. A. the n ...... ol this Ilver indiCi!tes tlle veIocitv 
profile in this Irea "" be el<jl<"eued bV • lot!a~lhmlc equ'llcn, n.mely u· E .. 'Irl/v)+B. The y' value 

10 ""t .... mln e the velocily profile in Ihi, laver h •• to t... t...lween 30 and 300 (in f luent) [33). The 
jlfjon implemented in me aD to ,et .... to (hls melhod Is me uJe oIwaU functlOf1S. Thl, name wil! 

be use<! In Ihl . ,~n. 

, 
• 

. ...... . _ .... ' ""' .... -= . L:::'-..-..L..C-'-:""-' ._ ..... _ . 
10 20 jO 100 v' 

-~. 

Wind pressure and ttlrbu!ence intensity 
In. ca,e cl th e .I>sence ol wind tlle or>ly drivin, lorce I(M" IP\e move me nt ol heot I r\(! smoke In I 

seml·open car p .. k will he the bucV.ncy l(M"c"" due to lhe dilfe,ences in lir demit;". created by 

lhe high tempent" ,e ol. tir"<!! . !-10w ........ sinee. se mi-open Cl!r park c.an be elfecled by _d I l<O 

the """lied imp"l .... ol the wind 0f111>e smoke I.ver can potentllliy ,.,V •• ignifiCint role in Ihe 
l>e'l.nd smoke removal in se-mi-<lpen CiI' PlrI<o. To obt.ln Insight In the innuence oIwlnd om I Ci!' 

tire, dilfe,..,.,t wind velocilles wlll be trelled on th~ f.""de ol the Cilr·p.rk model. Thi. will be dOlle 
by determining tIN! dyn.mic pressureo belcng;ng to cenoin veiocities th'O<IghO<lt \he Cl ' park try 

the uJe of eernoull~s ~u~!lon. To ""te,mine!he lu,bul..,.,c~ Inten,ilie< which ore lik~iy 10 belong 
10 lhe specif",d velocitie, It is necess.ry ta take tIN! landscape des«iption .nd observed IN!i&l1t into 

.ccO<Int. fo, tIN! landsc"pe descrlption the revlsed dlvenport 'O<Ighness classificatlom Is ""ed 136] 

.... " 



which can be >een in T~" 5. Since a ,ar park con be fouOO near large , h<>pplng .re.', or r.e" 
indu 'lry ~ offke$, I1 IJ .uu~ Ih"l!he appropri"e oerodvn ami' roogh"" .. ~iI"h i. ~ua l la. 

"cJOIed" "luOlion. 

0 005 
"Smoelll" 

'" ' Opon" 

•. r. b .. <""" po<k ie. wilhOlJl 1.1 .... rld&e •. mo, •• .,.n<! 0' o~ 

"""'Y. 
Lo .... 1 <OIJ ntry w~h Iow \Oqetotio n (I_I- " ... 1 I n<! i<.Qloted <>b<toc:lo. wilh '.pm ,liolu ol 
Ol 10." 50 cbstICIe ""iSht" ' _1. I ro.11I! Oo M wI'hOIJt wlndbr .. k" "-,,, t.o,. """,r.n<! 

A ,ecend ... umption that i:< made i:< thot . higher lurbuience inlen'ity will resu ll In. higher mixing 

faclO< of trre incoming tre,h ai, with Ih e l ir In$kje, CM p. rte which ha. a hi&h lempera'Ure and 
, make <on"""lrolien . As • resu ll of Ih e hish smoke pol.nli~ of . <ar fwe the hÎflher mixing will 

re,ult in 1 1",e, , urfoce ... 1 who,e th e .i"'l ~gth will be minim al (in cont,",! la tne a ca", wiln 
a low", amoon! of mixinlL in wnkh Ine heat and , moke remova l as. re$ull of lhe wind pre$,ure IJ 
.uumed la toe hlghe ,)_ In prece(lence ol thl, .«umplion il i:< del",mined Ihal ,he high", 

lurbulenc. inlensity wil occur near ground level. Tr.e rei'licn betw""n lhe lurbulen,e inten,ilY 
.nd Ihe heigh! from ground Iev~ IJ <hown in FIS_ 14 whe re me .. u'''''''en'' ar. p'e<enled which 
n."" been performed in a wind tur.oei [3n The ~elocity profile Ciln be .xp",,,ed with • pow .... ·I.w 

.xp"''''''n (with .n expon ent ~u. 1 la 0_151 .nd the lurbu lence inlen, llV (whlm I, ca!cul3led by 

dMdi"i lhe " andard deviation of lhe me .. ured air ~elodties b;o lire .v",..,e . i, ""Iocity .t • 
<erUin height) is inver,.". proportienal to th e height. 11 can lherel"", toe cenclu<!ed Ihat !he 
hiSl1esllu,oolen<e inlen,ily cln he Iound ne. r la lire groond kNel in a reol ,Itu.licn as weil . 
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cu .. 
TO ca l""I"" th e turbu",nt di"'p~tion .... ,odty and turbu"nt kinetic enerlN Ol a certain .ir velodty, 

h"i"'l .... d ~nd5CIII" descriplion tht eqUltion. di.pllyed below can b~ u,ed (38][39). To mIk e the 

implemenlltlon !1O",'ble, ill. found thl1 for. aerodvnamle roughnes.length of 1.0 (' dosed") the 

lurbulent intensity i.!I,,) i •• boul ''''''' pede.lrion h';shl [40]. 

U(y) 

c{y) 

k(y) 

In whkh: 

UI,/ 
U.ûl. 

• , 
" .(y) 
k(y} 

" 

u ' - ~ 
- Of{y+yo) 

=%"(1, -U(y))' 

, Velodty 11 heighl V (m' .-'] 
, Friction velocity (m' .-'] 
, Von KIrman con5Unl (O"~21 H 
, VertOcaI cocrdinille [mi 
, Aer<><lynomic rcushoe .. length [mi 
, TurbulenI di .. ipltlon vel""ity It height V [m',"' ) 
, Turbulent kinetic I!fIerHY (m' .. '] 
, Tu rbu lent inlen,ity 1"1 

(11) 

(12) 

(13) 

OUI of lhese equotiOM can he conven~ thal in thl! ca", th.1 i. known which dynamic wind 

p ..... ure on thl! surf.", of a elf pilrk building wiH I~od 10 an air velodlv thr""gh the building Ihlt is 

inlere,tlns for tl\is lnve.lliatlon, thl! followlng ~I.tlon cao be u....:! 10 eaicul.!e the turbulenI 

di .. ip;otio n velocity .nd lurOOlen1 kinetic """rgy (in these equlti"". also 8erno uIW' , eqUI1Îon.nd 

the reiltIon p,..c,.p. ["I) whlch glve' Ih e ~lation between lhoe wind pres.ure on thoe building 

.urflce (p,) . nd the outdoor llmosphe.-ic pre .. ure It lhe UrM level in In uodisturbed wi nd 

IpprOlChlna Ihe building (p,) are Implemenled). 



c(y) (14) 

k(y) (15) 

In whi<h: 
P,{y) • Dvn~mk ..,-essure ot height y (p.] 
C. • Wind induced pres.su", ccefficient H 
p. • ""'ment cutdoor ai< den'il'( (kg'm-' ] 

The wind Indu<:ed p",nu", coefflcient i$ depen<le11 cf Ihe dlr""lon ol Ihe wlnd_ In Ir.e lailie 
di.plaved below Ihe wind Induced pre .. ure coeffid ent con be _n fcr different wind directien, 

con>pareel to lhe normal of the lacade, lor a rectangu lar '~p"d t>uildlns w~h a IIl!I roof ofwt\kh 

tho> widesl focade i. thr .... times wider I~n tho> """nest ene (41]. OUt of thi, "bie co n be 
concluded thll lor a ,ase in whi<h tr.e wind floW$ strail inlO Ir.e ~ park t>uildjng. lhe C, will t>e 
.-qua! 10 0.9. 

0.01 
-0_65 

Wilt! Ihe inlormotion descrit>ed .00"" it i. po,,;bIe 10 determine tho> turt>ulent di"ip'l ien 'ieIodly 

~ turt>ulo-nt kin , tic e"'''gy.t. «rt.in wind p'e"ure used in . 0-0 simulatien_ 



4.4 Basic principles of fire and fire ·modelling 

4.4.1 

4.4.2 

In Ihi, p~ugr~ ph ..""., ba" c prin<ij>le, of Hre and f.-e..modelli"l! whlc h " e u.e<! in Ir... CFD

,imul~l~or" lor bolh Ih e c.ase-, IOOy and Ih e ,imulolOon ol Ihe diffe r...,1 ~.i.nl> will he discu .. ed . 

Pool-fires 
A< dl « u"ed in 44.1 a 1.5 {MW] di esel ~I fir. wn (re'led In lhe c<>l"ridor of lhe c.a,e-,Iudy. In 

order 10 provide more in.ighl In Ihe dimensio,,. of Ihi, f.-e a ,Iutly Is performed lor I p~ 

imple menInion ... 10 Ih e CFD-model. 1I i. described in lhe cue . IOOy {421 Ih ' l eighl dlfie l pan, 

w~. used 10 ere.le th e lire. Therefore It 

is del",min ed whlch h~ghl and di""",l", 

""" pan nre 010.1875 (MW1 would hlve. in 

order 10 obWn Ih is. 11 Is calcuLoled whi<:h 

reere.""" rale a diesel p~ fire wouk1 hIVe 

wilh differenl p;1n di ~mele". The equalOon 

u • .,; for Ihis is: 

RR(d) 4'P .60000 
1<'p''''d' ' 

(16) 

Inwhkh: 

"" • Reg"'ssion rale {mm' min"] 

" • Power ol fir. (W] , • Density ol liquid {kg'm"J , • DiameIer ol pan Hre [mi 

" • Hi'" he.1irlll ~.Iu . {J'kg"'1 

The ' Muil of Ihi. ""Iuol"", 1<>1" di esel a •• 
liquid is plotted in l'i8. 16, In lhe ... me 

g"ph lhe "'i"".iorI rales ar. disploye<! "' 
a lundiorl ol lhe diameIer lor <lif/<" ...,I 

liqukh . OUlof lhe ,raph Cim boe obloined 

~---:-~--------

--"". 11. _.r ... iooI <aIO lr><I ft....,. ..... "' .... 1"'1 

. ...... lIOpw<>iooI " .. lor lóquOl ~ firN _ ~Ion .. 0.1175 MW 
~ 

Ihol on e pon wil! have ~ <Ii~ meler of rou&hIv 46 {cm] (Ihi ' is Ih e poinl wh e", Ih e regreuio n rate ol 

d~"'" oH inler""", Ihe 0.1875 [MW] nr. line). liIy lhe impiernenlllion ollh . resull, in lhe graph 

d is pl ay"; in fi«. 15 il <'n be obt.ined Ihall"" flame heighl ofthe lire i, al>oul 1.2 [mi· Therefore 

Ihe 10W volu me ol Ih . ~r. erealed \s estim aled 10 be ,oughly 1.7 {m'], whlch is I"" lire '.'OIume 

Ih . 11s used in lhe cm ,; muLoti"" of lhe c .. e .Iudy. 

Car-flres 
OUI of lhe b.dgrouoo informolOon di$(u"ed in t2.2 il appeared Ihal it', unlikely Ihat I~e " e 

more Ih~ Ihree Cl" on nre dur",," ftre in a cal" J)ilrk. Therefore three differenl he", SOU"M ... 

u.e<! 101" t r.. implemenlali"" of !:he5e r .. e5 inlO Ih . CFo-~1. Moreover il Is a, ... med Ih~1 Ih e 

seoond c.a r will burn 10 minu I", after Ih e ignrti"" ol lhe f.-51 <.a , I rw;I In.. Ihlm CM wiM OOrn 5 

minUI'" aft", lhe sewnd CM . I"ti burnina. Ihi. I. in li ne wilh Ir... f .. e ClJrve use<! in fhe guide~n e 

for met h ~ nk~ 1 1y ~""Iilaled ca r p01"ks which is currenlly In deve l<>pmenl [44]. The rwe curv. of ene 

OOrning c.a , is based on mea,uremenl. perform ed by TNO (Toe&ep. st NaluurwetenschlP>H!lijk 

Onde ... oek) whkh I,e vI.~l e in Fil . 17. Moreover il i, ... umed lhalll lake, 5 minule5 from Ih e 

$\"'1011"" r ... belore il i. delected, .fte, whkh th e ftre bri&ade wiM need 10 minules 10 reoch lhe 

locl1k>n ol Ih e CM p;1rk ~oo 5 more min"I ... lo prep.re lheir ""Iuipmenl on locllion ~oo 10 ",&eh 

Ih e ft",. Me.nlng lhal 20 minule. afte r Ih e . Iart of lhe r .. e, lhe firemen c.a n h ..... waler on lhe lire 



4.4.3 

a'llo"i n th~ ~ "'''''' Ih~ flr. In , ,;>fe ..... ""~r. Meanin~ th . t the CfD·.imul. tions w~1 bi! 
de .. till Ihis poim to ""' .. the 
,ituatlon on 115 llIfMy usl~ th~ 

criteria discu"ed in §2.2.2. For Ihe 
f .. e curve ot tr..ee combined car firn 

.... bIe in Fi,. 18 il can he OMerved 
th, t the heit rel ...... it thi. point is 

l'OIJihly 9 [MW]. 

