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Chapter 1. What is Model Validation?

lnasa 1. Yto Takoe Banuaauusa mopenn?

Although there are various definitions of model
validation, for example those contained in ASTM E 1355
[2], most define it as the process of determining how
well the mathematical model predicts the actual physical
phenomena of interest. Validation typically involves (1)
comparing model predictions with experimental
measurements, (2) quantifying the differences in light of
uncertainties in both the measurements and the model
inputs, and (3) deciding if the model is appropriate for
the given application. This Guide only does (1) and (2).
Number (3) is the responsibility of the model user.

XOTs cyllecTByeT MHOXECTBO ONpefeneHuii Banuaaumm
Mogenu, Hanpumep, npeactasneHHble B ASTM E 1355
[2], B 6onblKMHCTBE CNyvyaeB ee ONpeaensitoT Kak
MpOoLIECC BbISIBIEHUS TOYHOCTU MaTeMaTU4eckoin Moaenu
npy NPOrHO3VPOBaHUM peasbHbIX PUINUECKUX SBIEHWIA,
KOTOpble MNpeacTaBnaloT WHTepec. Banupaums, Kak
npasuno, BkmovaeT (1) cpaBHeHME MNPOrHO3MPYEMbIX
[aHHbIX MOAENN C 3KCNEePUMEHTaNbHbIMU U3MEPEHHbIMU
[aHHbIMM, (2) KONMWYECTBEHHYIO OLEHKY pasnuuuii B
CBeTe HEeOonpeaeneHHOCTEN B M3MEPEHUSIX U BXOAHbIX
JaHHbIX Mogenu u (3) NpUHSATUE peLleHus, MPUrogHa nun
Mofenb AN [AAHHOMO  NpuUMeHeHus.  HacTosiee
PykoBOACTBO BbINOMHSAET TONbKO NyHKTHl (1) u (2).
MyHkT (3) ocCTaeTcd Ha YCMOTPeHWe nosnb3oBaTens
Mogenu.

A common question asked of any mathematical model is
whether it is validated. To say that FDS is “validated”
means that the model has been shown to be of a given
level of accuracy for a given range of parameters for a
given type of fire scenario. Although the FDS developers
continuously perform validation studies, it is ultimately
the end user of the model who decides if the model is
adequate for the job at hand. Thus, this Guide provides
the raw material for a validation study, but it does not
and cannot be considered comprehensive.

CTaHaapTHbIN BOMPOC, 3a/laBaeMblil B OTHOLIEHWUM 060
MaTeMaTMUyeckon Mofenu: MpoLsa Nv OHa Banuzauuio.
Cka3zatb, 4to FDS aBnsietca "MoareepxxaeHo " 03HadvaeT,
yTo Mofenb 6blna MoKasaHo, YTO U3 [AAHHOMO YPOBHS
TOYHOCTM [ANs 3aAaHHOro [Avana3oHa napaMeTpbl ASs
[laHHOro TWMNa NoXapHOU cLeHapuio. XoTs pa3paboTumku
FDS NOCTOS\HHO BbINOMHATL MPOBEPKY WUCCNeaoBaHus,
3TO B KOHEYHOM CYETE KOHEYHbIV MOoMb30BaTeNlb Moaenu,
KOTOpbIV pellaeT, ecnv Mofenb afiekBaTHa Ans paboThb
nos pykou. Takum 06pa3oM, [aHHOE pYKOBOACTBO
npefocTaBnsieT Cbipbe ANs aHanu3a 6ecnpucTpacTHOCTH,
HO 3TO HE M HE MOXET CYMTATbCS UCHEPMbIBAIOLLMM.

The following sections discuss key issues that you must
consider when deciding whether or not FDS has been
validated. It depends on (a) the scenarios of interest, (b)
the predicted quantities, and (c) the desired level of
accuracy. Keep in mind that FDS can be used to model
most any fire scenario and predict almost any quantity of
interest, but the prediction may not be accurate because
of limitations in the description of the fire physics, and
also because of limited information about the fuels,
geometry, and so on.

B cnepyowmnx pasgenax paccMaTpuBaloTCs KIOYeBble
BOMPOCbl, KOTOpble  HeobXoAuMO  yuuTbiBaTb  NpuU
MPUHATUM  pelleHusl,  UMeeT  Nn FDS 6bina
noaTeepxaeHa. 3To 3aBucuT OT (a) cueHapves,
npeacTasnaoWmMx — uHTepec, (6)  npeackas’aHHbIX
BEJIMUMH, 1 (B) XXENAEMOr0 YPOBHS TOYHOCTU. WMeliTe B
Buay, 410 FDS Moxer ObiTb WCnonb3oBaH Ans
MOAENMpoBaHUs 60MbLIMHCTBO NtoBoN cLeHapuii noxapa
W npeackasaTb NoYTH toboe KONMYECTBO MHTEPECOB, HO
npeackasaHMe He MOXeT 6blTb  TOYHBIM  M3-3a
OrpaHVyeHuUit B onmcaHum umamnka OroHb, a Takxke 13-3a
orpaHuyeHHoW WHGOpMaUuuM O TOMIUBE, FEOMETPUM, U
TaK fjanee.

1.1 How to Use this Guide

1.1 Kak nosib30BaTbCsl HACTOSILWMM PYKOBOACTBOM

This Guide is merely a repository of calculation results.
As FDS develops, it will expand to include new
experimental measurements of newly modeled physical
phenomena. With each minor release of FDS (version 5.2

HacTosilee PykoBOACTBO nNpeacTaBasieT cobo nuub
XpaHWIULLEM pe3ynbTaToB pacyeToB. 1o Mepe pa3BuTus
COB, oHa 6ygeTt pacwmpaTbCs, 4TObbl BKIOYaTb HOBblE
3KCNepuMeHTabHble n3MepeHust HefaBHO




to 5.3, for example), the plots and graphs will all be
redone to ensure that changes to the model have not
decreased the accuracy of a previous version. If you are
embarking on a validation study, you might want to
consider the following steps:

MOAENVpYeMbIX  pu3ndeckux  siBneHnn. C  KaxabiM
BbiMyck 06HoBneHun FDS (Bepcus 5.2 po 5.3,
HanpuMep), y4acTkMu u rpadukm 6yoyT BCce 3aHOBO,
yTobbl YbeauTbCs, 4YTO W3MEHEeHUs B Mofenu He
YMEHbLWUWNNCh  [JOCTOBEPHOCTb  Mpeablaylleli  Bepcuu.
Ecnun Bbl NpucTynaTh K U3y4eHWIO NPOBEPKU, Bbl MOXETE
paccMOTpeTb CeaytoLme waru:

1. Survey Chapter 2 to learn about past efforts by others
to validate the model for applications similar to yours.
Keep in mind that most of the referenced validation
exercises have been performed with older versions of
FDS, and you may want to obtain the experimental data
and the old FDS input files and redo the simulations with
the version of FDS that you plan to use.

1. O630p MaBa 2, YTobbl Y3HATb O MOCNEAHUX YCUNTUI
ApYrvx, 4Tobbl MPOBEPUTbL MOAENb AN MPUIOXKEHWUN,
noaobHbIX BaweMy. MmeliTe B BuAy, UYTO GOJBLUMHCTBO
CCbITAETCS YNPAXKHEHUN MPOBEPKM ObifIM NMPOBEAEHbI C
6onee crapbiMn Bepcusimmn FDS, 1 Bbl MOXeTe NOMy4nTb
3KCNepUMEHTaNbHbIE AaHHbIE U CTapble BXOAHble (ainbl
FDS » noBTOp cumynsiuMm € Bepcveit FDS, yTo Bbl
niaHMpyeTe NCnosb3oBaTb.

2. Identify in Chapter 3 experimental data sets
appropriate for your application. In particular, the
summary of the experiments found in Section 3.42
contains a table listing various non-dimensional
quantities that characterize the parameters of the
experiments. For example, the equivalence ratio of a
compartment fire experiment indicates the degree to
which the fire was over or under-ventilated. To say that
the results of a given experiment are relevant to your
scenario, you need to demonstrate that its parameters
“fit” within the parameter space outlined in Table 3.7.

2. OnpepennTb B rnaee 3 3KCnepuMeHTasbHbIX HabopoBs
[JaHHbIX, NOAXOAAWMX ANS Ballero npuioXxeHus. B
YaCTHOCTM,  KpaTKOe  W3/IOXKEHME  3KCMNEePUMEHTOB
HallieHHbIX B pasfene 3.42 npeactaeneHa Tabnvua
pasfnuyHble 6e3pa3MepHble BESINUYUHDI,
XapaKkTepusyoLme napameTpbl 3KCNEePUMEHTOB.
Hanpumep,  OTHOLIEHME  3KBMBANIEHTHOCTM  OTCEK
NoXXapHoM 3KCNepMMeHTa MOKa3bIBaeT, B KaKOW CTEMNeHU
OroHb 6bl1 Hag MAM Noa - BEHTUIMPOBATbCA. YTOOLI
YyOOCTOBEPUTLCS, yTo pe3synbTaThl OaHHOro
3KCNEepUMEHTa UMEIKOT OTHOLIEHME K BallEMy CLEHapWIo,
HeobxoaMMOo NPOAEMOHCTPMPOBaTh, YTO €ro napaMeTpsbl
"noaxopst" ans NpoCTpaHCTBa napameTposB,
M3N0XEHHbIX B Tabnuue 3.7.

3. Search the Table of Contents to find comparisons of
FDS simulations with the relevant experiments.

3. Mouck OrnaeneHue, 4Tobbl HalMTU cpaBHeHue FDS
MOAENUPOBAHMS C COOTBETCTBYIOLLMMMN SKCMEPUMEHTAMM.

For a given experiment, there may be numerous
measurements of quantities like the gas temperature,
heat flux, and so on. It is a challenge to sort out all the
plots and graphs of all the different quantities and come
to some general conclusion. For this reason, this Guide is
organized by output quantity, not by individual
experiment or fire scenario. In this way, it is possible to
assess, over a range of different experiments and
scenarios, the performance of the model in predicting a
given quantity. Overall trends and biases become much
more clear when the data is organized this way.

Ona JaHHOro 3KCMepUMeHTa, MoryT 6bITb
MHOFOYMCNIEHHbIE  U3MEPEHUS BEIWYMH, TakuMX Kak
TeMmnepaTypbl rasa, TEM/J0BOro NoToka, U Tak ganee. 310
BbI30B, 4YTO6bl pa3obpaTbCs BO BCEX YHACTKOB U rpadukm
BCEX Pa3/IMYHbIX KOMMYECTBaX WM MPUATU K KaKOMy-TO
o6Liemy BbiBOAy. 10 3TOM NpuuKHE, 3TOT NyTeBOAMTENb
OpraHu30BaH BbIXOAHOW BENUYMHBLI, @ He OTAENbHOro
3KCMepMMEeHTa WM MOXapHOM  cueHapusi.  Takum
06pa3oM, MOXHO OLEHUTb, B AMana3oHe pasfnyHbIX
3KCNEepUMEHTOB W  CLEHapveB, NPOW3BOAUTENbHOCTb
Modenn B MNPOrHO3WpPOBaHWM AAHHOMO  KOMMYecCTBa.
Obwwue TeHaeHUMM W npepybexaeHus cTanu ropasgo

bonee $SCHO, KOrAa [AaHHble OpraHWM30BaHbl TakuM
06paszoM.
The experimental data sets and FDS input/output files | Habopbl 3KCMEepUMEHTasbHbIX JaHHbIX "
described in this Guide are all managed via the online | BxoaHbIX/BbIXoAHbIX  halinoB  FDS, onucaHHble B

project archiving system. You might want to re-run
examples of interest to better understand how the
calculations were designed, and how changes in the
various parameters might affect the results. This is
known as a sensitivity study, and it is difficult to
document all the parameter variations of the calculations
described in this report. Thus, it is a good idea to
determine which of the input parameters are particularly
important.

HacCTOsLLEM PYKOBOACTBE BCE YNPaBASOTCS C MOMOLLBIO
CUCTEMbl apXMBUPOBAHWUSA MPOEKTa B PEXMME OHMaWiH.
BO3MOXXHO, Bbl 3aXOTUTE MOBTOPHO 3arnyCTUTb NPUMEpHI
MHTepec, 4ToObl Nyywe MOHATb, Kak pacyeTbl 6bln
pa3paboTaHbl, M, KaK W3MEHEHUs B  pas3fM4HbIX
napameTpoB MOXET MOBAMATb Ha pe3synbTaTbl. ITO
M3BECTHO KaK WCCnefoBaHWe 4yBCTBUTENLHOCTU, W
TPYAHO AOKYMEHTMPOBATb BCE WM3MEHEHWS NapaMeTpoB
pacyeToB, OMWCaHHLIX B [JaHHOM Joknage. Takum
obpa3oM, 3T0 xopoluas uaes, YTobbl onpeaennuTb, Kakue
M3 BXOAHbIX MAPaMEeTPOB ABNSIOTCA 0CO6EHHO BaXKHbIMM.

1.2 Blind, Validation

Experiments

Specified, and Open

1.2 DKCNepuMeHTbI Banupaumm BCnenyto,
3aflaHHble, U OTKPbITbIE

ASTM E 1355 [2] describes three basic types of
validation calculations — Blind, Specified, and Open.

ASTM E 1355 [2] onucbiBaeT Tpu OCHOBHbIX TuMa
pacyeToB  nybnukauuum  obbsBNEHMA - Bcnenyio,
YKa3aHHbIX, 1 OTKPbITUS.

Blind Calculation: The model user is provided with a
basic description of the scenario to be modeled. For this
application, the problem description is not exact; the

Pacuer Bcnenyl: Mogenb nonb3oBaTenst CHabxeH
OCHOBHbIM  OMMCaHMeM  cueHapus, 4Tobbl  6bITb
CMOAENNPOBaHbl. NS 3TOr0 MNPWIOXKEHMUS], OnucaHue




model user is responsible for developing appropriate
model inputs from the problem description, including
additional details of the geometry, material properties,
and fire description, as appropriate. Additional details
necessary to simulate the scenario with a specific model
are left to the judgement of the model user. In addition
to illustrating the comparability of models in actual end-
use conditions, this will test the ability of those who use
the model to develop appropriate input data for the
models.

I'IpO6ﬂEMbI He SBnseTcs TOYHbIM, Moaenb lNonb3oBaTens

HeceT OTBETCTBEHHOCTb 3a paspaboTky
COOTBETCTBYOLWMNX Mo,qeneﬁ BXOA4bl oT OonncaHunda
npobieMbl, B TOM 4MC/ie [OMOSIHUTENbHBIX AeTanei

reoMeTpuu, CBOWCTB MaTepMana U onucaHusi noxapa, rno
Mepe HeobxoaMMoCTW. [ononHuTenbHas uHdopMauus,
HeobxoAMMble Ans  MOAENMPOBAHUS  CLUEHapus C
KOHKPETHOW MOAESbI0 OCTAETCS Ha YCMOTpeHWe Moaenu
nonb3oBatesnsi. MOMUMO MAMIOCTPaUMKU COMOCTaBUMOCTYU
Mogeneii B peabHbiX  YC/IOBUSIX  KOHEYHOro
MCMONb30BaHWs, 3T0 6yAeT NPOBEPUTL CMOCOBHOCTb TEX,
KTO Ucnonb3yet MoA€e/b ans pa3paboTku
COOTBETCTBYIOLIMX BXOAHbIX AaHHBIX ANst Mogenei.

Specified Calculation: The model user is provided with
a complete detailed description of model inputs,
including geometry, material properties, and fire
description. As a follow-on to the blind calculation, this
test provides a more careful comparison of the
underlying physics in the models with a more completely
specified scenario.

3aAaHHbIN Pacuer: Mopenb rnonb30BaTento
NpeaocTaBnsieTcs  MOSHbIA  NOAPOBHBIM  OMUCAHWEM
BXO/IHbIX NMapaMeTpPOB MOAENEN, B TOM UYNCIIE FTEOMETPUM,
CBOWCTB MaTepuana M oOnucaHus noxapa. Kauectse
O[IHOW M3 MOCNEeAYIOLMNX Ha CNENOro pacyeTa, 3TOT TecT
naet 6onee TLWATENbHOE COMOCTaBNEHNE OCHOBHbIX
¢usmke B Mopensax c 6Honee nOMHOrO onpeaeneHus
cueHapus.

Open Calculation: The model user is provided with the
most complete information about the scenario, including
geometry, material properties, fire description, and the
results of experimental tests or benchmark model runs
which were used in the evaluation of the blind or
specified calculations of the scenario. Deficiencies in
available input (used for the blind calculation) should
become most apparent with comparison of the open and
blind calculation.

OTKpbITbIH pacuer: Mogenb Nnonb30BaTeNo
npenocTaBnsieTcss Havbonee nOMHOM MH$opMaumun o
CueHapuu, B TOM UMCNe reoMeTpuM, CBOWCTB
MaTepuanos, OMuCaHWe MoXapa, a TaKxe pesynbTaTbl
3KCMEepPUMEHTAsIbHbIX WCMbITAHUM WM TECTOB MPOroHa
Mozeneil, KoTopble ObiMM  WUCNONb30BaHbl B  OLEHKE
CnenbliX  WMAM  YKa3aHHbIX  pacyeToB  CLEeHapwi.
HepgoctaTkm B [OCTYMHbIM BXo4 (MCMoOMb3yeMble Ans
cnenbIX pacyeTa) AO/MKHbI CTaTb Hanbonee o4YeBMAHLIM
NpyY CPaBHEHUM OTKPLITOrO M CNenon pacyera.

The calculations presented in this Guide all fall into the
Open category. There are several reasons for this, the
first being the most practical:

PacueTbl, npeacTaBneHHble B 3TOM PYKOBOACTBE BCE
nornazaloT B abConoTHOM BEeCcOBOW KaTeropuu. EcTb
HECKO/IbKO MPUUMH ANS 3TOro, MepBbii M3 KOTOPbIX
Hanbosee NPaKTUYHbIM:

¢ All of the calculations presented in this Guide are re-
run with each minor release of FDS (i.e., 5.3 to 5.4). The
fact that the experiments have already been performed
and the results are known automatically qualify these
calculations as Open.

e Bce pacuyeTbl, NpefcTaBfeHHble B 3TOM PYKOBOACTBE
NMOBTOPHO 3aMnyCTUTb C KaXzablM BbiNyck 06HOBNEHUI FDS
(1.e. ot 5,3 no 5,4). ToT daKT, YTO 3KCNEPUMEHTHI yXKe
NpoOBOAWIUCL, U pe3ynbTaTbl U3BECTHbl AaBTOMaTUYECKU
KBaIMMMUMPYIOTCS 3TU pacyeTsl, kak Open.

e Some of the calculations described in this Guide did
originally fall into the Specified category because they
were first performed before the experiments were
conducted. However, in almost every case, the
experiment was not conducted exactly as specified, and
the calculation results were not particulary useful in
determining the accuracy of the model.

e HekoTopble W3 pacyeToB, OMWCAHHbIX B 3TOM
pPYKOBOACTBE  HMYEro  M3Ha4yanbHO noragawT B
YKa3aHHyl0 KaTeropuio, MOTOMYy YTO OHM MNPO3BYyYanu
BMepBble Mepea MPOBOAWMMCH 3KCMEPUMEHTbI. TeM He
MeHee, MOYTU B KaXAOM Clyyae, 3KCMEPUMEHT 6bin He
NPOBOAUTCA TOYHO TaK, KaK YyKa3aHo, WU pe3ynbTaThbl
pac4eToB He 6bl1 0CO6EHHO MOME3HO ANa onpeaeneHus
TOYHOCTW MOAENM.

¢ None of the calculations were truly Blind, even those
performed prior to the experiments. The purpose of a
Blind calculation is to assess the degree to which the
choice of input parameters affects the outcome.

e HM oavH M3 pacyeToB He 6binM MO-HaCcToALEMY
Cnenol, paxe Te, KOTOPble BbLIMOMHAKTCA [0
3KCMepUMEHTOB. Llenb crienbix pacyeTa SIBSIETCS OLEHKA
CTENeHW, B KOTOPOW BbIGOP BXOAHLIX MapaMeTPoB
B/IMSIET Ha pe3y/bTar.

However, in such cases it is impossible to discern the
uncertainty associated from the choice of input
parameters from that associated with the model itself.
The primary purpose of this Guide is to quantify the
uncertainty of the model itself, in which case Blind
calculations are of little value.

OgHako B TakKuX CfyvyasX HEBO3MOXHO pas/iMunTb
HeonpeaeneHHoCTH, CBSI3aHHON C BbI6OPOM  BXOAHbIX
NnapaMeTpoB U3 YTO CBA3aHO C camou mogenun. OcHoBHasi
Lenb HacTosLlero PykoBoactBa  3aksoyaeTcs B
KOJIMYECTBEHHOM HEOMNpPeEAENEHHOCTb camom moaenun, B
3TOM cny4ae Crenble pacyeTbl UMEKOT Mano 3HayYeHus.

Chapter 2. Survey of Past Validation Work

CnaBa 2. 0630p npouwibiX paboT No BaiMgaumum

In this chapter, a survey of FDS validation work is
presented. Some of the work has been performed at
NIST, some by its grantees and some by engineering
firms using the model. Because each organization has its
own reasons for validating the model, the referenced
papers and reports do not follow any particular

B naHHOW rnaBe NpeacTaBeHO WCCNeaoBaHWe paboT
FDS no Banupgaumu. Yactb paboT 6bina BhIMOMHEHA B
NIST, HekoTOpblE €ro rpaHTornoslyyaTenein U HekoTopble
MHXXEHEPHbIMM  DUpMaMn € UCMONb30BAaHWEM MOAENN.
MoToMy 4TO Kaxpgas oOpraHusaumMs WMeeT CBOU
Cco6CTBEHHbIE MPUYMHbI A1 NPOBEPKM MOAENWN, KOTOpble




guidelines. Some of the works only provide a qualitative
assessment of the model, concluding that the model
agreement with a particular experiment is “good” or
“reasonable.” Sometimes, the conclusion is that the
model works well in certain cases, not as well in others.
These studies are included in the survey because the
references are useful to other model users who may
have a similar application and are interested in even
qualitative assessment. It is important to note that some
of the papers point out flaws in early releases of FDS
that have been corrected or improved in more recent
releases. Some of the issues raised, however, are still
subjects of active research. The research agenda for FDS
is greatly influenced by the feedback provided by users,
often through publication of validation efforts.

CCbINAOTCA AOKYMEHTbI M A0KMaAbl He cneaytoT 0cobbix
npuHUMNOB. HekoTopble M3 paboT Tonbko obecneunTb
Ka4eCTBEHHYIO OLIEHKY MOAENU, 3aKJo4mB, YTO TUMNOBOE
COrnaweHne C KOHKPETHOro 3KCMepuMeHTa SBnseTcs
«KXOPOWUM>» NN «pPa3yMHbIE>». |/|HOF,lJ,a, MOXHO cAenaTb
BbIBOJ, YTO MOAENb XOpOoWo paboTaeT B onpeaeneHHbIX
Clyyasx, He TaK XOpowo, Kak B Apyrux. ITu
MCCNeaoBaHuns, BKIIIOYEHHbIX B MCCNefoBaHWe, TakK Kak
CCbIJIKM  MONE3Hbl  APYrMM MOJSb30BAaTENAM  MOJENH,
KOTOpble MOryT WMETb aHallorMyHoe nMnpuIoXKeHne u
3aMHTEPECOBaHbl B aXe KauyeCTBEHHOM OUEHKW. BaxHo
OTMETUTb, YTO HEKOTOpble M3 paboT yKasblBalOT Ha
HeAoCTaTkM B Hauvane BbinyckoB FDS, koTopble 6biiu

UCTIPaBneHbl UAK YNyJlleHHbIE B MOCAeAHUE Penu3bl.
HekoTopble M3 BOMPOCOB, MOAHATbIX, OAHAKO, MO-
MpeXHeMy  Cy6beKTbl  aKTUBHbIX  WUCCIEA0BaHMWN.

MporpamMma uccnegoBaHuii ansa  FDS  3HauMTenbHoW
CTEMEHN 3aBUCMT OT WHOPMaUMK, MOCTynawLwen oT
rMonib30BaTeNien, 4Yacto 4epe3 MybnuKauum  ycumnuii
NPOBEPKW.

It is useful to divide the various validation exercises
described in this chapter into two classes — those for
which the heat release rate (HRR) of the fire is specified
as an input to the model and those for which the HRR is
predicted by the model. The former is often the case for
a design application, the Ilatter for a forensic
reconstruction. Consider each in turn.

Mone3Ho pa3genuTb pasnuyHble YNpaXXKHEHUs NPOBEPKK,
onucaHHble B 3TOW I/laBe Ha ABa Knacca - Tex, And
KOTOPbIX CKOpoCTb BblaeneHuns Tenna (HRR) u3 orHs
yKasaH B KayecCTBe BKNaja B MOAENU U TeX, ANs KOTOPbIX
HRR npeackasbiBaeTcss Mogenu. bBbiBWMI 3TO  YacTo
6blBaET A8 AM3aNHEPCKOrO MPUMIOXKEHUS, MOCTEeAHEro
Ans cynebHo peKOHCTPyKuuW. PaccmoTpuMm Kaxaylo M3
HUX.

Design applications typically involve an existing building
or a building under design. A so-called “design fire” is
specified either by a regulatory authority or by the
engineers performing the analysis. Because the fire’s
heat release rate is specified, the role of the model is to
predict the transport of heat and combustion products
throughout the room or rooms of interest. Ventilation
equipment is often included in the simulation, like fans,
blowers, exhaust hoods, HVAC ducts, smoke
management systems, etc. Sprinkler and heat and smoke
detector activation are also of interest. The effect of the
sprinkler spray on the fire is usually less of interest since
the heat release rate of the fire is specified rather than
predicted. Detailed descriptions of the contents of the
building are usually not necessary because these items
are assumed to not contribute to the fire, and even if
they are, the burning rate will be specified, not
predicted. Sometimes, it is necessary to predict the heat
flux from the fire to a nearby “target,” and even though
the target may heat up to some specified ignition
temperature, the subsequent spread of the fire usually
goes beyond the scope of the analysis because of the
uncertainty inherent in object to object fire spread.

Wcnonb3oBaHue B LeNsiX MNPOEKTUPOBAHUSI  06bIYHO
BK/IOYAET CyLLUECTBYIOLIEE 3AaHWE WU MPOEKTUPYEMOE
3aHve. Tak Ha3blBaeMbll «MNPOEKTUPYEMbIV MoXap»

3ajaeTcs  mbO  perynvpylowuM  OpraHoM  uiu
WHXXeHepaMu, BbIMOMHSIOWMMK  pacyeT. [loToMy 4TO
CKOpPOCTb TENOBbIAENEHNs NoXapa B 3ajaH, pofb

MOZEnM [Ans MPOrHO3MPOBAHUS MNepeHoca Tenia WU
NMPOAYKTOB CropaHusi Mo BCEM KOMHATe WM KOMHaTbl

MHTEPECOB. BeHTUNAUMOHHOE 06OpyAOBaHWE 4acTo
BK/IOYAETCA B CUMYNSILMM, KaK  BEHTUNISATOPHI,
BO3[yXO[yBKW, BbITSXKHblE lIKadbl, BO34yXOBOAOB,

CUCTEM YNpaBfeHUs AblM U T.4. OpOCcMTENb U Tennaa u
aKTMBaUMW OETEeKTOp AblMa TakXke NpeacTaBasioT
nHTEpec. IdEKT OT CNPUHKNEPHOW OPbI3r Ha OrOHb,
KaK NpaBWio, MeHblUe MWHTepeca, TaK KakK CKOpPOCTb
TEMNNOBLIAENEHNS  OFHS  3afaeTcs  CKopee,  YeM
NpOrHo3upoBanock. MoapobHble OMMCaHUS COAEPKUMOTO
30aHUS, Kak MpaBwio, He TpebyeTcsi, MOCKOMbKY 3TK
npeaMeTbl CYMTAOTCS He CrocoBCTBYIOT BO3ropaHuio, U
[laXe ecnyM OHM, CKOPOCTb ropeHust ByaeT ykasaHo, He
NpOrHo3unpyeTcs. WHoraa HeobxoanMo, YTOGHI
npeackasaTb MOTOK Tenja OT noxapa B cocegHem "
MUAWEHN ", W pJaxe npu TOM, 4YTO Uenb MOXeT
HarpeBaTbCsl [0 HEKOTOPOW 3aAaHHOW TemnepaTypbl
3aXUraHusi, Mocnegytolwee pacnpocTpaHeHWe  OrHs
0OblMHO  BbIXOAMT 3a paMKM  aHanmM3a  M3-3a
HeonpeaeneHHoCTb  npucywla obbekta K 06bekTy
pacnpocTpaHeHune noxapa.

Forensic reconstructions require the model to simulate
an actual fire based on information that is collected after
the event, such as eye witness accounts, unburned
materials, burn signatures, etc. The purpose of the
simulation is to connect a sequence of discrete
observations with a continuous description of the fire
dynamics. Usually, reconstructions involve more
gas/solid phase interaction because virtually all objects in
a given room are potentially ignitable, especially when
flashover occurs. Thus, there is much more emphasis on

CynebHble  peKOHCTPYKUMM  TpebyloT Mogenb  Aans
UMUTaLMM (DaKTUYECKOTrO OrOHb Ha OCHOBE MHbOpMaLm,
KoTopasi CoBUpaeTcs Mocsie 3TOro CO6bITUS, Takue Kak
cYeTa OYEBMALIEB, HECrOpEBLUIMX MaTepuanos, ropsT
noanucen u T.4. Llenb MoaenupoBaHus 3akiouaeTcs B

MOAK/THOYEHUN NoCNeAoBaTENbHOCTb [NCKPETHBIX
HabMIOAEHUIA C  HEMpEepbIBHLIM  ONWUCAHWE AWMHAMUKMU
noxapa. Kak npaBuno, pPEKOHCTPYKUMM NpuBedb

6onblie ra3 / TBepaoe B3aumopgeincTeve a3, NOTOMy
YTO MpPaKTU4YECKN BCe 06bEKTblI B LlaHHOl)II KOMHaTe




such phenomena as heat transfer to surfaces, pyrolysis,
flame spread, and suppression. In general, forensic
reconstructions are more challenging simulations to
perform because they require more detailed information
about the room contents, and there is much greater
uncertainty in the total heat release rate as the fire
spreads from object to object.

NoTeHUMaNbHO BOCMAMeHsoWMecs, 0CobeHHO Koraa
NpOUCXOAUT nepekpbiTue. Takum obpa3oM, CyllecTByeT
ropasgo 6osblue BHUMaHWA yAensTb TakUM SIBIEHUAM,
KaK TensionepeAayn K  MOBEPXHOCTW,  NWUPOSM3a,
pacnpocTpaHeHus MnamMeHn, a Takke noaasneHus. B
obweM, cynebHO peKOHCTPyKUMiA 6onee  CNoXHble
pacyeTbl Ans BbINOSIHEHWSI, MOCKONbKY OHW TpebytoT
6onee noapobHyto MHMOPMaUMIO O  COAEPXMMOM
HOMEpPOB, M eCTb ropasao 6osblue HeonpeaeneHHOCTH B
obweM  ypoBHe  TeMnOBbIAENEHWS, KaK  OrOHb
pacnpocTpaHsieTcs oT 06beKTa K 06bEKTY.

Validation studies of FDS to date have focused more on
design applications than reconstructions. The reason is
that design applications usually involve specified fires
and demand a minimum of thermophysical properties of
real materials. Transport of smoke and heat is the
primary focus, and measurements can be limited to well-
placed thermocouples, a few heat flux gauges, gas
samplers, etc. Phenomena of importance in forensic
reconstructions, like second item ignition, flame spread,
vitiation effects and extinction, are more difficult to
model and more difficult to study with well-controlled
experiments. Uncertainties in material properties and
measurements, as well as simplifying assumptions in the
model, often force the comparison between model and
measurement to be qualitative at best. Nevertheless,
current validation efforts are moving in the direction of
these more difficult issues.