FO' the smokt' production of 400 

[m' ki' ] burned fuel i. , ,"umed wlth a 

he,t of combYstion olthe bournir1g car 

maleri,1 of 25 (MJ'kjf' l. The Q " or. 
.imul.t01l by. ""lid blod of 1.0 x 4.2 

x 1.7 m (h x I • w) , bove whkh • 

volu ,.,., is uut01l wit h Ihe llI me "te 
wh ere the he' t i. releu ed . TM 
dist. nc. betwl!erl the cor is b.,""" on 

Ihe mlnlm.1 width th ' t , parking 

pl.ce must h.ve on ba' l. of the 
requ lre mlffi15 In NEN2443 (251. 

Thertfere b .. ed on a 1.7 (mI widt h 

"r the distulCe 1>etweer1 th. CMS is 
set to 0 .65 (mI (m inimal parkin, pI~e 
width is 2.35 (mJ). 

Sight length through smoke 
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The norm, 1 clefiniliGr1 Of smcke refe rs 10 • combifliltiGr1 of soIid, liquid .nd 11" "",idue of 

cembu, licn .nd lil!. air in wl\ich these f>'O(IUCII Me mi~d [46]. In ""'them.tk,1 modeIs this 
d/!'finiticn isn't practkal, ma.t olten the ccn",nlrotion of cembYstlon f>'O(Iucts i. u,ed, e.pr~sed 

in kg'm-' . The smoke productIon I. important bec.use of ils hi!\(!r. nce in ",oe of evicuitlon of 

peeple. This is hindr."", is ClU,""" by Ihe toooly of lhe .moke and reduction of tM sJ&ht ~",th . 

The . Iiht l~th I. d/!'pendent on several factorl like [. 6): 

• CGr1tr. , t betw.,.." the eb<erVed <>bje<ol . nd Daekj,eund 

• The desr"" ef lightlnf: of th e object 
• The color of !he smoke 
• Other l!&hl sourees of whkh the l!&ht Is diffuse<! 
, 

• The power of ~rvllion wlll eh "n be influenced by fwe related Itress 

Fer a mare eene .. 1 app lle, tloo most . speel! discussed abo"" MIffi'I t.ken into Kccunt .nd general 

rul ... ol thumb ore use<!. Theoe rules are b;osed on the epd c.o l smcke <k'n$lty wIlleh c. n be 

mea'W r01l by the dt<:"'ase of i I,/lht "",rce c""r • eert" n dist.nee. Out of thi. optico l ,moke 
den" IV lhe .ight leneth co n bi! determln01l on bas ... of .tudl~ whldl , re pre/orme<! with human 

SUbjectIl" the ye.rsl%O to 1980. 



4.4.4 

The loIIowml! equ~lior>. are a ,,,,,,11 of tht.", .tudi",: 

5[,1' , 

SL, , 

SLp ,IIU • 

• 
• 
• 

• 

1 
050 

2.' 
050 

1.3 

050 

Si!lhl le ngth loward. light ,eflecting objecl (m) 

Sllhllenllh leward, I lilhl ,""u,ce (m) 

S4!1h1 lef1gth dd"rned by th e DUlch i><Kt~1 auide~nt (m) 

Opti",,1 .moke den"ty (m") 

(17) 

(18) 

(19) 

In th e ""kul.lion of the oplicll .moke den.~y it i. importanI Ie Uke lhe Ih .... maI powe,. 

ventll.tion r.le and lhe mOI",;. llh.1 i. ~,ninil inle Kceunl. A. Ih e smoke i><oduclien" I",ked la 
Ih e heol ,elea", of the fi,,,. Mor,"""er Ine vef1l~ati"" , ote i. important beclUse .. IKk of 0'YB1!<1 10' 

the fl'l' woold In mo.t Cl"" ,,,,ult. In Io'i'" i><oduction of .n,,"'e due 10 me incomplete buming. 
Fa, as"""ng tht Jmoke production of .. Jpedfic m .. tWII st.nd.,dized tesllng method. exlS!. Fo, 

enmple • natie lest in whle h .11 lhe bu,ned p'oducl> of •• """iflC volu me of Ihe mll .... i.1 ore 
co llected and th en mixed homogeneoo •. though thiJ volume the tl!lht Intensity decruse is 

determln ed wI1ich is expressed In m'kll' (m·'m'l<&·') . The smoke produclion can dift", .igntficanl"" 

t>etw",," diftere<1t mat mol •. For the most gen ...... lly used m.te,ial, the .alue for the .moke 
p,oduclion is belWeen 200 and 400 (m'kg·'). 

In ""'" ol iI Car fire lhe . moke prodUClion tin be l"ler Ihln 400 (m' kg"' ) lor short 
momenI> es.pecill"" lor mode,n ""n in wI1id! •• illniflCanl ameunt of ~Iics are p,esenl. Mow""", 
bec.u", lhi. a'l' only pelk5 in the totlll durolion of • Ca, firt. it I. re. li Slk te .et Ihe .moke 
produclion M In Ive'age of ~oo (m'I,,(') cver the 101Illi"", 'Pan of lhe fi,e (46). To link Ihis 

.moke productlon to the helt ,ele.se of • Cl r ftre In literoture I. found thot the I~'~e heat 
production of. kilog,am "bu,ned ea"'- will deliv .... ~boul 25 (MJ'kg" ) ol heal. Out of whleh ean be 

del .... mined that the mlok. productlen i. about 16 [m'Mf' ) wIIieh is Im~mented in tht 

. Imulalion. 

Weighted sum of gray gasses mode) 
Conside'ing the i,,"dilli." heal trlnsfe, of smoke the "",t concent'~llen plays ~ .iilniflC~nl , ale. 
Hut is absorbed by the.e .oot partkIe. and . ub<eque ntfy t,onlmitted by ,adi.ti(H1. t'e<1tu~lfy 

equ il ib'ium betw",," em issien and ab""'plion accu". NUl 10 IM> ""'I particle, other component. 
in smokt like e"bon dioxide and v~pori,ed wller sr.ould be considered In the irrl dlalive heat 

t'.nsl ..... Th~e I""" abmrt> and emil enerw "I 'PN:ific w . ..... numbe" whien i. d ... cribed by 
qu.ntum physin. For thi. ,enen appro. imatlen medels exist whieh describe the radi.tive 

p,opertie< ol lIaSH . n(! ,moke. In thl< ,e",.rch lhe wellhted wm of i'~ p<H mod el (WSGGM~ I. 

u,ecj. In .... enee IM model .Iat .. , Ihat the tota l emissivltv lInd .b"",ptivity which '" 0 functien of 
tempe r",ure Ind smokt den. lty c.1I1 boe 'l' i>< .. ""' Iec! by the $Um of . irly I"' eml"lvlty welih,"d 
wim. tempe,.tu,e dependant factor (41). 



4.4.5 ThermaJ çapaçity ofwalls 
CCM1$i(ler01Q tht bour>d~ <on dit"''' of th~ wall. differenl approaches CdIl be u>ed, in the CfD· 
model a one dimen';CM1al heat transfer mod el ha. !>een u>ed . for the pro~ implemenlal lon of 

th. wd. tr.e therm l l ca pocity of these w~l1, i, taken into accounI, TherefOfe lemperalure 
de;sendant pr~;seniM ~f the woll mater;,,1 are ti k..., Int~ aceOlJn\. In Fig. 19 to fig. 22 th e 

properti e. <"" !>e . een .. I funct iCM1 of th e t empe"ture . It is ";<i!l " IMI t>olh gyp.um afld 
concrete n..e a high pe..k in lhe ,!",<ific heal Ifcufld 100 [0C] wr.ich is . resuIt of the moisture 

conte nt in the materIaI. Mor"""er it CM> bi! oo.erved thilt wh ere the therm al coflduttMty of 

gyP5um increase. with temper.tUfe. for <CM1ertte I1 decren e •. 
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4.5 

4.5.1 

Case study for validation 

Description of case study 
In the approach that will boe u>ed tor the .' .... >menl of the fn .. fety of. semi-<>p en c:.or pa"" the 

r<>le of (omputatlan.1 Flold Dynamlcs (aD) slmolatlon is of hiah Importilo(e. In order 10 m.~e SU re 

thai the ",wla of these sim ulation. will provide • ..ti. ble , ... olt .. a valid"ion of 1110. CFD-modell. 

~rfGtmed, Tm validation I, done by the use ol a cilse study •• de>eribed in the loIlcwi'lll p ..... " 

Ful l'$ClIe bumin, tests on <luay;n, >me'. t" m!>Matu." I nd »eIo<ily 01""8 • corridGt [421. Thi l 

POli"< Gt<>Yides t he ""pooriments thai weil! <onducted in on und erg,,",md corridor mea,uring 83 m 

1""11. 8 m wid" Ind 2.65 m high of whlch one end was close\!. Th •• ldewIIi. of the corridor we,e 

m~ ol concrete .nd the ,ellinK wn made of IfYpsum .... 1 Ihe closed...-.cl. di""'" JIOOlli,e wa, 
(",ated w~h • m .. lmum hu t relen. of 1.S MW. lhe I"mpeuw •• undernuth the <ellin" wo:> 

m •• ",re<! u<inS a totalof 49 thermccouple, .neI 8 tnermol r",iste rs . Iont! the 1 ~lItn of the 

corridor. In fit!. 23 depicted l>elow "n overview of the e'perlment.lllIyout can I>e ... ~. 

-._- ---
' ...... __ ._0# __ '-"'. 

CFD-5imul.tion, ore J)erformed under tne .. me c<>n<lili"" ••• wa. the c .... durinllthe experimenl .. 

• ubwquenlly In.. resu~ are cempored . A tomp .. i..," Is ma"" "" Ihe temper.lu,es unde<nenh 

tn.. ceiliJlg cver the li",., >P~ cf the fire .. nel the "",.mum temperature. tn .t could be IClUnd ""'" 

lhe lerclh ol Ihe corridor. These !WO result. ol the m,,",uremenl$ "re depicted In the figu,e. 

below. In Fig. 2~ temperiture ... functien ol time is shown ror >everal pOSitien. from the fi re. In 

FIjj. 2S the m""imum temperalure musured du ~ nllihe ti me .pan ol the nre ca n he se"". where 

en lhe nor;,,",t", •• es the dista",,, from tn t fi rt, and en tn.. verticaI nes tn.. "",.imum 

temper. ture i. sIlown. 

" 'lil. 'f . .\Ir ,om ......... -... ..... <eNIroI. 

~,-, .• ~ ..... ;~ ... --;-.. ~""."-";'---,-, 
m 

t: ". 
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4.5.2 

TM c"'~ " "wropri "l~ lor validalion lor ...... er;ol r~ .. on •• for.1 ol alilhe geomelry ol Ihe corride>r, 

h ••• compor.1>Ie h41ight "' the height ol. common clr plrk. Me>reover tr.. geometry i •• trl igM 
"". wilhOlJt I nV oddili e •. A 'KOnd r~ason "Ihallh~ crell...:! <mOk~ layer l,n'l influe!\Ced by any 
c""-,trai,,, (like jet-Ion. e>r opening) which ITIlIke, it alree fIoooir>g ceiling jet whkh i. ",,",parob'" 

to th e ,itultion t~t cl n he lound In I ",m~~ car pl rk. A IMrd re .. "" i.IM crell...:! n", whkh 

" • l;quid p.n lire tk.t " weil delined in liter.ture. And I Io,t re •• on i. thlt IiI the r>ece"OlY 

bouOOary condition. to perform I CFD·'imul;,ti"" .... known. 

Comparison of simulation and measurements 
TM simuillion r •• ulu w~1 I>e comp ... ...:! tow.rd. two different npeet', tM tempe ... ture 
dl$lrlbul",n 1I .~ .... ",I po.llion. II (~ ltlng k..tgM <wer l he lime 'pan oflhe for~ Ind Ik~ mnimum 

tempoeralure. thot occur t1unng tr... nre ""er tr... ~ nlir. length ol the corridor. Severol 
bouOOary c""dit",n. ~v~ bee<1 t ... t...:! "V lhe 

use of cm. fi l . 26 to fil. 28 show re.ult. 
obt.ined from three different condition •. In 

tt...... iroph. lhe tim e i. depkted "" tr... 
hori,ont..l •••• and Ir.. ",mperature 

underl"\eoth lhe ceiling on the vertica l ...... 
The wlidlin • • giv. th41 me •• ured r •• ult; Ir.. 

dotled li ..... prov;<!f. Ihe .imuloti"" re,ull. 

fÎII. l6 indkltes thll when .di.bltie 
boundary <""dilio,,, "'~ u.ed lhi. wilt r~.ull 

in ~edicted tem...,-.tu'e. w!lic;h "e 
. Ignificanllv higher Ihan "",a.ured, howev ... 

when th e boUndl,ie. "'" ,.1 on the inil .. 1 
I~ m...,-.IU'~ of 21 'e tke lempoeroture. wilt 
I>e Iower in mO'1 ot Ih. observed pillnl$. 

Both the method. prov;de quite 'illn ifount 
.~, 

• n,." ~ rror wilh .n . diabalie boundary " 
ex.,tl ined by the negijgence ol Ir.. 

."",unl ol hen whkh i. """,rbed in the 
w.U •• oo ceiling over \tie relativel.,.- $hort 

ti"", ol Ihe lire. Tki. resu lu in 

temp .... ture. ~edkted by the mod4ll 
Ihal .. " 100 hiih. 

• n.. . rror with th e boundar~ .~ "" 27 
["C) i. ex.,t.ined by Ihe lad th.t in ,eality 

th41 bound.r~ win ",och high ... 
l~mper01u,,,, . ,e.ulli"i in • decreasing 

."",unt ol helt wkich i. t"n.le r",d 

loward, lhe bound ..... <W~'lhe lime ol 

th4llire. 
Th e",lore 1M thi,d m~lhod " u.ed which 
takes the tl1ermal c.apadty ol the walt, into 

.... >1. """ ...... "" _ (fO .... _ .. -.-nI<, 
_ • .., 0. 271"(:] 

'''.21. c-.. _ ... _'" cm .... ""' .... ..".., .. , ,......" ... .,..., .. of....... Oo, _ "' .. "<DO"' 
account. The r ... ulU indkltt~ Ih"1 thl. mod~ 00... predIcl lhe lem...,-otu;~. in I mor~ I=,"I~ 
wav. Fif;. 29 ,how, the m •• imum tempoer.tur~. over !he entire length ol the ~·fi", 10U00 in the 

.imu l ~tion (omp~red to lhe m~".ureme<1U lor thi. ""'Ihod. Whe,e "" lhe horilonlal a . ... lhe 

.... 11 



di . t_nee lrom the flfe, a"" On th e ve rtiu l "xe< IM maximum temper_ture i, exprfSSed_ Frcm Ihil 

result it i. ccndu~d tha I th e re",l" Irom the CFD·simula~"" .nd the menurement . re in Rood 
Jgree menl, .nd therelore th at the model predicl$ redry in. ,ulfident o<c .. ate w~. In addition 
lM error defin ed Ol ,imulJtKln rn uk minus "",,,,urement result. is .Iw/lyl po.iti~_ Thh Irldi<ate. 

th . t wh en on error I. in~olved t his error w~1 alw_y. be th . t the le mperatur ... are . Iightly hi!!her 

Ih"" in re_lity. Thi s ... umn Ihat the mC>de l prOYide. a co""",,_ti~e re.ult. I1 a relult foood by 

simul . tKln I1 con'idered a •• ale, lm.. would . 150 be tM cue for reai lly which would probably be 

!llghtly more positive . 

' ..... ~ 
------. ---+ "' ..... . 

---o f ... . 
____ ooi ----,--

1 
-----i-

----,--
~. 

r= , 

. ... D . ...... _ ,_,.,.W<es ............ <0 ..... __ , ,,, " "'" _ " of'"- fio-. 

OU l ol the re.ull< can also be ooseMd Ihat 

tM model ho. the !areest absolute ",mr do ... 

10 lhe firn. Thi. err", r. duce. with an incre .... 

in di.W·lCe Irom th e lire . In order to evalu . te 

th e simulated tem~atu'e. ""'er tt.. Ume 
.pJn of th e Ii'e In mo,e delail, th e re,ull< at 

I"reer di. tanee. Irom th . lir • • r ••• se<led on 
t h.ir aceuraçy ~Iee Fig. 30). Th e percent,,!!e 

difference ~ca l eul.ted with deg'ee. Cel .... ') 
between the mu,urem""l and simu latKln . re 

di.played In Fig. 31. The results show thJ t • 
signiliCltnt error il indu<:ed al Ir.. mo me ntt""t 

!he smoke laye r reoche< the observed pOint< 

distilll<es. However trol. er ,or ,...:l uce . over 

~me. To provide the a~er.ge . ,ror 0"'" time 
the Root Mean SGu. re ~RMS) I1 u<ed. Which is 

<o lcu!ated by the following integ,",: 

RMS - q (X'l' -",-' '100%)'" 
t . ""_, 

.... 10. Comi>*'b"" ... _." Ct'D _ ""' ..... ...-" .. _.-
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In "'hlth: 

'M' , 
~ 

X. n, 

• 
• 
• 
• 

11001 me.n squ.re oll'lTor [%1 
Time [.1 
Temper.tur" lound wilh CFO .imul.lion [' CI 
Temper.tm" lound wilh measuremenU [' C] 

In Fifl. 32 tl\e RMS is visible over time, .... entu.11y tl\e '''''',lR'' error <>Ver time ot 17, 26, 42 .net 59 
meter .re re.pec!iveIy 9.0%, 7.3%, 11.9% Ind 12.4%. AI 5 meter dl""oce Irom Ihe fire ",hlch 1""1 

di'~lved '" tnt Hr.~ tne .... er.He error CM!' time i. 37.11%. Th;' larIIe error )es. tnen 
approxlmately 10 meIer. from tnt ftre ;. 11'0 ".;.ible 11'1 fil. 29, therefore It Is obierved th.t tht 

,esulu do", 10 me ~,e ",iM be leu reH.bl.., ho"' .... er bl.ed on four point. lhe maximum erro, 
10u00 more th.n 10 meters from me ti,e is •• ", .. ed 12% 0_ time. The .ve'aHI! l'ITor OYI!r {he 

/OU, observed polnu ",", 10%, ",hlc.h "'1$ accompll.hed u"nlilhe bound.ry condilion. vl<ib!<. In 

Tabl.. 7. 
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4,5.3 Determination of simulation characteristics 
In thi . plragr.ph the I"",,wing CFO-model chorlcterlstks ire pre.ent.,;l: Griel sen.itivity, Inlluenoo 

ol turbulenee mOOt l ""d the wall treatemtnt. 

Griel senslUylty 

To dete ,ml"" II Ihe ...... Iu ob!ained i'" grid independenl. a grid .en<ltM!y .tudy Is per/Ormed_ 
Seve,,1 oimulatioru hove been n.n in whleh <>nly the griel .i,e wis ch.nged. The rewlts h .... been 

evaluate<! u.~ the .. me anatv.1s U dlscu"ed in §4.5 .Z wh~e the .ve'ase error over time ave, 

Iour ~t. is det~mined. The B,id .i,e ;, ch;onged leiving the firsl cel size nel' Ihe beund.ries 
10[cm) In the cIi,ecUon of th e norm.1 on lhe .urf. ce, lhi. I. clone 10 lel...., Ihe Inlluenee of th4r y

plu. value unch.njled. The vld ol . ... Ire roughly doub le<! for each ca .... In fiji. 33 tn e differe nl 
grid •• re vloible. In thi. figure the detiiled grid in the ire. lI"ound the fire (di>!>l. yeel in greenl c.n 

he """n. Moreolll'l" it i. vj"ble tM! Ihe fim cell'l! !he boundaries are lelt unchill1ee<! In <I,e . nd 
the .maunt ol node< ~ng ... Irom 28.380 to 580.635_ In Fi&. 3~ the I.oeued oimulilion r ... ult. lor 

the dilf~enl iriel ", ... rAn b e ~. In Ihi. er"ph Ihe n"m!>er of nod ... are set on lhe hon,ontal 
.xe<..e the I ver.ge ~ror on th e _tk.1 IX"'_ Out of Ihese results Cln I>e observed t he grid . i,e 

inlluenc", Ihe <lm ulolion results in • "nifi<anl w' y. Th e .v~"se ~,,>r cliff .. Irom 1C1l11O 10 26%. 

'iI.n. _~,_""",,,,._,,,."IH.""'_oI_ ... '"''''kI<-'' .... . 
More".,. ... it cl n I>e ...... n thaI wh"" more Ihan 52,430 node, ore used lhe error dilf .... ' l>etween 
10% 10 15"- Slnee Irom Ih ls point tl>e ..,.,..". diff .... ' no more th.n 5" il Is ... ume<! th.! • grid 

independent soIut<on i. obtained. The minim alllrk! "ze lor Ihi •• imulltion i. del .... mined 10 I>e ene 
ark! relInement ,m.lI~ then lhe R"t time the error was beIow iS" whi<h Iherefore I., 911.154 -
The charKt .... l.tk' of Ihl. grid .e: 
• A Slruttured 8rk1_ 
• Fl rsl cd oil~ ""''''''I on . ny boundll)' is 

equal 10 10 (cml. 
• The m~xlmum srowth rale for one teil 10 Ihe 

ad)olnlng on~ I< 1.05. 
• The 1"",lh o....,r whi<h Ihe ~ro, I. observe<l is 

59 Iml. Ih .... ef.".~ i1 I< de!~mln"<l thaI lhe 
"",ximum lenith over whlch Ih~ c~. ilrow 
mun not ~.c.ed Ihi. lenrgth . Beclu,," 
olherwi.e the . tated ~cur.cy could be 
dilf .... enl. 
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Inllu~nc~ ol lu,bulencoo model 

It is d~momtr~t.d in ,4.5.2 t~t ",II.~ ",sult< w .... e loond when the me.surement result. clthe 

'U~ .tudy .'" oompared with lhe CFD-resulh. In ",der te determine the inllue",e of the 
turbulence model, diff ..... nt turbule"'e mGdeI. haw: he..., te.ted by. Two oth .... tu,bu"",e model. 

have been te.ted in . ddition to lhe mndard <-0 model; th e . tand"rd Hol moel .. ~ the Reynold. 
Sir .... model a. discu .. ed ~.3.2 TMe methoef u.e<! lor the comp"'ison i. equ.1 to Ihe melhoo •• 

discu.>ed in §4.S.2 which ;>rovide •• n ave,..,e error ove, lime. The reo.u lt< of ttw. comparioon are 

dl.p l. yed In Fie. 35. Ü'.Jt of whido " on."",ed that another turbulente model ;,n't ~kely to ~o"';de 
helt .... result. with the u ... ol Ih e ",,,ent grid ..,d bound.ry eendltlon •. 

~-----, 
i 
J 
• • 
I 
• 
I 
! • 

Application ol th. w.II-Iunction. 

As discu« ed in ~4.3.3 Ihe "f ~alue rII!eds 10 he between 30 ~nd 300 in ",der to ~ovide " .ufllelent 
;>re<!iction ol th . ~elo<itv ;>rolile neMby the t>oundMie$ . To ...... illhi. " the co ... "",er the tot~1 
li _ sp"" ol tn.. lore,lhe "f ~.lu e i. oIxerved cver the l.rJgth cl tn.. corridor I'" the ...-.ti", t ..... 

interv.L Ü'.J t ol the.e ' • • ult. the R,~h. dl.pI . yed in Fig. 36 . nd Fig. 17 ha"" Deen dINelc...,d. In 

Ih ese g'. phs In.."f value i. pIolte<! as ~ lu",ticn of time .nd di.uncoo Ir"'" the for. In longitudmal 
dir. ction. The gr~pl,. >how th<1t the "f v;Vue I. between tMe... va lu"," lor Ihe m.jority cl ob ... rved 

!"Mnts lm"'POver it con be ""'" th<11 the ~. Iue" oniy e~ceed.d with . pproxim.tety 17" I", . t>oul 
100 .«ond ... " IocoHon Ie" th>n 10 met ..... lrom!he ~re l. 

F •. ". Y"'!'kl, ....... "_I In • _,..,taI ..... _ "'" 10 ..... of 
"'. eon\dor oil!>!OYod ... ,_. 

OIo. ". y_ ....... ,,_ In . .... ~ ____ ... 10""" ol ... __ ~ _.101. "",..-...0 f""" t.,. 