WccnepoBanma no Banuauum FDS Ha cerogHAWHWM
JeHb cocpeaoToYeHbl 6orblue Ha MpPUMEHEHWUM B LENsx
NPOEKTUPOBaHNUS, YEM Ha PEKOHCTPyKumu. lpuumHa B
TOM, YTO AM3aliH MPUNOXEHUSI O0ObIYHO BK/OYAIOT
yKa3aHHble TMOXapoB W TpebyloT, KaK MWUHUMYM,
TENNOMU3NYECKUX CBOWCTB  peasibHblX  MaTepuaros.
TpaHCMOpT M3 AbiMa W Tenna SBNASETCS OCHOBHOM
aKLEHT, U U3MEPEHUsI MOryT ObITb OrpaHMYEHbI XOPOLIO
pa3MeLlleHbl TepMonap, HEeCKOSbKO AaTyMKOB TEMns0BOro
NoTOKa, ra3oBbiX NPOOGHMKOB U T.4. SIBNEHUS 3HAYEHWE B
CynebHO- PEKOHCTPYKLIMM, KakK BTOPOW 3a)KUraHus MyHKT,
pacnpocTpaHeHnss MJaMeHW, BO3AENCTBMSI Mopya M
BbIMUPaHWe, TPyAHEeEe MOAENMpPOBaTb U TPYAHEE YUMTbCA
C XOpOLLO KOHTPONIMPYEMbIX 3KCNEepPUMEHTOB.
HeonpeneneHHocTM B CBOWCTB ~ MaTepuanoB U
M3MEPEHUI, a TakxXe Yyrpollatolime MNpearosioxXeHns B
MOAENK, YacTo 3acCTaBnsAT CPaBHEHME MeXAy MOAENbIo
N un3MepeHusl, 4Tobbl ObITb KayeCTBEHHbIM, B JyudLUEM
cnyyae. TeM He MeHee, B HacCTosLEEe BPEMS YCUIUS
NPOBEPKN [ABWXYTCA B HanpaBneHun 3Tux bonee
CNOXHbIX BONPOCOB.

2.1 Validation Work with Pre-Release Versions of
FDS

2.1 Pa6ora no BanupauuMmu C npeaBapuTesIbHbIX
Bepcui ot FDS

FDS was officially released in 2000. However, for two
decades various CFD codes using the basic FDS
hydrodynamic framework were developed at NIST for
different applications and for research. In the mid 1990s,
many of these different codes were consolidated into
what eventually became FDS. Before FDS, the various
models were referred to as LES, NIST-LES, LES3D, IFS
(Industrial Fire Simulator), and ALOFT (A Large Outdoor
Fire Plume Trajectory).

FDS 6bina odpuumansHo BoinyweHa B 2000 rogy. Tem He
MEHee, B TeYeHMe ABYX AECATUNETWIA pasnnyHble KoAbl
CFD C MCrosb30BaHWeEM OCHOBHOVA FDS
rMApOAVMHAMUYECKUA paMKKn 6blnn paspaboTaHbl B NIST
ANS pasnMYHbIX  MPUIOXKEHWA U ANs  Hay4HbIX
uccnefoBaHuin. B cepeavHe 1990-x rogos, MHorue u3
3TUX pasfnYHbIX KOZOB 6blnn obbeanHeHbl B TO, YTO B
KOHeyHoM wuTore crtan FDS. Mepep FDS, pa3nuuHble
mogenun 6binn npuuncnensl Kk LES, NIST -JIEC, LES3D,
IFS (MpombiwneHHoe cBoux Simulator), u B BO3ayxe
(601bLLIOV OTKPbITbIA OroHb M110M TpaekTopum).

The NIST LES model describes the transport of smoke
and hot gases during a fire in an enclosure using the
Boussinesq approximation, where it is assumed that the
density and temperature variations in the flow are
relatively small [3, 4, 5, 6]. Such an approximation can
be applied to a fire plume away from the fire itself. Much
of the early work with this form of the model was
devoted to the formulation of the low Mach number form
of the Navier-Stokes equations and the development of
the basic numerical algorithm. Early validation efforts
compared the model with salt water experiments [7, 8,
9], and fire plumes [10, 11, 12, 13].

Mogenb NIST JIEC onucbiBaeT nepeHoC AbiMa U ropsavmx
rasoB BO BpeMsi Mnoxapa B Kopryce C MOMOLWbKO
npubnmwxkeHnn byccuHecka, rae npeanonaraeTcs, 4yTo
NNOTHOCTb W konebaHus TemnepaTypbl B MOTOKE
OoTHOCUTENbHO HeBenukn [3, 4, 5, 6]. Takoe
npubnmxxeHne MoXeT O6biTb MPUMEHEH K MOXapHOMY
dakena oT camoro noxapa. bonblias 4acTb paHHUX
paboT c 3TOM opMo Momenu 6blT  MOCBSILLEH
¢opMynmpoBke [03BYKOBOrO opMe ypaBHeHuli HaBbe-
Crokca M pasBUTUS  OCHOBHOTO  BbIYUCIIUTENBHOIO
anroputMa. PaHHMe MOoMbITKM MPOBEPKN CPaBHEHWIO
MOZENb C CONEHOM BOAOM 3KcrnepumeHTax [7, 8, 9], u
noxapHbix wneidos [10, 11, 12, 13].

Clement validated the hydrodynamic model in FDS by
measuring salt water flows using Laser Induced dye
Fluorescence (LIF) [14]. An interesting finding of this
work was that the transition from a laminar to a
turbulent plume is very difficult to predict with any
technique other than DNS.

KNMMEeHT NoATBEPXXAEHO rMAPOANHAMMUYECKOW MOAENN B
FDS nyTteM W3MepeHusi COMeHyK BOAYy MOTOKOB C
MCNosb30BaHNEM nasepHoit WHAYLMPOBAHHOW
¢dnyopecueHumm kpacutens (LIF) [14]. WHTepecHoii
HaxofKol 3ToW paboTbl 6bINO TO, UYTO nepexod OT
NaMMHapHOro K TypbyneHTHoMy Lwnelida o4YeHb TPyaHO
npeackasatb C 11obol TexHnkon, kpoMe DNS.

Eventually, the Boussinesq approximation was dropped

B KoHUe KOHUOB, npubnmxeHne bByccnHecka 6bino




and simulations began to include more firespecific
phenomena. Simulations of enclosure fires were
compared to experiments performed by Steckler [15].
Mell et al. [16] studied small helium plumes, with
particular attention to the relative roles of baroclinic
torque and buoyancy as sources of vorticity. Cleary et al.
[17] used the LES model to simulate the environment
seen by multi-sensor fire detectors and performed some
simple validation work to check the model before using
it. Large fire experiments were performed by NIST at the
FRI test facility in Japan, and at US Naval aircraft
hangars in Hawaii and Iceland [18]. Room airflow
applications were considered by Emmerich and
McGrattan [19, 20].

npeKpaLleHo 1 MoAennpoBaHue CTanu BK4YaTb 6onblue
firespecific aBneHnst. MogenmpoBaHne NoXxapos Kopnyca
CpaBHMBaNIM C 3KCMEPUMEHTOB, BbIMOMHEHHbIX Ha
Steckler [15]. Menn wu pp. [16] u3yyanu Hebonblune
nepbsi renusi, C 0CobbIM BHUMAHMEM K OTHOCUTESIbHOW
ponu 6apOKIMHHOINO KpyTALWEro MOMEHTa W MiaBy4ecTu
B KQ4yecTBe WCTOYHMKOB Buxps. Knvpn u ap. [17]
ucnonb3oBanu  Mogens LES  mopgenuposaTb  Ha
OKpY)XXeHVEe, BMAMMOE C HECKOSIbKUMWM  AaTyMKaMu
MoXapHblX M3BelaTeneh W UCMOMHUIT  HECKOJIbKO
npocTelx paboTy npoBepku AN Moaenn nepeg ee
ncnonb3oBaHneM. KpynHbii  noxap — DKCNepUMEHTbI
nposoannuce Ha NIST Ha cteHge MNT B SAnoHun, n B CLLA
QHrapoB CaMOJIETOB MOPCKOW aBMauuM Ha [aBalsx u
Wcnangum [18]. Homep BO3ayWHOIro NOTOKa NMPUIOXKEHMS
6binn paccMoTpeHbl IMMepux M McGrattan [19, 20].

These early validation efforts were encouraging, but still
pointed out the need to improve the hydrodynamic
model by introducing the Smagorinsky form of large
eddy simulation. This addition improved the stability of
the model because of the relatively simple relation
between the local strain rate and the turbulent viscosity.
There is both a physical and numerical benefit to the
Smagorinsky model. Physically, the viscous term used in
the model has the right functional form to describe sub-
grid mixing processes. Numerically, local oscillations in

Sy paHHue MOnbITKK NpoBepKu 661711
obHafjexuBaloWmMMM, HO  BCE Xe YyKa3an Ha
HeobxoanMOoCTb ynyyLeHus rMapoanHaMmUyecKom

mozaeny, Beoas CMaropuHcKoro hopMy KpynHbIX BUXPEW.
310 pobaBneHve ynydweHa CTabunbHOCTb MOAENN U3-3a
OTHOCUTENIbHO NPOCTOE COOTHOLUEHWE MEXAY JIOKanbHOM
ckopocty  pedopMaumMn M TypbyneHTHON  BSI3KOCTW.
CywectByeT  kak  du3nyeckoe U yYnUcneHHoe
npevmyLlectso  Mogenu CmaropuHckoro.  ®dusnyecku
BSI3KMA TEPMWH, WCMONb3YeMbI1 B MOAENM WMeeT Ha

the computed flow quantities are damped if they become | npaByto dyHKUMOHaNbHYIO GoOpMy, 4TOGbI BbIpa3nTb

large enough to threaten the stability of the entire | nogceTouHoro npoueccoB cmewmBaHus.  YncneHHO

calculation. NoKanbHble KonebaHusi B pacyeTHbIX — KOMMYecTBax
MoTOKa 3aTyXaloT, €CIM OHW CTaHOBSITCS A0CTATOYHO
6onblMMKM,  YTOBbI  YrpoXaTb CTabWnbHOCTM  BCEWM
pacyerta.

2.2 Validation of FDS since 2000

2.2 Banupaumsa FDS c 2000 roaga

There is an on-going effort at NIST and elsewhere to
validate FDS as new capabilities are added. To date,
most of the validation work has evaluated the model’s
ability to predict the transport of heat and exhaust
products from a fire through an enclosure. In these
studies, the heat release rate is usually prescribed, along
with the production rates of various products of
combustion. More recently, validation efforts have moved
beyond just transport issues to consider fire growth,
flame spread, suppression, sprinkler/detector activation,
and other fire-specific phenomena.

CyulectByeT npofomkatolmincs ycunuss B NIST u B
Apyrux  Mectax Aana  nposepkn FDS  kak  HoBble
BO3MOXHOCTM [[06aBnsitoTCA. Ha CcerogHsiluHWMi aeHb
6onbwas Yactb paboTbl MPOBEPKM OLEHMNT CMOCOBHOCTbL
Moaenu, 4tobbl NpeackasaTb TPaHCMOPTUMPOBKY Tenna U
NpOAYKTOB BbIXJIOMa OT Mokapa 4yepe3 kopnyc. B aTmx
MCCNeaoBaHUaX, CKOPOCTb TEMMOBbIAENEHNS OBbIYHO
Ha3Ha4alT BMeCcTe C TEeMMOB MPOM3BOACTBA PasfiMyYHbIX
NpoayKTOB CropaHusl. B nocnegHee Bpems ycunus no
Ba/iMAauUmMK, KOTOpble BhILIM 3@ paMKK TOMbKO BOMNpocaM
TpaHcnopTa pacCMOTPETb POCT OFOHb, PacrpoCTpaHeHue
nnaMmeHn, MoAaBMEeHME, aKTMBaUMM CMPUHKIEPHON /
[ETEKTOP, M ApYrue siBNeHUsi NoXapHble KOHKPETHbIX.

The validation work discussed below can be organized
into several categories: Comparisons with fullscale tests
conducted especially for the chosen evaluation,
comparisons with previously published full-scale test
data, comparisons with standard tests, comparisons with
documented fire experience, and comparisons with
engineering correlations. There is no single method by
which the predictions and measurements are compared.
Formal, rigorous validation exercises are time-consuming
and expensive. Most validation exercises are done simply
to assess if the model can be used for a very specific
purpose. While not comprehensive on their own, these
studies collectively constitute a valuable assessment of
the model.

Pabota npoeepkn 06CyxaarOTCa Hwxke MoryT 6biTb
OpraHu3oBaHbl B HECKONbKO KaTeropuii CPaBHEHWSI C
nonHoMacluTabHble UCMbITaHus, npoBeaeHHbIe
cneuuanbHo AN BblOpaHHOW OLUEHKM, CPaBHEHUs C
paHee  OMy6AMKOBaHHbBIMM  [aHHBIMM  HaTYpPHbIX
UCMbITGHUN,  CPaBHEHWs C  CTaH4apTHbIX  TeCToB,
CPaBHEHWUN C AOKYMEHTMPOBAHHOMN OrMbiTa MOXapHOW U
CPaBHEHWUSI C WHXEHEPHbIMU KOppensiuMini. Tam HeT
€AVMHOTO MeToAa, C TMOMOLLbI KOTOPOro MPOrHo3bl U
U3MepeHusi  CcpaBHMBatOTCA.  (dopManbHble,  CTporue
YNPaXXHEHUSI MPOBEPKM OTHUMAKOT MHOrO BPEMEHU U
[0poro. BoMbLUMHCTBO YrpaXKHEHW NPOBEPKM AENatTCs
MpOCTO OLEHWUTb, ECNIM MOAEMb MOXHO MCMOMNb30BaTh AJist
04YeHb KOHKPETHOW Lienblo. B To BpeMs Kak He siBnsieTcs
MCYEPNbIBAKOLWMM  CaMOCTOSITENBHO, 3TW UCCNEeLOBaHUS
BMECTE COCTaB/ISIOT LIEHHbIV OLEHKY MOAENW.

2.2.1 Fire Plumes

2.2.1 Ctpym noxkapa

There are several examples of fire flows that have been
extensively studied, so much so that a set of engineering
correlations combining the results of many experiments

ECTb HecKonbko NprMepoB NOXapHbIX NMOTOKOB, KOTOpble
6binM  TWwaTenbHO M3y4deHbl, Aa Tak, 4To Obin
pa3paboTaHbl MHOXECTBO MHXEHEPHbIX KOPPENsSUMiA,




have been developed. These correlations are useful to
modelers because of their simplicity. The most studied
phenomena include fire plumes, ceiling jets, and flame
heights.

COYeTalolMX pe3y/bTaThl MHOMMX 3KCMEepUMEHTOB. JTU
KOppensaumMn MosiesHbl AN MOAENUCTOB  M3-3a  MX
npocToThl. Hanbonee u3yyeHHLIMU SIBMEHUS BKOYAIOT
NOXapHble LWMendbl, MNOTOMOYHbIE CTPYW, M BbICOTHI
nnamMeHu.

Although much of the early validation work before FDS
was released involved fire plumes, it remains an active
area of interest. One study by Chow and Yin [21]
surveys the performance of various models in predicting
plume temperatures and entrainment for a 470 kW fire
with a diameter of 1 m and an unbounded ceiling. They
compare the FDS results with various correlations and a
RANS (Reynolds-Averaged Navier- Stokes) model.

XoTsa 6onblwas yacTb paHHMX paboT Banuaaumm ao FDS
6bin1 BbiMyLLEH BOBJIEYEHHbIE MOXAPHbBIX LWIEN(OB, OHa
OCTaeTcsl aKTMBHOW 0bnacTbio MHTepecoB. B oaHoM w3
umccnepoBaHmin Yoy m WUHb  [21]  obcneayet
NpOn3BOAMTENBHOCTb Pa3fMYHbIX mogaeneit B
NporHo3vMpoBaHun dakena TemnepaTypbl U yBEYEeHUs
ans 470 kBT orHs ¢ avaMeTpoM 1 M M HEOrpaHUYEHHON
notonka. OHW cpasHuBalOT pesynbtatel FDS ¢
pasnuyHbiMM  koppensiumid M PAEH  (PeiiHonbacy
CpegHemecsiyHas HaBbe-Crokca) mogenu.

Battaglia et al. [22] used FDS to simulate fire whirls.
First, the model was shown to reproduce the McCaffrey
correlation of a fire plume, then it was shown to
reproduce qualitatively certain features of fire whirls. At
the time, FDS used Lagrangian elements to introduce
heat from the fire (no longer used), and this combustion
model could not replicate the extreme stretching of the
core of the flame zone.

BaTtTranbg u ap. [22] ucnonb3lyetca FDS ans uMutaumm
OrHS1 KpyxuTca. Bo-nepsbix, mMogenb 6bina nokasaHa
BOCMpom3BecTn koppensumio  McCaffrey  noxapHoro
wnenda, To, KaKk NOKa3aHO BOCMPOU3BECTM KAYECTBEHHO
onpeaeneHHble  (YHKUMM MNOXApHbLIX BuUXped. B TO
BpeMs, FDS ucnonb3yetcs JlarpaHxa 3neMeHTbl BBECTU
Tenno ot orHsa (bonblue He UCNONb3yeTcs), U 3Ta MoAesb
rOpeHusi He MOr NOBTOPUTb KPanMHOCTb PacTskeHue sape
30HbI MN/1IAMEHM.

Quintiere and Ma [23, 24] compared predicted flame
heights and plume centerline temperatures to empirical
correlations. For plume temperature, the Heskestad
correlation [25] was chosen. Favorable agreement was
found in the plume region, but the results near the flame
region were found to be grid-dependent, especially for
low QO fires. At this same time, researchers at NIST
were reaching similar conclusions, and it was noticed by
both teams that a critical parameter for the model is
DO=dx, where DO is the characteristic fire diameter
and dx is the grid cell size. If this parameter is
sufficiently large, the fire can be considered well-
resolved and agreement with various flame height
correlations was found. If the parameter is not large
enough, the fire is not well-resolved and adjustments
must be made to the combustion routine to account for
it.

Quintiere n Ma [23, 24] no cpaBHeHWO npeackasarn
BbICOT MJIAaMEHM W LWNeid OoCeBOM SIMHUKM TemnepaTyp
AN 3MNMPUYECKUX  Koppensuuin.  Ons  dakena
TemnepaTtypbl, CooTHoweHne Heskestad [25] 6bin
BblbpaH. BbIrogHble cornaweHue 6b10  HakaeHo B
obnactu dakena, HO pesynbTaTbl B6MM3M 0b6nacTu
nnameHn bbino o6HapyXeHo, YTO CeTKa -3aBUCUMON,
0Co6eHHO ANt HM3koM Q ? noxxapbl. B 3T0 e Bpems,
nccnepoatenn n3 NIST gocturanym noaobHbIE BbIBOAbI,
n 310 6bINO 3amMeuveHO o0benx KOMaHA, 4YTO SBNSETCS
KPUTUYECKUM MapaMeTpoM Ans Moaenu asnsetca D ? =
[x, roe D ? xapaKTepHbIi AMaMeTp OrOHb U X SBNSIETCS
pa3Mep siueliku ceTku. Ecnm 3TOoT napaMeTp AoCTaTo4HO
BEJIMKO, OFOHb MOXHO CUMTaTb XOPOLUMM pa3peLleHneM 1
cornacue C pasfvyHbIMU NSIAMEHN KOPPENsiUUiA BbICOTbI
6bin HavaeH. Ecnv napaMeTp He SBNSIeTC A0CTaTOYHO
60nblIMM, OrOHb HE XOPOLUO peLleHbl, U KOPPEKTUPOBKM

JO/MKHbl  6bITb  cAenaHbl K pyTUMHE CropaHus K
OTBETCTBEHHOCTM 3a 3T0.
Gutiérrez-Montes et al. [26] simulated 1.3MWand | 'yTbeppec - MoHTeC u Aap. [26] Mopenupyetcs

2.3MWfires in @ 20 m cubic atrium using FDS version 4.
The authors conclude that FDS “significantly over-
predicts by 40 % to 80 % the plume temperature near
the flame (below 9 m) but only slightly over-predicts by
10 % to 25 % the plume temperature above 9 m.”
Similar results were found for experiments conducted at
VTT, Finland, in a 19 m tall test hall with similar sized
fires. These results are included in Section 6.6. Both of
these studies point out the sensitivity of the centerline
plume temperature close to the flame tip to the
prediction of the flame height. FDS does not use a flame
height correlation, but rather predicts the flame height
based on the fuel stoichiometry and fluid dynamics of the
turbulent plume.

1.3MWand 2.3MWfires B 20 M Ky6 aTpuyM C MOMOLLbIO
FDS Bepcumn 4. ABTOpbl NpuxoasT K BbiBody, 4to FDS "
3HaunTenbHO Hbonee - nporHosupyeT Ha 40% po 80 % ot
TemnepaTtypbl dakena Bo3ne nnaMeHu (Hmxke 9 M), Ho
TONbKO YyTb 6onee - nporHo3vpyeT Ha 10% Ao 25 % ot
TeMmnepaTypbl dakena Bbilwe 9 MeTpoB. " AHanornyHble
pe3ynbTaTbl 6bM  HaWAEHO ANs  3KCMEPVMEHTOB,
npoBefieHHbIX B VTT, ®UHNSHAMSA, B 19 M BbICOTON TecT
3a7 C aHanorMyHbIMK MO pasMepy Moxapos. [aHHble
pe3ynbTaThl 66NN BKAOYEHbl B pasgene 6.6. Oba atn
MCCNeaoBaHUsl  yKasblBalOT  Ha  YyBCTBUTENbHOCTb
LeHTpanbHOM TeMmnepaTypbl akena Heganeko OT
KOHYMKa MaMeHU K MpeackasaHWio BbICOTbl MAAMEHW.
FDS He wucnonb3yeT KOppensumio BbiCOTa MiaMeHu, a
npeackasbliBaeT  BbICOTY  MJaMeHM  Ha  OCHOBe
CTEXNOMETPUn TOMNNMBa " rMapoANHAMUKA
TypbyneHTHoro dakena.

Hurley and Munguia [27, 28] compared FDS (version 4)
simulations with plume and ceiling jet measurements
from a series of full-scale tests conducted by
Underwriters Laboratories. The tests were conducted in a
36.6 m by 36.6 m compartment with ceiling heights

Xepnu n MyHruna [27, 28] no cpaBHeHuto FDS (Bepcus 4)
MOZIENMPOBAHNSA C TJIIOMOB M MOTOJSIOYHBIX W3MEpEHUH
pPEAKTUBHbIX M3  CEPUM  HATYpPHbIX  UCMbITAHWUN,
npoBefeHHbIX JlabopaTopuein Mo TexHuKe. McnbiTaHus
nposoauauck B 36,6 M Ha 36,6 M OTCEKE C BbICOTOW




ranging from 3 m to 12.2 m. Heat release rates followed
a modified t-squared growth profile. Thermocouples
attached to brass disks were used to simulate thermal
detectors. The FDS simulations were conducted with a
grid spacing of 10 cm. A convergence study found that
grid-size convergence was achieved outside of the plume
region. However, grid convergence was not achieved in
the plume region at this grid spacing. Outside of the
plume region, FDS predictions were within a factor of 1.9
of the test data.

notonkoB oT 3 M Ao 12,2 M. CKopocTu BbICBOOOXAEHMS
Tenna c nocneayowmm MoaMbuLMpoBaHHyO T -KBaapaT
npobuna pocta. TepMmonapbl, MpPUKPenseHHble K
NaTYHHbIX AWCKOB 6blIM MCNOMb30BaHbl AN UMUTaLUMK
TennoBbIX AeTekTopoB. MopgenuposaHue FDS  6binu
nposeaeHbl C warom cetkn 10 cMm. CxoxaeHuwe
nccneaoBaHue nokasano, YTo ceTka pasmepa conmkeHune
6b1710 AOCTUIHYTO 3a npeaenamu wneinda pernoxHe. Tem
He MeHee, CeTKM KOHBepreHuun He 6bina AOCTUrHyTa B
MIOMOB pErvoHe B 3TOM luare ceTku. BHe wnelica
pervoHe, FDS nporHo3bl 6bv B 1,9 pa3a TecToBbiX
JaHHbIX.

2.2.2 Pool Fires

2.2.2 Moxapbl nponuea

Xin et al. [29] used FDS to model a 1 m diameter
methane pool fire. The computational domain was 2 m
by 2 m by 4 m with a uniform grid size of 2.5 cm. The
predicted results were compared to experimental data
and found to qualitatively and quantitatively reproduce
the velocity field. The same authors performed a similar
study of a 7.1 cm methane burner [30] and a helium
plume [31].

CvHb u ap. [29] ncnonb3yetcs FDS ans moaenvMpoBaHus
1 M B gnameTpe MeTaHa 6acceliH OroHb C. PacyeTHas
obnactb 6blla 2 M Ha 2 M Ha 4 M C OAHOPOAHLIM
pa3mepom ceTkn 2,5 cM. lMporHosupyemble pesynbTaThl
6611 conocTasieHbl C IKCNEPUMEHTaNbHbIMU AaHHBIMU U
Npu3HaHo KayeCTBEHHO " KOJIMYECTBEHHO
BOCMPOMW3BECTM MOE CKOpOCTeit. Te e aBTopbl NPOBENU
QHanornyHbIN nsyyeHne 7.1 cM ropenku metaHa [30] u
renvs wneid [31].

Hostikka et al. [32] modeled small pool fires of methane,
natural gas and methanol to test the FDS radiation solver
for low-sooting fires. They conclude that the predicted
radiative fluxes are higher than measured values,
especially at small heat release rates, due to an over-
prediction of the gas temperature. These tests are also
included in the Heat Flux section of this report.

Xoctukka ap. [32] mopenvpyeTcs Hebonbluoi bacceiH
NnoXapoB MeTaHa, NMpUpPOAHOro rasa U MeTaHona, yTobebl
NpPOBEPUTb PaZIaLIMOHHLIN pellatens FDS anst HU3KKX -
caxeobpazoBaHus noxapos. OHW NPULLAN K BbIBOAY, YTO
npeackasaHHble  pafMauMOHHbIE MOTOKM  BbIWE, YeEM
M3MEPEHHbIX 3HaYeHUI, 0COBEHHO NPU MasiblX CKOPOCTEN
TEMN/OBbLIAENEHNS, U3-3a YPE3MEPHOW MPOrHO3MPOBaHMS
TemnepaTypbl rasa. 3T TecTbl TakXKe BK/OYEHbI B
pa3sgen Tennosoi NOTOK 3TOrO OTYeTa.

Hietaniemi, Hostikka and Vaari [33] consider heptane
pool fires of various diameters. Predictions of the burning
rate as a function of diameter follow the trend observed
in @a number of experimental studies. Their results show
an improvement in the model over the earlier work with
methanol fires, due to improvements in the radiation
routine and the fact that heptane is more sooty than
methanol, simplifying the treatment of radiation. The
authors point out that reliable predictions of the burning
rate of liquid fuels require roughly twice as fine a grid
spanning the burner than would be necessary to predict
plume velocities and temperatures. The reason for this is
the prediction of the heat feedback to the burning
surface necessary to predict rather than to specify the
burning rate.

XueTtaHunemn, Xoctukka u Baapu [33] cumTatoT rentaH
6acceliH noXxapos Pa3fIMYHbIX ANaMeTpoB.
MpeackasaHUs CKOPOCTW FOpPEeHUst B 3aBMCMMOCTM OT
AvameTpa cnepoBaTb TeHAeHUMIO, Habnoaaemylo B psae
3KCMEpUMEHTAsIbHbIX  UCCNeAoBaHWn. WX pesynbTaThl
MoKasblBalOT YMydllEHe B MOAENM Hag npeabiayllei
paboTbl C METaHONOM MOXapoB, W3-3a YAyudlleHuid B
npoueaype paguaumm U TeM, 4YTO renTtaH sABnAgeTca
60ee 3aKOoMYeHHbIN, YeM MeTaHon, ynpoLlasi 06paboTky
M3My4yeHust.  ABTOpbl  OTMEYalOT, YTO  HaAeXHble
npeackasaHus CKOPOCTUM FOPEeHUS XXMAKOro  TOMivBa
TpebyeT npuMepHO B pABa pa3a wrtpada CeTky,
OXBaTbIBAIOWWYK TFOpeniky, 4Y4eM 3T0 HeobxoauMmo Ans
NMPOrHO3MPOBaHWsl CKOPOCTM W TeMmnepaTypbl dakena.
MpUuMHON 3TOro SBNSIETCA nNpeackasaHue 0ob6paTHOW
Tenna K MOBEPXHOCTU TOpeHUsi, HeobxoauMMon Aansi
NPOrHO3MpOBaHMsl BMECTO TOrO, YTO6bI YKa3aTb CKOPOCTb
ropeHusi.

2.2.3 Air and Gas Movement in the Absence of Fire

2.2.3 iBxeHne BO3AyXa U rasa npu OTCyTCTBUM
OrHSA

The low Mach number assumption in FDS is appropriate
not only to fire, but to most building ventilation
scenarios. An example of how the model can be used to
assess indoor air quality is presented by Musser et al.

[34]. The test compartment was a displacement
ventilation test room that contained computers,
furniture, and lighting fixtures as well as heated

rectangular boxes intended to represent occupants. A
detailed description of the test configuration is given by
Yuan et al. [35]. The room is ventilated with cool supply
air introduced via a diffuser that is mounted on a side
wall near the floor. The air rises as it is warmed by heat
sources and exits through a return duct located in the
upper portion of the room. The flow pattern is intended
to remove contaminants by sweeping them upward at

Huskuii uncno Maxa npeanonoxeHne B FDS noaxoauT
He TONMbKO CTPensaTb, HO Ans 60MblMHCTBA CLeHapueB
3aaHue BeHTUNsAUMK. MNpuMep TOro, Kak MoAenb MOXET
6bITb MCNONb30BaHa ANS OLEHKM KayecTBa BO3dyxa B
noMeLleHnsx npeactaBneH Maccep u ap. [34]. Tecr
oTCeK 6blN CMELLEeHME TECT BEHTUIALMS NMOMELLEHMS], YTO
COAEPXUTCA KOMMbtoTEpPbl, Mebenb U CBETWIbHUKK, a
TakXe NoAorpeBoM MpsSIMOYrofIbHUKK, NpefHa3Ha4YeHHble
ANst NpeacTaBneHns naccaxupos. MoapobHoe onvcaHue
TECTOBOM KOHdUrypaummn sapaetca Yuan v u ap. [35].
MNomelleHWe BeHTUAMPYETCS C  XOMOAHOMO  BO3AyXa,
BBEAEHHOro yepes anddy3op, KOTOPLIN YCTaHOBMEH Ha
60KOBOW CTeHKe B6/IM3M nosa. Bosayx nogHMMaeTcs, Kak
3TO HarpeBaeTCs OT UCTOYHMKOB Tenna v BbIXOAUT Yepes
06paTHbIi  KaHan, pacrofioXXEHHbIM B BEPXHEWN YacTu




the source and removing them from the room. Sulphur
hexafluoride, SF6, was introduced into the compartment
during the experiment as a tracer gas near the breathing
zone of the occupants. Temperature, tracer
concentration, and velocity were measured during the
experiments. For temperature, the two finest grids (50
by 36 by 24 and 64 by 45 by 30) produced results in
which the agreement between the measurement and
prediction was considered “acceptable.” The agreement
for the tracer concentrations were not as good. It was
suggested that the difference could be related to the
way the source of the tracer gas was modeled. The
comparison of velocity data was deemed “reasonable,”
given the limitations of the velocity probes at low
velocities.

nomelleHns. KapTuHa TeuyeHus npedHasHayeH Ansi
yOaneHus 3arpsisBHEHW pagvKaribHble WX BBEpPX Ha
WUCTOYHMK W yAaneHne uUx u3 KoMHaTtbl. [ekcadTopuaa
cepbl, SF6, 6bi1 BBEAEH B OTCEK B XOAe 3KCMEPUMEHTa B
Ka4yecTBe MHAMKATOPHOro rasa BO6/IM3M 30HbI AbIXaHUS U
naccaxxvpos. TemnepaTypa, KOHLeHTpauum
MHOMKATOPHOrO M CKOPOCTb ObifiM M3MepeHbl B Xoae
3KCNepuUMEHTOB. [nsi TeMnepaTypbl, ABa JyYlUMX CETKM
(50 Ha 36 Ha 24 n 64 Ha 45 no 30) ganu pesynbTaThl, B
KOTOpbIX  COrnalieHne mMexay N3MepeHusi "
NPOrHO3MpOBaHus CYMTanoch «MPUEMNIEMBIM».,
CornalleHve 0 KOHLEHTPaUMK U3MepsieMbiX 66111 He Tak
Xopowwu. bbio npeanoXeHo, YTO pasHULA MOXET 6biTb
CBsI3aHa C TEM, KaK UCTOYHMK MHAMKATOPHOrO rasa 6bin
cMoaenvpoBaH. ConocTaBneHue AaHHbIX CKOPOCTU 6bin
npu3HaH " pasyMHbIM ", yunTbiBasi OrpaHMYEHNs 30HA0B
CKOPOCTM Ha MasiblX CKOPOCTSIX.

In another study, Musser and Tan [36] used FDS to
assess the design of ventilation systems for facilities in
which train locomotives operate. Although there is only a
limited amount of validation, the study is useful in
demonstrating a practical use of FDS for a non-fire
scenario.