4.6 

4.6.1 

4.6.2 

Transition from validation case to car park simulation 

Discription oftransition case 
The di,eus.sed v.lidatioo ",.e in t4.~ hos • Iree Il<IOding ceiling jet whicn is ,,,,,,p~ible to a cue 
'<>o<errnng. s",", i-OP'fl car Pi rk. f.Iow~er ~,.,.e lh ~ Vl lid.t!on ca ... describ • • a case In whid1 the 

flow j, m.inly in OlIe directien me ca", ol a semi-open cor p~ will be omnidlrection.1. TherefClre a 

tr~n.iti"" CU" is u,eoj in which t"" ,~ lire ;, cr~.te<J 1$ in the Vl lld.tlon < .. ~ 1" " wlth ~ 

geom"'''1 comporabt.. 10 • "ar park. TIIe used i"""",try j •• re,ult of lil!. study on Rener. 1 

dimensien, lor semi-.open cor »l'rk.I •• <li$cuS$~d in t4.2 .nd th~ outcome of t"" ca,~ stud)'_ Th~ 

, ... ul" of lh ~ trlMitlon CJI'" .r~ romp.red 10 tho. Alpert's ccrrelètion [501 (depicte<l helowJ whicM 
live. th e velocitv and temperatu, .. of. Iree flooding cei llng yet ••• fundion of di$t~~ frGm the 

Me. heat rele.se ol the fire. c,,~ing h~ight ..,d 'tarting t~mpeUlure , 

By IM> u.e ol tho. Ot is dleded il the c'eated model will al"" provide ,"'i~ 1e ' e.ullS t<)r. ,"se i~ 

whkh the flow is mu~idi'e<tiGl1 al 

(n) 

(H) 

Inwhkh: 

" • VeIo<:ily [m',-'] , • Temperalure ["C] 

Q He"t ,eieo ... (kW] , • Di"anee t,om lire rml 

" • Cei li "i Heiahl(m] 

'. • Slaning lemperalure ["C) 

Comparison of simlJlation and transition case 
I1 ~u t>ecome dea, IhOl Ihe CFo-.imul.li"", ol !he case "udy <how ""ults whic~ are c<>II1I1'1,.ble 

10 the ,,,,,ulu ol the musu,eml!'nt •. I~ thi. chapter the t,ansitÎOll toward. a .imul.tiGl1 of a ca' 

por!< wi. i>e discu .. ed. 

Implement.tion ol obtoined ~$ullS of c.~-<tudV 

A. a , ... ull ol lhe ':"""'01 co,-park dimen.iom as discu"ed On §4.~. the dimen.ÎOIls ol the car-p.rk 

model lOf the t,ansitÎOll cas. tow",,!s. ",mi-open ca' p ........ e r.:M<I!'n 10 i>e 35 rml x 65 (m] (widlh 

x lenglh). For Ihe he ig'" 2.4 [mi 0. u,ed. The lire crealed in. ide troe cal' por!< i, . imilo, to t lHl pooI

Ii,e used in th e ca.e stu<ly 000 i. ploced in the middle ol th e COf p .... 1<. mor",>ve r the c,e>led g'ld 

'"" the .. me charo<teri"i« as dis.eu,"'" in §4.5.3. Tm. wans ore completelV open (pressu,e 

outietl) which make. the compo,i , on with the Alpert'. conelatioo PDssible. This COf,elatio~1 is 

ooty valid lor. comp lete om~idlrwIGl1a1 I",e celling j-/'I <mOke I.V .... whic.h is creOled by lroe 

elimination. ol wali •. The "PIlli"" srid con be ,een in Fi8. 38 where !he pre"u,e outlets a,e 

dis,. . y"'tl in ,"'tI .nd th e lire v<)!urne in green. 



RI, lI, UoH I"" (Hun ""' .. 1 tor Ir ...... ""' ,.. _ . .... _uIot,,", 0/ • __ Ut , ark 

Comparlson wlth ,tJpert's cor .... t.otîon. 

for t r... cemp. rlJM the vek>d!le5 and temper.tures 0.15 (mI und ern e.th th e ceiling Me monitored 
In looiitudin.l- .nd perpendicu l.r direction of the fi re. Th e.e "' .... ts .'" di,pl.yetl In f il ' 39 to fig. 

42 wh ere or1 the hQri,onUI . . ... th e di".""" trom the rwe is presented, M1(j en the ve rtk.1 a .... 
the temperature ond the velocity. In the graph. the . imuliltlor1 r ... ults Me di'pl . yetI in red and t r... 

re..,lt. obtaiood by th e Alperr. correlation' in blue. It ca n be ob,erve<! t~t the predictien more 
than two mete r< /rom th e fire does show ~cod agree me nt with the correl.tion, Therefore it is 

assumed th at in ca •• of lil omnldi'ectlonal Iree ceillnll ;et ,moke layer t he CfD model ~.., predkts 
the tempe r.ture . nd ""lociti", In an .ccurate w.y. A. a result of thi. It I. ,Mted that me CFD 

model will predict th e .irflow p. ttern ",,!de . c.r park in • ,uitkient accurate way te .Ilew 
comp .. l..,n ol re5ult. betw ... n different v. riant., 
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4.7 Set-up of simulation ofsemi·open car parks 

4.7.1 

11 h .. become de., thaI the CFD-simul.tion, cl the tran,iti"" , .. e ,h<>ws re,ull, which ore 

'e>mpa ... ble tc lhe re.ullS of the Alpert's Correl'llon. In thls ch'pte r the re5Ults ol !he ,imulatien ol 

"Ir... "r porl: ~. rl. nts wil be sr.own. 

Implementation of obtained results out oftransition case 
The dim..."io", of tr... C<II" park wM:h . re ®toined in i4.1 . nd . Ire.dv us"g §4.6 ~e .lso used 10>< 

tr.. . imulation ol the din ... ...,t v~i.ntl; .• nd ~e 35 (mIx 65 (mI (wldth x length). For Ihe height 2.4 

(mI is u • ..cI. Ir1the ... simulali"", Ihe eau.re pl.eed 00 """ end ol the ,.rpark. which '" vis~e in 

Fil!. 43 wher. the volumes lor the he.t release of Ihese "" are display..cl In gr .... n. Tr.. 
implemenUlion of the cors d~ innuer.ce tIK> . mount cl ce ll . u<ed, due to the e.pan>ion the 
""lu,"" where the he.1 is rele.sed Iwhere ,m.n ... ,en. are used). The tot.1 omeunt ol nodes of the 

. imulalion ot~ori.nlS 110 6 dl«uss..cl in ~ 4,7 I' 930,147 n<>de •. The .mount ei nod e. lor ... ri.nt 7 
is much I.rger becau.e of the impl"",...,t.lion of Ihe structur~ be.ms (discussed in appendix 1) 

aroood w~ch • grid of lQ [cm] i, u,..cI, the amount el volum e cell. i. 1,941,417. 

""', 'J. ,_ 01_ ..... ond _ . b, 1''''',107 ",," .. , _" .. oIIs "" ..... _, _.,.". .1~.s; "" .. """."j ....... , 



4.7.2 Heat and smoke implementation check 
C<>n>iderint! the heat gener.tt"" ""ar Ihe ca .. Toble 8 shows how tr... tempe rature ~ th e CM' 

it\C", •• e. a. a r ... ull of lhe heat ie"""ti"". In the tat>le clc.e .... P5 ol the W' are provided which 
are di,p layed with a d""bm.g time interval up to 480 .econd. afte r whkh <nap ohot, are di,lIIayed 

with .n inter-.I of 240 [.1. I1 can t.. ob.erved that the imp lement.lion of the different car r .. e. 
wilh Ihr ... differenI volume< ai>oYe the ca .. w","re the heal I. ", Ie •• ed .epar.lely i, succe"lu l 

sin<:e the ca ... 11" burnir>g wllhm Ihe Ha<hover points a, di<cuos.ed in «.4.2. Me>r,""ver tr.. 

.tr.llfIc~tt"" ollhe smoke lover due to tr... den.ity difference. i< pr ... ent The r ... ult< don'l """" 
any irregulariti", aOO are con<idered valid. 

-.- 1>""101 

Temper.lure re] 
H" 

The ,moke production of th e lire in varl<ont 1 i. made v1<ibl e In Toble 9 where an i<ometric view i. 
provided. In th e tab ;" th e 1oc.1 <i!hllffilflh i< pro.,.;ded with a mmimum 010 meter al"l(l. maximum 

of 74 meI .... (Ihis i. the longest diotar>ce diagon.1 throughoul lhe CM F"lrk). OUI of Ihe tat>le can be 

ob"' .... ed how lhe omoke layer developo Ihmullhoullhe cor park, il CII1 be ,,"en thlllhe .mol:e 
la.,.. r wililraveilhe totaIlength ol the cu F"lrk wlthln 240 <econd, (lor vari.nl 1). Mor_er Ihe 
expected I • .,..rlnll ollhe <mok. Ia.,.... io vioibl.e. n.e", re.ult< don't . how .ny irregu larille. aM ue 

co"'ld .... ed a, wild. 
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4.8 Different simulation variants 
Ol or""," to provid ~ r~sullS with tne " "" cl CFD which can provide insight in the oojedive (Hl il i. 
r>eU',,"ry te chooooo tlHl . imul~tion v.i~nt. in such ~ w' Y Ihl! tho-y wiH pr~ • ...ult< in both 

won' en. , ituotioo. and !>fom" in .ight in the influenlOOI of wirld In<illCed vent"'ti"" in • ",mi
olMn cor park, Th" [. yout of t""S" __ ri l nl< i. [;.,k..cl to lhe outeome of me melho<! discu, sed in 

§4.2 . r>d the requirement. ol the current guidelir>e •. Sa.ed on the melhod . nd t"" guide ll .... 

req uirements it I •• n. !V'ed II nat""'~ 1 1 , ej, or 1,eJi do<cu«ed in HA2 wil result in the ,ma llest 

opening .rea lor the most general dimension. ol. ,emi-c>pen cor Plrt. F<>r the proper t"stinS of 

Ihe guideline >ome situltioo. will he t".led which jU<I m""" Ih e requi",menlS ".Ied In the 

guideline. Thi. will .epre.ell! Ih e WOlf" c •• " situltioo •. On Ih e ether hond to dete rmi"" Ih e tIl eet 

of wind indllCed ventilation on • ,ar flr~ In<id~ I .~mi-<>~ c.r par k, I n I ppmach i, mo,en in 

wlüeh !~ open .r~a of In ~ facade of lhe car p~k i. ma.imi.ed 10 previde •• iluaticn in wI1ich wind 

can !>I'Y a signifIcant mie, how~v~r thó. i, d<>ne with t~ restri<tion that 11 is po .. ibl~ to han d'" 

modeHIng r~uiremen" in a ilCCurate way. Sketclws of the ~.ri a nt. whi<h are anaty.ed a", 

d" .... Ved in T.,I~ 10 wt>er~ the open aru I, dl'!>I"yed in blIJ e and In e Cl" on flr~ ar~ coIcured 

red . Th e u.ed grid lor th .. >i mulalion wil be th e reo.ult af. grid sen,ilivily sludy al diKuned in 

~.5.3. The po,itien af !he car. " chose n In ,"eh 8 w.y t""l il com!>lies wilh In e lileneral 

d"trib ution of can wllh the geomelry of Ih e Cl r park take!1 inlC account. In thi, type af car park 

il" liI:~ th,,!. road lor drivlng arcund in In ~ car pl rk i. k.uled nelr In e $hort edges. T~ Cln . re 

lherefore placed tl king I minlmol rcad widlh inlO I ccounl (ba""" on NEN2443). For lhe oul,iele 

lemp"ralure ~.8 ('q i, used, sin<e Ihi . th~ a'itrage outside t~mperllu~ over. year in the 

Netherlands (511. 

... ... 
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'he ca, p;lrk . re complete+,o open. The 
"'on lid"" .re dosed. Wind elfKts ."",', 
taken inlO aa:ounl . 
R~ferred 10 0.0: 

the ca, park . re complel6y open. Tt.. 
>hort .id"" .re clooed. A wind pr~u", is 
..,1 on Ihe boondilry which will re...,lt in • 

wind Y1'locitv of rOU!lh~ 5 [mlsl. 
Re/ t rmi la "" kmg ,!de. C<>mpktely 
Open J.S (mis] Wind(C05W) 
In thls ... ,;'nt the Ope1'ir1aS over tht 
leog!h of the car park . re reduced $0 th ev 
mnch the 33" requirement of lhe 
NEN2443 HaCtIy tIMe IDCillion is shitte<! 
00._. 
Reterrrd to on: long $i<kj partioliy O~" 
ond TrDMiDred No Wind (POTNW) 
In this v. r1~t til<! walt. cv.,- th e leflglh of 
the car park ort optfl with e.ception of. 
1 [mI high b.lustr~, Tr.e >hort Jide, .re 
c~. Wind effect. "00" taken into 
account. 
/k{ernd to as; Long sides Porriolly Cl;nn 
(md Balusfradt NO Wind (I'08NW/ 
In thlt Vlriant Ihe Dpe1llnlls over Ihe 
leo;gth of the ca. park . re ,edu~ "" thev 
match the 33" requlrement of the 
NEN2441 eQC1~ Ismemenl U.I. in §Ol, 
However also mUC!U"r be"lng$ are 
I~en InlO .«Dunt liU dimension. are 
dl<CUI<ed In .ppendi.l) 
RefrrmJ UJ 0$; Long sllk$ Partlolly Open 
QfId Srnxturol ~onu No WInd (PDSBNW) 



5 Results 
In this p~r~8r~ph t"" r~sults of th~ different ~~MI 8r~ r><e.senl"c. 111<'$e ~re $ep.rated in Ihe 

, esllllS Ic>< lhe temperature CJilerill . OO the <ightlen,," c~le ria. 

5.1 Temperature safety criteria 
n-... re.ults consjdMirig the ,.fetv .,.-ilerlo cf the maximum lemp"'atu, ... under ",hicl1 • ,ale 

deployment ol Ihe fi,e bri~."" '" .till ~sible (as di.cu"ed in U.l.l) ore disployed in T.bIe 11 .r!d 
T~l e 12. In th ese t.l)I", 1"" le~.tu~, are dlspl ayerl M . Mri,,,,,!.1 poIone at I.S 000 2.3 m"'-er 

heigh! rel<ltivefy, with. time Inte",.1 of S minute •. In Table 11 significant difference, are visit>le in 

Ih e temper.ture cIi.lributi<H1.t 1.S m~r helgh! bf,ty; .... " Ih e different ~.rl .nts_ For var iants 1, 3, 

.( and 6 Ihe m''1nitude of In e . rea wr...re IM tem"",ature .. higher In"" the 100 [' C) Cliteria i, 

relotive ....... comp.red 10 the othe, v.ri~ts. Moreover the Ioc.tioo of tIM •• ru i. situ'led JJeor 

Ih e burninQ carl, wt...rel< il is I..rgely di<pe"..d lor tM, oth .. voriant<. When v",iant 1 I nd 6 or~ 

c()lTlpared, Ihe re,,"I, are quite similar, how"ver vori..,t 6 doe, show tem!>",atur", wI1i<h or. 
"lghUy higher m~.nlng that the ..... t r~ mov.1 i. aff.aed by the b. lu<trad~. Wh"" variant< 2 ilOO 7 

or" com~red lhe,e r".ull, ar" similor on f",1 .i, ht howeve r the ~opi1!\1tion ol th " high 
temp .. atur ... '" 100000itudi n.a1 direction ... em. la occur w.u. • Iower velocity lor vori l r.t 7 than i. the 
CIS. lof vori..,t 1, m,,"ning Ihal lhe smoke removII i. Iff"cted by Ih. struct ural belms. Th<>ugh 

bath v.riont 3 a. 4 implement wind induced ventil.tion, ".illnifocant diff",ence in behaviour can 

be ob ... rved. II appea" Ihal the .mok" I..,." r develops inlO th e dir~ction of lhe wind in v.ilnt 3 
(bad: lay"'inli of !he .m""" Iront). Despite of the wind effet15 the temperatur. increa ... , in lhe 
longiludinal dirl!ction. after 20 minules this "'V" hu .1m0$1 Ir_ lI ..d the totlll~h of lhe ~ 
pork aOO COYered more thaI SO% ol it. Thi, behavioor isn't visible In vari ant 4 wr.ere the area where 

th . temperature incruses ,Uy' limiled te I rel.tive small ore. , m<>reov .. b. ek "'y-g dM.n't 
Sl'I'm 10 accur and the prop.gation in the k>ng~udinll directien is minima!. Th" r. ,ull, ol variant S 

$hov; IMt the temperatur" in<iM th e tar park wil! iocre .. e ov" tM, total ~th, more""", it 

appea" thaI tM, lorg",t ""rea.e i, /OUOO ol th . dosed corner ""ar lhe burning ~ •. from thi, 
corn .. the temp ... ture ,"y'" n pand. throollhout the car park. At tM, oppo.ite.ide ol thi. corner 
the tem!>",otur. i, ,ignili<ontly lower, meoning thaI heal is remav..d by lhe opening ol thi. 

I"""tion qulte eff..ctlvely. 



• 
" r . ~ , 

", • • . " . , , -



TIIe re.ult< of , hOrizont;ol l'Iane ~t 2.3(m] height are displ~yed in T~ bl e 12, notlce th~t the 

m, xOnum lemperolure i. s.et 10 270 ['C] ~. discu,...d in §2.2.2. I1 can he ""Iiced Ihat lhe resu lt< 

_m mueh more idenlical than w .. It.. Cl'" at I.Sm height. V~riant< 1,2,5,6 an.d 7 . how 
comp."ble re.ullS .Ince Ihe 10Ulion . nd mallnilude of lhe area where lhe temp .... 'ture I. aroun.d 
270 ['C] _m. 10 be quite .im~~. Varia nt< 3 and 4 .how th e largest differen<:e, due 10 th e effect of 

wind the areo wilh tem»er.ture, higher th . n 270 r C] chilng ... dr .. tic.Uy, however for v~i~1 3 it 

c. n he <een Ihl1 ~nlu a lly (after baek iayerinll is ".rted) Ihe .ize of Ihe area become. roughly 
""!U";,,, the oth .... variant,. When varianl 1 and 6 ue compared it is noticed thaI the ","ace area 

ol the highe>t te mper.ture.1 20 minule, i. ju>t ,Iightiy la rger for v.ri..,t 6. Cornp"'in!! v.ri~t 2 

and 7 1I Is s1mwn Ihl1lhe lemper3lure laye r i. expan ded more in perpendlcul.r directi"" lor 

voriant 7 than is the ,,"5e lor variont 2. In v.r1~t 5 it' . visible th ot the high temper"IUre laye r 
deveiop. more lo .. ar<ls lhe ojlening.1 Ihe bottom edge Ih~n in I~ op~ite direction. 

• , 
• • 

Tempe"tur. [· C] 



5.Z Sight leogth safety criteria 
In thi, eh.ptPr the Iocol ,ight ler1ath ,t diffPrent r.elihU 1«11 t.. diJ.CUMed low. rd, Wght soure .... in 

hble 13 th e locII ,ighllenfllh'l' r.orizontal pl''''''1 l,Sm ;, dlopl.yed.oo in T.ble 1~ tl'H! 1oc.1 
1ighl length .11 m hei8hl. The fe,ulU """wn in T.ble 13 prO'<tde tIIe 1ighl length dependence on 

the ~ri.nt, there exlst Cle3' d~erence' betw .... n Ihe vari.nt<. Ob"-"Yinil the r ... ult. of vlIn.nt 1. S 

,nd 6 tht smoke lao;Pr ",em, to M ere.ted.t the oWC.ite side where tht ClOr-flre I, posilioneel. 
Thi, i. "x~.i""d by T.ble 9 shown in iO. Thl, t,1)Ie ,how< thaI the ,meke I. yer tr.~, the Ier1Kth 

of the ClOr p.rI< ,oove l,Slm] helght, 8nd fall. be\ow Ih;, height . t the moment, thllt it meet> the 
OPp""le w.lI. Thi. effect al.o ~.VS 11 roIe in v.rillnl 2. howevPr due to the pfe<ence of Ihe ';de 

wall. Ihe .moke w,er does <:OI"IIe down do ... 10 the rore IS ....,11. Mor_Pr the "flm ol • ,moke 
llIye' (omina down IIlhe m<>mem il re~. wlIli 11111.., "';"ble . t the comer ne ... the tife in 

vari . nt 5. 

" " 



The ,moke laver in vori..,t 7 ... e m. to behave In I diffe renl way. Due to the mixinj;: eff~ 

c.",ed by the ,tructura l be"m, me <mOKe lover falls down from the m"""",t it .t~t< d""eloplng in 

the 1C>r\Slludln l l dir~ion. The effect of I .moke Ilyer laliing doW<' ", ... nlly i, al", 'o'isible in 

variant. 3 Ind ~, where due 10 the highe r lurbuleoce int en<ity the mixing of !he mKlke layer i, 

influenced. ~ cl n i>e ol><eNed Ihat oownstream ol the flfe th e vi,ibmty i, reduce In<l.nl"". For 
v~i..,1 3 tN' effecl " ""!'!1tu.liy ol", vi<ible up'trelm ol the wirnllnd in me Iongitudinol dirNtion 

as weH. In vlriont 6 the mi,lng of the ,moke Il yer a1:o;0 poIlY' a rol e, ot 15 .nd 20 minule. it i. vi<ible 
th l t near Ihe bQlJndarie> """ r Ihe length of the Cl< ~r'< there e.l<I tWQ ... e.' wh ere me ""oke 

loyer is lower. TN' i. c.u ... d by the higher turbulence created by the effect ttllt in ond outflow 
"""r the opening Ire clo,er together I""" to lhe lm high b.lu,trade). For ""~ l nt5 It "pp"'ars that 

Ihe <mOKe remova! throughoot the opening neareot to the lire is quite effective. The .ight length 

Ir"", the fire toward. W. <>pe ni"i .toY' r .... tively I .. se over the totol time sp.n ofthe fore. 

Loeit! si8ht length [mJ 

" 



When the re$<Oltl af Ubie 14 lre taken inla locoun!. It ~ ";,ible tnlt wl1en use.,ing the vislbility 

Ihe h,.;ghl al whi"'" lhis Is done l!; af imponan .... The diff.".ence between Ihe re",l\< atl.Slml 100 
11m) are . ignillcant. n.. "';';bility lIt 1.Slm) ;' far more limlted thin the ";';biljty ij llm) height. At 1 

(m) he~hl the burnlng ca .. iJ(e YI,I~ from almo.t aH locat lons in.kle lhe '" park for the \IlI~;ont. 

1,4 ind 6 wherea. the vi.ibi li ty after 20 minute. tcward. the flre i. I""ited fcr the other .orionu. 
An ..tIecl !hIt 11 not "';Ilt>Ie I t 1.S (m) il lhe effttt of !he out~ air Ihal is trl n,porled tow",d. the 
lire. for .",iont 2 it i. vi5ible that dM new out5lde iir is cooler aOO therelore Icwer positioneel. Tm. 

air flow towl,ds tIle fir. creltes two la,ge eddies nelr the do.ed win. o.e, the leogth of the car 

park (.fter 10 minuI"'). It e.enlually appean 10 <:reate Iwo smoke free areu al l(m) he~ht 
whereu the rest ofthe Cir park i. nUed wlth .make. This eff..ct i. it.O ";,ible 111 the "POOins ne.r 

the flre In var"' n! 5 wh~ !he cuUkl" alr pu""'s the smok" layer oW' y, whlch P"lu I po,lt"-" effect 

on lhe visibility. In variant 7 lhe effect al", OCCIJr5 near the 0 ...... "11', hawe • .". lhe effect i. Ie .. 
"lfttti~. This is most litely I result ol the mi,inS of the air und"rne~!he s(rOKtura! beimi . For 

the varionu 3.00 4 similar re",lts .re 10U00 .slor Ihe ca .. al 1.S Im) ""'Shl. AI 11m) hei&hllhe 
effect of Ihe hiBher lurbule",e intensjty is visible u 'he .moke Ilver doel come down In ,he 

downmeam di'KI"", in,lant"" (in varianI 3 """""uai",, al", upstream). 

--



6 Discussion 
In thi. <h~ter.n 'n'lysis will be mM "" the re.ull. ofthe different v.ri'lnu which.re discu,sed 
in ~4,8 I nd whi<h .",ult. w""" 'Mwn In §5. The on. ".. I. wol contol" I <lult; <>n t"" ""h.vi .... ' of 
Ir.e car ave, the time 'Il~ cf the Iin!, .s weW ~. direct oompilri.on on <MI.in mom!'llU in li",e. 

M ... eover ..ventu.1Iy t"" are.', where • safe <ieployment of the fire brig~e i$ .till lIOS5ibl e i. 

provided lor e.rn ""ri.nt. 

6.1 Analysis of car park behavior over time 

6.1.1 

In this <:hapte. the CHJ.-re.ult. win be . no"',ed aver tlw> 101.1 time 'p"" ol the cor park ~re, boIh on 
expl.""tion of this . n.lysi •• pproo<h IS th e re.ult, ol thi •• n.lysis will be prcvided. 

Explanation of analysis approach 
The re,ult. <>bt.ined .00 .hown in §4.7 provided in.ight in the ... Iety uite, .. . t • 5 minute Interv~. 