B naopyrom wuccnepoBaHun, Maccep wn TanH  [36]
ncnonblyetrcss FDS ouEHWTb AM3alH BEHTUASILMOHHBIX
canucteM  ana  obbekToB, B KOTOPbIX MarucrpanbHbIX
TennoBo30B paboTaloT. XOTH €CTb TONbKO OrpaHMYeHHoe
KONMYeCTBO MpOBEPKM, MCCNeaoBaHWE MOMe3Ho B
[EMOHCTpUpYeT MpakTuyeckoe ucnonb3oBaHue FDS ans
cueHapvsi 6e3 orHsi.

Mniszewski [37] used FDS to model the release of
flammable gases in simple enclosures and open areas. In
this work, the gases were not ignited.

Mniszewski [37] wcnonb3yetcas FDS mopennpoBaTb
BbICBOOOXAEHME FOPIOYNX ra30B B MPOCTbIX KOPMYCOB M
Ha OTKPbITbIX M/owaakax. B 3Toi paboTe, rasbl He
BOCM/IAMEHSAOTCS.

Kerber and Walton provided a comparison between FDS
version 1 and experiments on positive pressure
ventilation in a full-scale enclosure without a fire. The
model predictions of velocity were within 10 % to 20 %
of the experimental values [38].

Kepbep u YantoH ycnoBuu cpaBHeHne Mexay FDS
BepcuM 1 M IKCMEpMMEHTOB MO BeHTURIsAUMKM C
NONOXMWTENbHLIM ~ JaBfIEHMEM B MOSIHOMAcWTabHyo
kopnyce 6e3 orHs. lNpeackasaHus MoAenuM U3 CKOpoCTu
6binm B npegenax 10% o 20% oOT aKCnepMMeHTasbHbIX
3HayeHui [38].

2.2.4 Wind Engineering

2.2.4 PacueT BO3AEeACTBUII BeTpa

Most applications of FDS involve fires within buildings.
However, it can be used to model thermal plumes in the
open and wind impinging on the exterior of a building.
Rehm, McGrattan, Baum and Simiu [39] used the LES
solver to estimate surface pressures on simple
rectangular blocks in a crosswind, and compared these
estimates to experimental measurements. In a
subsequent paper [40], they considered the qualitative
effects of multiple buildings and trees on a wind field. A
different approach to wind was taken by Wang and
Joulain [41]. They considered a small fire in a wind
tunnel 0.4 m wide and 0.7 m tall with flow speeds of 0.5
m/s to 2.5 m/s. Much of the comparison with experiment
is qualitative, including flame shape, lean, length. They
also use the model to determine the predominant modes
of heat transfer for different operating conditions. To
assess the combustion, they implemented an “eddy
break-up” combustion model [42] and compared it to the
mixture fraction approach used by FDS. The two models
performed better or worse, depending on the operating
conditions. Some of the weaknesses of the mixture
fraction model as implemented in FDS version 2 were
addressed in subsequent versions.

BonblWMHCTBO npunoxeHuint FDS  BkAOYaTb NOXapoB
BHYTPM 34aHWA. TeM He MeHee, OH MOXET ObITb
MCMonb30BaH ANS MOAENMPOBaHMSI TEMOBbIX MNepbs B
OTKPbITOM M BETPaA MaJaloOLIEro Ha BHELIHWUI BMI 30aHUS.
Pem, McGrattan, baym u Simiu [39] wcnonb3oBanu
pewaTtenb LES oueHnBaTb NOBEPXHOCTHbIE AaBNEHWE Ha
NPOCTbIX MPAMOYronbHbIX 6510KO0B B 6OKOBOM BETPE, U
CPaBHWAM  3TM  OUEHKM B  3IKCMEPUMEHTasbHbIX
usMepeHuit. B nocneaylowelit pabote [40], no ux
MHEHMI0, KayeCTBeHHble 3hdeKTbl HECKONBbKMUX 3A4aHUIA U
[lepeBbeB Ha nose BeTpa. [pyroit noaxoa kK BeTpy 6bi1o
pa3meweHo Banr u Joulain [41]. Onu cuuTanm,
HebonbWoOW MNoXap B  aspoAMHaMuuyeckon  Tpybe
WwmpuHoit 0,4 M 1 0,7 M B BbICOTY CO CKOPOCTbIO MOTOKA
0,5M/ cpo25M/ c bonbwas 4acTb CpaBHEHUS C
3KCMEPUMEHTOM KA4yeCTBEHHO, B TOM uucrie opMbl
nnaMmeHn, Xxyaow, AnuHbl. OHW  TaKkXXe WCMONb3yT
Mozdenb Ans onpeaeneHus npeobnagarolmx pexMmon
TennoobMeHa ANns Pas3fIMuHbIX YC/IOBUI 3KCMIyaTaLuu.
[ns OueHKW ropeHue, OHW peanu3oBann " BUXPEBbIX
JIOMKY» MoA€enb ropeHus [42] u cpaBHWN ero ¢ gpakuum
noaxoaa cCMecu, wucnonb3yemoit FDS. 3T aBe Mopenu
BbIMOMHEHbI Jydlle WAW  XyXe, B 3aBUCMMOCTU OT
YCITOBUIA 3KCMNyaTaummu. HekoTopble U3 cnabocTel cMecu
dpakumMn Moaenu Kak peanusoBaHHoro B FDS Bepcun 2,
6b11M PAaCCMOTPEHbI B MOCNEAYOWMNX BEPCUSIX.

Chang and Meroney [43] compared the results of FDS
with the commercial CFD package FLUENT in simulating
the transport of pollutants from steady point sources in
an idealized urban environment. FLUENT employs a
variety of RANS (Reynolds Averaged Navier-Stokes)

YaHr n Meroney [43] cpaBHunum pesynbtaTthl FDS c
KOMMEepYeCcKum CFD naketa FLUENT npu
MOZENMPOBaHUM MepeHoca 3arpsisHSOWMX BeWecTB OT
CTauMOHApPHbIX TOYEYHBIX MCTOYHMKOB B
WOeanu3npoBaHHOW  ropoackon  cpedbl.  FLUENT
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closure methods, whereas FDS employs large eddy
simulation (LES). The results of the numerical models
were compared with wind tunnel measurements within a
1:50 scale physical model of an urban street “canyon.”

Mcnonb3yeT pa3nuyHble PAEH (PeviHonbac
CpeaHemecsiyHasi HaBbe-CTokca) METOAbI 3aKpbITUS, B TO
BpeMsi kak FDS wucrnonb3yer kpynHbix Buxpeit (LES).
Pe3ynbTaThl YNCNEHHbIX MoAenel 6bifin conocTaBeHbl €
pe3ynbTaTaMu U3MEpEHUWii B a3poamnHaMuueckon Tpybe B
npegenax 1:50 mMacwrtaba ¢wunueckor  Moaenu
rOPOACKOW YNULE «KaHbOH».

2.2.5 Atmospheric Dispersion

2.2.5 Paccesinne B atmMocepe

During the 1980s and 1990s, the Building and Fire
Research Laboratory at NIST studied the burning of
crude oil under the sponsorship of the US Minerals
Management Service. The aim of the work was to assess
the feasibility of using burning as a means to remove
spilled oil from the sea surface. As part of the effort,
Rehm and Baum developed a special application of the
LES model called ALOFT. The model was a spin-off of the
two-dimensional LES enclosure model, in which a three-
dimensional steady-state plume was computed as a two-
dimensional evolution of the lateral wind field generated
by a large fire blown in a steady wind. The ALOFT model
is based on large eddy simulation in that it attempts to
resolve the relevant scales of a large, bent-over plume.
Validation work was performed by simulating the plumes
from several large experimental burns of crude oil in
which aerial and ground sampling of smoke particulate
was performed [44]. Yamada [45] performed a validation
of the ALOFT model for 10 m oil tank fire. The results
indicate that the prediction of the plume cross section
500 m from the fire agree well with the experimental
observations.

B 1980-x n 1990-x rogoB HayyHO-UccneaoBaTenbckas
nabopatopusi Ctpoutenscteo v Moxap Ha NIST nsyyanu
OKUraHue cblpoli HedTM Noa CMOHCOPCKOM noaaepXke
Cnyxba ynpaBneHus MuHepanbHbiMuM pecypcamu CLLA.
Lenb paboTtbl 3aknoyanacb B OLEHKE BO3MOXHOCTU
MCMONb30BaHUSI CKWraHMe B KadecTBe cpeactsa Ans
yAaaneHus pasnuton HecbTM C MNOBEPXHOCTU Mopsi. B
pamkax ycunuii, Pem 1 baym paspaboTaHa cneuuvanbHast
npumeHenne mopenu LES HasbiBaemoit ALOFT. 3Ta
mMozenb  6binacnuH-odd  aBymepHoi  Mopenu  LES
Kopryca, B KOTOPOM TPEXMEPHOe CTauMOHapHoe Lnend
6blna BblUMCIEHa KaK iBYMEPHOW 3BOMIOLMM NONEPEYHOA
ronsi BETpa, reHepunpyemMoro 60/bLLION noxapa pa3ayBoM
B CTaumoHapHoM BeTpa. ALOFT Moaenb OCHOBaHa Ha
KPYMHbIX BUXPEW B TOM, YTO OH MbITAETCS paspelnTb

COOTBETCTBYIOLUIME  MacliTabbl  6OSbLLON,  COrHYTOM
wneida. MpoBepka paboTbl OblIM BLINOMHEHBI MyTEM
UMUTaLmmn nepbst n3 HECKOMbKMX 60nbLLKX

3KCMEPUMEHTASIbHbIX 0XOroB Cbipoit HedbTH, B KOTOPOM
6bI71 BbINOMIHEH BO3AYLIHOM U HA3eMHOM BbIGOPKM AbIMa
yactuy [44]. imaga [45] nposenu nposepky B ALOFT
mMogenn ans MacnsiHoro 6aka 10 M orHs. Pe3ynbtaThl
MoKasblBalOT, YTO NpeAckasaHue MomnepeyHoro Lunend
pasgene 500 M OT OrHsl, XOpOWO COrnacywTcs ¢
3KCNepUMeHTabHbIMM HabNoAEHNSMM.

Mouilleau and Champassith [46] performed a validation
study to assess the ability of FDS (version 4) to model
atmospheric dispersion. They concluded that the best
results were obtained for simulations done with
explicitly-modeled wind fluctuations. Specific atmospheric
flow characteristics were evaluated for passive releases
in open and flat fields. The authors concluded that
maximum downwind concentration were well-predicted,
except for the case of unstable conditions where the
model over-predicted the concentration, and that time-
averaged “cloud shape” was well-predicted for stable
atmospheric conditions, but less so for neutral and
unstable conditions.

Mynnbé u LWamnaccut [46] npoBenn uccrnegoBaHue
NpOBEpKN Anst oueHku cnocobHocTn FDS (Bepcus 4) ans
MOAENUpOBaHUs aTMoccepHoi aucnepcun. OHW Npywn
K BbIBOAY, YTO Haunyywue pesynbTaTbl 66111 NonyyeHb!
AN MOLENVPOBAHWS  COBEPLUEHHBIX C  SIBHO
mMoaenupyembix  konebaHui  BeTpa.  KOHKpeTHble
XapaKTepUCTUKMN aTMOChePHbIX MOTOKOB Obiv OLEHEHBI
ANS NacCMBHbIX pPenu30B B OTKPLITbIX W MAOCKMX
obnactax.  ABTOpbl  NpuwaM K  BbiIBOAY, 4TO
MaKCcUMasnbHas Mo BEeTPY KOHLUeHTpauusi b XOopoLlo
npeackasan, Ang cnyyast HectabumbHbIX YCnoBUSX, rae
MOZeNlb Ype3MEPHOI NMPOrHO3UPYEMbIX KOHLIEHTpaLuio, U
UTO YCpefHeHHbIN no BpemeHu "obnako dopma " 6bin
XOPOLO MNPOrHO3MpyeMbIX CTabwunbHbIX aTMOCHEPHbIX
yCnoBusiX, KPOME, HO B MeHblUEeN CTeneHn Ans
HelTpasbHble U HeCTabWibHble YCNOBUS.

2.2.6 Growing Fires

2.2.6 Pacrywme noxcapbl

Vettori [47] modeled two different fire growth rates in an
obstructed ceiling geometry. The rectangular
compartment was 9.2 m by 5.6 m by 2.4 m with a hollow
steel door to the outside that remained closed during the
tests. An open wooden stairway led to an upper floor
with the same dimensions as the fire compartment
below. Wooden joists measuring 0.038 m by 0.24 m
were spaced at 0.41 m intervals across the ceiling and
were supported by a single steel beam that spanned the
width of the room. A rectangular methane gas burner
measuring 0.7 m by 1.0 m by 0.31 m was placed in the
corner of the chamber. Slow and fast burning fires that
reached 1055 kW in 600 s and 150 s, respectively, were
monitored. Four vertical arrays of Type K thermocouples
were used to measure temperatures during the tests.
The FDS model used four grid refinements and

BetTopn [47] cmopenupoBan ABa Pas/iMYHbIX TEMMNa
pocTa noxxapa B TPYAHOAOCTYMHOM reoMeTpuM NoTosIKa.
MpsiMoyrosibHOe MomelleHne cocTaensno 9,2 M Ha 5,6 M
Ha 2,4 M C NycToi CTanbHOW ABEPblO, Bedyllen Ha
ynuuy, kotopas 6blna 3akpbiTa BO BpeMmsi NpoBedeHus
ncnbiTaHuin. OTKpbITas AepeBsHHas NecTHWUa Bena Ha
BEPXHUI 3TaXk C TEMM Xe pa3Mepamu, YTO U MOXApPHbIN
oTCeK Hwxke. [lepeBsiHHble 6ankM  NepekpbITUl,
coctasnsowme 0,038 M Ha 0,24 M, pacrnonaranucb C
MHTepBanoM 0,41 M Ha nOTONKE W OMNMpanUCb Ha
CTanbHylo 6asiky, MPONOXEHHYIO MO BCE LUMPUHE
KOMHaTbl. MNpsAMoyrosnibHasi MeTaHoBasl ra3oBasi ropenka,
coctansawowas 0,7 M Ha 1,0 M Ha 0,31 ™M 6bina
nomelleHa B yray kamepbl. MegneHHble W ObiCTpble
ropeHus noxapsl, kKotopble gocturam 1055 kBT B 600 ¢ u
150 € COOTBETCTBEHHO, KOHTPONMPOBaNIUCb. YeTbipe
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piecewise-linear grid spacing for each fire growth rate
(slow and fast). For the fast growing fire, the predicted
temperatures were within 20 % of the measured values
and within 10 % for the slow growing fire. In general,
finer grids produced better agreement.

BEPTUKaNbHbIX MaccvMBbl Tepmorapbl Tun K 6blm
MCronb30BaHbl A1 U3MEpPEHUs TeMnepaTypbl BO BpeMsi
ucrbliTaHuin. Mogenb FDS ucnonb3yeTcsi YeTbipe CeTKu
YTOYHEHUS U KYCOYHO-NIMHEWHOE Lar CETKU AN KaXKaom
CKOPOCTU pocTa NoXxapHoW (MefneHHoN 1 bbicTpoi). Ans
6bICTPO pacTyLero OrHsi, npefckasaHHble TemnepaTypbl
66 B npepenax 20% W3MEPEHHbIX 3HAYeHWH U B
npenenax 10% ana MeaneHHo pacTyllei orHs. B obliem,
6onee mMenkue CeTKM NPOM3BOAUTCA NlyYllee cornacue.

In a follow-up report, Vettori [48] extended his study to
include sloped ceilings, with and without obstructions. He
found that the difference between predicted and
measured sprinkler activation times varied between 4 %
and 26 % for all cases studied. He also noted that FDS
was able to predict the first activation of a sprinkler twice
as far from the fire as another; caused presumably by
the re-direction of smoke and heat by the beams on the
ceiling.

B nocneaytowmin otyet, BetTopu [48] pacnpoctpaHun
CBOE WCCreaoBaHve, 4Tobbl BK/OYWTL  CKOLIEHHble
noTonkn, ¢ U 6e3 npenatcTBuit. OH OBHapyXWs, 4TO
pasHuua Mexay nNporHO3VMpyeMbiIM U U3MEPEHHbIX
BPEMEH aKTVBaLMW CNPWHKIEPHOW BapbupoBana ot 4%
0o 26 % pans Bcex uccnenoBaHHbIX cnydvaeB. OH Takke
oTMeTun, uyto FDS 6bin B COCTOSHMM MpeackasaTb
rMepBbIli aKTMBaLMIO CMPUHKIepa B ABa pasa Aafiblue oT
OFHS W [pyroW; BbI3BAHHOrO  NPearonoXuTENbHO
NOBTOPHOrO HarpasfeHus AbiMa W Tenna cO CTOPOHbI
6ankn Ha NoTosnKe.

Floyd [49, 50] validated FDS by comparing the modeling
results with measurements from fire tests at the Heiss-
Dampf Reaktor (HDR) facility. The structure was
originally the containment building for a nuclear power
reactor in Germany. The cylindrical structure was 20 m in
diameter and 50 m in height topped by a hemispherical
dome 10 m in radius. The building was divided into eight
levels. The total volume of the building was
approximately 11,000 m3. From 1984 to 1991, four fire
test series were performed within the HDR facility. The
T51 test series consisted of eleven propane gas tests and
three wood crib tests. To avoid permanently damaging
the test facility, a special set of test rooms were
constructed, consisting of a fire room with a narrow
door, a long corridor wrapping around the reactor vessel
shield wall, and a curtained area centered beneath a
maintenance hatch. The fire room walls were lined with
fire brick. The doorway and corridor walls had the same
construction as the test chamber. Six gas burners were
mounted in the fire room. The fuel source was propane
gas mixed with 10 % air fed at a constant rate to one of
the six burners.

®nong [49, 50] noatBepxaeHo FDS nyteM cpaBHEHWs!
pe3ynbTaToB  MOAENMPOBaHWS C  U3MepeHusiMu  OT
OrHeBbIX MCMbiTaHWi Ha Peaktop (HDR) obbekTa Xalic -
Dampf. CTpykTypa M3Ha4anbHO 34aHWe yAepXxaHus Ans
peakTopa aTOMHOW 3MeKTPoCTaHuuM B [epMaHuu.
LnnmHapuyeckast KOHCTpYKUms 6bina 20 M B AMaMeTpe n
50 M B BbICOTY YBEHYaHHbIN Nonychepuyeckmm Kynosaom
10 m B paauyce. 3paHve 6bIN0 pasgeneHo Ha BOCEMb
YpoBHeN. O6wuin 06beM 3aaHUA 6bi1 nNpuMepHo 11000
M3. C 1984 no 1991, yeTblpe noXxapa CEpUN UCMbITaHUN
66111 BbINONHEHbI B Npeaenax obbvekta HDR. TecT cepum
T51 coctosin M3 oAvHHAAUaTWM MporaHa MCrbITaHui
rasoBblX W TPeX WCMbITAHUN [PEBECUHbI  KPOBATKM.
Utobbl u3bexaTb MOBPEXAEHWS TECTOBbIM  LIEHTP,
cneumasnbHblil Habop TECTOBbLIX KOMHAT BblIN NOCTPOEHbI,
COCTOSILUMI U3 TMOXAPHOW KOMHATe C Y3KOM [BEPbIO,
OJIMHHBIN Kopuzop obTekaHMe Kopryca peakTopa CTeHy
LUMTOB, W 3aHaBELIEHHbI 06M1acTb C LEHTPOM noj
TEXHONOMNYECKU MioK. B oroHb CTeHbl KOMHAT 6binn
BbIfIOXEHbI OFHEYMOPHbIM KMpNUYoM. [1Bepu n Kopuaop
CTeHbl MMenu  Takyld Xe  KOHCTPYKUMIO,  Kak
ucnbiTaTeNbHON Kamepe. LLlecTb rasoBbiX ropenok 6binm
YCT@HOB/EHbI B KAMWUHHOM 3ane. UCToYHMK Tonauvea 6bin
nponaH ras, cMelaHHbIn ¢ 10% Bo3ayxa, NoAaBaemMoro ¢
MOCTOSIHHOW CKOPOCTbHO B OZHOM M3 LUECTV FOpPenoK.

The FDS model predicted the layer height and
temperature of the space to within 10 % of the
experimental values [49].

Mogenb FDS npeackasan BbICOTY CNos U TeMnepaTypsl
NpoCTpaHCcTBE €  TodHocTblo o 10 % ot
3KCNepUMEHTaNbHBIX 3HaYeHui [49].

FDS predictions of fire growth and smoke movement in
large spaces were presented by Kashef [51]. The
experiments were conducted at the National Research
Council Canada. The tests were performed in a
compartment with dimensions of 9 m by 6 m by 5.5 m
with 32 exhaust inlets and a single supply fan. A burner
generated fires ranging in size from 15 kW to 1000 kW.

FDS nporHosbl pocTa MoXapoB W ABMXEHMSI AblMa B
6onblumx nomelLeHnsx 6ein npeacrtasneHbl Kashef [51].
DKCMEpPUMEHTbl  NpOBOAMAMCL  Ha  HauWoHanbHbIN
uccnegoBaTenbckuii  coBeT  KaHagbl.  McnbiTanust
NpOBOAW/IUCL B OTCEKE C pa3MepaMn 9 M Ha 6 M Ha 5,5 M
C 32 BbIXOAHbIMM OTBEPCTUSIMU W OAHUM MPUTOYHLIM
BEHTUNIATOPOM. [Openka 3anycTunia noxapbl pa3mMepoM
ot 15 kBt no 1000 kBT.

2.2.7 Flame Spread

2.2.7 PacnpocTpaHeHusi NJiaMeHu

Although FDS simulations have been compared to actual
and experimental large-scale fires, it is difficult to
quantify the accuracy because of the uncertainty
associated with material properties. Most quantified
validation work associated with flame spread have been
for small, laminar flames with length scales ranging from
millimeters to a few centimeters.

Xota MopenuposaHue FDS 6binv nNoO CpaBHEHMIO C

haKTUYECKUMM " 3KCMEPUMEHTASbHLIMU
KpyNnHOMacIUTabHbIX ~ MOXapoB,  TPYAHO  OLIEHUTb
TOYHOCTb U3-33 HEONPEAENEHHOCTW, CBSA3AHHOW C

MaTepuanbHbIMUM  CBOMCTBAaMU. CaMble KONMYECTBEHHO
paboTa npoBepka, CBsA3aHHas C PacrnpoCTPaHEHWEM
nnaMeHn 6blIM AN ManblX, CMOUCTBIX MIaMeHU C
OSIMHAMU B AMAnNasoHeoT MUMIUMETPOB A0 HECKOSbKMX
CaHTMMETPOB.
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For example, FDS (or its core algorithms) have been
used at a grid resolution of roughly 1 mm to look at
flames spreading over paper in a micro-gravity
environment [52, 53, 54, 55, 56, 57], as well as “gjitter”
effects aboard spacecraft [58]. Simulations have been
compared to experiments performed aboard the Space
Shuttle. The flames are laminar and relatively simple in
structure, and the materials are relatively well-
characterized.

Hanpumep, FDS (unnM ee OCHOBHblE anropuTMbl) Obinn
MCMoNb30BaHbl NPU paspeLlleHny ceTku M3 npumepHo 1
MM, 4TOGbl CMOTPETb Ha MJiaMsl pacnpoCTpPaHsIETCS Mo
6bymare B MukporpasuTauun [52, 53, 54, 55, 56, 57], a
Takxe Kak «gjitter» adcekToB Ha 60pTy KOCMUYECKOrO
annapata [58]. Cumynatopbl 6biM MO CpaBHEHUIO C
3KCMEPUMEHTOB, BbIMOSIHEHHBLIX Ha 6OPTy KOCMM4YeCcKoro
kopabns. Mnams NaMUHapHbIA U OTHOCUTENBHO MPOCTbLIM
NO KOHCTPYKUMW U MaTepuanbl SBASOTCA OTHOCUTENbHO
XOPOLLO OXapaKTepu30oBaHbl.

The flame spread calculations from FDS were compared
to the vertical flame spread over a 5 m slab of PMMA
performed by Factory Mutual Research Corporation
(FMRC). The predicted flame spread rate was within 0.3
m/s for any point in time during the analysis. The
comparison at the quasi-steady burning rate once the full
slab was burning shows that FDS over-estimated the
burning rate [23, 24].

PacnpoctpaHeHne  nnameHu pacyetol un3  FDS
CPpaBHMBaNMCb C  PacnpoCTpaHEHWEM  BepTMKasbHOM
nnamenu Hag 5 M nautel NMMMA B ucnonHeHuun Factory
Mutual Research Corporation (FMRC). MporHosupyemoe
CKOpOCTb pacnpoCTpaHeHus nnameHn 6bin B npegenax
0,3 M / c ans noboili MOMEHT BpeEMEHU B TeyeHue
aHanuza. CpaBHeHME B KBa3W-MOCTOSIHHOM CKOPOCTbIO
ropeHus cpasy MOJSIHLIM MAUTa ropena rnokKasbiBaeT, yYTo
FDS nepeoueHnTb CKOPOCTY ropenust [23, 24].

A charring model was implemented in FDS by Hostikka
and McGrattan [59]. The model is a simplification of
work done at NIST by Ritchie et al. [60]. The charring
model was first used to predict the burning rate of a
small wooden sample in the cone calorimeter. The
results were more favorable for higher imposed heat
fluxes. For low imposed fluxes, the heat transfer at the
edge of the sample was more pronounced, and more
difficult to model accurately. Full-scale room tests with
wood paneling were modeled, but the results were
judged to be grid-dependent. This was likely a
consequence of the gas phase spatial resolution, rather
than the solid phase. The authors concluded that it is
difficult to predict the growth rate of a fire in a
woodlined room without “tuning” the pyrolysis rate
coefficients. For real wood products, it is unlikely that all
of the necessary properties can be obtained easily. Thus,
grid sensitivity and uncertain material properties make
blind predictions of fire growth on real materials beyond
the reach of the current version of the model. However,
the model can still be used for a qualitative assessment
of fire behavior as long as the uncertainty in the flame
spread rate is recognized.

Mogenb obyrnueaHus 6bin peanuzoBaH B FDS no
Hostikka 1 McGrattan [59]. Mogenb npeacTaensieT coboit
ynpotleHune pabotbl caenaHo B NIST no Puun n gp. [60].
O6yrnueaHusl Mogenb Bnepsble 6bina ncnonb3oBaHa Ans
NPOrHO3MPOBaHNWSA  CKOPOCTb  FOpPeHUst  HebOoNbLIOM
fepeBSHHOM  obpa3ua B KOHyce  KanopuMmeTp.
Pesynbtatbl 6binn 6onee GnaronpuaTtHbiMM ans 6Gonee
BbICOKMX HASIOXEHHbIX TEMIOBbIX MOTOKOB. [N HU3KMX
HaNOXEHHbIX MOTOKOB, Mepedada Tennia Ha Kpaio
obpasua 6b10 6onee BbipaXkeHHbIM, U 6onee TpyaHO
TOYHO CMOAenMpoBaTb. HaTypHble HOMep TecTbl C
[epeBsHHbIMM  MaHensaMn 6biMn  CMOAENMPOBaHbI, HO
pesynbTaTtbhl 6blAM  NpU3HaHbI CETKM 3aBUCUT. ITO,
BEPOSITHO,  SIBNSIETCS  CNEeACTBMEM  ra3oBOM  chasbl
NPOCTPaHCTBEHHBLIM pa3pelleHneM, a He TBepaon dase.
ABTOpbl MpULWINM K BbIBOAY, YTO TPYAHO MpeackasaTtb
Temnbl pocta noxapa B woodlined komHaTe 6e3
«HacTPOMKM» Ko3dUUMEHTaMM CTaBOK Muponusa. Ans
peanbHbIX M3AENUiA U3 APEBECUHbI, MafioBEPOSITHO, YTO
BCE HeobXxoauMble CBOWMCTBA MOXHO MOMYYMTb NErko.
TakMuM  0bpa3oM,  YyBCTBMTENbHOCTb  CETKM U
HeonpeaesieHHbIe CBOWCTBA MaTepuana AenailoT Crienble
npefcKasaHus pocTa OroHb MO peasibHbIX MaTepuasnos
BHE [0CAraeMoCTW Tekylleld Bepcuu moaenu. Tem He
MeHee, Mofenb MO-NMPEeXHeMy MOXHO WMCMOonb3oBaTb ANs
KauyeCTBEHHOM OLEHKM MOBEAEHMS MoXapa, Moka
HeornpeaeneHHoCTb B CKOPOCTM  pacrnpoCTpaHeHus
nJaMeHun npusHaeTcs.

Kwon et al. [61] performed three simulations to evaluate
the capability of FDS, version 4, in predicting upward
flame spread. The FDS predictions were compared with
empirical correlations and experimental data for upward
flame spread on a 5 m PMMA panel. A simplified flame
spread model was also applied to assess the simulation
results.

KBOH 1 ap. [61] BbIMONHAAM TpuM MOAENMPOBaHUS Anst
OLEeHKMN BO3MOXXHOCTH FDS, Bepcumn 4, B
NPOrHO3MPOBaHWM PacrnpoCTpaHEHUs BBEPX MIaMEHM.
MNpeackasaHusa FDS cpaBHMBaNMCb C 3MOMPUYECKUMU
KOPpensiuMii - M 3KCTIEPUMEHTANbHbIX ~ AaHHbIX  ANs
BOCXOASILLEero pacnpocTpaHeHus nnameHn Ha 5 M NIMMA
naHenu.  YnpoweHHas  MoAenb  pacnpoCTpaHeHus
nnameHn O6bina  Takke MNpUMEHEHa AN OLUEHKM
pe3ynbTaToB MOAENMPOBaHMS.

An extensive amount of flame spread validation work
with FDS version 4 has been performed by Hietaniemi,
Hostikka, and Vaari at VTT, Finland [33]. The case
studies are comprised of fire experiments ranging in
scale from the cone calorimeter (ISO 5660-1, 2002) to
full-scale fire tests such as the room corner test (ISO
9705, 1993). Comparisons are also made between FDS 4
results and data obtained in the SBI (Single Burning
Item) Euro-classification test apparatus (EN 13823,
2002) as well as data obtained in two ad hoc

O6LWMPHBI 06BEM pacnpoCTPaHEHUS MAaMeHU NPOBEPKU
pabotel ¢ FDS Bepcuv 4 6blna  BbIMOMHEHA MO
XveTaHneMmn, XocTukka n Baapu B VTT, ®GuHnsHams [33].
TemMaTnyeckne MUCCNefoBaHMs COCTOAT U3 MOXAPHbIX
3KCNEpPUMEHTOB B AManasoHe lukane oT  KOHyca
kanopumetp (ISO 5660-1, 2002) k nonHoMacwTabHbIM
OrHEBbIX MCMbITAHUN, TakMX KaK MCMbITaHUs Ha yrny
koMHaTbl (ISO 9705, 1993). CpaBHeHMs Takxe Mexay
FDS 4 pesynbTaToB M fAaHHbIX, MNONy4eHHbIXx B BOO
(OpgHoMecTHbI  Topsiwumin  npeaMmeT)  WUcnbiTaTensHoe
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experimental configurations: one is similar to the room
corner test but has only partial linings and the other is a
space to study fires in building cavities. In the study of
upholstered furniture, the experimental configurations
are the cone and furniture calorimeters, and the ISO
room. For liquid pool fires, comparison is made to data
obtained by numerous researchers. The burning
materials include spruce timber, MDF (Medium Density
Fiber) board, PVC wall carpet, upholstered furniture,
cables with plastic sheathing, and heptane. The scope of
the VTT work is considerable. Assessing the accuracy of
the model must be done on a case by case basis. In
some cases, predictions of the burning rate of the
material were based solely on its fundamental properties,
as in the heptane pool fire simulations. In other cases,
some properties of the material are unknown, as in the
spruce timber simulations. Thus, some of the simulations
are true predictions, some are calibrations. The intent of
the authors was to provide guidance to engineers using
the model as to appropriate grid sizes and material
properties. In many cases, the numerical grid was made
fairly coarse to account for the fact that in practice, FDS
is used to model large spaces of which the fuel may only
comprise a small fraction.

ob6opynoBaHue EBpo- knaccudukaumm (EN 13823, 2002),
a TaKXe AaHHbIX, MOMYYEHHbIX B ABYX CreuuanbHbIX
3KCMEPUMEHTASIbHBIX KOH(Urypaumsix: oaHa noxoxa Ha
Tecte yriy KOMHaTbl HO WMeEEeT TOMbKO YacTUyHble
NPoOKMaaKK, a Apyron SsBNSETCS MPOCTPAHCTBOM ANis
M3y4YeHns MoXapoB B CO3AaHMM NOAOCTU. Mpu M3ydyeHnm
MArko Mebenu, 3KCnepuMeHTasibHble  KOHdUrypaumm
KOHYC u Mebenb kanopumetpbl, 1 ISO komHaTa. [ns
XKUAKUX MOXapoB 6acceilH, CpaBHEHWE C AaHHbIMU,
NMOMYYEHHbIMWU  MHOFOYUCNIEHHBIMU  UCCEeAoBaTENSAMM.
FropAwmMin MaTepuansl BKIOYaoT enb nec, MA® (Medium
Density Fiber) nocka, MNBX cTeHbl KOoBep, Msirkasi Mebenb,
kabenu ¢ nNnacTMaccoBoi 060/04KOM, U renTaH. O6bem
paboTbl VTT siBNsieTCs 3HaunTeNbHbIM. OLEeHKa TOYHOCTM
MOAENN [O/MKHO 6biTb CAENaHO Ha WHAMBMAyanbHOW
OCHOBe. B HeKoTOpbIX Cny4asx, npeackasaHus CKOpoCTU
ropeHust Matepuana 6blIM OCHOBaHbI UCKTIOYMTENbHO Ha
€ro OCHOBHbIX CBOWMCTB, Kak B OFHE MOAEINPOBAHUSA
rentaH ©GacceiiH. B Apyrux cnyyasx, HekoTopble
CBOWCTBA MaTepuana HeusBeCTHbl, kak W B Enb
MoaenupoBaHus. Takum  ob6pa3oM, HekoTopble U3
MOAENMPOBaHUS  SIBASIOTCA UCTUHHBIMW MpeAcKasaHus,
HeKkoTopble M3 HUX Kannbposku. Llenb aBTopoB 6bina
CINYXUTb PYKOBOACTBOM ansi MHXXeHepoB C
MCMoNb30BaHMEM MoOAeNM, 4ToObl COOTBETCTBYHOLLUMX
pa3sMepoB CETKM M CBOMCTB MaTepuana. Bo MHorux
Crlyyasix, pacyeTHbIX CeTOK 6blno caenaHo AOBOBHO
rpybbiMu, 4YTO6bI OB6BSACHWUTL TOT (PaKT, YTO Ha NPAKTUKe,
FDS wucnonb3yetca Ana  MmopenuposaHust  60nbLlmnx
NPOCTPaHCTB, U3 KOTOPbIX TOM/MBO MOXET coAepXaTb
TOSIbKO Masyto 4acTb.