In order 10 ~'ure thaI th, .. e re.ult. did provide .,ood image of the c.a. park b~vlour ......... the 

tot~ time .pon ol the fire 1I i. de,iub'" to make on analysi. wr.ich '''''lOf' thi . ,,,,,,.,rete tim e 
domain 3t a smaller ti "", int""'.1. 111;. i, dolle bi' th e implemen1Otion ol a tOlll ol 392 monitor 

~nt. half of whkh monitoring lhe te m .... ralure al I>olh J.l [mI 100 1.5 [mI ~ Ih e olher hall 
monitorinllthe Iocal .i&l1t lenllth Ol 1.5 [mI and 1 [mI. Th ese monitor ~nl< ~re placed on two 
Cfoss-.ecüon, visib le in fi~. 44 I nd fig. 45. 

The re.ult. Olblline<! fr"", Ihe.e mooiI'" poinl. are pIotted in a 3d . urfa<e plot, whkh provid". a 
'poe< ific v~i. ble a, • lunction 0/ time .nd oot ion. "" enmp'" ol th f< i • .-i<ible in Fil. 46 where the 

locaI .ight length al lm r.e1lht i. plotte<! over lime 100 I"""tion lor varianl 7. As vi.ible in Fill. 47 
the re·;ull< beco"", m",e d ear wh"" the-; are .ss"ssed Irom a top view. In thi. gr.ph th e IOC01lon I. 
plotted on the h<>ri,onlal IX" 100 tr... lime on th e ......ti,oI ax ... II ;. .-i.ible thaI th e nr.t car thaI i. 

Wt i. loc01ed 11 59 [mI <in,e here the loc.1 ,;ght Ie nBlh f< reduced to ,""olrom the nart oIthe fire. 

It "'''' i. vi.ible how the . ight length reduce. ""er lhe length ol the car park with In inue .... in 
time. Sim~.r plot. are made for the other cro,s-• ...:t ion and lor the other variabIe (tem .... ratu re), 

and will be di«u.>ed in Ir... foliowilll! parIlI raph . 

............. - ... 
'iI· >11. 5<wfoco,... 0<_."", ,""""Ol Im .. "". "J. 47. To,""-O< 1ec .. llcht ........ t lm ho .... 

~ 



6.1.2 lmp!ementation ofanalysis to different variants 
Th" ere.ted surt.", !Ir.ph. whid\ 0'" 0 result ol the on~.i. ov", th e time ",.n ol the fi ", ore 
vi.ible In lIppendi ... to 9. It Cln be .een thot lor th" , Ight length bolh th" resull lowo'd. a light 

...... rce as la 0 liiht ,efleclinH ebjecl .. e di'l' loyed. The resulu ol both lhe "iht ImHth as Ihe 

temper.tu'e wi. t>e <lio.cu .. ed. Note ttlot th" mo.imum diop loyed volue. o'e e'IUo! to the maximum 
.. fMV r"'lul'emeou 10' the lempe,atu", ( .. dllCu<~ in §2.2.2) and equolla 74 m 10, Ihe locol 

'Wh! length (which is lhe ma";mum distanc" in di'Hon.1 di,ectlon throughout th,,~, p .. k) 

Vo,lonll (CONW) 

From the r .. ults of the loco! .. ~ht Imgth ot 1.5(m] height, which i. disployed in oppendi. B, it ~n 

be abserved th.t di'KtJy _bove the fi,,, (ot 59[m) In the long~udl,,"1 Ind al IS[m) In lhe 

pe-rp-endicul.r directioollhe "Kht lerlglh is immedilOt..,.,. redueed to ''''0. Hawe_ il ean .1", be 

observed th.lt it is very likeJy th" Il'emen e.n see the lire lor the enti'e ~'e du ,.tian . r\d the'elore 
al ... lhe .wecesury 20 mlnute< aft" r Ignillan. The ar~ whe'" Ih" .. gilt I"ngth is limlt"d is mainJy 
Ioc.ted in • rel~",e .mall _reo near th e lire. Mor_er -...hen the Ioco l "Kht lenglh in pe,pendieul.' 

d .. ..,11an 1< a~ed.t 20 ",Inules ~ CM he see n thOl on the line startlng 30 [",]aw.y f,,,,,, Ih e 

lire tow.rds lhe rn, the Joe.1 .ighl Jen~th i. larg", Ih.n 30 ["'I Ier !he large.t ~rt on Ihi. I ...... 
whk:h th",efote ' e<ulU In.n , .... "use IocII .Isht Jen&th wMch will he lorg", than 30 (mI over thl. 

li.we. Since thi. ;w""ge Iocol .ight length is higher th.ln 30 ["'] the lir" will he vi .. bIe .1 1.S", helgh! 
.00 therefore aI.o .t 1.00m] helght. Out af the tempe ra tures on heild helihl 11.8 [mil 100 on 

2.3[m] vi .. t>te in .wendi. 4 and 5 ar> be ob.erved th.t close to the fire these limit •• 111 exceeded 
haw,""er lurther IW'Y trom the ~'" the lemper.tu", •• ,e ;tCceptabl". The r.", brigade can readl 

lhe lire Irom.1 Ie •• t """ directlon te ""I WOler en the flre. 

Vlrtlnl2 (PONW) 

eon.idering the locol siKht length .t I.S[m] helg;ht .. displ"yed in .wendi. 11 it ~n be ab.erved 
Iha! arouOO 700 _end< after ilIn~lon lhe Yi<lbltity lowa,d< Ih" lire chances dramallcalJy in the 
loni~udin.1 direction, mc>r"""" .lter 500 secaoo. the vislbil~y in the perpendicullOr direction 
<I..,. to decrease <lgIIlficonIJy. At 1000 ....:ond< the vi,ib;lity Is ,educed 10 zero meaninl Ihat th e 

fire briglOde I.n't oble ta .u tne r"e trem 30 met" r di.unce .ny more. Thi. i. tru" lor 1_5 rml 
heighl and 1.0 fm] heIgIlt as weil sin ... on the line SlminK 30 [m].wa~ trem the rlre towards the 
li re, the Iocll sight lenglh I. IIlwe r Ih"" th iJ Villue. A .. e .. loQ the tempe riture it con be .een in 

app-endi. 4 .nd S Ihal a,ound 600 second, after the i(lnition of th" car lir ... the temp" ... ture.t 1.11 
[ml is above the temperature criteri. af 100 ("q <:an.t_ntly. Thls i. vi.ible In bath the Iong~udln .. 1 
as pe-rpencllculor directlan. The re.u~ of Ihls I< that In ,,,allty the ~re bor1gade wouldn't be able Ic 

approach th e rrre ba.ed upon the temperatu'e criterIo far thi •. Ä>.e .. ing the temp er .. ture at 

2.3[m] helshl lt'. vi'lble Ihal lor thl< heItIht!he temperalure will """,ed the .. I",y crllerll close 10 

Ihe fore io5t.ntJy, how""'" Ihi. oreo inereose. from oround 600 5e<onds .. nd I. i"<''' .... ''8 from that 
p<>inl fO'Wi r<!. ThI. OCCu" In bath the Iongltudln.1 a. perpendlcul~, directlan. MeanlrIQ Ihat Ihl. 

salety erileri. considerinH' •• r.. de~yment cl t he lire br1g. de M't met either. 

VarÎólnt' (COUW) 
From the Iccai <iElht length ot l_S[m) heighl whkh I. di'pI. yed in .ppendi. 8 ~ can he oo.erved 

thai in perp-endicul.r direction in Ih" wake cl Ih e lire tn e vi"bilitv reduces to .ero in 0 reiolM! 
short time interval. Th" visibility in 10n&itudin.1 direction .tlIrts to dec,eue.1 ol .. te, point in time. 

<I.nlng lrom .pproxlmately 600 <Kond< wh", the .econd car " an. bu,nlni. Appro.lmal""" 100 
_end later ol", th e visibi lity up>tream the lire in perpendicular direct ioo .t.rt. to decre.se 

ri pldly. The 'e.ull I. tllot or<)Ur1d 700 <eCond •• fter Ih e Ignitlon the lire I",'t vi.ibJe .nyma", al 

.. _so 



I.S[m[ height. ou.. 10 lho. hillh lurbulen<e of Ihe oMr, Ihe mi.ini! ol the .moke la)'!' r r ... ulu in • 
limiled vi . ii)ility ol lhe lire at l[m[ height a. weil. Th ... efore lhe fire isn't v;,ible lor flremen Irom 

oround 700 .eoond •. Takirc into account the temperature, il can he . ee n that Ihe temperalur ... 11 

1.8 rml ~e sigrliliC<lntly Iower than ;, the ca.., lOf vari...,t 2. The terrlP.rature cril""a al 1.8 rml 
height are n't reached meaninll Ihat boa""'; on lhe. e cm ... i. the deployme nl ol Ih e fire t>r1gode 

would he r"atively .. "' . When the temll"rature criter .. al l.3 rml are a,,,,,,ed it i. vi>ible th at the 
are. at whkh thl, criteri. I. reached lnue .. e. Irom th e moment th.t the ,econd ClIr .t.rt, 

oornirc. Moreover the r ... ull> aren't equal al boIh . ides of tho. car. in perpendicular direction. 1I 

awea .. thaI due to Ine wiOO effect, th e ,tratifiClltion ol Ine ,moke lav ... di "'wear, in .u<h a 
m.nner that"""" lho. hilOhest lempernur ... ore mixed, re,ultinj: in • Iow ... av .... ge lemll"'atu re 
than i. lhe co •• when ,tralif"alion do •• oecur a, in v~"nt1, 2, 5, 6 000 7. ea,,,,, on th.", re.ull, 

1I ;, concluded lhal the criteri. ot 23 rml heighl ar. reached Ift ... 600 .ecOM$. How ........ lhe 

di,ta""e;, rIOt mor. th"" 10 met.r away Irom lhe nre. 

V.,llnI4(COSW] 

CO",;idering the klcol . ight length.t I.S[m] height •• diIPllyed in awendi. a it CMI be ob • ."..ed 

Ihat in perpendicular direction in lho. wake ol lhe lire Ih. vi>ib<~ly redu,"" to ''''0 in an......, more 
rapid m..,n er then wos the c •• e lor v. ri...,t 3. Howeverlrom the vi.ibility cIo4Im·t ch.nce upstreom 
Ih e lire or in Ihe iongiludinal direcIlon. Therelore the requirement; b.<ed upon lhe salely crileria 

regord ing the light i<l ngth Ire met. Observing the tempernure. it i, concluded that th e wind ha.a 

'ignificanl Influenoo on Ih;.; variabIe. Ouring Ihe lime .pan ol Ih e lire il can he . pproached by lho. 
fn brigade in • relatively .. fe m.nner in !)oth the Ior1gitudin.1 .00 upstre.m in ""rpendieul.r 

direction. 

variani 5 (POTNW) 

The Iocol .ight leogth at 1.S[m] height, di.played in "wendi. a it Ihow. thaI at 1.5 rml height the 
vlsibl~ty ch . ng ... g"duaUy In longltlldlnal dlr..,tlon. After 20 ml""t ... the vI.lbillty ;, minirnol 

However when. Wne 'larting:JO [mi away lrom th . lir. towards the Hr. i:I con,idered, il i:I visib<e 
th.t .lter 20 mlnut ... the Iocol .ight lenilh <wer tn;, line I. n~r Iower Ir.an th e di,t.""e toward. 

lho. (lre. Therelore lt'. conduded Ihat the nre i:I .,.;.ib le al 1.5 [mi keliM in perpendicular direclion 
lor the total timt .p.n Of the fire. Thl, i, 01.0 tru. lor the othef d"ection .nd htignt. Therelor. it i. 
conduded tMt boa""'; upon Ihe sighl IenBth th. rwe brigade ca n reach Ihe rwe in a relatlve!y ",Ie 

m.nn er. With r ... peCI 10 lhe temll"'"tur ... II I. shown that.t 1.8 [mi heilhl the temp er.tuee 

criI", .. will be reached il lho. di,tanc. up to lho. fire i. more IMn 10 rnele". Th;' i. ""lid !)oth in lhe 
Iongiludinal .. the II"rpendieul.r direction ~ound 900 • ..,ond. after ignitioo. H<>"Weve r thefe al", 

exi.l •• n area w~e tke lemper. lure crileria i. nol met. Con. iderirc lhe lemll"'.lure Cl"ileri;! al 
l.3 rml Ihi, criter .. ;, rIOt "",t in II"rll"ndicul~ dir..,tion wilhin lO minutes. B~,,,, upon the 

lemper. lure crrteril il can In..refore he Ilated Ih.1 lhere ore ,"Iher Iar8e are., where •• Ie 
deploymenl ol Ih. lir. brigilde i.o't p<",ible, nevertheles. it'. p<I .. ible lor liremen la reach the 

.,e. belw""n lhe aru, who.r. Ih e criteria are nol met. From lho,e p<I.ltlon, II I, p<I'sibl. to 
extiogulsh the Hre. 