2.2.8 Compartment Fires

2.2.8 NMoxxapbl B NOXKapHbIX oTCEKaxX

As part of the NIST investigation of the World Trade
Center fires and collapse, a series of large scale fire
experiments were performed specifically to validate FDS
[62]. The tests were performed in a rectangular
compartment 7.2 m long by 3.6 m wide by 3.8 m tall.
The fires were fueled by heptane for some tests and a
heptane/toluene mixture for the others. The results of
the experiments and simulations are included in detail in
this Guide.

B pamkax paccnenosanusi NIST noxapoB Ha BceMupHBbIii
TOProBbl LEHTP M pacnaga, CepuUM KpyrnHOMACLUTAGHbIX
noXkapaSKCnepuMeHTbl NPOBOAWNCE B 4YacCTHOCTW, ANS
nposepkn FDS [62]. WcnbiTaHns npoBOAvAUCL B
NpsIMOYrosibHOM OTCeKe 7,2 M B AJZINHY U 3,6 M B LUMPUHY
n 3,8 M BbicoTOW. [MoXxapbl 6blIM  NOAMNUTLIBAETCS
renTaHa Ans HeKOTOpbIX TECTOB M renTaH / Toayon Ans
Apyrux. Pe3ynbTaTbl 3KCMEPUMEHTOB M MOAENMPOBAHMS
BKJ/II0YEHbI N0APO6HO B HACTOsILLIEM PYKOBOACTBE.

A second set of experiments to validate FDS for use in
the World Trade Center investigation is documented in
Ref. [63]. The experiments are not described as part of
this Guide. The intent of these tests was to evaluate the
ability of the model to simulate the growth of a fire
burning three office workstations within a compartment
of dimensions 11 m by 7 m by 4 m, open at one end to
mimic the ventilation of windows similar to those in the
WTC towers. Six tests were performed with various initial
conditions exploring the effect of jet fuel spray and
ceiling tiles covering the surface of the desks and carpet.
Measurements were made of the heat release rate and
compartment gas temperatures at four locations using
vertical thermocouple arrays. Six different material
samples were tested in the NIST cone calorimeter: desk,
chair, paper, computer case, privacy panel, and carpet.
Data for the carpet, desk and privacy panel were input
directly into FDS, with the other three materials lumped
together to form an idealized fuel type. Open burns of
single workstations were used to calibrate the simplified
fuel package. Details of the modeling are contained in
Ref. [64].

BTopoit Habop 3KkcrnepuMeHTOB Ansi npoeepku FDS ansi
MCMNOSIb30BaHMs B paccnenoBaHum BcemupHoro
TOProBOro LEHTpa [AOKyMeHTupyeTcss B pabote. [63].
DKCNepuUMeHTbl He  OonucaHbl B paMKax  3Toro
pykoBoacTBa. Llenb 3TuX umchbiTaHui Gbina  oueHka
cnocobHoCTM  Mogenu Ans  MMUTaumMM  pocTa  OrOHb,
ropsiumn Tpu OodUCHLIX paboumx CTaHumMiA B paMKax
oTceke pa3Mepamm 11 M Ha 7 M Ha 4 M, OTKPbITbIM Ha
OOHOM KOHLEe, 4TObbl MMWUTUPOBaTb BEHTUISLMIO OKHa,
NnoxoXuni Ha Te, B BawHax BTL. LlecTb wcnbiTaHus
NPOBOAW/INCE C Pa3/IYHBIMK  HaYanbHbIMW YCIIOBUSIMM
nccnepoBatb 3deKT CTpyu pacnbiieHns Tonnvea M
NOTONOYHbIX MANUT, MOKPbIBAOLWMX NMOBEPXHOCTb CTOMbI U
koBep. M3amepeHusa 6binn caenaHbl M3 TemnepaTyp rasa
CKOPOCTb TEM/IOBLIAENIEHNSI U KYMENHBIX B YETbIPEX
MecTax, nCnonb3ys BepTUKasbHble MaccuBbl
TepMonap.LlecTb pasnuuHbiX MaTepuanbHbiX 06pasubl
6binm ucnbiTaHbl B kOHyce kanopumetp NIST: cton, cTyn,
6ymara, cnyyan KOMMbIOTEpPa, naHesb
KOHMUAEHUMANbHOCTM, U KoBep. [laHHble MO KOBPOBOWA,
NMUCbMEHHBIM CTOIOM W MAHEeNb0 KOHMUAEHLMANBHOCTH
6binn BBeAeHbl HenocpeacTBeHHo B FDS, ¢ Tpex apyrux
MaTepuanoB  ob6beauHeHbl, 4YTObbl  cdhopMMpoBaTb
NAEaNM3NPOBaHHbLIM TN TonmBa. OTKPbITbIE 0XOrK
OTAENbHbIX PaboyMx CTaHUMIU BbIM MCNONb30BaHbl ANs
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KannbpoBKM YMpPOLLEHHYIO MakeT Toniuea. MoapobHas
MHbOPMaLUMA O MOAENMPOBaHWM COAEpXKaTca B CTaTbe.
[64].

The BRE Centre for Fire Safety Engineering at the
University of Edinburgh conducted a series of largescale
fire tests in a real high rise building in Dalmarnock,
Glasgow, Scotland [65, 66]. The experiments took place
in July, 2006, with the close collaboration of the
Strathclyde Fire Brigade and other partners. These
experiments attempted to create realistic scenario in
which a wide range of modern fire safety engineering
tools could be put to a test. Jahn, Rein and Torero
assessed the sensitivity of FDS when applied to these
experiments [67]. Fire size and location, convection,
radiation and combustion parameters were varied in
order to determine the associated degree of sensitivity.
Emphasis was put in the prediction of secondary ignition
and time to flashover. In this context and while keeping
the HRR constant, simulations of fire growth were
significantly sensitive to location of the heat release rate,
fire area, flame radiative fraction, and material thermal
and ignition properties.

BRE LleHTp noxapHoi 6e30nacHOCTN MHXEHEPUM B
YHuBepcuteTe SanHbypra nposenu cepuvio
KPYMHOMACLUTAbHbIX UCTbITaHUI MOXaPHbIX B peasibHOi
BbICOTHOrO 3aaHus B Dalmarnock, nasro, LUoTnaHaus
[65, 66]. OkcnepumMeHTbI cocTosnack B uone 2006 roaa,
B TECHOM COTpyAHWYECTBE C roXapHou 6puraabl
CTpaTtknana v ApyrMy napTHepaMmu. STU 3KCNIEPUMEHTDI
NbITannUCb CO34aTb PEAMCTUYHBIN CLEHAPUA, B KOTOPOM
LUMPOKMIA CNEKTP COBPEMEHHBIX NOXapHOW 6e3onacHoOCTH
TEXHUYECKUX CPEACTB MOXHO 6bl10 6bl NMOCTaBUTL Ha
ucnbiTaHus.  SH, PeitH n  Topepo  OUEHKY
yyBCTBUTENBHOCTM FDS npuv  HaHeceHMM Ha 3TUX
3KCMEPUMEHTOB [67]. Mnowaab no>xapa 7]
pacrnonoXeHne, KOHBEKUMS, M3MyYeHME W napaMeTpsbl
ropeHunsi BapbUpOBanuCh, yTOobHI onpeaennTb
COOTBETCTBYIOLLYIO CTEMEHb YYBCTBUTENLHOCTU. OCObbIN
aKUEHT O6bl1 caenaH Ha NpeackasaHUo BTOPUYHOM
3aXKUraHus n BpemeHu, 4Tobbl nepekpbiTus. B 3TOM
KOHTEKCTE W TNpU COXpaHeHuM noctosiHHo HRR,
MOLENMPOBaHWE POCTa MOXaPHOW 6blIN  3HAUMTENBHO
YYBCTBUTENbHBI K MECTY  HaxOXAEHUs  CKOpOCTU
TEeNNoBbIAENEeHMs, 30HbI NoXapa, NaaMs paavMalMoHHOMo
$pakumnm 1 MaTepuanbHbIX TEMIOBbIX M 3aXWUraHus
CBOWCTB.

Students at Stord/Haugesund University College in
Norway simulated full-scale experiments of temperature
and smoke spread in a realistic multi-room setting using
both CFAST and FDS [68]. Data from the top 0.5 m of
the compartments was compared with measurements.
The simulations were found to provide satisfying results
in CFAST, as an alternative to FDS.

CTyneHTbl Cropa/XayrecioHge YHUMBEPCUTETCKOMO
Konneaxa B Hopserun mMoaenupyeTcs
nonHoMacwTabHble  3KCNEepuUMEeHTbl  TemnepaTypbl U
pacnpocTpaHeHuss AbiMa B peanbHblX  YCIOBUSAX
MHOTrOKOMHATHOM ucnonb3oBaHueM kak CFast u FDS
[68]. AaHHble U3 BepxHeit 0,5 M U3 OTCEKOB CpaBHMBANM
C pesynbTaTamMu W3MepeHu. MopenupoBaHue 6bino
yCTaHoBNeHo, obecrneynBaloT  yAOBMETBOPUTENbHbIE
pesynbTaThl B CFast, B kauectse anbTepHaTuBbl FDS.

B

2.2.9 Sprinklers, Mist System, and Suppression by
Water

2.2.9 Opocutenun, TymaH cucteMa, M TYlUEHMe
BOAbI

A significant validation effort for sprinkler activation and
suppression was a project entitled the International Fire
Sprinkler, Smoke and Heat Vent, Draft Curtain Fire Test
Project organized by the National Fire Protection
Research Foundation [69]. Thirty-nine large scale fire
tests were conducted at Underwriters Laboratories in
Northbrook, IL. The tests were aimed at evaluating the
performance of various fire protection systems in large
buildings with flat ceilings, like warehouses and “big box”
retail stores. All the tests were conducted under a 30 m
by 30 m adjustable-height platform in a 37 m by 37 m by
15 m high test bay. At the time, FDS had not been
publicly released and was referred to as the Industrial
Fire Simulator (IFS), but it was essentially the same as
FDS version 1. The first series of heptane spray burner
fires have been simulated with the latest version of FDS
and are included in this Guide under the heading
“UL/NFPRF Test Series.” Most of the full-scale
experiments performed during the project used a
heptane spray burner to generate controlled fires of 1
MW to 10 MW. However, five experiments were
performed with 6 m high racks containing the Factory
Mutual Standard Plastic Commaodity, or Group A Plastic.
To model these fires, bench scale experiments were
performed to characterize the burning behavior of the
commodity, and larger test fires provided validation data
with which to test the model predictions of the burning
rate and flame spread behavior [70, 71]. Two to four tier

3HauuTeNbHbIE  YyCUNAMS  MNPOBEPKa ANs  aKTMBauuu
CMPUHKNIEPHOM M MpeceyeHus 6bln  NPOEKT  MoA
Ha3BaHWEM MeXayHapoaHbIi NOXAPOTYLWeEHNs, AbiMa U
TEeNnNa BEHTUMSAUMOHHBIX CUCTEM, ICKM3HbIA MPOEKT
MCMbITaHWA CBOMUX 3aHaBec OpraHu3oBaHa
HaumnoHanbHbIM McCnenoBaTeNbCKUM  MPOTUBOMOXKAPHOWM
3almThl doHaa [69]. TpuauaTb NeBsATb
KpyrnHOMacwTabHblX ~ OrHeBble  MCMbITaHus  6blin
nposeaeHbl B Underwriters Laboratories B Northbrook,
WnnuHotc. McnbiTaHus 6binv HanpaBneHbl Ha OLUEHKY
3hPEeKTUBHOCTU PasMYHbLIX CUCTEM MPOTUBOMOXAPHOM
3aWmnTbl B 60MbLWMX 3AaHUAX C MAOCKMMW MOTONKaMK,
TaKWX Kak cknagbl M "6onbluas kopobka " PO3HUYHBIX
MarasuHax. Bce Tectbl npoBoannunce nog 30 M Ha 30 M ¢
perynupyemMbiM No BbicoTe naaTopMbl B 37 M Ha 37 M
Ha 15 M B BbICOTY WCMbITaTeNbHOM nuowaake. B To
Bpemsi, FDS He BbinyweHa B CBeT M 6bin nepeaaH B
KayecTBe NOXapHOro TpeHaxxepa NpoMmbliiuneHHon (IFS),
HO 3T0 6bI10 MO CcylwecTBy TO Xe camoe, FDS Bepcun 1.
MepBas cepuys NoOXapoB C renTaHOBbIMK PaCMbIISAOLWMMN
ropenkamu 6bIM CMOAENMPOBaHLI C NMOCNeAHeN Bepcueit
FDS w BKIOYEHbl B HACTOAWEM PyKOBOACTBE MoA
3aronoBkoM " UL / NFPRF cepuu wucnbiTaHuid. "
BONbLUMHCTBO HATYpPHbIX 3KCMEPUMEHTOB, NMPOBEAEHHbIX
B XO4e peanu3auMu MpoeKkTa WCMosb30Bann renTaH
Crpei ropenky Ans co3aaHus KOHTPONPYEMbIX MOXapoB
1 MBT go 10 MBT. TeM He MeHee, NATb DKCMEPUMEHTbI
NpOBOAMIIUCH C BbICOTOM 6 M CTOEK, coaepxalumx Factory
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configurations were evaluated. For the period of time
prior to application of water, the simulated heat release
rate was within 20 % of the experimental heat release
rates. It should be noted that the model was very
sensitive to the thermal parameters and the numerical
grid when used to model the fire growth in the piled
commodity tests.

Mutual cTaHAapTHbIX NNAcTMKOBLIX TOBAp, WM B rpynnax
NnacTMkoBoW. [nsi MOAENMPOBaHMS 3TUX MOXapoB,
CKaMelKka MacliTabHble 3KCMNEePUMEHTbI  MPOBOAUIUCE
OXapaKTepn30BaTb XapaKTepuUCTUK rOpeHus Tosapa, U
60osblle MCNbITaHUIA MoXapbl 6biM NOMyYeHbl AaHHbIE
NPOBEPKN, C KOTOPbIMK ANl TECTUPOBaHUS MOAENU
npeacKasaHus CKOpPOCTM TOPeHUst U pacrnpoCTpaHeHus
nnamenn nosegeHus [70, 71]. OT AByx OO0 4eThblpex
KOHMUrypaumit  ypoBHSi 6blnM  OLEeHeHbl. 3a nepuop
BPEMEHW [0 MPUMEHEHUsI BOAbl, CMOAENMPOBAHHBLI
CKOpPOCTb TensoBbliaeneHuss 6oina B npegenax 20% ot
3KCNEepUMEHTaNbHbLIX ~ CKOPOCTEM  TEMOBbIAENEHUS.
CnegyeT OTMeTUTb, 4TO Mogenb 6blla  O4eHb
YYBCTBUTESNbHbI K TEMIOBLIX MapaMeTpoB M YUCIEHHOIO
CETKM NpU WCMOMb3yeMbIX AN MOAENVMpOBaHMS pocTa
noXxapa B CJIOXXEHHbIX TOBAPHbIX UCTbITaHUMN.

High rack storage fires of pool chemicals were modeled
by Olenick et al. [72] to determine the validity of
sprinkler activation predictions of FDS. The model was
compared to full-scale fires conducted in January, 2000
at Southwest Research Institute in San Antonio, Texas.

Bbicokasi XpaHeHWsl CTOWKM  MOoXapbl  XMMWYECKMX
BelllecTB 6acceitH MmoaenupoBanuck Olenick u u ap. [72]
ANS  onpedeneHns  AENCTBUTENBHOCTM  akTMBauUuu

CMpUHKNEPHON NpeackasaHuit FDS. 3Ta mMoaesnb 6bina no
CpaBHEHMIO C nonHoMacwTabHbIM noXkapos,
npoeefeHHbIX B siHBape 2000 roga B HOro-3anagHoro
UCCNefoBaTeNnbCkoro MHCTUTyTa B CaH-AHTOHWO, wWwTaT
Texac.

FDS has been used to study the behavior of a fire
undergoing suppression by a water mist system. Kim and
Ryou [73, 74] compared FDS predictions to results of
compartment fire tests with and without the application
of a water mist. The cooling and oxygen dilution were
predicted to within about 10 % of the measurements,
but the simulations failed to predict the complete
extinguishment of a hexane pool fire. The authors
suggest that this is a result of the combustion model
rather than the spray or droplet model.

FDS 6bina wcnonb3oBaHa ANs M3ydeHWs MoBeAeHus
rMofaB/ieHNsl OrHsl, MOABEPraeMoro CMCTEMOW BOASIHOIO
TyMaHa. Kum un Pe [73, 74] no cpaBHeHuto FDS nporHosbl

pesynbTaTaM  OTCEK OFHEBbIX WCMbITAHUA C MU
6esllpMeHeHe  BOASHOM  TyMaH. PasbaBnenne
OXNaXaeHuss UM kucnopoa 6binvM  npeackasaHbl €

TOYHOCTbIO OKOMo 10% M3MepeHuii, a MoAenMpoBaHWE
He CMOrnM NpeackasaTb MOJSIHOE ralleHWe rekcaHoBOro
bacceltHa noxxapa. ABTOpbI MOAraloT, YTO 3TO SABMSETCS
pesynbTaToM  MOAENM  CropaHWsi, a He  Mopenu
pacnbifeHnst Unmn Kanenb.

Another study of water mist suppression using FDS was
conducted by Hume at the University of Canterbury,
Christchurch, New Zealand [75]. Full-scale experiments
were performed in which a fine water mist was combined
with a displacement ventilation system to protect
occupants and electrical equipment in the event of a fire.
Simulations of these experiments with FDS showed
qualitative agreement, but the version of the model used
in the study (version 3) was not able to predict
accurately the decrease in heat release rate of the fire.

[pyroe nccneaoBaHne NoaaBneHUs BOASHONO TyMaHa C
ucnonb3oBaHnem FDS  6bin npoBegeH HOma B
YHuuBepcuteTe  KeHTepbepu,  Kpaiictyepy, HoBas
3enaHaus [75]. HaTypHble aKCnepuMeHTbl NpOBOAWMANCH
B KOTOpoM wWTpad BOASHOM TyMaH 6bln 06beauHeH ¢
CUCTEMON BEHTUAISIUMM  CMELLEeHUsi, 4YTOobbl 3alnUTUTb
BOAMTENS M MAcCaXvpoB W 3nekTpoobopyaoBaHWe B
cny4dae noxapa. MogenvpoBaHue 3TUX 3KCNEPUMEHTOB C
FDS nokasanu KayecTBEHHOe coOrfacue, HO Bepcus
MOZEeNM, UCMOoNb3yeMoin B UccneaoBaHun (Bepcus 3) He
CMOr  TOYHO  MpeAckasaTb  CHUXKEHME  CKOPOCTU
TENI0BbIAENEHMS OrHS.

Hostikka and McGrattan [76] evaluated the absorption of
thermal radiation by water sprays. They considered two
sets of experimental data and concluded that FDS has
the ability to predict the attenuation of thermal radiation
“when the hydrodynamic interaction between the
droplets is weak.” However, modeling interacting sprays
would require a more costly coalescence model. They
also note that the results of the model were sensitive to
grid size, angular discretization, and droplet sampling.
O'Grady and Novozhilov [77] compared the predictions
of FDS version 4 against full-scale fire tests performed at
SP Sweden involving a 1.5 MW steady-state fire with two
different sprinkler flow rates [78].

Hostikka n McGrattan [76] oueHuBanu nornoweHme
TENNOBOro M3My4YeHusl OT BOASHbLIX CTPyi. OHM cumuTanu,
[ABa Habopa 3KCMepUMEHTasIbHbIX AaHHbIX W MPULWAK K
BbiBOAYy, 4YTO0 FDS umMeeT cnocobHOCTb npeackasbiBaTb
ocnabnexune Tennao0BOro N3y4yeHns, Korga
rMapoAMHAMMYECKOe B3auUMOAEWCTBME MeXAy Kanesb
cnaba. Tem He MeHee, MoZenMpoBaHue
B3aMMOAENCTBYHOLLMX cnpem notpebyer 6onee
Joporocrosilero mogenb koanecueHuun. OHM  TaKke
OTMeuvaloT, yTOo pe3ynbTaThl Mozenu 66111
YyBCTBUTESbHbI K pa3mepa CETKM, YrnoBoWw
JNCKpeTM3aUmMm, u otbopa npo6 kanenb. O'Tpeian u
HosoxwunoB [77] cpaBHunn npeackasanus FDS Bepcun 4
NPOTUB  MOSIHOMACWTAbHbIX  OTHEBLIX  WUCTbITaHWN,
nposeaeHHblx B SP LlBeumn ¢ yyactmem 1,5 MBT
CTauMoHapHOe OroHb C [ABYX pPasHblX CKOPOCTSIX
CNpUHKNEpPHOWN NoToka [78].

The authors reported results for gas temperatures and
the tangential flow velocity in the ceiling jet. With the

ABTOpbI COOBLLUMNN pe3ynbTaTbl ANs TeMMepaTyp rasa u
CKOpOCTM BAOSb  MOTOKA B CTpye noTonka. C
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sprinkler off, the average relative prediction error away
from the fire was of the order of 12 % for the
temperature (with respect to excess temperature in the
ceiling jet) and 6 % for velocity. For the two different
sprinkler operating conditions, the relative errors were 7
% to 8 % for velocity and 10 % to 15 % for the
temperature. Sensitivity of the model to a range of input
parameters was investigated. The model demonstrated
moderate sensitivity to the spray parameters, such as
spray cone configuration, initial droplet velocities, and
droplet sizes. On the other hand, the sensitivity to other
parameters such as sprinkler atomization length and rms
of droplet size distribution was low.

CNpUHKNepHoON ogd, cpeaHss OTHOCUTENbHas OlnbKa
NPOrHo3a OT OrHs 66110 nopsiaka 12% ana TemnepaTypbl
(OTHOCMTENBHO MpeBbIWEHNS TemnepaTypbl B CTpye
notonok) u 6% ans ckopoctn. [ns ABYyX pasMyHbIX
YCNoBusIX 3KCnyaTauum pa3bpbi3rmeaTens,
OTHOCUTENbHbIE MOrpewHocTM Ha 7% po 8% ang
ckopoctt u ot 10% po 15% oOT TemnepaTypbl.
Pe3ynbTaThbl MCCneaoBaHUS YyBCTBUMTENbHOCTU MOAENN B
AvanasoHe BXOAHbIX napameTpoB. Mogenb
OEMOHCTPUPYET,  YMEPEHHYH  YyBCTBUTENBHOCTb K
napaMeTpam pacnblieHusi, TakuMX Kak KoHdurypauum
akena, HauyanbHbLIX CKOPOCTEW Kamnelb W pa3MepoB
kanau. C apyrov CTOpOHbI, YyBCTBUTENbHOCTb K APYruMx
napameTpoB, TaKMX KakK AnvHa pasbpbisrvBaTenb
pacnbifieHMss 1 CcpeaHeKkBaApaTUYHOIO pacrnpeaeneHns
Kanenb No pasmepy 6bi1 HA3KUM.

Xiao [79] compared FDS simulations with real scale
compartment measurements for unsprinklered and
sprinklered experiments. Numerical results for doorway
mass flow rate and temperature are compared with the
experimental data for three fire sizes.

Cao0 [79] no cpaBHeHuio FDS MopenupoBaHus C

peanbHbIMM  MacWTabHbIX  W3MEpPEHW  OTCeK  Asist
unsprinklered n sprinklered skcnepumeHTOB. YMcneHHbIE
pe3ynbTaTbl AN CKOPOCTM WM TemnepaTypbl ABepsiX
MaCccoBOro pacxoaa CpaBHUBAIOTCA C

3KCNEPUMEHTAJIbHbIMM  AaHHbIMWU ANA  TPEX pPa3MEPOB
NOXapHbIX.

2.2.11 Tunnel Fires

2.2.11 NMoxxapbl B TYHHENSAX

Cochard [82] used FDS to study the ventilation within a
tunnel. He compared the model results with a fullscale
tunnel fire experiment conducted as part of the
Massachusetts Highway Department Memorial Tunnel
Fire Ventilation Test Program. The test consisted of a
single point supply of fresh air through a 28 m2 opening
in a 135 m tunnel. The ventilation was started 2 min
after the ignition of a 40 MW fire. Fifteen temperature
measurement trees were placed within the tunnel and
replicated within the model. Depending on location, the
difference between predicted and measured temperature
rise ranged from 10 % to 20 %.

Cochard [82] ucnonb3yetcss FDS u3yuntb BEHTMNSUUM B
TyHHene. OH cpaBHWn  pe3ynbTaTbl Mogenn C
MOSIHOMACLUTABHOM TYHHENb MOXAPHOM 3KCMEPUMEHTA,
NpOBEAEHHOro B paMKax nNporpammel MaccadyceTc wocce
otaena Memopuan  Tunnel cBoux  BeHTunsuus
UCMbITaHW. TeCcT COCTOsNT U3 OAHOr0 MCTOYHMKA TOYKM
CBeXero Bo3ayxa 4yepes oreepctve B 135 M ToHHens 28
M2. BeHTunsAums 6bina HavaTa 2 MUH MOCNE 3a)KMUraHus
orHa 40 MBT. laTHaguaTe W3MepeHus TemnepaTypbl
JepeBbsi  OblMM  pasMelleHbl  BHYTPU  TYHHeNs w
BOCMpOM3BEAEHbl B paMKax Mogenu. B 3aeBucumocTu OT
MECTOMOJIOXKEHMS, pa3HULA MeXAy MPOrHO3UPYEMbIM U
M3MEepEeHHOro MOBbILIEHWS TeMnepaTypbl B AvManas3oHe OT
10% po 20%.

McGrattan and Hamins [83] also applied FDS to simulate
two of the Memorial Tunnel Fire Tests as validation for
the use of the model in studying an actual fire in the
Howard Street Tunnel, Baltimore, Maryland, July 2001.
The experiments chosen for the comparison were
unventilated. One experiment was a 20 MW fire; the
other a 50 MW fire. FDS predictions of peak near-ceiling
temperatures were within 50 _C of the measured peak
temperatures, which were 600 _C and 800 _C,
respectively.

McGrattan n Hamins [83] Takxe npumeHsieTca FDS ans
MMUTauMu Aga u3 Tectos Memopuan TyHHENb CKUraHus,
TaKk KaKk nMpOBEpKM Ha WCNoNb3oBaHMe Moaenu B

usyyeHun akTuyeckoro oroHb B [oBapa -CTpuT
ToHHensi, bantumop, Mapunena, wione 2001 roga.
OKCrnepuMeHTbl, BblbpaHHble AN cpaBHeHus  6bln

HenposeTpuBaeMbiX. OAWMH 3KCrnepuMeHT 6bin oroHb20
MBT, a Apyroi oroHb50 MBT. FDS npeackasaHus nuk
B61M3M noTonka TemnepaTypax 6biin B npeaenax 50 _C
M3MEPEHHbIX MUKOBLIX TeMmnepaTyp, KoTopbie 6biin 600
_Cwn 800 ° C, cooTBETCTBEHHO.

Piergoirgio et al. [84] provided a qualitative analysis of
FDS applied to a truck fire within a tunnel. The goal of
their analysis was to describe the spread of the toxic
gases within the tunnels, to determine the places not
involved in the spreading of combustion products and to
quantify the oxygen, carbon monoxide and hydrochloric
acid concentrations during the fire.

Piergoirgio ap. [84] npv ycnoBuW, KayeCTBEHHbIV aHaIu3
FDS npvMeHsieTCs K rpy30BMKa OrHs B TyHHene. Llenb mx
aHanmsa 6bIn0 onucaTb pacrnpocTpaHeHWe TOKCUYHbBIX
rasoB B TOHHENsX, QA8 OnpeaenieHnss Mecta He
Yy4YacTBYIOT B pacrnpoCcTpaHeHun NpOAYKTOB CropaHus u
ANSi KONIMYECTBEHHOro onpedenieHus KMcnopoaa, OKuUcK
yrnepoga U KOHUEHTpauWK CONSHOM KUCNOTbl BO BPEMSi
noxapa.

Edwards et al. [85, 86] used FDS to determine the
critical air velocity for smoke reversal in a tunnel as a
function of the fire intensity, and his results compared
favorably with experimental results. In a further study,
Edwards and Hwang [87] applied FDS to study fire

Sasapac v ap. [85, 86] ucnonb3yetcs FDS onpeaenvtb
KPUTUYECKYIO CKOPOCTb BO3lyXa [Nsi AblMa pa3BopoTa B
TYHHene B 3aBWCMMOCTW OT MHTEHCMBHOCTWU MoXxapa, U
€ro pe3ynbTaTtbl BbIFOAHO C 3KCNepuMeHTaslbHbIMU
pesynbTaTamMu. B panbHeWlleM WccneaoBaHuu, DaBapac

spread along combustibles in a ventilated mine entry. | 1 XsaH [87] npumeHsieTca FDS pans  u3yyeHus
Analyses such as these are intended for planning and | pacnpoctpaHeHus OrHsi BOOSb roptoYmx B
implementation of ventilation changes during mine fire | npoBeTpuBaeMOM BCTyNneHUs LWaxTbl. AHanu3bl, Takue
fighting and rescue operations. KaK OHM MpeAHa3HayeHbl Ansi  MJ1aHUpPOBaHus 1
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peannsaummn W3MEHEHUI BEHTUNALMKU BO BPEMA TFOpPHbIX
NOXapoTyLUEHNA U aBapMVIHO-CnaCBTeanbIX pa60T.

Bilson et al. [88] used FDS to evaluate the interaction of
a deluge system with a tunnel ventilation and smoke
exhaust system.

buncoH wn pgp. [88] wucnonb3yerca FDS oueHuTb
B3aMMOAENCTBME  CUCTEMbl MOTOM C  TYHHENbHOW
BEHTUISLMN UKYPUTb BbIXOMHYK CUCTEMY.

Harris [89] used FDS to determine the heat flux from a
tunnel fire under varying water application rates. These
results were qualitatively consistent with experimental
results of Arvidson [90], who conducted burn tests for
shielded and unshielded standard plastic commodities
under a variety of spray conditions.

Xappuc [89] wucnonb3yetca FDS pans onpepeneHus
TEMNIOBOrO MNOTOKAa OT MoXapa B TyHHene nog npwu
pasnnyHbIX HOpPMax pacxofa BoAbl. DTU pe3ynbTaThbl
6b1IM KaueCTBEHHO COrnacyeTcsl C 3KCrepuMeHTanbHbIMU
pesynbtatamm Arvidson [90], KoTOpble MpoBenn Oxora
TECTbl A1 3KPaHMPOBAHHbIX W HEIKPaHWMPOBAHHBIX
CTaHZapT MNacTMKOBbIX TOBAapoOB MNOA  PasnMyHbIMU
YCNOBUSIMW pacrbliieHns.

Trelles and Mawhinney [91, 92] simulated with FDS 4 a
series of full-scale fire suppression experiments
conducted at the San Pedro de Anes test tunnel near
Gijon, Asturias, Spain in February, 2006. The fuel
consisted of wooden and polyethylene pallets, and the
suppression system consisted of different configurations
of water mist nozzles.

Trelles n MayaiHHim [91, 92] momenupyetcs ¢ FDS 4
cepwus HaTypPHbIX 9KCMEPUMEHTOB
NOXXapoTYLIEHUANPOBEAEHbI HA UCMbITaTENbHOM TOHHENe
CaH-MNMegpo -ge- Anes 6nuxaniwee XuxoH, AcTypwus,
Ncnanmsa B cdepane 2006 roga. TonavMBo COCTOUT U3
[epeBSHHbIX M MOMMITUIIEHOBLIX MOAAOHOB, @ CUCTEMA
NMOAABMIEHNS COCTOSIT M3  PA3sfMYHBIX  KOH(Urypaumi
BOAbl @3P030/1bHbIX COMer.

2.2.12 Smoke Detection

2.2.12 O6Hapy»xeHue abiMa

The ability of version 1 of FDS to accurately predict
smoke detector activation was studied by D'Souza [93].
The smoke transport model within FDS was tested and
compared with UL 217 test data. The second step in this
research was to further validate the model with full-scale
multi-compartment fire tests. The results indicated that
FDS is capable of predicting smoke detector activation
when used with smoke detector lag correlations that
correct for the time delay associated with smoke having
to penetrate the detector housing. A follow-up report by
Roby et al. [94] and paper by Zhang et al. [95] describes
the implementation and validation of the smoke detector
algorithm currently incorporated in FDS.

CnocobHoctb Bepcn 1 FDS  ToyHO npeackasatb
aKTMBaUMIO AeTekTop AbiMa u3yyanu D'Souza [93]. Abim
TpaHcnopTHas Mogens B FDS 6bina mpotectMpoBaHa wu
no cpaBHeHuio ¢ UL 217 TecToBbIX AaHHbIX. BTopoi war
B 3TOM MCCefoBaHUM 6bin ANnsl AanbHENLen NpoBepku
MOLENM C HATYpPHbIX WCMbITAHUA C  HECKONbKUMU
OTAENEHUAMM NOXapHOW 6e3onacHocTU. Pe3ynbTathl
nokasanun, 4to FDS, cnocobHa npenckasaTb akTUMBALMIO
OETEeKTOp AbiMa Mpu WCMNOMb30BaHUM AETEKTOP AbIMa
OTCTaBaHWe KOpPENsUUi, YTO MpaBWiibHOE ANs BPEMEHU
3aA€PXKW, CBA3AHHOW C  AbIMOM  HEOHXO0AMMOCTM
NMPOHWUKHYTb B KOpMyC M3BewaTtens. Cneayowmii goknag
no Pobu n un gp. [94] n 6ymarm Yxan u gp. [95]
OMMCbIBAET peanu3aumio M NpoBEPKY AbiMa anropuvTMa
[eTeKkTopa B HacTosiee BpeMs BKAOYeHbl B FDS.

Another study of smoke detector activation was carried
out by Brammer at the University of Canterbury, New
Zealand [96]. Two fire tests from a series performed in a
two-story residence were simulated, and smoke detector
activation times were predicted using three different
methods. The methods consisted of either a temperature
correlation, a time-lagged function of the optical density,
or a thermal device much like a heat detector. The
purpose was to identify ways to reliably predict smoke
detector activation using typical model output like
temperature and smoke concentration. It was remarked
that simulating the early stage of the fire is critical to
reliable prediction.

[pyroe wccnegoBaHve akTMBauMM JeTekTopa  AblMa
nposogunn bBpammepa B YHuBepcuteTe KeHTepbepwu,
HoBasi 3enaHaus [96]. [Ba OrHEBbIX WCMbITaHUN U3
cepun, NpoBEAEHHOr0 B ABYX3TAXXHOM XMUTENbCTBa 6blin
CMOAENMPOBaHbl U BpeMsi aKkTUBauuuM [AETEKTOp AblMa
66111 NpeackasaHbl C UCMOSb30BaHWEM TPeX Pas/ivyHbIX
MeToaoB. MeToabl COCTOsin M3 Nobol  TemnepaTtype
KOppensumMn, BpeMeHW nepeneta 3aBUCMMOCTU  OT
OMTUYECKOW MJIOTHOCTU, UMW TEMJIOBOrO YCTPOMCTBa Tak
Xe, Kak aeTtekTop Tenna. Lenb coctosina B ToM, 4TObbI
onpeaenvTb NyTM HAAEXHO NpeAckasaTb aKTMBALMIO
[eTeKTop AbiMa C MCNOMb30BaHMEM O6LIYHOrO MoAenu
cneaywolmii  BbIBOL TEMMNEPATypbl M KOHLEHTpaumm
AbiMa. BblfIo 0TMEYeHO, YTO MMUTALUKM PaHHIOID CTaauio
noxapa MMeeT pellalollee 3HayeHne ANs HaAeXHoro
nporHosa.

Cleary [97] also provided a comparison between FDS
computed gas velocity, temperature and concentrations
at various detector locations. The research concluded
that multi-room fire simulations with the FDS model can
accurately predict the conditions that a sensor might
experience during a real fire event. The FDS model was
able to predict the smoke and gas concentrations, heat,
and flow velocities at various detector locations to within
15 % of measurements.

Cleary [97] Takoke npwv ycnosuu cpaBHeHue Mexay FDS,
BblYMC/IEHHYIO  CKOPOCTb  rasa, TemnepaTypy MU
KOHLEHTpaUuM B  pas3fIMYHbIX TOYKax AeTekTopa.
WccnenoBaHne BbIBOA, YTO MHOMOKOMHATHAsi MOXXapHble
pacyeTbl ¢ Moaenbtd FDS MoxeT TOYHO npeackasaTb
YyCNoBMSl, [AaT4MK MOXET BO3HWKHYTb BO BpeMms
peanbHoro cobbiTns orHs. Mogenb FDS 6bi1 B COCTOSIHUM
npeackasaTb AblM M KOHUEHTpaumuu rasa, Tenna u
CKOpPOCTVM MOTOKa B Pas/MyHbIX MecTax AeTeKkTopa B
npeaenax 15% ot M3MepeHui.

2.2.13 Combustion Model

2.2.13 Mopgenb ropeHus

A few studies have been performed comparing direct
numerical simulations (DNS) of a simple burner flame to

Heckonbko uccnenoBaHwin 6bin BbIMOSIHEHBI CPABHEHMS
npsMoro  yucneHHoro  mogenupoBanHust  (DNS)  u3
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laboratory experiments [98]. Another study compared
DNS calculations of a counterflow diffusion flames to
experimental measurements and the results of a one-
dimensional multi-step kinetics model [99].

NpocToro  nNfiaMeHn  ropenkn B nabopaTopHbIX
ucnbiTaHusx [98]. [pyroe nccnegoBaHve No CPaBHEHMIO
DNS pacyeTbl MpOTUMBOTOKOM AUPODOY3MOHHOMO NiaMeHu
AN 9KCNEpUMEHTaNbHbIX WM3MEpPEHUN W pe3ynbTaToB
OJJHOMEPHOW MOAENM MHOIOCTyneHYaTble KMHeTUkK [99].

Bundy, Dillon and Hamins [100, 101] studied the use of
FDS in providing data and correlations for fire
investigators to support their investigations. A paraffin
wax candle was placed within a 0.61 m by 0.61 m by
0.76 m plexi-glass enclosure. The chamber was raised 20
mm off the surface to reveal 44 uniformly spaced 6 mm
diameter holes. The holes provided oxygen to the flame
without subjecting the flame to a draft. A 150 mm hole
was provided at the top of the enclosure to allow for the
heat and combustion products to exit the space. The
heat flux from the candle flame was modeled with FDS.
The model provides a prediction of the heat flux of the
candle at a height of 56 mm above the base of the flame
with an accuracy of 5 %. The flux is under predicted by
16 % at 76 mm above the base of the flame. The
remainder of the predictions show flux measurements
were under-predicted by 15 % to 40 % of the measured
values.

Bbanan, OuvnnoH u XeimuHc [100, 101] wccnepoBanu
ucrnonb3oBaHve FDS B npenocTaBneHWM [aHHbIX W©
KOppensaumMn Ans  noXapHblX —cnepoBaTenei, 4YTobbl
noaaepxatb Ux uccneaosaHus. MapaduH cBeun 6Gbin
nomeweH B 0,61 M Ha 0,61 m Ha 0,76 M nnekcurnaca
kopriyca. Kamepa 6bina nogHsta Ha 20 MM oOT
NoBEpXHOCTM, u4TOBbl  BbISBUTb 44  paBHOMEPHO
pacrosioXeHHbIX ~ OTBEPCTUM  AMaMETpPOM 6  MM.
OTBepcTMs  yCnoBMM  KMCNIOPOAa@ K  MJAMEHM, He
noasepras nnamsi K npoekty. 150 MM oTtBepcTtne 6bino
npeaycMOTPEHO B BEPXHEN YacCTy LWKada, YTo No3BONSET
ANs Tenna v NpoAyKTOB CropaHusi, ytobbl BbLIMTU U3
npocTpaHcTBa. TemnnoBon NOTOK OT MJIAMEHN CBeYM bbina
cmopgenupoBaHa ¢ FDS.  Mopenb  obecneuvBaet
NPOrHO3MpPOBaHWE TEeMa0BOro MOTOKa CBEYM HA BbICOTE
56 MM Hag OCHOBaHWMEM MJIaMeHW C TOYHOCTbIO A0 5%.
dnioc noa npeackasaHo Ha 16% Ha 76 MM Bblwe
OCHOBaHusa nnameHun. OcTasibHasi 4YacTb NpefcKasaHui

nokasaTb  NoToka  u3MepeHus  ObinMu  nog -
npeackasbiBan Ha 15% po 40% OT M3MepeHHbIX
3HaYeHUN.

Floyd et al. [102, 50] compared the radiation model of
FDS version 2 with full-scale data from the Virginia Tech
Fire Research Laboratory (VTFRL). The test compartment
was outfitted with equipment capable of taking
temperature, air velocity, gas concentrations, unburned
hydrocarbon and heat flux measurements. The test
facility consisted of a single compartment geometrically
similar to the ISO 9705 standard compartment with
dimensions of 1.2 m by 1.8 m by 1.2 m in height. The
ceiling and walls were constructed of fiberboard over a
steel shell with a floor of concrete. Three baseline
experiments were completed with fires ranging in size
from 90 kW to 440 kW. Overall, FDS predicted the
temperatures to within 15 % of the measured
temperatures. The FDS velocity measurements followed
the trend of the test data but did not replicate it. The
outgoing velocities were under-predicted by 30 % to 40
% and the incoming velocities were over-predicted by 40
%. FDS predicted the heat flux gauge response to within
10 % of the measured values. The radiation model in
FDS predicted the measured fluxes to within 15 %.

®nong u ap. [102, 50] NO CpaBHEHWUIO U3NyYeEHUs
mozenb FDS Bepcum 2 C HaTypHbIX AaHHbiX u3 Tech
MOXXapHOW NCCNEAOBATENLCKOM nabopaTopun
Bupmxmums  (VTFRL). Tect oTcek ©6bl1  OCHallUeH
obopyaoBaHueM, CMOCOOHBIM MPUHUMaTL TeMmnepaTypy,
CKOpPOCTb [ABWXXEHWS BO3AyXa, KOHUEHTpauuu rasa,
HeCcropesLlUEro yrnesogopoda W WU3MepeHusi TensoBoro
noTtoka. McnbiTaTenbHas ycraHoBKa COCTOsNa M3 OAHOMO
OTCEeKa reoMeTpuyecku noaobHO CTaHAApTHOM OTceka
ISO 9705 c pasmepammn 1,2 M Ha 1,8 M Ha 1,2 M B
BbICOTY. [MOTONOK M CTeHbI 6binM NocTpoeHbl U3 Bl Hag
CTalnbHOl 060M04YkM C nosnoM 6eToHa. Tpu 6a30Bble
3KCNepUMeHTbI Bblnn 3aBepLUeHbI C NOXapaMu B pa3Mepe
or 90 kBt mo 440 kBt. B uenom, FDS npeackasan
TeMmnepaTtypy C TOYHOCTbIO A0 15% OT uM3MepeHHbIX
Temnepatyp. W3MepeHuss ckopoctn FDS cneaytoT
TEHAEHUMN TECTOBbIX AaHHbIX, HO He KOMWpPOBaTb ero.
MNcxopswme ckopoctv 6binn nop - npeackasbliBaav Ha
30% po 40%, a BxoasiwuMe CKOpPOCTU OblIM CIMLIKOM
npeackasan Ha 40%. FDS npeackasan Tenna kanvbpa
NnoTok OTBET Ha npegenax 10% OT M3MepeHHbIX
3HaueHun. WsnydeHne momenb B FDS npeackasan
M3MepeHHble NoToKK B npegenax 15%.

Xin and Gore [103] compared FDS predictions and
measurements of the spectral radiation intensities of
small fires. The fuel flow rates for methane and ethylene
burners were selected so that the Froude numbers
matched that of liquid toluene pool fires. The heat
release rate was 4.2 kW for the methane flame and 3.4
kW for the ethylene flame. Line of sight spectral
radiation intensities were measured at six downstream
locations. The spectral radiation intensity calculations
were performed by post-processing the transient scalar
distributions provided by FDS.

CvHb un Top [103] no cpaBHeHuto FDS nporHosbl u
M3MEPEHUSI CMEKTPAsIbHbIX MHTEHCUBHOCTEN W3/TyYeHus
Hebonbwmnx BO3ropaHusix. CKOpOCTM MNOTOKa TOM/uBa
ANS MeTaHa M 3TueHa ropenok 6binn BblibpaHbl TakuM
obpasoM, uTObbl uMCnO Ppysa COOTBETCTBYET YTO
XUIKUX NoXapoB Tonyon 6accenH. CKOpOCTb BblAENEeHNs
Tenna coctasun 4,2 KBT ans nnamexHn metaHa u 3,4 kBT
ans  aTuneHa naaMeHu. MpsiMoi BMAMMOCTU
CMEKTPasnbHbIX MHTEHCUBHOCTEN W3/TyYEHUS] U3MEPSNCL
B LIECTU nocneayrowmx Mecrax. Pacyetsbl cnekTpasnbHble
WHTEHCMBHOCTU UM37ydeHus1 Oblin  BbIMOSHEHbI  MOC/e
06paboTkM nepexoaHbiX  pacnpefeneHns  CKansipHbIX
npegocrasnsiemble FDS.

Zhang et al. [104] compared the experimental results of
a circular methane gas burner to predictions computed
by FDS. The compartment was 2.8 m by 2.8 m by 2.2 m
high with natural ventilation from a standard door.

UxkaH n ap. [104] no cpaBHEHWIO 3KCMEpPUMEHTANIbHbIE
pesynbTaTbl KPYroBOM MeTaHa [ra30BO TOpenkun C
NpOrHo3amu, BblumMcneHHbix FDS. OTcek 6bin 2,8 M Ha 2,8
M Ha 2,2 M C €CTecTBEHHOW BEHTMUNsUMEN oOT
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CTaHAApTHOWN ABEpU.

2.2.14 Soot Deposition

2.2.14 OTno)xeHune caxku

Several studies have been conducted that indicate soot
deposition is an important factor in compartment fires for
the accurate prediction of smoke concentrations, smoke
detector activations, and visibility. Gottuk et al. [105]
reported that smoke concentrations predicted by FDS
near smoke alarms in a corridor were two to five times
greater than measured smoke concentrations. Hamins et
al. [106] conducted full-scale compartment fire
experiments for use in validation studies of various fire
models, including FDS. The results indicated that smoke
concentrations predicted by FDS were up to five times
greater than measured smoke concentrations. Floyd and
McDermott [107] implemented thermophoretic and
turbulent diffusion soot deposition mechanisms in FDS
and compared predicted soot densities and
concentrations to measurements from small- and large-
scale experiments. Riahi [108] conducted bench-scale
experiments to measure soot densities and soot
deposition patterns on walls for various fuels. Riahi
identified thermophoretic deposition as an important soot
deposition mechanism in the hot gas layer. Cohan [109]
used FDS to simulate select cases from the Gottuk [105]
corridor tests, Hamins et al. [106] NRC experiments, and
Riahi [108] hood experiments with thermophoretic and
turbulent diffusion soot deposition mechanisms. Overholt
and Ezekoye [110] implemented gravitational settling of
soot in the gas-phase in FDS and quantified the effects
of gravitational settling/deposition compared to
thermophoretic and turbulent diffusion deposition for
small- and large-scale validation cases.

Heckonbko MccnenoBaHui 6biin NpoBeAeHbl, KOTopble
YKa3blBalOT ~ OCaXAEHWUS  CaXM  SIBNSIETCA  BaXKHbIM
(akTOpOM B KyMeWHbIX MNOXapoB AN TOYHOro
MPOrHO3MPOBaHWS! KOHLEHTpAUWUiA AbiMa, AETEKTOP AbiMa
aKkTMBauun, u suammocTtb. Gottuk ap. [105] coobwmnu,
YTO KOHLEeHTpauus AbiMa, npeackasaHHble FDS psaom
AblMa B kopugope 6buim ABa-nsATb pa3 6onblue, yem
M3MEPEHHbIX KOHLEeHTpaumi abiMa. Hamins gp. [106]
npoBsenu nonHoMacwTabHole oTceka OrOHb
3KCMEPUMEHTbI AN MUCMONMb30BaHWs B Banugauuu
WCCNEAOBAHNI Pa3fIMYHBLIX MOAENeN MOXapHbIX, B TOM
uncne FDS. Pe3ynbTaTbl MoKasanu, YTO KOHLEHTpauuu
AblMa, npeackasaHHble FDS 6binn B NaTb pa3 6onblue,
YeM U3MEpEHHbIX KOHLEHTpauuii AabiMa. ®noia
Mak[epMoTT [107] peanu3soBaHbl TepModopeTnyeckas u
Typ6yneHTHON Anddy3nm MeXaHU3MOB OCAKAEHUSI CaXU
B FDS v no cpaBHeHWIO NpefcKa3aHHble MAOTHOCTM CaXu
M KOHUEHTpauuu, 4Tobbl W3MEpeHW OT ManbliX WU
KpyrnHoMacwTabHblx  3kcnepumeHToB.  Riahi  [108]
nposenn [lpu nabopaTopHbIX 3KCNEpPUMEHTOB  ANs
M3MEPEHUs] MNIOTHOCTM CaXu M MoAenen ocaxaeHus
CaXkM Ha CTeHax ANns pasnunyHbiX BMAOB Tonnmea. Riahi
onpegeneHsl  TepModopeTuyeckass — ocaxaeHus B
KayecTBe BaXKHOrO MeXaHuW3Ma OCaXKAEHWSi CaXku B Crioe
ropsyero rasa. KoxaH [109] ucnonb3yetca FDS ans
MMUTaUMM  OTAENbHbIX ciydasx ot  Gottuk [105]
Kopugopa TectoB, Hamins wn gp. [106] CPH
akcnepuMeHTbl, M Riahi [108] kanoT 3KCNepuUMEHTbI C
MexaHu3MaMuM  ocaxaeHus  TepMmodopeTndeckas M
TypbyneHtHas anddysus caxu. OsepxonT u Ezekoye
[110] peanu3oBaHbl rpaBUTALUMOHHOE OCEAAHME CaXu B
rasoBot Gaze B FDS M konuuyectBeHHO 3eKTbI
rpaBUTaLUMOHHOIO  OTCTauBaHus [/  OcaXaeHus Mo
CPaBHEHWNIO C TePMOMOPETUYECKOrO U Typ6YNEHTHOM
anddy3nm ocaxaeHus Ans ManblX U KPyMnHbIX Cyyasx
NpPOBEPKM.

2.3 Reconstructions of Actual Fires

2.3 PEKOHCTPYKUMSA peasibHbIX NM0)KapoB

ASTM E 1355 states that a model may be evaluated by
comparing it with “"Documented Fire Experience” which
includes

ASTM E 1355 rosoputcsl, 4TO MoAe/nb MOXeT O6bITb
OLEHEHA MYTEM CpaBHEHUSI €ro C «AOKYMEHTUPOBAHHas
NoXXapHOW onbIT", KOTOPbIN BKJIlOYAET

» eyewitness accounts of real fires,

® CBUAETENbCTBa o4eBNALIEB U3 peallibHbIX NOXapos,

e known behavior of materials in fires (for example,
melting temperatures of materials), and

M3BECTHO MOBEAEHWEe MaTepuanoB nNpu noXxapax
(HanpuMep, TeMnepaTypbl NAABNEHWS MaTepUanos) U

e observed post-fire conditions, such as the extent of fire
spread.

e HabniogaeMble YCNOBMS MOCMENOXapHbLIE, Takue Kak
CTeneHb PacnpoCTpaHEHMUS OTHSL.

Often the term “reconstruction” is applied to this type of
simulation, because the model is used to reconstruct
events based on evidence collected during and after the
fire. The two most notable examples of fire
reconstructions by NIST wusing FDS were the
reconstructions of the fires within the World Trade
Center towers and Building 7 on September 11, 2001
[64]; and the fire that occurred at the Station Nightclub
in Rhode Island in February, 2003 [111]. Other examples
of reconstructions by NIST staff are cited below.

YacTo TEPMUH <PEKOHCTPYKLMS» MPUMEHSIETC K 3TOMY
TUNY MOAENMPOBAHMS, NMOCKOJIbKY MOAENb MCMOMb3yeTcs

ans BOCCTaHOBJIEHUS! Co6bITUI Ha OCHOBE
[0Ka3aTeNbCTB, COBPaHHbLIX BO BPeMs M Mocse noxapa.
[Ba Haubonee 3aMeTHble MpUMEpbl  MOXapHbIX

pekoHCTpykumii no NIST wmcnonb3oBaHneM FDS 6binn
PEKOHCTPYKUMM NOXapoB BHyTpu 6GawHu BcemupHOro
TOProBoro UeHTpa u 3aaHne 7 11 ceHts6ps 2001 ropa
[64], © OroHb, KOTOPbLIM MNPOM3OWEN Ha CTaHUMKU B
HOYHOM KNy6e B Pog-AlineHae B deBpane, 2003 [111].
[pyrve npuMepbl PeKOHCTPyKUMi no nepcoHany NIST
NpuBeAEHbI HUXE.

Dan Madrzykowski and Bob Vettori examined a fire in a
townhouse in Washington, D.C., where two fire fighters
were killed and one severely injured during the evening
hours of May 30, 1999 [112]. Questions arose about the
injuries the fire fighters had sustained, the lack of
thermal damage in the living room where a fallen fire
fighter was found and why the fire fighters never opened

[aH Madrzykowski n Bo6 BeTTtopu paccMOTpeHbl noxap
B TayHxayce B BawwuHrtoHe, okpyr Konymbus, rae ase
noxapHole 6bMn ybuTbl M OAWMH TSHKENO paHeHbl B
BeuepHue Yackl oT 30 mas 1999 roga [112]. Bonpocel
BO3HMK/IM MO MOBOAZY TPaBM MOXapHble MepeHecnu,
OTCYTCTBME TEPMUYECKOTO MOBPEXAEHUSI B TOCTUHOM,
raeynan noXapHoiv 6bi1 HaaeH M NOYEMy NoXapHbIe He
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their hose lines to protect themselves or to extinguish
the fire. To answer some of the questions, a rectangular
volume of 10 m by 6 m by 5.1 m was divided into 76,500
cells in the FDS model. The FDS results that best
replicated the observed fire behavior indicated that the
opening of the basement sliding glass door provided
oxygen to a pre-heated, under-ventilated fire. Flashover
was estimated to occur in less than 60 s following the
entry of fire fighters into the basement. The resulting fire
gases flowed up the basement stairs and moved across
the living room ceiling towards the back wall of the
townhouse. These hot gases came in direct contact with
the fire fighters who were killed. The hot gases traversed
the townhouse in less than 2 s, giving the fire fighters
little time to respond. The model showed that the
oxygen level was too low to support flaming and,
therefore, the fire fighters did not have a visual cue of
the thermal conditions until it was too late. Results of the
FDS study were shared with the D.C. fire department
and have been made available via a multi-media CD-
ROM to other fire departments across the country.

OTKPbINM CBOM LUAAHIONPOBOAOB, YTO6bI 3aWMTUTL cebs
WM ans TyweHuss noxapa. Ytobbl OTBETUTH Ha
HeKoTopble M3 BOMPOCOB, MPSMOYrofibHyt0 0b6beMm 10 M
Ha 6 M Ha 5,1 M 6bina pasgeneHa Ha 76 500 kneTok B
moaenu FDS. PesynbtaTthl FDS, KOTOpbIA Haunyylumm
obpasom BocnpousseneHbl Habniogaemoe nosepeHue
noxapa YyKasaHo, 4TO  OTKpbITUE  CKOMb3siLei
CTEKNISIHHOW  ABepu nojBana  YCNOBUWM  KUCIOPOA
npeaBapuTENnbHO HarpeTow, noj NpoBETPUBAEMOM OrHSI.
Flashover, no oueHkaM, Npou3oNTN MeHee yeM 3a 60 c
nocne BCTYMNMEHWUS NOXapHbIX B nogsane. MonyyeHHble
noxapHble rasbl Teksia BBepX MO NoABasbHOWM NecTHuLe
W nepeexan Mo MNOTONKY FOCTMHOM K 3aAHei CTeHke
TayHxayca. 3TWM  ropsuve  rasel  npuwen B
HEMoCPefCTBEHHOM KOHTaKTe C MOoXapHbIX, KOTopble
6binn ybuTbl. [opsiuMe rasbl Mepecek TayHxayC MeHee
yeM 3a 2 C, AaBasi NOXapHbIX Mano BPEMEHWOTBETUTD.
Mogenb nokasana, 4TO YpoBeHb kucriopoga 6bina
CNULIKOM HU3KOM, 4TOGbI MOAAEpPXaTb MMaMEHHbIN U,
cnepoBaTenibHO, NOXapHole He  6bln0  HarnsaHoe
npefcTaBieHWe TensaoBbIX YCNOBUSX, MOKa He CTano
CMWKOM No3aHo. PesynbTaThl MccnegosaHms FDS 6biim
COBMECTHO C TMOXapHOW CnyX6bl MOCTOSIHHOTO TOKa W
6binM  pocTynHbl Yepe3 CD-ROM  MynbTUMEAMIMHOrO
APYrux noXapHblX YacTeil Nno Bcen CTpaHe.

Bob Vettori, Dan Madrzykowski, and Doug Walton
simulated a fire in a Houston restaurant [113]. On the
morning of February 14, 2000, a fire started in the office
area of a fast food restaurant. Two fire fighters died
when the roof collapsed. The FDS model was used to
simulate the fire. The fuel was assumed to be the
contents of a typical office, and the fire was assumed to
have a slowly growing heat release rate peaking at 6
MW. Multiple vents were modeled and the time at which
they opened replicated the fire fighters’ actions after
arrival. The model provided a visual representation of the
fire during the initial phases until the collapse of the roof.

bo6 Bettopn, [3H Madrzykowski, v [Odyr YonTtoH
MOAENUpPYeTCa Moxap B pecTtopaHe XbtocToH [113].
Ytpom 14 despana 2000 roga Havancs noxap B
oUCHOM palioHe pecTopaHa ObICTporo nwTaHus. [Ba
noXkapHbIX Nornénu, Korga pyxHyn kpeiwa. Moaens FDS
661 MCnonb3oBaH AN MOAENMPOBAHMS  OMOHb.
TonnuBHbIM Npeanonaranacb COAEPXKMMOE TUMUYHOMO
odbuca, U OroHb npeanonaranoCb MMETb MeAsIeHHO
PacTyLMA CKOPOCTb TEM/OBLIAENEHMS] C MAaKCUMYMOM 6
MBT. Heckonbko oTBepcTMs 6binn cMOAENUpOBaHbl U
BpeMs, B KOTOPOE OHW OTKpbIIM BOCNPOU3BELEHDI
LENCTBUA MOXapHbIX "Mocne npubbiTus. Moaenb He
npeaycMOTpeHO Bu3yasibHOE MpeacTaB/fieHNe OrHa Ha
HayasibHbIX CTaausIX A0 0bpyLIeHns KpoBn.

Dan Madrzykowski, Glenn Forney and DougWalton
simulated a fire that killed three children and three fire
fighters on the morning of December 22, 1999 in a two
story duplex house in Iowa [114]. The fire started on top
of a stove in a two-story residence. FDS was used to
simulate the fire. The fuel packages consisted of several
furniture items in the kitchen and living room with heat
release rates reaching 5.2 MW. The model results
indicated the critical event in the fire was flashover of
the kitchen. The fire became a multi-room event after
flashover with temperatures increasing to over 600 C.
The hot gases spread quickly from the living room to the
stairway on the second floor trapping the fire fighters.

OsH  Madrzykowski, TneHH ®opHu u DougWalton
MOAENIMPYETCS OrOHb, KOTOPbI Y6un Tpoux AeTei u Tpu
noXapHelx Ha yTpo 22 pekabps 1999 roma B
[BYX3T@XXHOM [BYXKBapTWPHbIX OMOB B AioBe [114].
Moxap Hayancsa Ha BepwMHE Meun B [ABYXITaXKHOM
XwuTtenbctea. FDS 6bin ncnonb3osaH A1 MOAENNpPOBaHUs
OroHb. TONMAMBHBLIE MakKeTbl COCTOAN U3  HECKONbKMX
npeaMeToB Mebenum B KyXHE W TOCTVHOM C TeMmramu
TennosblgeneHns waywmumm 5,2 MBT. Pesynbtathbl
MOAENMPOBaHUS MOKa3anMKpUTUYeckoe cobbiTue B OrHe
6b1n nepekpbITUs u3 KYXHW. OroHb cTan
COObITUEMMHOMOKOMHATHAs  MOCNe  NnepekpbiTus ¢
TemnepaTypbl yBenuumuaetca ao 6onee yem 600 ° C.
Fopsiume rasbl HGbICTPO PacNPOCTPAHUICS U3 FOCTUHOM K
NIECTHMLIE Ha BTOPOV 3TaXk YN1aBAMBaHUSA MNOXKaPHbIX.

Dan Madrzykowski and DougWalton investigated the fire
in the Cook County (Chicago) Administration Building in
October, 2003, that claimed the lives of six people
trapped in a stairwell [115]. Issues addressed by the
model were the movement of the fire from its room of
origin and the movement of smoke up the stairwell.

[aH Madrzykowski n DougWalton uccnegosanu oroHb B
okpyra Kyk (Yukaro) AOMMHUCTpaTMBHOE 3[4aHMe B
okTsi6bpe 2003 ropa, KOTOpas yHeCna >XW3HW LIeCTU
niogen, 3anepTblx B noabesge [115].  Bonpochl,
paccMOTpeHHble Mofenu 6bliv ABWXKEHWE OrHa OT ero
KOMHaTe TMpPOUCXOXAEHUS W [OBMXEHWE [biMa BBEpPX
NIECTHUYHas KeTka.

Outside of NIST, FDS has been used to investigate many
actual fires, but very few of these studies are
documented in the literature. Exceptions include

Bre NIST, FDS 6bina ncnonb3oBaHa Ans paccneaoBaHuns
MHOTME aKTyaslbHble MOXapoB, HO OYEeHb HEMHOrMe u3
3TUX  MCCNeJoBaHWM  OMWCaHbl B JUTepaTtype.
McknoyeHre cocTaensiioT

¢ A large fire in a “cash & carry” warehouse in the UK

e bonbluasg noxap B " HaNM4YHbIMM M HECTM" CO CKlada B
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was studied by Camp and Townsend using both hand
calculations and FDS (version 1) [116].

BenukobpuTaHun uM3yyanu C  WCMONb30BaHMEM  Kak
pacyetbl pyk u FDS (Bepcusi 1) [116] Ha narepb u
TayHceHa.

e A study by Rein et al. [117] looked at several fire
events using an analytical fire growth model, the NIST
zone model CFAST, and FDS.

e WccnenoBaHue, PeiiH u coaBT. [117] paccMoTpenu
HECKObKO MOXapoB C WUCMOMb30BaHUEM aHaNUTUUECKOW
MoAenu noxkapHoi pocta, mogenu NIST 30Ha CFast u
FDS.

¢ A similar study was performed several years earlier by
Spearpoint et al. [118] as a class exercise at the
University of Maryland.

AHanornyHoe wuccnegoBaHue 6bi10  NpoBedeHO
HECKONbKO NET Ha3aj Ha BepLUMHa WapoLwku 1 ap. [118]
KaK Knacc ynpaxHeHusi B YHusepcutete MapunieHaa.

e During the SFPE Professional Development Week in the
fall of 2001, a workshop was held in which several
engineers related their experiences using FDS as a
forensic tool [119].