V~r\lInl 6 (POBNW) 

COluidelinll lhe IoCiII 'ighl length al I .S(m] hei&hl U displ~ved in ap»endix ! al 1.5 [mi h41ight 

v;,ibilily;, comp~l"Ible 10 !he vislbllilY IS discu,sed tor v~rl.nl 7. The vi, lbllily c~terlöo ~~ met ~I 

I .S(m] and 1 [ml o Thelefore!he file bl~ can reach the file in. lelalively .. fe maMer. When 
~sse .. illll lhe temper~lule crller~ it', visibi e I~ t hese ale (n weil U discussed lor v~i~nl 1) met 

" • 1.8[m) heiihl tor both direction,. In . <kIillon I1 can be observed Ihallhe crilMa lor 2.3 [mi 

heijhl a~ ""'I In lhe longrtudinal direclion wherea, in the per~lar direction tIIese 

condilion. aren't met, allDwing on. dilection lor !he fIlemen 10 . pproach IIMe fI~. 

Varl.nl7 (POSBNW) 

Th . loul >ighl lengtll at 1.S[m] lIe l8111 ",e,enled In api>elldll< B ,~w Ih~l" 1.5 (m) helghl "';slbllity 

d~ Ch.nge most Iilpld ol lil slmul~led varianIS. TM smol:e "vel leoch .. Ihis heijhl lbool 100 

second. ~fter itlnilion in Iongiludinal dilection. The . moke I~yer e:<plInd> con.tilnlly Irom Ihi, polnl 

lorw.rd. In perpendiculilr dlre['\lon IIMe YI<ibltily CNo", .. in an equ.11y l lpid manner. AI l[m) h";Shl 

Ih e smoke laver do", change lapidly after 100 >KoncIs a. weil. The vi<ibi~tv low~d Ihe r .. e Is 

reduced 10 zero .fter .bout 800 .econd •. For the lire brig~~ thls wlil te",llln zero vi.ibilrty which 

makes iI .. fe deploymenl impoo.ible . Coruide ri"i lhe lemper~tule crileria iI". "" ible Ih~t ~I 1.8 

[m) helahl the tempelature sta", to incre .. e constantly .bout 600 _ond, after III:nll lon. TIMe 

dl>lance fIom lhe edie of Ihi.l~ver i. more Ihan 10 meI." fIom th . file within the lime ~n of 

the simul ated rore. Tl\Is " true in both the perpen dlcular~. the Iongitudinal directIon. Elasecl on Ih .. 

ailerion I .. fe rleplovmenl of Ihe rlle bIlgade thereml. isn'l po"ible. MOlto""r a ..... i .... the 
tempelllulf at 2.3 rml w. visible th~t !he .. fety crrteri~ considering thi. hei8ht .'e not met In 

perpendlrular dilection wilhin appro><lmately !IOC .econd. after lanition. 



6.2 Analysis on bases of direct comparison on speclnc location 
In or~r to provide i wtt" r"ition t>e\ween var;" nt, I direct comparison on I .~Inc k><lOUO<1 in 

Ihe c'" pa'k is ma"". TN. comp;lrtson I. bised both on the temperatu,e and lhe si!lht lenilh 

criter;", In Fig, 48 the g .. ~ i, vismi e in which lhe lemperalure. 0<11.8[m] height.OO 10 meter. 

re mole f,om th e ftrst Cir lO,e di'!>i.Ved, In this gr.~ the ti "", is dispiayed O<1lhe horI,ont. ' •• is 

iI1 d the te",!",,"u,e O<1lh e _Iiel l OM e. lIl. ",.Ible thit vlOl"ilOl'lt 2. 7 will , eoch the ma.imum v. iue 

of 100 ['C] within 20 minutes, TIJ.. relotion tH.tWee!1 lhe differe!11 vl riilll. ClOn I)e lOsse .. "d, 

When Ih e lem!"',.lure 0<1 1.S [mi helght i, IlOken into ICcount, t iHI orde, in whic h lhe 

different .... 'i. nt' con be pllCet! oosed on thei, performance trom best to worst 

i. va,i ant: 4. 1,~, 5, 3, 7, 2, A . Imll", .sseument c.n be made at 2.3[m] height. 

This is dispiayed in Fig. 49 whi<:h show. thaI the moxlmum t em!"""u,e is 

reached at 2.3[m] helghl In vlO,ilnt 2.od 3. A cie., distinction in poerfo,monce 

lrom be,t te w""t is hard to ma'e sinee diff""e!1Cel In , eIuIt< lire rei lOtiveI.,.-

---, ---, --_. ---. 
• mall. 

, 
I 

:: -.. ,-
I-

• 

--_ . ---, 

r-c-c""",""""'''''''-'':''~'~''~::;:l 

~. .. u '" '" .,. ... ,., ........ __ -. ••. ••. , . _, ...... .. 1.1 ,n,,,., ho.'" 0_ tho ..... 0010 

of"" ar., IC _' ... ,W,Y _ <Ir '" 1 

" 
:[---:'···'''~-:·~·~-~~·:-~-~''~·:·~'~:1 

t· 
t " 
I--
-, "'f.-. ...... --'ii-i....,,'" __ ~ ft _ ~ ~ b ~ ~ '0 ,~ --. ... SI. ... 01 .......... " .. I ..... '......,' _ ''''' , .... 

"". "' .... r.-., "_"-'W,,_ ...- '" 1 
1I can he eb.erved thai v",11r.t 2,3 lOod 5 pen",m we,,,, th"n variant 1, 6 aOO 7 0<1 thi •• alety 

criter;", n... ... sult. f", the oisht lerogth are . hown in Fif;. 50, where on tr... horizontlOllO'es th e tim e, 

""d en the verli,,1 . xe'lhe IoCI I sight length il displ.Ved. Ferv ... i.mt 2. 3 aOO 7 a ".pid decru. e In 

v1sil)llity i. shown. frem best to werst the v ..... nt' earl t... !>i_eed in Ih e lellowlng ",der : 4, 6 11. 1, 5, 

3, 2, 7. Va,ianll and 6 perform al A . Imlla, Ie~ blsed on thi> light length criteria. Evenlu ally lhe 

nlatv criterilO reg.rding the . ight Ie"&th al l [m] heif;ht i. a.",ssed (Fig. SI). The , .. uk, .,e 

cemparable I" lhe 1.5[m] height. however .t l[m] height varllOnt 1 shows a better perf",mance 

thlOl'l variant 3. 



6.3 Area of (ar park wblch ls approachable for !he lire brigade 
A1 In elO1ensian ofthe 1NIysis, In thI. p;lr...-~h !he obuiinftl 

• .wIt1 ..... ,1dI ,,"'-nt""'" Ihe Iernt*Mu~ ~ silhlleneth 

criletil we combined inlO one flCure. Thh i5 ,hown in f1I. sz 
10 fIC.. SI wh_ diff'~1 hiOIChed "'N' ~.e pr. _led_ These 
._ .. ~_ unu /e ... N' ..... 11._ 10 iIfIf' • ..." lhe ~ 

wKh "",In''''_ ol S flllnUln mo, .. 10 minut ... ~fte. ÎlJf"ilÎOn 

of lhe n. •. Thew ~r.. ~ .. ~ted upon Ihe 1.81ml heI&M 
lemperM ..... ,he IHI'Ip«IIu. e . 1 2.3lml ~ ani! lhe 
.osibil~y 1 __ cllIchI SOU". ~I l.Slml l\tW!l. NI e><p~nilÎOn 

on how IhHe fIeu."" ... e (fei IN b p~ In appencli> 3. 

The leatncl ol lhese Hlur"" Is cI~ftl bek>w: 

= • ~Ie "a~ lor /ir_ • lime S 20 mlnules 

WEl • Utluh! Hl tOf IIrome.. • li"", ~10 minules 

E§:l • Unu/e ..... lor llreme.. • IInM:' lIS ",Inules 

I!l!l!! • U"ufe IrN lOf lire""," • lime ~20 minule. 

The ""~e ~ 'eu wUi be relilllvefy uh! lor li.em~ 10 ~pproilch 

&Ie lire e"H Ih e IClatllma.l9an oll~ file. ~ hllched a"" 

will be uni PprOKhlbie Ifter I ce-rtain lime Inl~1 beaus.e 

Ihe te m~illu'l wm be IOQ hlsh Of OI'I$Ibllily lewI.d, t!we lire b 

ICO !OW. Thu ilOilly!J1 s.howl th.it I~e .e st&."r"'ifll 
dilferern:"" bet_ lhe _ "arla"n. I! "artes fmm """"I 
an ",,!Ira Q' INrit arH whIch is i\lPfOKI>iIbie, 10 I n 
1r\;Ioppr0000ilbie ItH INoI ~ me complete tal" paR aft ... 

10 ",i''',IIes. F ... l hermOfe lor ViOOMts L 4 Ind 6 \he 

IIf"IiIoPprOKh.ible ,rt" IIllmIted \0 l!we locItIon d<m 10 lhe 1Ifl'. 

Bisotd on tI>ne .tiUb " an Ihto-efo.e b, û \ed thil in ~ ... 
<ituMIon Ihe Iltemen will be abIe 10 iIfIf"OIch !he ~ 

' O!U!NeIy Mie and llflirCuh h It. Fa.- lhe m'nu 2, 3 .nd 1 
Ihlrfl' 1sII' l . n _ ~II wNch . I!ow!; ao a"".o;rch in • ~ 

... anoer ifter 20 minutu. For _lint 2 ....t 1 thio 11. !he ~ 

after IS mi,"""" whefH5 lor varlanl 3 _ I. !he Clloe aller 20 

... inuln . Varl~n, J merfioo-. Is s/lnifOClntfy MIer UIO!f. wri~nt 2 

and 1 Ilvoor Ihey all cIo nol _ "'" w~y crltPfil. 

C ........ irC _1iII1 2 a<Id 1 1\', visible ~ lol Vin..! 1 \he 

II'\;IPIlfOICI\6Dle INl.I"er 10 ... 1""ln h 1 ...... 1 .... to. ViI'I.nt 

2, _1'*'1 th.it !he pe,jO,.,Nnce ol Yiflanl 1 Is """~ worse 

IIle!t VIf"IInl 1. Ywnl 5 Inclkllf1 that I~ ..... ru In . ei 

whleh I1 ilWOKh.lble Ic, n..etMn, ho .. eo~ , this IfN is 

... ,.,ou ncled by vu', In whkh \11. lemplnlure w;+i •• ,eed IhI 

»IetV erkeri • . It"J lheft/ere Ci"f1llor1ablt 11 it' • • talfy » It 10. 

fi •• mo=n IQ anler Ih/s """, b.Cl u" II'J p"uible I~al in lhe 
liI~1I1on Ihll II\t nremen lI"etl'l ClpiI\)It/abie la t xti"sul$h 



the ~re wilhin 20 minut ... Ihey can be tr~pped in<id e Ihi< areo . Bo<ed on Ihe 20 minute, criter;' 

variant 5 is con,lder. d "relatl'vely sale with the remorl: Ihat W ... fety level i< ligniliCllntly k:lwer 

th~ i,!he case forv.,l.nt 1, 4 and 6. 

6.4 Safety level assessment for all vaMants 
Base<! upon th e on.lysi' provided in th e previou. ch~te .. , Ir. po"lble 10 prollide 0 flnal 

."",.menl on Ihe ."Iety level ol each variant, in lo bJe 15 thls ",,,, .. men! i. prollide<J. Each 
crit",;' 10 o,,,,"ed in Iwo direct1on. n. mel.,.- th e Iongitudin~ direction I. dir) ond th e p",pendicular 

direCllon Iv dir). In the "as" that a .. Iety er1ler;' 10 reached wrthin 20 minute, il'. time w~1 be 

di.played in red. Th", time i, di.played in minute •. When th41 criteri . ar" not met in two dille rent 
directi"", !hl, will r"",11 in an Insullid"nt ,~fety level, bec~use there i<n't approiKhable direction 

low.rd. tho. fire , 

Salety lev"; 
."e,,,, ... nt 

The ... e .. ment ol the .. Ietv Ie"'; i. provided in tho. mo.t light column of Table 15. Thks ,how, 0 
,ulfidenl .. fety ~ for var;' n! 1, 4 an(! 6 and ' n in ... llidenl .. fetV level lor varionu 2, 3 and 7. 

Moreover it vi.il)le that the ulety lev" ol varII nt 5 i, . .. e"e<J 10 tie qu".tionable, thi< i,. re,ult 
of the temperature erilena al 1,g[m] he< ght in Iongitudinal directie n. 