* Bo Bpemsa SFPE Hegenu npodeccmoHanbHOro passutms
B oceHblo 2001 roga, 6bin npoBeseH cemMuHap, B
KOTOPOM HECKONbKO WHXXEHEPOB, CBA3AHHbLIX C OMbITOM
ncnonb3oBaHnsa FDS kak cyaebHbI MHCTPYMeHT [119].

¢ The role of carbon monoxide in the deaths of three fire
fighters was studied by Christensen and Icove [120].

e Ponb OKMCM yrnepoga B rvbenn Tpex noXapHbIX
n3yyanu KpucreHceH un Icove [120].

Chapter 3. Description of Experiments

naea 3. OnucaHue 3KCNepuMEHTOB

This chapter contains a brief description of the
experiments that were used for model validation. Only
enough detail is included here to provide a general
understanding of the model simulations. Anyone wishing
to use the experimental measurements for validation
ought to consult the cited test reports or other
publications for a comprehensive description.

OTa rnaBa COAEpPXMWT KpaTKoe OnmncaHue aKCNepuMeHTOB,
KOTOpble 6bIN UCMONb30BaHbl ANst NMPOBEPKU MoAeneil.
Tonbko AOCTAaTOMHO MNOAPO6HO BKIKOYEH 3A4eCb, YTOObI
fatb obLee npeacrasneHne o} MOZEbHbIX
aKCnepuMeHTOB.  Bce  Xenawwme  MCrNonb30BaTb
3KCrNnepuUMeHTalibHblE U3MEPEHUA ANA MPOBEPKN AOJIKHbI
NPOKOHCYNbTUPOBATLCA C  LUUTMPYEMble  MPOTOKOSbI
UCMbITAaHUA WAWM Apyrve u3paHusi, ONsi BCECTOPOHHEro
onuncaHus.

3.1 ArupFire Tunnel Fire Experiments

3.1 OnbiTbl B TyHHensx ArupFire

Gabriele Vigne and Jimmy J6énsson of ArupFire conducted
a series of fire experiments within a tunnel with a 50 m2
cross section. The tunnel is located in La Ribera del
Folgoso, Spain. It is approximately 6.5 m high, 8 m wide
and 300 m long. Five replicate tests were conducted
using a 1 m by 2 m steel pan filled with heptane on
water. Near-ceiling temperatures were measured 2 m, 4
m, 6 m and 8 m from the plume centerline. The peak
heat release rate was approximately 5.3 MW.

Fabpuane Vigne u [xummu WMoHccoH 3 ArupFire
NPOBENY CEPUIO NOXKaPHbIX KCMEPUMEHTOB B TyHHENE C
nonepeyHbiM ceveHnem 50 M2. TyHHenb Haxoautcs B Jla
Pnbepa penb Folgoso, UcnaHusa. 310 npumepHo 6,5 M B
BblCOTY, 8 M B wupvHy U anuvHoi 300 M. [MdATb
NOBTOPHBIX UCMbITaHUS NPOBOAWIUCE C UCMOSb30BaHUEM
1 M Ha 2 M cTanbHOW NOAAOH, 3aMOJIHEHHBIV renTaHa Ha
BoZe. PAaoM € noTonka TemnepaTypa usMepsannce 2 M, 4
M, 6 M 1 8 M OT (hakena LeHTpanbHON NMMHUKU. CKOPOCTb
BblcBO60XAEHNS MUK xapa bblia npumepHo 5,3 MBT.

3.2 ATF Corridors Experiments

3.2 ATF Kopuaopbl KCnepuMeHTbl

A series of eighteen experiments were conducted in a
two-story structure with long hallways and a connecting
stairway in the large burn room of the ATF Fire Research
Laboratory in Ammendale, Maryland, in 2008 [121]. The
test enclosure consisted of two 17.0 m long hallways
connected by a stairway consisting of two staircases and
an intermediary landing. There was a door at the
opposite end of the first floor hallway, which was closed
during all tests. The end of the second floor hallway was
open with a soffit near the ceiling.

Cepuss #“3 BOCEMHAgUATU  SKCNEPUMEHTOB  6bln
NpoBefieHbl B ABYX3TAXXHOM CTPYKTYpbl C  ASIMHHBIMU
KOpPUAOPaMU U COEAMHUTENBHOM NECTHUUE B 60MbLUOW
OXXOTOBOW  KOMHaTe TMOXapHOW  MCC/IeA0BaTENbCKOM
nabopatopum AT® B Ammendale, wtat MaspuneHa, B
2008 rogy [121]. Tect kopnyc coctosn u3 asyx 17,0 m
OJIMHHBIX  KOPUZOPOB,  COEAMHEHHbIX  JIECTHULEMN,
COCTOsILEN M3 [ABYX JIECTHUL M MOCPEAHWKa MOCaAKW.
BbinaBepb Ha NPOTMBOMOSIOXHOM KOHLE NMEPBOro 3TaXa
KOpUZOp, KOTOpbI 6bin  3aKpbIT BO BpeMsl  BCEX
ucrblTaHn. KoHel, BTOpol 3Taxe npuxoxas 6blia
OTKpbITa C NEPEKPLITUS NOA MNOTOKOM.

The walls and ceilings of the test structure were
constructed of 1.2 cm gypsum wallboard. The flooring
throughout the structure, including the stairwell landing
floor, consisted of one layer of 1.3 cm thick cement
board on one layer of 1.9 cm thick plywood supported by
wood joists. The first set of stairs, which had eight risers,
led from the first floor up to the landing area. The
second set of stairs, which had nine risers, led from the
landing area up to the second floor. The stairs were
constructed of 2.5 cm thick clear pine lumber. The two
set of stairs were separated by an approximately 0.42 m
wide gap in the middle of the stairwell. This gap was
separated from the stairs by a 0.91 m tall barrier
constructed of a single piece of gypsum board. The flue
space was open to the first floor. The flue space was
separated from the second floor by a 0.9 m tall barrier

CTeHbl W NOTOMKM B TECTOBOW CTPYKTYpbl 6bln
nocTpoeHbl 1,2 cM runcokapToHa. [osmbl no  Bcew
CTPYKType, B TOM 4ucCne nogbesge nocagka 3Taxe,
COCTOWT M3 OAHOro CNnosi TOMWMHOW 1,3 CM LeMeHTa
60opTy Ha OAOHOM cnoe ToncTo aHepbl 1,9 cM
NMoAAEpPXMBAEMON AepeBsiHHbIX b6pycbeB. MepBbiit HA6oOP
NeCTHWUbI, KOTOopble 6blfI0 BOCEMb CTOSIKOB, BO faBe C
nepBoro 3TaXa A0 NOoCafoyvyHoOM nnowaakv. Bropoii
Habop necTHuUUbl, KOTOopble OblN0 AEBATb CTOSIKW, BO
rfaBe C MOCaZOMHOM MOWaAKM A0 BTOPOro 3Taxa.
JlecTHua 6bIMM NOCTPOEHbI 2,5 CM  TOMLWIMHOW SICHO
COCHa nunomaTepuanos. [Ba Habopa nectHuubl 6binu
pasfeneHsbl WMPOKON Wwenbio okono 0,42 M B cepeanHe
NeCcTHUUbI. ITOT pa3pbiB bbll OTAENEH OT NEeCTHUUbl Ha
0,91 M B BbICOTy 6apbepa, MOCTPOEHHOr0 U3 LIESIbHOrO
Kycka runcokapToHa. [bIMOBOM NpPOCTPaHCTBO 6blN10
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constructed of gypsum board. There was a metal
exterior type door at the end of the first floor near the
burner. The door was closed during all experiments.

OTKPbITO Ha MepBbI 3Tax. [bIMOBOM NPOCTPaHCTBO Obin
OTAENEH OT BTOPOro 3Taxa Ha 0,9 M BbicoTOM Gapbepa,
MOCTPOEHHOIo0 M3 rMNCoOKapTOoHa. Bbin OAHMM U3 BUAOOB
MeTanna HapyXHble ABepu B KOHLE NepPBOM 3Ta)ke OKO/0

ropenku. [igepb 6blna 3akpblTa B TeyeHue BCeX
3KCNEPUMEHTOB.
The fire source was a natural gas diffusion burner. The | UcTounnk noxapa 6bin €CTECTBEHHbI

burner surface was horizontal, square and 0.45 m on
each side, its surface was 0.37 m above the floor, and it
was filled with gravel. The burner was located near the
end of the first floor away from the stairs. A diagram of
the test structure is displayed in Figure 3.1.

rasoanddysnoHHbI  ropenku. NoBEPXHOCTb rOpenku
6blna ropusoHTanbHOM, kBaapaTHble 1 0,45 M C Kaxaon
CTOpOHbI, ero noeepxHocTb 6bina 0,37 M OT nona, u 3710
6bIn0 3anonHeHo rpasus. openka 6bina pacnonoxeHa
6nmke K KOHUY MEpBOM 3TaXe OT JecTHuubl. Cxema
TECTOBOWN CTPYKTYpPbl 0To6paXkaeTcs Ha pucyHke 3.1.
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Figure 3.1: Geometry of the ATF Corridors

Experiments.

Puc. 3.1: FeoMeTpus 3KCNEPUMEHTOB B Kopuaopax
ATF.

3.3 Beyler Hood Experiments

3.3 3kcnepuMeHTbl Beliniepa noa KOJINaKoM
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Craig Beyler performed a large number of experiments
involving a variety of fuels, fire sizes, burner diameters,
and burner distances beneath a hood [122]. The hood
consisted of concentric cylinders separated by an air gap.
The inner cylinder was shorter than the outer and this
allowed combustion products to be removed uniformly
from the hood perimeter. The exhaust gases were then
analyzed to determine species concentrations. The
burner could be raised and lowered with respect to the
bottom edge of the hood. Based on the published
measurement uncertainties, species errors are estimated
at 6 %. 148 tests were performed with measurements
made in the exhaust duct. The fuels in those tests were
as follows: 16 acetone, 11 ethanol, 13 isopropanol, 18
methanol, 51 propane, 28 propylene, and 11 toluene.
Hood equivalence ratios varied from 0.2 to 1.7. A subset
of 47 tests spanning the equivalence ratio range for each
fuel was simulated for validation (5, 5, 5, 5, 15, 7, and 5
respectively for the fuels mentioned above).

Kpeir Beinep npoBen MHOXECTBO 3KCMEPUMEHTOB C
y4yacTMEM pas3NnyHblX BWAOB TOMAMBA, pasMepamu
noxapa, AvaMeTpaMuM TOpenkn W pacCTOsHUSMMU [0
ropenkym noa konnakom [122]. Konmak coctout u3
KOHLIEHTPUYECKMX LWTMHAPOB, pa3aeneHHbIX BO3AYLIHON
MPOCIOMKON. BHYTPeHHUI uMnMHAP 6bin KOpode, YeM
HapyXXHbIi M 3TO MO3BOAWMIO MPOAYKTOB CropaHusi
JO/MKHbI 6bITb yAaneHbl U3 paBHOMEPHO MO MepUMeTpYy
KanoTa. BbIxnornHble rasbl 3aTeM aHanuM3upoBanu Ans
onpeaeneHns KOHUEHTpauuMn BuAOB. [openka MoxeT
NOAHMMATLCA U OMyCKaTbCsl MO OTHOLUEHMIO K HUKHEMY
Kpalo Konmaka. Ha ocHoBaHWM  OMy6iMKOBaHHbLIX
MOrpeLHOCTEN U3MEPEHUI, OLLINGKM BUAOB OLIEHUBAOTCS
B 6%. 148 wucnbitaHus  6binv npoeedeHbl  C
M3MepeHusIMW, NPOBOAMMbIMWA B  BbIMYCKHOM KaHane.
TonnuBa B 3TUX WUCMbITaHW 6biNK cneayolwmMmn: 16
aueToH, staHon, 11 13 usonponaHon, metaHon, 18 51
nponaH, nponuneH, 28 n 11 Tonyona. Hood oTHOweHWA
SKBMBANEHTHOCTM BapbupoBana ot 0,2 po 1,7.
MoaMHOXEeCTBO M3 47 TeCTOB, OXBATbIBAOLWMX AManNa3oH
OTHOLLEHME IKBUBANEHTHOCTM AN  KaXaoro Buaa
Tonnmea 6bin cMopenuposaH ans nposepkn (5, 5, 5, 5,
15, 7 n 5 COOTBETCTBEHHO ANS TOMMB, YNOMSHYTbIX
BblLUE).

3.4 BRE Spray Test for Radiation Attenuation

3.4 BRE cnpeii TecT ans ocnabneHus nsny4yeHus

Murrel et al. [123] measured the attenuation of thermal
radiation passing through a water spray using a heat flux
gauge. The radiation was produced by a heat panel, one
meter square, at 900 C. The horizontal distance from the
radiation panel to the spray nozzle was 2 m and to the
measurement point 4 m. The nozzles were positioned at
a height 0.24 m above the panel upper edge. The heat
flux gauge was positioned at the line passing through the
center of the panel. The attenuation of radiation was
defined as (q0C1gs)=q0, where g0 is the initial radiative
heat flux, measured without a spray, and gs is the heat
flux measured during the spray operation.

Murrel ap. [123] wu3mepunu ocnabneHue TeMNI0BOrO
M3MyYeHUs, MPOXOAs Yepe3 CTpyen BoAbl C MOMOLLbIO
MaHOMeTpa TenmnoBoro noTtoka. M3nydyeHve 6bi10
NMpousBeeHO TEMIOBOW MaHeNM, OAWH KBaApaTHbIW
meTp, npn 900 ° C. PacctosiHMe no ropusoHTanu oT
U3/ly4eHUst NaHenu Ans pacnbinTensHoro conna 6ein 2
M U TOYKM u3MepeHus 4 M. DopcyHkn 6blaun
pacrnonoxeHbl Ha BbicoTe 0,24 M Haa naHenn BepxHero
Kpasi. MaHoMeTp noTokTenna 6bil MoOMeleH Ha MHWUK,
npoxoasiuein uyepe3z UeHTp naHenu. OcnabneHve
n3ny4veHus 6bin onpeaeneH kak (q0 O QS) = q0, rae q0
SIBMISIETC  HayaslbHbIM MOTOK PaAMaLMOHHOro Tensa,
nsmepsieTcs 6e3 cnpesi 1 QS sBNSIETCS TENSOBOM MOTOK
M3MepsieTcs BO BpeMsi ornepauun pacrbiieHns.

Experimental results are used from three full-cone type
nozzles, labeled A, B and D. The opening angles of the
nozzles were between 90 and 108 degrees. The purpose
of the simulation is to compare the measured and
simulated attenuation of radiation at different flow
conditions. The nozzles were specified in terms of
median droplet size and mean vertical velocity using
PDPA measurement in a single position, 0.7 m below the
nozzle. The droplet boundary conditions were
determined by assuming dm p pO1=3 and v p pl=2
type of dependences between the droplet size, speed
and pressure.

SKCrepuUMeHTasbHbIe pe3ynbTaTbl UCMOMb3YHTCA U3 Tpex
cornen Tuna MOSHbIN KOHYC, 0603HayeHHble A, B u D.
Yron oTkpbITUsa conen 6bin mexay 90 u 108 rpaaycos.
Uensto MOAEeNnpoBaHusl ABNSETCS CpaBHeHue
M3MEpEeHHbIX WM CMOAENVPOBaHHbIX  OcrabneHus
M3My4eHUS NPU PasfMYHbIX YCIOBUSX MOTOKA. DOPCyHKM
6bl1M  onpepeneHbl B TEPMUHAX CpeaHero pasmepa
Kanesb U 03HayaeT BEPTUKaNbHYIO CKOPOCTb C MOMOLLBIO
m3mepenmsa HAMA B ogHOM nonoxeHun, 0,7 M Hwmxe
conna. KpaeBble ycrnoBus kanenb Oblnn yCTaHOBIIEHbI
mexogs w3 aMm g P O 1 3nVyuyPRPl 2 T™n
33aBMCMMOCTEN MeXAy pa3MepoM Karju, CKOpoCTU MU
JaBneHus.

3.5 Bryant Doorway Velocity Measurements

3.5 N3MepeHUs CKOPOCTU ABMXKEHUS B ABEPHOM
npoeme BpanaHTa

Rodney Bryant of the Fire Research Division at NIST
performed a series of velocity measurements of the gas
velocity within the doorway of a standard ISO 9705
compartment for fires ranging from 34 kW to 511 kW
[124, 125, 126]. A doorway served as the only vent for
the enclosure. It included a jamb of 30 cm extending
outward to facilitate the laser measurements. The entire
compartment was elevated 0.3 m off the floor of the
laboratory.

PogHu bBpaitaHT Hay4yHo-UcCneaoBaTeNbCKoro OTAena
oroHb Mo NIST npoBenu Ceputo U3MEPEHUIN CKOPOCTEWN
CKOpOCTM rasa B Asepsix ctaHaapTHoro ISO 9705 oTceke
Ansl NOXapoB, HauuHas ¢ 34 kBT go 511 kBt [124, 125,
126]. [dBepb cnyxun TONbKO OTBEpPCTUE ANs Kopryca.
OHa Bkoyana B cebs kocak 30 cM, npoxoasimx
Hapyxy, 4Tobbl 0b6nerunTb nasepHble usMepeHus. Becb
oTcek 6b1n1 Bo3BeaeH 0,3 M oT nona nabopatopum.

The measurements were made using both bi-directional
probes and PIV (Particle Image Velocimetry). The PIV
measurements only cover the lower two-thirds of the

V3mMepeHnMss npoBOAMIMCL C  WUCMONb30BAHWEM  Kak
[ByHanpasneHHblii 30HAoB M PIV (Particle Velocimetry
n3obpaxkenus). WM3mepeHuss PIV  oxBaTbiBaeT TOJIbKO
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doorway because of difficulties in seeding the hot
outflow gases. The bi-directional probe measurements
span the entire height of the doorway, but Bryant
reports that these measurements were up to 20 %
greater than the PIV measurements in certain regions of
the flow. Consequently, only the PIV data was used for
comparison to the model.

HWKHWE ABe TPeTU ABepsiX U3-3a TPYAHOCTEN B MoceBe
ropsuMe OTTOK ra30B. [IByHanpaBfeHHbIN 30HAOBbIE
M3MepeHns 0XBaTbIBAOT BCIO BbICOTY ABEPHOMO Mpoema,
HO BpalaHT CcoobWIaeT, YTO 3TU M3MepeHus 6bin [0
20% 6onblue, yeMm wusMepeHus PIV B HeKOTOpbIX
pervoHax notoka. CnepgosaTenbHO, TOMbKO AaHHble PIV
6b11 MCNOIb30BaH N5t CPAaBHEHUS MOAENW.

3.6 Cable Response to Live Fire — CAROLFIRE

3.6 OTKNMK Kabens Ha xnBoi oroub - CAROLFIRE

CAROLFIRE was a project sponsored by the U.S. Nuclear
Regulatory Commission to study the fire-induced thermal
response and functional behavior of electrical cables
[127]. The primary objective of CAROLFIRE was to
characterize the various modes of electrical failure (e.g.,
hot shorts, shorts to ground) within bundles of power,
control and instrument cables. A secondary objective of
the project was to test a simple model to predict
thermally-induced electrical failure (THIEF). The
measurements used for these purposes were conducted
at Sandia National Laboratories and are described in
Volume II of the CAROLFIRE test report. In brief, there
were two series of experiments. The first were
conducted within a heated cylindrical enclosure known as
the Penlight apparatus. Single and bundled cables were
exposed to various heat fluxes and the electrical failure
modes recorded. The second series of experiments
involved cables within trays in a semienclosed space
under which a gas-fueled burner created a hot layer to
force cable failure.

CAROLFIRE 6bin npoekT cnoHcupyeTca Komuccmmn no
agepHoMmy perynuposaHuio  CLUA, 4Tobbl  M3yunTb
noxapa, BbI3BaHHbIX TEnn0BoM OTK/INK n
(byHKLUMOHANbHOE MOBefEHWE 3NEeKTPUYECKUX kabenein
[127]. OcHoBHas uenb CAROLFIRE 6b110
OXapaKTepu30BaTb  pa3/iMYHble  peXuMbl  OTKasa
anekTpoobopyaoBaHusa  (Hanpumep, ropsiyMe  LIOpThI,
LIOPTbl Ha 3€eMJI0) B CBA3KaX MUTaHWS, KOHTPONs M
MHCTPYMEHTasbHbIX Kabenei. BTopas uenb NpoekTa
cocTosina B TOM, 4To6bl NMpoOBEpUTL NPOCTYIO MOAENb A/s
NPOrHO3MPOBaHUS TepMUYecKm WHAYLMPOBAHHbBIN
3neKTpuyecknin cooit (Bop). MamMepeHusi, UCrosib3yeMble
ANs 3TUX uenen 6binu npoeedeHbl B Sandia National
Laboratories n onucaHbl BO BTOPOM TOME MpPOTOKOJE
ucnbiTaHuit CAROLFIRE.Kopouye roBops, 6b1510 ABe cepumn
3KCNepuMeHTOB. [lepBblii  NPOBOAMSIMCL B HarpeTon
LUMMHAPUYECKOM 060104KH, N3BECTHOM KakK
nanbynkoBble annapata. OaHO-u B KoMMnekTe Kabenu
noaBepranncb  pasfMyHbIM - TEMIOBbIX  MOTOKOB U
INEKTPUYECKUX PEXMMOB OTKasza 3anucaHHbiX. BTopas
cepust IKCNEPUMEHTOB ydacTue kabenu BHYTpY JIOTKOB B
semienclosed NpocTpaHCTBa, NMpU KOTOPbIX ra3 Tonavee
ropenky CO3A4aHHOW ropsivero criosi, YTobbl 3acTaBWUTb
noBpexaeHun kabensi.

Petra Andersson and Patrick Van Hees of the Swedish
National Testing and Research Institute (SP) proposed
that a cable’s thermally-induced electrical failure can be
predicted via a one-dimensional heat transfer calculation,
under the assumption that the cable can be treated as a
homogenous cylinder [128]. Their results for PVC cables
were encouraging and suggested that the simplification
of the analysis is reasonable and that it should extend to
other types of cables. The assumptions underlying the
THIEF model are as follows:

MeTpa AHgepccoH m Matpuk Ban Hees HUW wBeackoro
HaLMOHaNbHOro TecTupoBaHusa 1 (SP) npeanonoxun, 4to
TEPMUYECKU WHAYLUMPOBAHHbIX anekTpuyeckas
HeucrnpaBHOCTbKabenss MOXXHO NpeAckasaTb C MOMOLLBIO
OOHOMEPHOro pacyeTta TennoobMeHa, B NpeanosioKeHNM,
yTo Kabenb MOXHO paccMaTpuBaTb KakK OAHOPOAHOE
unnuHapa [128]. Ux pesynbTatbl ans kabenei us MBX
6ol obHagexuBaloWMMK, U NpPeanoXwun,  YTo
YMNpOLEHNE aHanM3a SBNSETCS pa3yMHbIM U YTO OHa
[O/MMKHA pacrnpoCcTPaHsTbCs Ha ApyruMe Turbl kabenen.
MpeanonoxeHns, nexawme B OCHOBE MoOAeNM BOp B
cneayroweM:

1. The heat penetration into a cable of circular cross

1. TpoHUKHOBEHME Tenna B kabenb Kpyrnoro ce4eHusa B

section is largely in the radial direction. This greatly | ocHoBHOM B  pagvanbHOM  HanpaeneHuu.  3TO
simplifies the analysis, and it is also conservative | 3HauMTenbHO  ynpowaeT aHanuM3, W 3TO  TaKke
because it is assumed that the cable is completely | koHcepBaTMBHbIM, MOCKOMbKY MpeanonaraeTcs, u4To
surrounded by the heat source. Kabeslb MONHOCTLI OKPYXXEH MCTOYHMKA Tenna.

2. The cable is homogenous in composition. In reality, a | 2. Kabenb OZIHOPOZHOM no cocTasy. B
cable is constructed of several different types of | geicTBUTENBHOCTU,KA6ENb W3rOTOBNIEH M3 HECKONBbKUX
polymeric materials, cellulosic fillers, and a conducting | pasnunuHbIX TUMNoB NOSIMMEPHBIX MaTepuarsnos,

metal, most often copper.

LENNONO3HbIX HaI'IO}'IHMTeJ'Iel‘/II, 1 npoBoAsLlero MeTanna,
Yyalle BCcero Mmegu.

3. The thermal properties i£i conductivity, specific heat,
and density i£i of the assumed homogenous cable are
independent of temperature. In reality, both the thermal
conductivity and specific heat of polymers are
temperature-dependent, but this information is very
difficult to obtain from manufacturers. More discussion of
this assumption is found below.

3. Tennosas Hea £ i MpoBOAMMOCTb, TEM/I0EMKOCTb W
NNOTHOCTbL T £ | U3 NpeanonaraemMon oAHOPOIHON Kabens
He 3aBUCST OT TeMnepaTypbl. B AeACTBUMTENBHOCTH, Kak
TENna0NpoBOAHOCTb U TEMIOEMKOCTb MONMMEPOB 3aBUCUT
OT TeMmnepaTypbl, HO 3Ta WMHQOPMaUUS OYEHb TPyAHO
nonyuMTb OT NpousBoauTenel. bonblie o6cyxaeHus
3TOro NPEANnOosIOXKEHUSI MOXXHO HaNTU HUXE.

4, It is assumed that no decomposition reactions occur
within the cable during its heating, and ignition and
burning are not considered in the model. In fact,
thermoplastic cables melt, thermosets form a char layer,
and both off-gas volatiles up to and beyond the point of

4. MNpeanonaraeTcsi, YTO HUKAKME peakumMu pasfioXeHUs
HEe MpOUCXOAUT BHYTpU Kabens npu ero Harpeee,
BOCM/IAMEHEHME W TOpPEHME He paccMaTpuBalOTCa B
mMoaenn. B caMoM paene, TepMonnacTuyHble Kabenu
pacnfiaBa, TepMOpeaKTMBHble 06pasyloT cbar croi, u
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electrical failure.

06a OTXOASALMX ra3oB JIETyUMe A0 U NOCe TOYKM OTKasa
3NeKTPo06opyAOBaHHUS.

5. Electrical failure occurs when the temperature just
inside the cable jacket reaches an experimentally
determined value.

5. oneKkTpuyeckue c6oi npoucxoauT, Korga
Temnepatypa TONMbKO BHYTpM 060n04kM  kabens
[OCTUraeT 3KCNepUMeHTaNbHO onpeaeneHHoe 3HaYeHune.

Because the CAROLFIRE Penlight experiments tested
single cables that were heated uniformly on all sides, the
one-dimensional THIEF model accurately predicted the
times for the temperature inside the cable jacket to
reach “threshold” values that are typically observed
when the cable fails electrically.

Mockonbky 3kcrnepumeHTbl CAROLFIRE nanb4ymkoBbie
UCMbITaHUS  OAMHOYHbIX — Kkabeneil, KkoTopble  6biu
HarpeTbl paBHOMEPHO CO BCEX CTOPOH,04HOMepHas
mogens BOP ToyHO npeackasan BpemeHa  Ans
Temnepatypel  BHyTpM  obonouku  kabena  ans
OOCTMXEHUS "MoporoBoro” 3HayeHusl, KoTopble 06bIYHO
HabnopaloTcs, korga kabenb He yaaeTcs aneKTpUYecKu.

3.7 CSTB Tunnel Experiments

3.7 CSTB Tunnel 3kcnepuMeHTbl

Between 2005 and 2008, the French building research
laboratory, Centre Scientifique et Technique du Batiment
(CSTB) cooperated with the French Tunnel Study Center
(CETU), the French National Centre for Scientific
Research (CNRS, Institut PPRIME) and the French
Directorate for Civil Security (DSC) to conduct fire
experiments in a tunnel, some of which involved a water
mist system [129]. The first aim was to improve the
understanding of the interaction between water mist and
a tunnel fire. The second was to develop a database for
model validation. A one-third scale was selected with the
objective of studying realistic fire phenomena in an
affordable way. Twenty-eight experiments were
conducted (20 with and 8 without water mist) with
varying fuels (heptane pool, wood crib and wood pallet),
longitudinal velocities (with and without back layering),
and obstructions near the fire.

Mexay 2005 v 2008 roay dpaHLy3CKUI 34aHUEe Hay4HO-
nccnepoBaTesibckasi nabopatopusi, HayyHo-TEXHUYECKUI
LeHTp ueHTp ctpoutenbctBa (CSTB) coTpyaHuyan c
Tunnel LeHTpa wu3yyeHuss dpaHuysckoro (CETU),
HaunoHanbHbIN LEHTP Hay4YHbIX MCCneaoBaHWin ®paHumum
(CNRS, WHcTuTyT PPRIME) M (hpaHLy3ckuii ampektopat
no rpaxaaHckmm besonacHocte (ACK) Bectu OroHb
3KCMEPUMEHTbI B TYHHENEe, HEeKOTOpble W3 KOTOPbIX
YYacTBYIOT CUCTEMY BOASIHOrO TyMaHa [129]. [lepsasi
uenb B TOM, u4TOObl  YAyyWwWMTb  MOHMMaHWe
B3aMMOAENCTBMSI BOASHOrO TyMaHa WM TYHHENbHOrO OrHsl.
Bropas 3akntoyanace B paspabotke 6asbl AaHHbIX AN
npoBepku Mogenein. OgHa TpeTb WKanbl bbla BbibpaHa ¢
LUeNblo  M3y4YeHUs peanbHbiX SBIEHUMA MoXapa B
[OCTYMHbIM  cnocob. Mpooaunuck [lBafuaTb BOCEMb
akcnepuMeHTol (20 ¢ u 8 6e3 BoAsSHOrO TyMaHa) C
pasHoi TonnmBa (renTaH 6acceliH, AepeBO KPOBaTKU U
[epeBa Ans NoaaocHOB), NPOAoSbHbIE ckopocTu (C u 6e3
3afHel CnoeB) v NpensiTCTBUS Y KOCTpa.

The tunnel was 43 m long, with a semi-circular cross
section whose area was approximately 4 m2. The walls
were covered by a fire resistant mortar cement with well
known thermal properties. The floor was made of
concrete. A fan was mounted at the downstream side of
the tunnel. Measurements were made of the following:
fuel mass, gas temperature, air velocity, radiative heat
flux and gas concentration (CO, CO2 and 02). Sensors
were located at 11 longitudinal positions.

TyHHENb 6bIN ASIMHHLIA 43 M, C MONYKPYI/bIM CEYEHUEM,
nnowaab 6bina npumepHo 4 M2. CTeHbl BbinM NOKPbITHI
OTHEYNOpHbIM MWHOMETHBLIX LEMEHTa C M3BECTHbIMM
TEMNoBLIMKA CBOMCTBaMW. Mon 6bin caenaH U3 6eToHa.
BeHTUNATOP, YCTAHOBMEHHbLIM Ha HWXKHEM MO MNOTOKY
CTOpOHe  TyHHensi.  W3mepeHuss  Obinn  caenaHbl
cnegylowme:  Macca TOMAuBa, TemnepaTypa rasa,
CKOpPOCTb [ABWMXXEHMS BO3A4yxa, MOTOK paavaumoOHHOro
Tenna v KoHueHTpaumsa rasa (CO, CO2 u 02). Jatumkn
6bIIM pacnonoxeHsbl B 11 NpoaosibHbIX NO3uUMA.

Tests 2 and 27 have been selected because neither
exhibited back layering. The longitudinal velocity in Test
2 was approximately 2.2 m/s and in Test 27 it was 3.1
m/s. Both experiments involved a 0.5 m2 area heptane
pool. In Test 2, the HRR was deduced from the fuel
mass loss rate only. In Test 27, the HRR was deduced
from both the mass loss rate and from oxygen
consumption calorimetry.

Tectbl 2 1 27 6binn BblbpaHbl MOTOMY, YTO HWU OAMH He
BbICTaB/IeHbl Ha3ag HacnoeHuwe. MNpoaonbHash CKOpoCTh B
TecTe 2 66110 0koNo 2,2 M / ¢ 1 B Tecte 27 6bino 3,1 M/
c. Oba 3KcnepuMeHTa Yy4yacTBYHOT renTaH 6acceiiH Ha
nnowaamn 0,5 m2. B Test 2, HRR 6bina BbiBeAEHa TONbKO
M3 CKOpPOCTWM MoTepu Maccbl Tonnmea. B Tecte 27,HRR
6blna BbiBeAeHa Kak M3 CKOPOCTWM MOTepuM Maccbl U OT
notpebneHns KMCIopoaa KanopuMeTpum.

In Test 27, a water mist system was manually activated
300 s after ignition. The water mist system was
composed of six nozzles along the centerline of the
tunnel, from 4 m upstream to 3.5 m downstream of the
fire, 1.5 m apart. The operating pressure was
approximately 90 bar. The water flow rate injected at
each nozzle was close to 5.5 L/min, corresponding to a
total mist discharge rate of approximately 33 L/min. Test
27 is interesting because it involved a very low water
injection rate. The main consequence is that the HRR
actually increased slightly after the nozzles were
activated, and the fire did not extinguish. The
experiment stopped when the fuel was exhausted. This
allowed for an assessment of the model's ability to
predict the gas cooling.

B Tecte 27, cwucremMa BOASHOrO TyMaHa Obina
akTuBMpoBaHa BpydHyto 300 C nocne BKOYEHUS
3axuraHus. Cucrtema BOASHOrO TyMaHa CocTosn w3
LIeCTM coren BAOSb OCEBOW JIMHWM TyHHENs, oT 4 M
BBEPX MO TeyeHuto A0 3,5 M HWXKe MO TeyeHuto OoT
noxapa, 1,5 M apyr ot apyra. Pabouee aasneHue 6bino
npumepHo 90 6ap. Pacxoa BoAbl BBOAAT B Kaxaoe COmMo
6b11 61M30K K 5,5 N1 / MWH, YTO COOTBETCTBYET MOJHOM
CKOpPOCTM TyMaH pa3psiaa npuMepHo 33 n / MuH. Tect 27
MHTEPECEH TEM, UYTO YYacTBYET OYEHb HU3KMIA YPOBEHb
Brpbicka BoAbl. OCHOBHbLIM CNeACTBUEM SBMSIETCA TO, UTO
HRR pene HemHOro Bo3pocna nocie conna 6binn
aKTMBMPOBaHbl, M OFOHb He MOTYLWWUTb. DKCNEPUMEHT
npekpawanu, Kkorga TonameBo 6bin mcdepnaH. 3To
NO3BONWIO MPOBECTU OLEHKY CMOCOBHOCTM Moaenu ans
NPOrHO3MPOBaHMS OXJ1aXAatoLLero rasa.
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3.8 Cup Burner Experiments

3.8 UcnbiTaHUs C YalLe4yHOW ropenKkomn

The cup-burner is a widely used experimental apparatus
for studying flame extinguishment. The test is designed
to determine the effectiveness of variouss. Typically,
these experiments feature a steady fuel-air coflow
diffusion flame that is seated on the cup. The
extinguishing agent is gradually introduced into the air
stream to determine the minimum concentration of the
agent that leads to extinction. Two experimental data
sets are examined: methane (CH4) - air coflow [130]
and n-heptane (C7H16) air coflow [131]. The
extinguishing agents of interest are argon (Ar), carbon
dioxide (CO2), helium (He), and nitrogen (N2).

YaweyHass  ropenka  LIMPOKO  MCMOMb3yeTcss B
3KCNepUMEHTaNbHbLIX YCTaHOBKaxX A UCCNefoBaHus
TylWeHUs nnaMeHu. WcnbiTaHwe npegHasHayeHo ans
onpeaeneHns 3h(EKTUBHOCTM Pa3INYHbIX OrHeracawmx
areHToB. Kak npaBwWio, 3TW 3KCMEPUMEHTbI UMET
YCTOUMBYIO TOM/IMBHO-BO3AYLLIHOM coflow
AN dY3MOHHOrO  MaMeHn, 4YTO CUMAMT  Ha  Yallky.
OrHeTywalmii MNocTeNeHHO BBOAAT B MOTOK BO34yXa,

yTObbI onpeaenntb MWMHUMaNbHYIO  KOHUEHTpauuto
areHTa, yTo npneoanT K BbIMMpaHwuio.[lea
3KCNEPUMEHTANIbHbIX Ha60pOB AaHHbIX

paccmaTpuBatoTcs: MeTaH (CH4) - Bo3ayx coflow [130] u
H-rentaH (C7H16) - so3ayx coflow [131]. OrHeTywawme
uHTepecHole aproH (Ar), avokeua yrnepopga (CO2),
renunii (He), u azot (N2).

3.9 FAA Cargo Compartments

3.9 FAA rpy3oBbiX OTCEKOB

The U.S. Federal Aviation Administration (FAA) has
sponsored experiments and modeling of smoke transport
within aircraft storage compartments [132, 133]. Two
types of compartments were used; one from a Boeing
707 and one from a McDonnell Douglas DC-10. The 707
compartment was 6.7 m in length, 3.2 m in width, and
1.4 m in height. The DC-10 compartment was 14 m in
length, 4.4 m in width, and 1.7 m in height. The fire for
all experiments was fueled by a 0.1 m by 0.1 m tray of
plastic resin producing a peak HRR of 5 kW [134]. The
long walls of the compartments were barrel-shaped to
conform to the shape of the aircraft fuselage. The fire
was placed in different locations, and measurements of
gas and ceiling temperature, heat flux, gas
concentration, and smoke obscuration were made at a
variety of locations, mostly near the ceiling.

QefepanbHas aBMaumoHHast aamuHucTpaums CLUA (FAA)
CNOHCUPOBasa 3KCMNEpPUMEHTbl M MOAENUpoBaHWe AbiMa
TpaHcnopTa B OTAENEHUAX AN XpPaHeHWUs CaMONeToB
[132, 133]. Bbinn WCMONb30BaHbl ABa TWMa OTCEKOB,
oavH mn3 Boeing 707 u oanH n3 McDonnell Douglas DC-
10. 707 oTceka 6,7 M B ANUHY, 3,2 M B LWUMPUHY M 1,4 M B
BblcoTy. DC-10 Otcek coctaBuna 14 m B annHy, 4,4 m B
wvpuHy wn 1,7 ™M B BbicoTy. OroHb pAansg Bcex
akcnepuMeHToB 6bi1 Bbi3BaH 0,1 M Ha 0,1 M nogHocom
NaacTMKOBbIe CMOSbI NPon3BoAcTBa nukosyto HRR 5 kBT
[134]. OnvHHble cTeHkM oTcekoB bbinn 604koobpasHbie,
yTObbI COOTBETCTBOBATb ¢opme drozensika
netatenbHoro annaparta. OroHb 6bi1 MOMeLLEeH B pa3HbIX
MecTax, U MW3MepeHus TemrnepaTypbl rasa W MnoToNKa,
TEMIOBOMO MOTOKA, KOHUEHTpauuu rasa W AblMa
3aTeMHeHusi 6blIM caenaHbl B pasfiMyHbIX MecTax, B
OCHOBHOM Mo/ MOTO/NKOM.

3.10 FAA Polymers

3.10 Nonumepsbi FAA

As part of their efforts to characterize the burning
behavior of commonly used plastics, the U.S. Federal
Aviation Administration (FAA) conducted measurements
of the thermal properties of charring and noncharring
polymers with the specific purpose of providing input
data for numerical pyrolysis models [135, 136]. The
study aimed to determine whether a one-dimensional
conduction/reaction model could be used as a practical
tool for prediction and/or extrapolation of the results of
fire calorimetry tests. The non-charring polymers
included poly(methyl methacrylate) (PMMA), high-impact
polystyrene (HIPS), and high density polyethylene
(HDPE). The charring polymers included polycarbonate
(PC) and polyvinyl chloride (PVC).

B paMkax CBOMX ycMIMM MO XapaKTepusyroT
XapaKTEPUCTUK  ropeHusi,  O0bblYHO  MCMOSb3yeMblX
nnactMacc,defepanbHas aBUaLMOHHAS aAMUMHUCTpaUMS
CLLUA (FAA) npoBenu MW3MepeHusi TEMOBbIX CBOMCTB
obyrnmBaHne U noncharring NoJMMEPbl C KOHKPETHOM
Luenblo  NPefoCTaBNEHUs  UCXOAHbIX  AaHHbIX  Ans
yMCNeHHbIX Mopgenen nuponmza [135, 136]. Uenbio
nccnepoBaHus  6bil0  onpefenuTb,  MOXHO — Jin
MCronb30BaTbOAHOMEPHas MoAenb MposBoaMMOCTM [/
peakuus B KayecTBe MPaKTUYeCKOro WMHCTpyMeHTa Ans
NPOrHO3MPOBaHUS U / UMW 3KCTPANoNsSLMN pe3ynbTaToB
UCMbITAHUM NMOXapHbIX KanopumeTpun. He- obyrnvneaHue
nonvMepbl  BKAOYeHbl  nonu  (MeTunMeTakpwuniata)
(MMMA), ypaponpouHoro nonuctupona (HIPS) w
NMonMaTUNIEHa BbiCoKoM nnoTHocTu (HDPE). O6yrnvBaHue
nonmmepbl  BrMoYanM  nonvkapboHat  (MK) w
nonmsuHunxnopug (MBX).

3.11 Fleury Heat Flux Measurements

3.11 U3MepeHus TENJIOBOro NoToka ®dnepum

Rob Fleury, a masters degree student at the University of
Canterbury in Christchurch, New Zealand, measured the
heat flux from a variety of propane fires [137]. The
objective of the work was to evaluate a variety of
empirical heat flux calculation methods. For the
measurements, heat flux gauges were mounted on
moveable dollies that were placed in front of, and to the
side of, burners with dimensions of 0.3 m by 0.3 m (1:1
burner), 0.6 m by 0.3 m (2:1 burner), and 0.9 m by 0.3
m (3:1 burner). The heat release rates were set to 100
kw, 150 kW, 200 kw, 250 kW, and 300 kW. The gauges
were mounted at heights of 0 m, 0.5 m, 1.0 m, and 1.5
m relative to the top edge of the burner.

Po6 ®nepu, cteneHb Marnctpa CTyAeHT YHMBEpCUTETa
KeHTepbepn B Kpalictuepye, HoBasa 3enaHaus,
M3MEPSIETCS TEMIOBOM MOTOK W3 PasfIMyHbIX MporaHa
noxapos [137]. LUenbto pabotel 6b10  OUEHUTH
pa3Hoobpa3ne  SMNUpUYECKMX  METOAOB  pacyeTa
TENNOBON MOTOK. [Ns M3MepeHui, TEennoBOro noToka
JaTynMKkn 6blnnM YCTAHOBMIEHbI HAa MOABWMIKHBIX Tenexek,
KOTOpble 6blIM pasMelleHbl B MepeaHer 4Yactv, a B
CTOpOHY, ropenku c¢ pasmepamm 0,3 M Ha 0,3 m (1:01
ropenkoit), 0,6 M Ha 0,3 M (2:01 ropenku), n 0,9 M Ha
0,3 M (3:01 ropenkwu). CKOpPOCTH BbICBOBOXAEHMS Tenna
6binn yctaHoBneHbl Ao 100 kBT, 150 kBT, 200 kBT, 250
kBT, n 300 kBT. [atunku 6binn yCTaHOBMEHbI HA BbICOTE
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Om, 05mM, 1,0M, 1,5M 1 OTHOCUTENLHO BEPXHErO Kpas
ropesku.

3.12 FM Parallel Panel Experiments

3.12 OKCnepuMeHTbI c

naHensmu FM

MapannenbHbiMKn

Patricia Beaulieu made heat flux measurements within a
set of vertical parallel panels as part of a cooperative
research program between Worcester Polytechnic
Institute and FM Global (Factory Mutual) [138]. The
experimental apparatus consisted of two vertical parallel
panels, 2.4 m high and 0.6 m wide, with a sand burner
at the base. The objective of the project was to measure
the flame spread rate over various composite wall lining
materials, but there were also experiments conducted
with inert walls for the purpose of measuring the heat
flux from two fuels, propane and propylene, at heat
release rates of 30 kW, 60 kW, and 100 kW.

MaTpucus bonbe NpoBenu M3MepeHus TEMNI0BOro NoToKa
B Habope BepTVKalbHbIX MapannenbHblX MaHenei B
paMKax COBMECTHOW MCCNefoBaTeNIbCKOM  MpOrpamMmbl
Mexay Byctep nonutexHuMyeckoro WHCTUTYTa U FM
Global (Factory Mutual) [138]. 3kcnepuMeHTanbHast
yCTaHOBKa  COCTOsla M3 ABYX  BepTUKalbHbIX
napannenbHbliX naHenen, Boicoton 2,4 M 1 wupuHoi 0,6
M, C MecKkoM ropenku Ha 6ase. Llenbto npoekTa 6bino
M3MEpUTb CKOPOCTb PacnpoCTpPaHeHWsl MaMeHn Hag
PasfNYHBIMKM  KOMMO3WTHBIX ~ CTEHbl  06AMLOBOYHbBIX
MaTepuanos, HO Bbinn 1 3KCNEPUMEHTHI, NMPOBEAEHHbIE C
MHEPTHBIMU CTEH C LieSIbl0 U3MEPEHNS TEMNJIOBOrO MOTOKa
OT ABYX BWAOB TOM/MBa, MpoMaHa M MponwuieHa, no
cTtaBkaM Tennosblaenenne ot 30 kBT, 60 kBT 1 100 KBT.

3.13 FM/SNL Test Series

3.13 Cepus ucnbitanmii FM/SNL

The Factory Mutual and Sandia National Laboratories
(FM/SNL) test series consists of 25 compartment fire
experiments conducted in 1985 for the U.S. Nuclear
Regulatory Commission (NRC) by Factory Mutual
Research Corporation (FMRC), under the direction of
Sandia National Laboratories (SNL) [139, 140]. The
primary purpose of these experiments was to provide
data with which to validate computer models for various
types of compartments typical of nuclear power plants.
The experiments were conducted in an enclosure
measuring approximately 18 m long by 12 m wide by 6
m high, constructed at the FMRC fire test facility in
Rhode Island. A drawing is included in Figure 3.2. All of
the experiments included forced ventilation to simulate
typical power plant conditions. Six of the experiments
were conducted with a fullscale control room mock-up in
place. Parameters varied during the experiments
included fire intensity, enclosure ventilation rate, and fire
location. The current guide uses data from nineteen
experiments (Tests 1-17, 21, and 22). In these tests,
propylene gas burners, heptane pools, and methanol
pools were used as fire sources. Table 3.1 lists the test
parameters.

Factory Mutual n Sandia National Laboratories (FM/SNL)
cepuMM  WCMbITaHUA  cocToMT M3 25  KymemnHbIX
3KCMEPUMEHTOB MOXapHbIX, NpoBeaeHHbIX B 1985 roay
ans Komuceumn no spgepHomy perynuposanuio CLLUA (NRC)
no Factory Mutual Research Corporation (FMRC), nog
pykoBoacTBoM Sandia National Laboratories (SNL) [139,
140]. OcHoBHas LEeNb 3TUX KCMEPUMEHTOB 3aKJltlouanachb
B NpefoCTaBfeHNN [aHHbIX, C KOTOPbIMW AN NPOBEPKU
KOMIMBIOTEPHBIX ~ MOAENEN  ANns  PasfiMuyHbiX  TUIMOB
OTCEKOB, XapaKTEPHbIX NSl aTOMHbIX 3/1EKTPOCTaHUMM.
DKCNepMMeHTbl  MPOBOAMANCE B KOpMNyce pa3MepoM
npumMepHo 18 M B AIMHY M 12 M B WWPUHY U 6 M B
BbICOTY, NMOCTPOEHHbIX Ha FMRC nokapHoMm
UCTbITaTENbHON  CTaHuMM B Pop-AineHge. PuUCyHOK
nokasaHa Ha pucyHke 3.2. Bce akcnepuMeHTbl BKIOYanm
NPUHYANTENbHYIO BEHTUASLMIO ANS UMUTaUMK TUMUYHBIX
YC/TOBWIA MUTaHWUSI pacTeHuit. LLlecTb U3 aKcrnepuMeHToB
661 NpoBeAEHbl C NOSIHOMACcIUTAbHOW AMCneTYepCKon

MakeTa Ha Mecte. [lapaMeTpbl MeHATbCA B Xoae
3KCNeEpPMMEHTOB BKJTtOYana WHTEHCUBHOCTb OorHs,
WHTEHCMBHOCTU BEHTUNALNU Kopnyca, n OroHb

MecTonosio)eHue. HbIHELWHNA pyKOBOACTBO UCMONb3YeT
JaHHble W3 AeBATHaAuaTV sKcnepuMeHToB (TecTbl 1-17,
21 1 22). B xoae 3TUX WUCMbITaHWI, NPOMWIEH ra3oBble
ropesiku, rentaH 6acceiHbl, U 6acceilHbl MeTaHoMa 6binn
MCronb30BaHbl B KayecTBe  MOXapHOWWUCTOYHUKOB.
Tabnuua 3.1 nepeyncneHbl NnapamMeTpbl UCMbITaHWM.

The following information was provided by the test
director, Steve Nowlen of Sandia National Laboratory. In
particular, Tests 4, 5, and 21 were given extra attention.

Cneaytowas uvHdbopMaums 6bina  npegocTasreHa
ucnbiTatenbHoro aumpektopa, CtuB Nowlen u3 Sandia
National Laboratory. B uyactHocTM, Tectbl 4, 5, un 21
Nony4nIM AONONHUTENIbHOE BHUMAHME.

Heat Release Rate: The HRR was determined using
oxygen consumption calorimetry in the exhaust stack
with a correction applied for the carbon dioxide in the
upper layer of the compartment. The uncertainty of the
fuel mass flow was not documented. Several tests
selected for this study had the same target peak heat
release rate of 516 kW following a 4 min “t-squared”
growth profile. The test report contains time histories of
the measured HRR, for which the average, sustained
HRR following the ramp up for Tests 4, 5, and 21 have
been estimated as 510 kW, 480 kW, and 470 kw,
respectively. Once reached, the peak HRR was
maintained essentially constant during a steady-burn
period of 6 min in Tests 4 and 5, and 16 min in Test 21.
Note that in Test 21, Nowlen reports a “significant” loss
of effluent from the exhaust hood that could lead to an

CkopocTtb BbigeneHus Teruia: HRR 6bina onpegeneHa
C UCMob30BaHNEM notpebnexne Kucnopoaa
KafopuMMETPUM B  BbIXIOMHOM Tpybbl C  KOppeKumu
NPUMEHSIETCA AN AMOKCMAA Yrnepoda B BEPXHEM Croe
oTceka. HeonpeaeneHHOCTb pacxoaa TONvMBa MaccoBOro
He 6bin10 onucaHo. Heckonbko TecToB, BblbpaHHble Ans
3TOr0 WCCneaoBaHust 6bI0 TO XKe CaMoe MMKOBYHO
CKOPOCTb  BblAENEHWUs Tenna uenesod u3 516 kBT
cneayowme 4 MuH " T -kBagpaT " npodwunb B pOCT.
MpOTOKON WCTbITAHWI COAEPXKUT BPEMEHHbLIX AMarpamm
usmepsiemoro MYP, ans KOTOPbIX CPeAHsis, YCTOMUMBOIO
HRR nocne HapacTuTb ucnbiTaHuit 4, 5, u 21 6binn
oueHeHbl kak 510 «kBt, 480 kBt, u 470 kBT
COOTBETCTBEHHO. [locne Toro, Kak AOCTUrHYTO, TO MUK
HRR noaaepxusanacb MO CyLWECTBY MOCTOSIHHOW B
TEYEHWE CTaUMOHAPHOro MepuoAa OXOroBoM 6 MWH B
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under-estimate of the HRR towards the end of the
experiment.

Tectax 4 n 5 n 16 muH B Tecte 21. O6paTuTe BHNUMaHMe,
yto B Tecte 21, Nowlen coobwaeTr "3HauuTenbHoe"
MOTEPI0 CTOKOB OT BbITSHDKKOW, UTO MOXET MpUBECTU K
HefOoCTaTOYHOMY oueHKM MNMYP K KOHUY 3KCnepuMeHTa.

Radiative Fraction: The radiative fraction was not
measured during the experiment, but in this study it is
assumed to equal 0.35, which is typical for a smoky
hydrocarbons. It was further assumed that the radiative
fraction was about the same in Test 21 as the other
tests, as fuel burning must have occurred outside of the
electrical cabinet in which the burner was placed.

PaagnaumoHHoe ®pakumsa: PaanaumoHHoe dpakums
He M3Mepsnacb BO BPeMsi KCMEPUMEHTa, HO B AaHHOM
nccneaoBaHMu npegnonaraercs, Ha pasHyto 0,35, 4uto
XapaKTepHO Ans AbIMHbIN yrnesoaopoaoB. Kpome Toro,
66110 MPeanonoXuTb, YTO paanauMoHHoe [onst 6bina
NMPUMEPHO TaKoM e B TecTe 21 KaK W Apyrue TecTbl, Kak
OKWraHve TOMIMBa AO/MKHO 6bl10  Mpou3oiTM  3a
npegenamy anekTpuyeckoM wkady, B KOTOPOM ropenka
6bl1a NoMeLLeHa.

Measurements: Four types of measurements were
conducted during the FM/SNL test series that are used in
the current model evaluation study, including the HGL
temperature and depth, and the ceiling jet and plume
temperatures. Aspirated thermocouples (TCs) were used
to make all of the temperature measurements. Generally,
aspirated TC measurements are preferable to bare-bead
TC measurements, as systematic radiative exchange
measurement error is reduced.

U3mepeHusa: 6biiv  npoBedeHbl  YeTblpe  TuMa
M3MEpPEHMI BO BpeMsi cepun ucnbiTaHuin FM / SNL,
KOTOpble UCMOSIb3YIOTCA B AaHHOM UCCNeA0BaHUU OLEHKU
Mogenu, B TOM uucne TemnepaTypbl HGL u rnybuHe, u
CTpym noTonKa " TemnepaTtypax wneiida:.
ATMocdepHbii Tepmonapbl (TK), 6bliM MCMONMb30BaHbI,
ytobbl caenaTb BCe uW3MepeHus TemnepaTypbl. Kak
npasuno, aTmocdepHble n3MepeHus TC
npeanoyTuTenbHee namepeHuss TC, 4Tobbl OBHaXWTb -
LIapuK, Kak cucTeMaTMyeckoe paguauMoHHOro owmbka
06MEH n3MepeHusi CHUXKaeTCs.

HGL Depth and Temperature: Data from all of the
vertical TC trees were used when reducing the HGL
height and temperature. For the majority of the tests,
Sectors 1, 2, and 3 were used, all weighted evenly. For
Tests 21 and 22, Sectors 1 and 3 were used, evenly
weighted. Sector 2 was partially within the fire plume.

rnyéuHa n Ttemnepatypa HGL: [laHHble M3 BcCex
BEpTUKanbHbIX AepeBbeB TC Oblnn MCMONb30BaHbl Npu
CHWXeHun  BbicoTbl HGL 1 Temnepatypy. [ns
6OMbILUMHCTBA WCMbITAHUIA, cekTopax 1, 2 M 3 6bliu
MCMONb30BaHbl, BCE B3BELIEHHble paBHOMepHo. [ns
ucnbiTaHun 21 w22, cektopoB 1 u 3 6bln
UCMONb30BaHbl, PaBHOMEPHO B3BeLleHHON. CekTop 2 6bin
YaCTMYHO BHYTPM MOXApPHOro Luneida.

Table 3.1: Summary of FM/SNL Experiments.

Ta6auua 3.1: Utormn akcnepumenHToB FM/SNL.

Test Fuel Tr° Nominal Peak Fire Ventilation Room Used in
No. HRR (kW) Position | Rate (ach) Configuration | Guide?
1 Propylene Burner 516 Center 10 Empty Yes
2 Propylene Burner 516 Center 10 Empty Yes
3 Propylene Burner 2000 Center 10 Empty Yes
4 Propylene Burner 516 Center 1 Empty Yes
5 Propylene Burner 516 Center 10 Empty Yes
6 Heptane Pool 500 Wall 1 Empty Yes
7 Propylene Burner 516 Center 1 Empty Yes
8 Propylene Burner 1000 Center 1 Empty Yes
9 Propylene Burner 1000 Center 8 Empty Yes
10 Heptane Pool 1000 Wall 4.4 Empty Yes
11 Methanol Pool 500 Wall 4.4 Empty Yes
12 Heptane Pool 2000 Wall 4.4 Empty Yes
13 Heptane Pool 2000 Wall 8 Empty Yes
14 Methanol Pool 500 Wall 1 Empty Yes
15 Heptane Pool 1000 Wall 1 Empty Yes
16 Heptane Pool 500 Corner 1 Empty Yes
17 Heptane Pool 500 Corner 10 Empty No
18 PMMA Slab 1000 Wall 1 Empty No
19 Heptane Pool 1000 Center 1 Furnished No
20 Heptane Pool 1000 Corner Furnished No
21 Propylene Burner 500 Cabinet 1 Furnished Yes
22 Propylene Burner 1000 Cabinet 1 Furnished Yes
23 Qualified Cable N/A Cabinet 1 Furnished No
24 Unqualified Cable N/A Cabinet 1 Furnished No
25 Unqualified Cable N/A Cabinet 8 Furnished No
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Ne | Tun roprouero HomunansHoe Mecto Ckopocts | Kondurypauus |Vcnons3yercs
Hcn. MaTepnana nuk HRR (kBT) |BO3ropaHus| BEeHTHISAIHH MIOMEUIEHUS B
(ach) pykoBoacTBe?
1 Propylene Burner 516 Hentp 10 ITycroe Ha
2 Propylene Burner 516 Hentp 10 ITycroe Ha
3 Propylene Burner 2000 IenTp 10 ITycroe Ha
4 Propylene Burner 516 IenTp 1 ITycroe Ha
5 Propylene Burner 516 IenTp 10 ITycroe Ha
6 Heptane Pool 500 Crena 1 ITycroe Ha
7 Propylene Burner 516 IenTp 1 ITycroe Ha
8 Propylene Burner 1000 IenTp 1 ITycroe Ha
9 Propylene Burner 1000 Lentp 8 ITycroe Ha
10 Heptane Pool 1000 Crena 4.4 ITycroe Ha
11 Methanol Pool 500 Crena 4.4 ITycToe Ja
12 Heptane Pool 2000 Crena 4.4 ITycroe Ha
13 Heptane Pool 2000 Crena 8 ITycroe Ha
14 Methanol Pool 500 Crena 1 ITycToe Ja
15 Heptane Pool 1000 Crena 1 ITycroe Ha
16 Heptane Pool 500 VYron 1 [Tycroe Ha
17 Heptane Pool 500 VYron 10 [Tycroe Her
18 PMMA Slab 1000 Crena 1 ITycroe Her
19 Heptane Pool 1000 Lentp 1 O0cTaBIeHHOE Her
20 Heptane Pool 1000 VYron OO0cTraBneHHOE Her
21 Propylene Burner 500 Cremnax 1 OO6cTaBieHHOE Ha
22 Propylene Burner 1000 Cremnax 1 OO6cTaBieHHOE Ha
23 Qualified Cable N/A Cremnax 1 OO6CTaBICHHOE Her
24 Unqualified Cable N/A Cremnax 1 OO6CTaBICHHOE Her
25 Unqualified Cable N/A Cremnax 8 OO6CTaBICHHOE Her
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Figure 3.2: Geometry of the FM/SNL Experiments.

Puc. 3.2: F'eomeTpus skcnepumeHToB FM/SNL.

3.14 Hamins Methane Burner Experiments

3.14 3xcnepuMeHTbl X3MMHCa C TrOpenKkoi C
MeTaHOM

Anthony Hamins et al. performed a series of tests on
circular gas burners measuring the radial and vertical
radiative heat flux profiles outside the flame region. The
tests are described in [32]. Tests at three burner
diameters, 0.10 m, 0.38 m and 1.0 m are used for
validation.

DHTOHM X3MWMHC M Ap. MPOBENN CEPUID WUCTbITAHWI Ha
KPYroBbIX Fa30BbIX FOPESIoK, N3MEPSIOWNX paananbHbIE U
BEPTMKAJIbHbIE  PaAMaUMOHHBIX  Mpoduan  TEnsoBOro
NnoToKa 3a npeaenaMmu pernoHa nnameHn. McnbiTaHus
onucaHbl B [32]. WcnbiTaHuMs Ha Tpex AvaMeTpoB
ropenku, 0,10 M, 0,38 m n 1,0 M ucnonb3yroTCa AnNA
NPOBEPKW.

3.15 Harrison Spill Plumes

3.15 Ctpym paznuBa XappncoHa
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Roger Harrison, a student at the University of
Canterbury, New Zealand, performed a series of one-
tenth scale experiments to characterize thermal spill
plume entrainment [141, 142, 143, 144]. The dimensions
of the fire compartment were 1 m by 1 m by 0.5 m high.
The height of the compartment opening was equal to the
height of the compartment. The width of the opening
was varied from 0.2 m to 1 m. A 0.3 m balcony was
attached to the top of the compartment opening. The
balcony extended 0.5 m beyond each side of the fire
compartment. The heat release rate of the fire varied
from 5 kW to 15 kW. The plume entrainment rate was
measured at different heights by varying the exhaust
rate of gases from a hood above the compartment. Two
different test configurations were used to model both
detached and adhered spill plumes. A diagram of the test
structure is displayed in Figure 3.3.

Pomxep  XappucoH, CTyQeHT B yHuBeEpcUTeTe
KeHTepbepy, Hosass 3enanausi, npoBen  Cepuio
3KCMEpUMEHTOB B MacwTabe oavH K AecaTu C uenbio
[aTb  XapaKTEpPWUCTUKY BOBMEYEHWUIO TEMMOBOM CTpyu
pasnuea [141, 142, 143, 144]. Pa3mepbl noXapHOro
otceka 6binv 1 M Ha 1 M Ha 0,5 M B BbICOTY. BbicOTa
OTKpbITUS OTCeka bbina paBHa BbicoTe oTceka. LLnpuHa
oTBepcTms BapbupoBanace ot 0,2 M gao 1 M. 0,3 M
6ankoH 6bl1 MpUKPENAeH K BEpPXHEW 4acTu OTBepCTUE
oTceka. bankoH npoaneH 0,5 M 3a KaXaol CTOPOHBI
noxapHoro otceka. CKOpOCTb BbICBOOOXAEHMS Temnno
orHsa BapbupoBana ot 5 kBT go 15 kBT. CkopocTb yHOCa
wnend M3MepsnM  Ha pasHbiX BbICOTAX, W3MeHsis
CKOPOCTb BbIX/IOMHbLIX FA30B M3 KarnoTOM BbilWe OTCeKa.
[Be pasnnuyHble KOHMUrypaumy UCTbITaHUi  Bbiin
MCMonb30BaHbl AN MOAENMPOBaHUS Kak 0b6ocobneHHble
M npuaunwme nepbs  pasnuea. [naH  CTPyKTypbl
MCNbITaHWA NpeacTasneH Ha Puc. 3.3.

feq aid ——

Wby 21geysnlpy

Figure 3.3: Geometry of the Harrison Spill Plumes
Experiments.

PucyHok 3.3: Feometpuna
XappucoHa co CTpysiMu pa3siMBa.

JKCNEepUMMEeHTOB

3.16 Heskestad Flame Height Correlation

3.16 Koppensiumsa BbiCOTbI N1IaMeHu XeckecTaga

A widely used experimental correlation for flame height
is given by the expression [145, 25]:

LLInpoko Mcnonb3yeTcsa 3KCrnepuMeHTasnbHas Koppensaums
no BbLICOTE MJIAMEHW OnpeaensieTcs BbipakeHnem [145,
251:
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L
Ef =3.7(Q°)*"° -1.02 (3.1)

where

| roe

*

Q
= (3.2)
mepTac \/g D5/2

is a non-dimensional quantity that relates the fire’s heat
release rate, "Q, with the diameter of its base, D. The
greater the value of Q[I, the higher the flame height
relative to its base diameter.

- 6e3pa3MepHaﬂ BEMNYMNHA, CBA3blBalOWlasa CKOPOCTb
BblAENEHNA TENNa NMpU ropeHuu, Q, C OAMaMETpPOM €ro

*
ocHoBaHusi, D. YeM 6onblue 3HaueHne Q°, Tem Bbile

BbICOT@a MNIaMEHNU MO OTHOWEHUI K AMaMETpPYy ero
OCHOBaHwuA.

3.17 LEMTA Spray Test for Radiation Attenuation

3.17 MWMcnbiTaHMe pacnbinieineM LEMTA pans
ocnabneHus nsnyyeHus

Lechene et al. [146] measured the attenuation of
thermal radiation passing through a water spray using a
heat flux gauge. The radiation was produced by a 30 cm
by 35 cm heat panel whose emission is close to a black
body at 500 C. The horizontal distance from the radiation
panel to the spray nozzle was 1.5 m and to the
measurement point 3 m. The heat flux gauge was
positioned at the line passing through the center of the
panel. Water mist is produced by seven nozzles arranged
in a row, 10 cm apart. They are positioned 1.5 m high.
The heat panel is translated vertically during the
experiment, the distance between the panel upper edge
and the nozzle row varying between 20 cm and 100 cm.