7 Condusions 

EIi1$ed upon the =en differenlllari.nts whicl1 ore a"""ed, the .ub question. CMI t>e I n,wered; 

Whot are fM geMral ror park di_lIs!cns I~ lilt! Nellw':rlanrn? 

a .oed on I n '$$~sment of 6S co , part. >n the Nethlffilnd. it cln be con<luded Ihat the 

most ~"""ral cu park dimension, ore between SS I nd 65 met ....... ""'ilth.nd t..!w"", " 20 
to:>5 meter .. wldth. 

Dofo. fM influence afwind provOk a higllt!' wfery ~ .... I in 011 eau. wh.!n compored to a 

sitllDtlon without wind? 
The presen<e ol wind doesn'! pr<>vlde I higher $cIIfely I~~ In . 1I ca",. w~ cornpared tc 

the "me ,ltU3lion without wind. However it cln .Iso he conduded thiol when wind 
pr"",u, ... are ~e....,t whkh leid to lir vel""ilie. looide the c.a, park .,oond 5 [m',-'] In .. 

w~II'Il.U rl: $lIfe up$tream $Ituatl""$. 

O<>e. t~ distriwtion Md !o<:otkM ol the o"..niflg ar~ in tM façade of tlw': car park IK" .. " a 

significant irrfllH!rICt! on IM lire .a~ty ~I? 
II the "P"I1 filç.de$ are mllnly pl ac...:! <Hl one ...... in cemp"Mn 10 • di5tritJution .... er Ihe 
ccmf>lete I ~rogth, will me f .. ~ .alety l ..... eI .igniflCilntly, 

• H!N~ .tructural bo>""" plaud at cei/i"fJ Might a .ignificunt infllHlILt on tM fir~ >t1frty ... " 
Stru<tufli Mam. placed ""r""ndicular 00 the mean .m"b Ilyer dirl!'C!klO will re$ull in I 
highe r mi.inIJ cl thi$ $m<l'~ II~r WIth Ih ~ Ir~sh oi r un<terne.lh, whi<:h redu"" the 
lIi$lbilil',' I<>word. Ihe flr~ aOO •• Iety ~ .igr>ifiuntly. 

• Da~, II!<! pr~.~1ILt of a bolu.tradt: affect IM fire "'~ty lellel signijkcnlly compa .... d 10 a 

.ituatian wilho~t a /xJ1~,trodû 
Tl king 1n10 Kcounl a baluJtrade <>f 1 meter height it IPJM!lrs thilt thil d<>eln't hlve I 

'l8nif,,"nt influen<e "" th ~ .. 1~ly ",.elII long .. Ih ~ façade in Iontitudinal direction Ir. 

complelely 0""" lor the rem.ining Iru. 

B.oed upon lhe fiOOirog; In the rese.",h, tlM r".eMeh que.tion cln I)e I nlwered; 

Ta Wllol ~xl~n/ i< tMr~ a risk in th~ .afe deplayment of !he fi",brigade durinQ a co( ft'" In a ... mi

open ,ar park, when /M amafHlI of MJwrol ~n/Ho/ion jj in liM with tI!<! condItIon. a •• tated in 

curr~nt Vu/eh QUideliMJ, ond wMn wlnd-ejfrctl a. wd a, potentlolly worst-co,e sunorlos 0 .... 

laken into account 
There potenti.11y e><IJt I signiliclnt risk in the ,"Ie dellloyme nt th. th. flrebrlglde durlnlil • 

clr n ... in I ,emi-oper1 cor park wh en Ihe om""nl of nalurol ventllalion i. In lin e with the 
ccndltion, .. "<K~d in currenl DIItcM gUidelifll". MorlO .... r wind effl'ct , ' Muld be coo$idered In 

lhe design l in<. it mllueO"'I the ... feto,' level $Ieoifantlv. 



8 Recommendations 

A. J rMult of lhe re ....... eh desuibed in thi, report ne ... re,uren qu e.tion. did on •• . Followins 

recommendalion, lor future .e.eMeh ~. made. 

Or p'" pro~rtl", r~"led: 

To perform ond ...... ment with othertype< of ~ p~k< iK ... ",11. 

Ta perform. CFO-'lmul.tion in which lhe car park i, lilled wifh ""rs, in order la asses. tilt 
inlluence of nol taken thi, inta account. 

Inte rn" '.mp< .ren', II k"n ;"10 account in lhe <imulation, lor further , ...... areh Ih. 
influenee of Ihe,e ramp. coold be detennmed. 

The Ope!1ing. used In Ihe .imulation where IiI compote!"", ope!1, in reality it is know th.t 

perforated potote. or ~nts ore lIIaced ot these opening •. T"e influenee th.t thi. hu on 
the ut.ty I. vli is ,till unknown . n" open for future r~"rch. 

Ta d"term;"" how many <0'"11'1'.' in the Neth.,'.n'" .r. <omp,,~f.o to ~~~ . nt 2, 5 n 7 
in ",der to d" termin" Ihe flre ,.fety level of <urrenl CóI' 11'1"', 

fire r.search cd'led: 
file smoI:e production of c." is based on relotively old r .. eo reh in wl\kh <lid ,.' wt>,o, ,,, 

ott on ~re . N_ ca" ,onloin more ~",Iic, whieh would potenli.11y lead 10 a higher .mok. 
pmduction. Th erelore re,e.,eh on th e <mOk. pr<)dU(tion ol n_ CM' would lead 10 a 

highe r &Ccurocy ollhe ,imul.li<>n re<ulls. 

In Ih;, reotoreh il' . _ .. um. d I~t when the tempe r.ture i. too r.igh morelhe n 10 melen 

trom the flre, t he ~,e (On'l De eJ<!intuished by lhe r .. e brit. de. AA inve,tigation on Ihi . 

din_nee .ttould .how i. this i. a c",r. ct ... umption. 

Modellins ,".Ied: 

To pen"'m CFD·.lmulalions wilh dillet"ent f .. e cu""",, in order 10 "',.!s. Ihe inlluenc. of 

the nr. curve~. on the , •• ulu. 

• It h~. Decome ,1 _ thol when Ihe air velocity (ere_led by windl change.lrom 1.5 [m'''' 1 

to 5 (m' .. ' ] tOO lir ... I. ty level incruot •• ignif.unti';. TIIe ~Ir velodty ~I whidl a , u/foeienl 

.. Iety level i< obll~ CM rIOW De delerrmned. 

• I1 h., becorne de ... th'" a bolu.trade 011 moter do • • not ",.ult in a .Ignlficant Iow .... 

.. lety I .... el. The helght M which IhI< doe, , ... ull in a mOOi decrea,. in Ih e .. Iety l .... eI 

can De delermined. 

It ha. Decome ,Ie ... th at 1/3 ~ "ru cril~a can Ie. d 10 an ""ullicienl <alety l ..... eI. TOO 

rmnimum <>pen area whe re the <alety level eh_ng", Irom .u/foeient to in.uffici ent r.:an I'IOW 

be delermin •• :L 
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10 Appendixes 

Appendix 1, determination of dimen~ion~ of ~tructurill bearing~ 
In thi, '~Clicn the dimen,i(x,. ol the ,tructur.1 tIe.rini' ol simul.tion vor~t 7 ore di>cu .. ed. The 

dimen.icn, ol lhe doubl~ T ~I~"""'ts .. ~ ba,~ on a 2 [kN''''·') lood whkh compII ... wlth Ih ~ 
" Icul'lion. ;" NEN6702 lor nrucrur.1 t>earing<. The Keometry ~ dim"".i"", ol lhe ",ed 
element, .r • .,;.ible in F'II. ~9 and the gr.ph ""I ofwhid1 the dimeosioos . r~ df,ter"'l .... d is vi.ibl e 

in Fig. 60. Mor~ov"" the Impl~ menuli"" inlO CFD c.a/1 t.. ,."" in Fit';. 61 ond Fij:. 62. 

_ .. 
....... __ -..bCFD. __ ' •• OD, ...... _ of _~ .... _. of,~ Ilo"""' T 

"""""t ... _~ 

, 
1.. 

' ..... .,....<>* ......... " .............. " 

_ ,61 



Appendj~ 2, study on gener,,! Qlr p"rk dimensions 
In t"" flSu .... b~ow the pinpointed tlird f!'o/e im"g'" olIM car park, t""~ n Inlo ",counI lor In e 

idenl iflCillion ol general c. r park dimen>ion, con be ... en _ Addre"e5 Me di,pl . yed un<k!meoth Ine 

pktur., T"" .ddr. ".,.r>d pi". (d In the Ne!h ..... ~nd') .... e dl<pl.yed Ior!he car park> trom left 10 

'ight t,om l he n«t ,ow !o Ine ""XI, 

M."'IIdooI."" 2 E~nl ~orto ~oII>tr .. t 235 Oordrech!1 ",-nn Doo,nu!, .. t5 _ ,Ion I ~Ur<H'lu.Ill 

lHJonl Zw .. "",u t TilbufJIl MiCh-Ie<' "mpu, ~in(H .. o .... nl ~ ....... ~i>ltln5IAmst.w.nl 
S,"dlpIeIn lO l Am,,_.n 1 ~"""I.plein 51 ,lmst ..... nl ~ij rn.'i>It., 700 Amllor<bm I ""u ,,,,l< in 15 

Am.to-"bm l V.n Bl< i,wijhl, .. 1 B Amll..-dorn I Alb<rt Sd,w~ll.n .. n III ..... l<Io<:.'n I l_ 5 - 7 DOI1 HI'I I 

lutl\em !kJrawli 25 Don MII!I lUIM .... B .... w.1 Den ~ ... I Am"., •• m .. V_ u'" 30 Den H ... I 
!i<",fM'IO~ 0;0 Eind""· .. n I "'icMI'fWolun E""""""n I ~kk.",ijl ~in<IIl<><.nl Von loonshef 62 ~",cho'" I lOm 

Oulrtr .. ll Goudal Stol.,n>!,ul 23 flee,"'nl ~1omp.1".1 11 Me.tlenl "'!lIrall 10 Ko.r1on l u~mu'. 
fIe • ...." 1 !i<hoponbmp 12 Mlhi'''LH111 [)r, .... "I.o.n 1l ~ddo<p 1 F'rof. ~veb.n n ", .. rtridlll .... rt .an 

", .. I, .. , 16 !Iott. ,d.ml Weeno luid Mtte'dornl Krtlmme ellel>oo!l Rotterdaml G. J. do Jont:h .... 1 

~ott ... orn 1 Ge ....... 1 • Sltt ... d 1 Sint Jocol>1""" 1 ut'ocilli P .. r<Jen.,oe1d 9 ut'echtl ~ijn k.odo 16 Utr",,1II1 
Croe .... .., U"""MI stro., .. , .3 ut,echll lHuwen>!,u l 2 Rotter"'ml Cri<pijI""U' S Mttero ...... 1 
Jurtle\Jrsple" 16 Utrechtl Gnf!iQenlun 1 UI,.,MI P. I"."!,,.! 15 Groni",.nl PopU",,,oat 5 GrtlninC.n l 

Nieuw. pu"".n Don ~.I f'ii~,trnt ItIij"'"len I 5jlO(lrn.q ~t"" I P~r\SeS.e."'&~ Venlo 1 ", .. " .. lpIoln 
VenIo l v ,," mo"tltraot 11 lou'll ~on. 6_hol Qo'd<t<:htl V.n Godow1)cI>s!' oat OonIrot'!1 ~!kopo,-,p .. !. 
Qo,d'othtl Ir, J_P, v. n MlJ ij lwjj"'t, .. 1 175 Arnhem l ~~.oomein 14 ", ... tochtl To,enlun lil ..... ""1 

Mercuriu>pl< in 111 ;, ... nl floridople in 1 H ............ I 0. Wltst, .. t 10 Mlorloo"'l R'I~.""rstr .. ! ~ AImo'.1 
ROCM"" ''''''! 1 AI""re 1 Sà\OUm, .. , 1I0 _ '.1 "'ool~t.,hof 11 AI"",,, 1 Conco,dint,u l 13 lIredo 1 

st.oo",plein 6 ~=he" 1 Albinu,dr • .r 1 l~ 1 LI""I,odtt ~ lOiden I stoti<>r\S~n I ZwoIl< I ..... I< .. " .. t 

1 ~I V.n W ..... lio1 k_nstr .. ' S ~I W •• ",,,, .. ! 151) Emmenl 0" do ~.~or 1 Do .... n""1 
Wi~lmin.lo.n 12Al\:m .. ' 1 O<jk 16Alkrn"'1 



Appendl1l3, determlnatlon of area for vlslbllity towards fire 

In ttlk s..:oon can t>e S~ how the border intiJI where there;' visiblity toword, the lire j, deftn ed 

oot of the loci l slght ler\gth. 111 vi.ibl e thot thls Is bl.ed on .., enlmotion of the sight length in. 

c""ain dir.clion. This estim.tion is drown on the contour< by the us.e ot half drdes, the bord . r is 

dr~wn on the edge. of the.e cirde •. 
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