Lechéne pp. [146] u3MepsieTcs 3aTyxaHue TEMNIoBoe
U3NTyYeHWE, MPOXOAs 4Yepe3 CTpyeil BoAbl C MOMOLLbIO
MaHoMeTpa TenjoBoro noToka. Wsnyuenne 6bino
npoussegeHo 30 cM Ha 35 cM TennoBoW MaHenu
KOTOPOro m3nyyeHust 6nm3ok K yepHoro Tena npu 500 °
C. PacctosiHne no ropusoHTanu OT W3MyYeHWs naHenu
ANS pacnbiUTeNbHOro cornsla coctaensana 1,5 m, a B
Touke u3MepeHus 3 M. MaHoMmeTp noTokTenna 6bin
MOMELLEH Ha JIMHUK, MPOXOASILLEN Yepe3 LEHTP MaHenw.
BoasHo  TyMaH npou3BoauTCS  CeMm  conen,
pacrionoxeHHblx B psag, 10 cv gpyr ot gpyra. OHu
pacnonoxenol 1,5 ™M B BbicOTy. Tenno naHenb
nepeBoanTCs B BEPTMKANbHOM XO4e 3KCMepuMeHTa,
paccTosiHue Mexay BepXHMM KpaeM naHenu wu psiaa
conen konebnetcs ot 20 cm go 100 cMm.

The attenuation of radiation is defined as previously
described for the BRE Spray experiments. The purpose of
the simulations is to compare the measured and
simulated attenuation of radiation at different heights.
The water mist nozzle has been characterized by
Lechene by measuring the spray angles and the water
flow rate. The droplet size is set by using a PDPA
measurement in a single position, 20 cm below the
injection point.

Ocnabnenune N3Nly4eHna onpeaendeTca Kak onmcaHo
paHee Ans pacnbiUTeNbHOM 3KkcnepuMeHToB BRE. Llenb
MOAENMPOBAHUS SIBNSIETC CpPaBHEHWE W3MEPEHHbIX |

CMOAENMPOBaHHLIX  OCnabfieHMe  M3MyyeHus  Ha
pasnnMuHbIX  BbicOTax. @OpCyHKa BOASHOW  TyMaH
xapakTepusyetcs Lechéne nyteM u3MepeHust yribl
pacnbiieHMss M pacxoda Boabl. Pasmep  kanenb

yCTaHaBMBAETCHA C NOMOLLbIO u3Mepenust HAMNA B ogHOM
nonoXxeHuun, 20 CM HUXXE TOYKM BMpPbICKA.

3.18 LLNL Enclosure Experiments

3.18 dxcnepuMeHTbl B noMelteHuu LLNL

Sixty-four tests were conducted by Lawrence Livermore
National Laboratory (LLNL) in 1986 to study the effects
of ventilation on enclosure fires [147]. The test enclosure
was 6 m long, 4 m wide, and 4.5 m high (Fig. 3.4). It
contained a methane rock burner which was placed in
the center of the space. For most of the tests the burner
was placed on the floor. The fires varied in size from 50
kW to 400 kW. The burner was 0.57 m in diameter and
0.23 m height. The door was closed and sealed for most
tests, and air was pulled through the space at rates
varying from 100 g/s to 500 g/s. In some tests the
enclosure included a plenum space, where make-up air
could be injected from above or below. The test matrix is
listed in Table 3.2.

Lectboecat  ueTblpe UCMbITaHWs NpoBOANIUCH
JInBepMopcKko HaumoHanbHol nabopatopun (LLNL) B
1986 rogy ans wusyuyeHust 3ch@PEKTOB BEHTUIAUMM Ha
kopnyca noxapos [147]. Tect kopnyc 6bln AnMHON 6 M,
wupuHon 4 M, u BbicoToh 4,5 M (puc. 3.4). OHa
coAepxana MeTaH poK FOpesiku, KOTOpbIi Obia NOMeLLEH
B LiEHTpe MpOCTpaHCTBa. A5 GOMbLUMHCTBA WUCTIbITaHWI
ropenka 6bina nomeweHa Ha nony. [oxapsbl
BapbupoBaTbcs B pasmepax oT 50 kBTt go 400 kBrT.
lopenka 6bina 0,57 m B avametpe u 0,23 M B BbICOTY.
[Bepb 6bina 3akpbiTa M oneyaTaHbl And 60MbWMHCTBA
TECToB, U BO34yx 6bin pa3obpaH yepes NpoCTpaHCTBO Ha
CTaBkamy B AuanasoHe ot 100 r / c go 500 r / c. B
HEKOTOpbIX ~ TecTax  Kopnyc  BKIOYan  MJeHyM
NPOCTPAHCTBO, A€ MaKMsHK BO34yX MOXeT ObiTb BBeAeH
CBEpPXY Wnu CHM3y. TecT MaTpuubl NpuBeaeHsl B Tabnvue
3.2.

3.19 McCaffrey Plume Experiments

3.19 3kcnepuMeHTbl Makkadhdhpu co ctpysamu

In 1979, at the National Bureau of Standards (now
NIST), Bernard McCaffrey measured centerline
temperature and velocity profiles above a porous,
refractory burner. There were five distinct heat release
rates, ranging from 14 kW to 57 kW. The fuel was
natural gas. The burner was square, 0.3 m on each side.
The results of the experiments are reported in Reference

B 1979 rogy B HaumoHanbHoM 6topo cTaHAapToB (Tenepb
NIST), bepHap Makkaddpu M3MepsieTcs 0CeBOM JIMHUM
TemnepaTypbl M CKOPOCTU MpOUIN Bbille MOPUCTON,
OrHEYNOPHOM ropenku. Bbinv NsTb pasnuyHbIX BanloT
TennosblgeneHns, HaunHasg ot 14 kBt pgo 57 kBT. B
KayecTBe TOM/MBaA MpUPOAHbIA ra3. [openka 6bina
KBafpaTHOW, 0,3 M C KaXaoW CTOpOHbl. Pe3ynbTathbl
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[148]. 3KCNEpPUMEHTOB NpuBeaeHbl B pabote [148].
Table 3.2: Summary of LLNL Enclosure | Tabnuua 3.2: 0630p 3KCNEepuMMEeHTOB B
Experiments. nomewgeHmsx LLNL.

Test | Room (N0 | Q |[mgslr, Test | Room |[hom| Q | mgs |1,
No. | Config. |™ | kW °C No. | Config. kW °C
1 TL 0 200 0 |23 |33 PH 0 100 | 200 (23
2 TL 0 200 0 |27 (34 PH 0 100 | 300 (34
3 TL 0 400 0 |27 |35 PH 0 100 | 400 |22
4 TL 0 300 0 |24 (36 PH 0 100 | 500 (29
5 TL 0 50 0 |28 (37 PH 0 [ 200 | 100 |20
6 TL 0 100 0 |29 (38 PH 0 | 200 | 300 |29
7 TL 0 100 0 [35 (39 PH 0 | 250 | 100 |18
8 TL 0 200 0 |35 |40 PH 0 | 200 | 400 |28
9 TL 0 200 | 500 |33 [41 PH 0 150 | 100 |20
10 TL 0 200 | 100 |28 [42 PHE 2 | 200 | 180 |30
11 TL 0 200 | 200 |18 |43 PHE 2 | 200 0 (32
12 TL 0 200 | 300 |21 (44 PHE 1 200 | 180 |19
13 TL 0 200 | 400 |28 |45 PHE 1 200 0 (30
14 TL 0 200 | 400 |28 [46 PHE 0.6 | 200 | 180 |19
15 TL 0 100 | 300 |24 (47 PHE 0.6 | 200 0 (19
16 TL 0 200 | 300 |21 |48 PHE 0.3 | 200 0 (21
17 PL 0 200 | 500 126 (49 PHE 0.3 | 200 | 180 |26
18 PL 0 200 | 400 |21 (50 PHE 1 200 | 180 |21
19 PL 0 200 | 300 |18 |51 PNE 1 200 | NAT |33
20 PL 0 200 | 200 |16 [52 PN 0 | 200 | NAT |23
21 PL 0 200 | 100 ]23 |53 PHGS 0 [ 200 | 185 |33
22 PH 0 200 | 190 |30 (54 PHGS 0 [ 200 | 215 |21
23 PH 0 200 | 215 |28 |55 PN 0 100 [ NAT (31
24 PH 0 200 | 205 |26 [56 PHGW 0 [ 200 | 190 |20
25 PH 0 200 | 205 |25 [57 PHGW 0 [ 200 | 215 |29
26 PH 0 200 | 500 |24 |58 PHX 0 [ 200 | 190 |18
27 PH 0 200 | 100 |23 [59 PHXE 1 200 | 190 |24
28 PH 0 150 | 150 |31 [60 PN 0 | 400 | NAT |22
29 PH 0 250 | 250 |28 |61 TN 0 | 200 | NAT |31
30 PH 0 250 | 300 |34 [62 TN 0 | 400 | NAT |22
31 PH 0 250 | 500 |36 |63 TN 0 50 | NAT |28
32 PH 0 100 | 100 |33 |64 TN 0 100 | NAT |17
Homep| Koudur. | No Q m | T_ | Homep| Koudur. | ho Q m | T,
uet, | mom. | M | «Br | s | °c | wmen. | mom. Mo Br | gs | °C
| TL 0 200 0 |23 |33 PH 0 100 [ 200 (23
2 TL 0 200 0 [27 |34 PH 0 100 [ 300 (34
3 TL 0 400 0 |27 |35 PH 0 100 [ 400 (22
4 TL 0 300 0 [24 |36 PH 0 100 [ 500 (29
5 TL 0 50 0 |28 |37 PH 0 | 200 | 100 |20
6 TL 0 100 0 [29 |38 PH 0 | 200 | 300 |29
7 TL 0 100 0 135 139 PH 0 [ 250 | 100 |18
8 TL 0 200 0 [35 1|40 PH 0 | 200 | 400 |28
9 TL 0 200 | 500 (33 |41 PH 0 150 [ 100 (20
10 TL 0 200 | 100 [28 |42 PHE 2 | 200 | 180 |30
11 TL 0 200 | 200 |18 [43 PHE 2 | 200 0 (32
12 TL 0 200 | 300 (21 |44 PHE 1 200 [ 180 [19
13 TL 0 200 | 400 |28 |45 PHE 1 200 0 |30
14 TL 0 200 | 400 |28 |46 PHE 0.6 | 200 [ 180 |19
15 TL 0 100 | 300 |24 |47 PHE 0.6 | 200 0 |19
16 TL 0 200 | 300 |21 |48 PHE 0.3 | 200 0 |21
17 PL 0 200 | 500 |26 |49 PHE 0.3 ] 200 | 180 |26
18 PL 0 200 | 400 |21 [50 PHE 1 200 [ 180 (21
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19 PL 0 200 | 300 |18 |51 PNE 1 200 | NAT |33
20 PL 0 200 | 200 |16 |52 PN 0 | 200 | NAT |23
21 PL 0 200 | 100 {23 [53 PHGS 0 [ 200 | 185 |33
22 PH |0 200 | 190 |30 |54 PHGS 0 [ 200 | 215 |21
23 PH |0 200 | 215 [28 [55 PN 0 100 | NAT |31
24 PH |0 200 | 205 |26 |56 PHGW | 0 | 200 [ 190 |20
25 PH |0 200 | 205 |25 |57 PHGW | 0 | 200 [ 215 |29
26 PH |0 200 | 500 |24 [58 PHX 0 [ 200 | 190 |18
27 PH |0 200 [ 100 |23 |59 PHXE 1 200 | 190 (24
28 PH |0 150 | 150 |31 |60 PN 0 [ 400 | NAT |22
29 PH |0 250 | 250 |28 |61 TN 0 [ 200 | NAT |31
30 PH |0 250 | 300 [34 |62 TN 0 | 400 | NAT |22
31 PH |0 250 | 500 {36 [63 TN 0 50 | NAT |28
32 PH |0 100 | 100 |33 |64 TN 0 100 | NAT (17

T full compartment

T — HanoNHEeHHoe NoMeLleHne

N natural ventilation (door open)

N — ecTecTBEHHas BeHTUNsLMs (OTKpbITas ABEpb)

P plenum configuration

P — KOHUrypaums BEHTUASUMK

X 3 ft extension on inlet opening

X — BXOAHOE 0TBEPCTME, paclumMpeHHoe Ao 3 dyToB

L low inlet duct

L — HMXHee BXOAHOE OTBepCcTUe

GS grate on inlet, north/south configuration

GS — peweTka Ha BXOAHOM OTBEPCTUW, KOHPUrypauus B
CEBEPHOM/I0XXHOM HarnpasieHun

H high inlet duct

H — BepxHee BX0AHOE OTBEpPCTUE

GW grate on inlet, east/west configuration

GW — pelueTka Ha BXOAHOM OTBEPCTUM, KOHbUrypaums B
BOCTOYHOM/3anagHOM Hanpas/ieHUu

E elevated fire, hO

E — BepxHee ropenue, h,
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Figure 3.4: Geometry of the LLNL Enclosure | Puc. 3.4: leoMeTpus 3KCNEPUMEHTOB B MOMELLEHUN

Experiments.

LLNL.

3.20 NBS Multi-Room Test Series

3.20 Cepus ucnbiTaHuih HauumoHanbHoro 6iopo
CTaHAApPTOB B HECKOJIbKMX NOMeLLeHUsX

The National Bureau of Standards (NBS, which is now
called the National Institute of Standards and
Technology, NIST) Multi-Room Test Series consisted of
45 fire tests representing 9 different sets of conditions
were conducted in a three-room suite (see Fig. 3.5). The
experiments were conducted in 1985 and are described
in detail in Ref. [149]. The suite consisted of two
relatively small rooms, connected via a relatively long
corridor. The fire source, a gas burner, was located
against the rear wall of one of the small compartments.
Fire tests of 100 kw, 300 kW and 500 kW were
conducted. For the current study, only three 100 kW fire
experiments have been used, including Test 100A from
Set 1, Test 1000 from Set 2, and Test 100Z from Set 4.
These tests were selected because they had been used
in prior validation studies, and because these tests had
the steadiest values of measured heat release rate
during the steady-burn period.

HauuoHanbHoe 6topo ctaHaapToB (NBS, KOTopbIi ceitvac
Ha3blBaeTcsl HauMOHanbHbIA MHCTUTYT CTaHAapToB M
TexHonorn, NIST) Multi-Room cepun  ucnbiTaHUi
cocTosin U3 45 OrHEBbLIX UCTbITAHUM, NPEACTaBASAOWMX 9
pasfMyHbIX HabopoB YCNOBMI 6blMM  NPOBEAEHbI B
HOMepe-NIIoKC ~ TpexkoMHaTHo/  (cM.  puc.  3.5).
SKkcnepuMeHTbl nposoaunuce B 1985 rogy m nogpobHo
onuncaHbl B pabote. [149]. Habop coctouT wm3 ABYX
OTHOCUTENbHO  HeBOMbWMX  KOMHAT,  COeAMHEHHbIX
NnocpeacTBOM — OTHOCUTENBHO — ANIMHHOMO  KOpuaopa.
McTouHMK OrHsi,rasoBasi ropenka, 6bln pacrnosnoxeH Ha
3afHel CTeHke 0fHOro u3 HebonbLnX
otaeneHunin.OrHeBble  ucnbiTaHns 100 kBT, 6binn
nposeaeHsl 300 kBt wn 500 kBT. B Tekywem
uccnepgosaHun, Tonbko  Tpu 100 KBT  noxapHble
3KCMepUMeHTbl  6blIM  UCNOMb30BaHbl, B TOM 4ucie
ucnbiTaHun 100A ot MHoxectBa 1, Test 1000 w3
MHOXecTBa 2 u Test 100Z ot Set 4. Bbbinn BbibpaHbl 3T
TECTbl, MOTOMY 4TO OHM OblIM  MCMONb30BaHbl B
npeabiaywmx UccneaoBaHusx Baamaaumm, n notomy, 4To
3TM TecTbl 6blaM  Hambonee YCTOMYMBBLIX 3HAYeHUM
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M3MepFIEMOI>‘I CKOpOCTM TennoBblAENEHNA B NeEpUoa
YCTaHOBUBLLEroCA ropeHunda.

Following is additional information provided by the test
director, Richard Peacock of NIST:

MHOpMaums,
UCMbITaHWSIM,

Hwke npuBOAMTCA  AOMNONHUTENbHAs
npeacraeneHHas ONPEKTOPOM no
Pvyapaom MNukokom mn3 NIST:

Heat Release Rate: In the two tests for which the door
was open, the HRR during the steady-burn period
measured via oxygen consumption calorimetry was 110
kW with an uncertainty of about 15 %, consistent with
the replicate measurements made during the
experimental series and the uncertainty typical of oxygen
consumption calorimetry. It was assumed that the closed
door test (Test 1000) had the same HRR as the open
door tests.

CkopocTb BbigeneHus Temsia: B gByx Tectax, ans
KOTOpbIX ABepb Obina  oTkpbiTa,HRR B nepuog
YCTaHOBMBLUEroCsl rOpeHUs U3MepsieTCcs C  MOMOLLbIO
notpebnenns knucnopoaa kanopumetpum 6oi1o 110 kBT ¢
NnorpewHocTeld  okono  15%, B COOTBETCTBMM C
MOBTOPHbIX W3MEPEHWI, CAENaHHbIX B XO4e Cepun
3KCNEepUMEHTOB U HeonpeaeneHHoOCTb  TUMUYHbI
notpebnenus KMcnopoaa KanopuMeTpuMn.
Mpeanonaranocb, YToO TECT 3aKpbiTas aAeepb (Tect 1000)
6bina Takas e HRR B KayecTBe TECTOB B OTKPbITYIO
ABepb.

Radiative Fraction: Natural gas was used as the fuel in
Test 100A. In Tests 1000 and 100Z, acetylene was
added to the natural gas to increase the smoke yield,
and as a consequence, the radiative fraction increased.
The radiative fraction of natural gas has been studied
previously, whereas the radiative fraction of the
acetylene/natural gas mixture has not been studied. The
radiative fraction for the natural gas fire was assigned a
value of 0.20, whereas a value of 0.30 was assigned for
the natural gas/acetylene fires.

PaguaumoHHoe ®pakuus: [pvpoaHbii ra3  6bin
MCNonNb30BaH B kayectse Tonnmea B Test 100A. B Tectax
1000 n 100Z, auetuneH 6bin gobaBneH B NMPUPOAHOro

rasa And yBelInMYEeHUa  BbIXOAa AbiMa, U, KakK
cneacreue, paanalMoOHHOro aonsa
yBenuuunacb.PagnaunoHHoe ons  MNpupoaHOro rasa

M3yyanocb paHee, a paAMaUMOHHLIA Aons aueTuneHa /
NpuMpoOAHOro rasa CMecu He wu3ydyeH. PaguaunoHHoe
dpakumMss  angd  nNpUpOAHOrO0 rasa OroHb  6bin
npuceameaeTcsd 3Hadvenve 0,20, B TO BpeMs Kak
3HaueHne 0,30 6bl1 HasHayeH ANs NpUpoaHOro rasa /
aueTnneHa noxapos.

Measurements: Only two types of measurements
conducted during the NBS test series were used in the
evaluation considered here, because there was less
confidence in the other measurements. The
measurements considered here were the HGL
temperature and depth, in which bare bead TCs were
used to make these measurements. Single point
measurements of temperature within the burn room
were not used in the evaluation of plume or ceiling jet
algorithms. This is because the geometry was not
consistent in either case with the assumptions used in
the model algorithms of plumes or jets. Specifically, the
burner was mounted against a wall, and the room width-
to-height ratio was less than that assumed by the
various ceiling jet correlations.

NU3MmepeHus: Tonbko [ABa  TUMA  WU3MEPEHUN,
NPOBEAEHHbLIX BO BpeMs cepun ucnbiTaHuit HBEC 6biim
MCronb30BaHbl B OLEHKE paccMaTpuMBaEMOro 34ecCh,
NOTOMY 4YTO TaM 6blJI0 MeHbLIE YBEPEHHOCTU B APYrux
n3mepeHusix. M3mepeHns paccmatpvBaeMble 34ecb 6blm
Temnepatypa u rnybuHa HGL, B koTtopoMm ronble TK
Wwapuk 6binM  MCNonb3oBaHbl AN MPOBEAEHUS 3TUX
n3MepeHuin. EgvHas Touka M3MepeHus TemnepaTypbl B
OXOroBOW KOMHAaTe He OblnM UCMOSb30BaHbl B OLEHKE
wneida uaM noToNika anropuTtMOB PEaKTUBHLIX. ITO
NoTOMY, YTO reoMeTpust He 6bl1 nocneaoBaTeNbHbIM B
NoboM Crlydae C JONYLUEHMI, WCMOMb3YEMbIX B MOAENM
anropuTMOB LWNeNhoB UK CTPYH. B YyacTHOCTK, ropesnku
6bl1 YCTAHOBMEH BMJIOTHYIO K CTEHE, @ COOTHOLIEHMEe
HOMEp LWMPWMHbI K BbICOTE 6bIN10  MeHbLe, 4YeM
npeanonaranocb  pasnMyHbIMKM - MOTOMOK  peaKTUBHbIX
Koppensaumin.
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Figure 3.5: Geometry of the NBS Multi-Room | Puc. 3.5: FeomeTtpus 9KCNepuMeHToB

Experiments.

HauuoHanbHOro 610Po CTaHAAPTOB B HECKOJIbKUX
NMoMeLLEeHUsIX.

3.21 NIST/NRC Test Series

3.21 Cepusa ncnbitanHmii NIST/NRC

These experiments, sponsored by the US NRC and
conducted at NIST, consisted of 15 large-scale
experiments performed in June 2003. All 15 tests were
included in the validation study. The experiments are
documented in Ref. [106]. The fire sizes ranged from
350 kW to 2.2MWin a compartment with dimensions
21.7 m by 7.1 m by 3.8 m high, designed to represent a
compartment in a nuclear power plant containing power
and control cables. The walls and ceiling were covered
with two layers of marinate boards, each layer 0.0125 m
thick. The floor was covered with one layer of gypsum
board on top of a layer of plywood. Thermo-physical and

[daHHble ucnbliTanus, crnoHcupyemble NRC  CLUA un
npoBeaeHHble B NIST, cocTosnm n3 15
KpYMHOMacWTabHbIX 3KCMEPUMEHTOB, BbIMOMHEHHLIX B
mioHe 2003 ropga. Bce 15 Tectbl 6blAM BKOYEHbI B
nccneaoBaHue MNpPOBEPKW. DKCMEPUMEHTbl OMnucaHbl B
pabote. [106]. Paamepbl noxapHble konebanacb ot 350
KBT go 2.2MWin oTcek ¢ pa3mepamun 21,7 M Ha 7,1 M Ha
3,8 M, npepHasHa4YeHHbIX AnS NPeAcTaB/ieHNs OTCEK B
aTOMHOM  3M1EKTPOCTaHUMK, CoAepXKallei CUIoBbIX U
KOHTPOSIbHbIX ~ kabeneit. CTeHbl M MOTOMOK  6binn
MOKPbITbl ABYMSI CMOSIMU MapuHOBaTb AOCKM, KaXzAbli
cnov TonimHon 0,0125 M. Mon 6bi1 MOKPLIT OAHUM
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optical properties of the marinate and other materials
used in the compartment are given in Ref. [106]. The
room had one door and a mechanical air injection and
extraction system. Ventilation conditions, the fire size,
and fire location were varied. Numerous measurements
(approximately 350 per test) were made including gas
and surface temperatures, heat fluxes and gas velocities.

C/I0eEM TUMNCOKapTOHAa Ha BepwuHe cnos  daHepbl.
Tennodusnyeckne 1 oNTUYeckue cBoicTBa MapuHyiTe u
ApYrMx  MaTepuanos,  MCMOMb3yeMblXx B OTCeke
npueeneHol B pabote. [106]. B komHaTe 6bina ogHa
OBEPb M MEXaHW4YeCKMM  BMPbLICKOM  BO3dyxa W
M3B/IEYEHNS] CUCTEMbl. YCIOBUS BEHTUAAUMK, pasMmep
OfOHb, W OFOHb  PacnosioXXeHVWe  BapbMPOBaNUCh.
MHorouncneHHble namepenus (npumepHo 350 Ha TecT)
66111 caenaHbl B TOM YMC/IE Ta30BbIX M MOBEPXHOCTHBIX
TEMMepaTyp, TEMIOBbLIX MOTOKOB M CKOPOCTEN rasa.

Following are some notes provided by Anthony Hamins, | Huxe npvBeAEHbI HeKoTopble 3aMeyaHus,
who conducted the experiments: npeaocTaBneHHble  3HTOHM  Hamins, npoBoauBLUMe
3KCMEPUMEHTbI:

Natural Ventilation: The compartment had a 2 m by 2
m door in the middle of the west wall. Some of the tests
had a closed door and no mechanical ventilation (Tests
2,7, 8,13, and 17), and in those tests the measured
compartment leakage was an important consideration.
The test report lists leakage areas based on
measurements performed prior to Tests 1, 2, 7, 8, and
13. For the closed door tests, the leakage area used in
the simulations was based on the last available
measurement. The chronological order of the tests
differed from the numerical order. For Test 4, the
leakage area measured before Test 2 was used. For
Tests 10 and 16, the leakage area measured before Test
7 was used.

EctectBeHHas BeHTUnaumsa: OTcek umenu 2 M Ha 2 M
[Bepb B cCepeAvHe 3amafHoW CTeHbl. HekoTopble U3
UCTbITaHUI BblIO 3aKpbITYO ABEPb W HE WCKYCCTBEHHOM
BEHTUASAUMKN nerkux (tectol 2, 7, 8, 13 n 17), n B Tex
TectaxusMmepsieTcs  yTeuknm Kyne  6bil0  BaXKHbIM
¢hakTopoM. MPOTOKON MUCMbITaHUIA NepeYncieHbl 0bnacTu
YTEUKM HA OCHOBE W3MEPEHWI, MpOBEAEHHbIX A0
ucnbitanuin 1, 2, 7, 8, v 13. Ans UCMbITaHUA 3aKpbITON
ABepy,  MAoWajb  YTEYKM  MCMONb30BaHbl  Mpu
MOZENMPOBaHUM BblT OCHOBaH Ha MocneaHen AOCTYMHON
M3MepeHUsl. XPOHOMOMMYECKUI  MOPSAOK  WUCTbITaHMiM
oTAnyanacb OT nopaaky. Ana wucnbitaHum 4, 6bin
ncrnonb3oBaH obnactb yTeuka, u3MepeHHas nepep Tect
2. OAna ucnbitaHuit 10 1 16, 6611 UCMoNb30BaH 06nacTb
YTEYKM U3MEPSIOT A0 UCMbITaHUA 7.

Mechanical Ventilation: The mechanical ventilation
and exhaust was used during Tests 4, 5, 10, and 16,
providing about 5 air changes per hour. The door was
closed during Test 4 and open during Tests 5, 10, and
16. The supply duct was positioned on the south wall,
about 2 m off the floor. An exhaust duct of equal area to
the supply duct was positioned on the opposite wall at a
comparable location. The flow rates through the supply
and exhaust ducts were measured in detail during breaks
in the testing, in the absence of a fire. During the tests,
the flows were monitored with single bi-directional
probes during the tests themselves.

MexaHunyeckass BeHTUnsUmMs:  6blla  MCMONMb30BaHa
MEXaHUYeckasi BEHTUNSAUMS BbITSDKHAS XOA4Ee WCTbITaHWi
4, 5, 10, n 16, obecneunBasi okono 5 BO3ayx006MeH B
yac. [iBepb 6blna 3akpbiTa BO BPEMsi UCTbITaHuiA 4 wu
OTKPbIT B TeuyeHWe wuchbiTaHuii 5, 10, M 16. Tpy6a
nozaauu bbla pacnosioXXeHa Ha KXKHOWM CTEHE, OKOMO 2 M
OT nona. BbiIXoAgHOM YacTM paBHOM MfoWwaaM B KaHan
noaauu 6bla pacrnosioXXeHa Ha NPOTMBOIMOSIOXKHOW CTeHe
npu conoctaBuMoM Mecte. CKOpOCTM MoOTOKa 4epes

MPUTOYHOTO M BLITSDKHOrO  BO3AYXOBOAOB  6biny
M3MepeHbl B [eTaNsX BO BpeMs MepPepbiBOB B
TECTUPOBaHWW, B OTCYTCTBME noXapa. B xope

VICﬂbITaHVIVI, NOTOKU KOHTPONNUPOBAINCb C OAWNHOYHbLIMU
30HA0B ABYHanNpaBAEHHbIX BO CaMUX TECTOB.

Heat Release Rate: A single nozzle was used to spray
liquid hydrocarbon fuels onto a 1 m by 2 m fire pan that
was about 0.1 m deep. The test plan originally called for
the use of two nozzles to provide the fuel spray.
Experimental observation suggested that the fire was
less unsteady with the use of a single nozzle. In addition,
it was observed that the actual extent of the liquid pool
was well-approximated by a 1 m circle in the center of
the pan. For safety reasons, the fuel flow was terminated
when the lower-layer oxygen concentration dropped to
approximately 15 % by volume. The fuel used in 14 of
the tests was heptane, while toluene was used for one
test. The HRR was determined using oxygen
consumption calorimetry. The recommended uncertainty
values were 17 % for all of the tests.

Bbiaenenuns tenna LeHa: oaHo consio 6bi1 UCnosib30BaH
ANS pacrbiNeHNs XUAKUX YrieBofopoaHbIX TOMMB Ha 1
M Ha 2 M no)KapHoW KacTptone, kotopasi 6bina okono 0,1
M B rnybuHy. TecT nnaH nepBOHa4YanbHO Mpu3biBan K
MCMOMIb30BaHNIO [ABYX cCOMesl, YTobbl obecneunTb Cripei
TOonAuBa. SKCrepuMeHTasibHoe HabniogeHve
NPeAnonoXusl, YTO OroHb Obll MEHEE HEYCTOMUMBLIN C
MCMonb30BaHMEM oaHoro consla. Kpome Toro, 6bino
OTMEYEHO, UTO (aKTMYEeCKast CTEMeHb >XWMAKOW BaHHbI
6611 XOpOLWO annpoKcMMMpoBaTb 1 M Kpyr B LeHTpe
KacTptonu. W3 coobpaxeHuii 6e3onacHoCTM  pacxon
TonavMBa 6bII0  nNpekpawleHo, Koraa KOHUEHTpauus
KUCNOpoAa HMXKe Cnosi ynana Ao npumepHo 15% no
obbeMy. B KkauectBe TOmMAMBa wmcnonb3yetcs B 14
MCMbITaHWM 6bIIO renTaH, B TO BPeMs Kak Tonyosn 6bin
Mcnonb3oBaH Ans ogHoro Ttecta. HRR 6bina onpeaeneHa
C UCMosib30BaHNEM notpebnexne Kncrnopoaa
KaNIopUMETPUN. PekomeHpyeMble 3HayeHuns
HeonpeaeneHHOCTM Ha 17% Ans BCEX TECTOB.

Radiative Fraction: The values of radiative fraction
and its uncertainty were reported as 0.44(J0.07 and
0.40010.09 for heptane and toluene, respectively.

PagnaumoHHoe Opakumsa: 3HayeHus paavauMoHHOMo
dpakummn n ee HeonpeaeneHHoOCT 6biIM CoobLIEHbI Kak
044 0,07 wn 040 0,09 pgna rentaHa W TONyona
COOTBETCTBEHHO.

Soot Yield: The values of the soot yield and its

Caxa Bbixoa: 3HavyeHuss BbIXoA CaXxum W ero
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uncertainty were reported as 0.0149 kg/kg(10.0033
kg/kg and 0.195 kg/kg[0.052 kg/kg for heptane and
toluene, respectively.

HeonpeaeneHHoCcTH 6binn 3aperncTpupoBaHbl kak 0,0149
kr / kr 0,0033 kr/ kr n 0,195 kr / kr 0,052 kr / kr B
TEYEHWe renTtaH 1 ToIyos, COOTBETCTBEHHO.

A diagram of the test structure is displayed in Figure 3.6.

CxeMa CTPYKTYpbl MCMNbITaHWSA NoKa3aHa Ha Puc. 3.6.
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Figure 3.6: Geometry of the NIST/NRC Experiments.

Puc. 3.6: l'eomeTtpus skcnepnmerToB NIST/NRC.

3.22 NIST Dunes 2000 Experiments

3.22 UcnbiTauna NIST Dunes 2000

A series of experiments was conducted by NIST to

measure the activation time of ionization and
photoelectric smoke alarms in a residential setting [150].
Tests were conducted in actual homes with

B cepun 3kcnepumeHToB 6b1710 npoBeaeHo NIST ans
M3MepeHVss  BpeMEHM  aKTvBauuMuM  MOHM3auMn U
¢OTO3NEKTPUYECKUX AblMa B XWNoM obcTaHoBke [150].
McnblTaHMs  NpoBOAMAMCL B peanbHbIX  AOMax  C
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representative sizes and floor plans, utilized actual
furnishings and household items for fire sources, and
tested actual smoke alarms sold in retail stores at that
time. Thirty-six tests were conducted in two homes; 27
in a single-story manufactured home, and 8 in a two-
story home.

NpeacTaBUTENIbHBIMU  Pa3MEPOB M MO3TaXKHbIX MJ1aHOB,
ncnosb3yemblx akTUYeckux Mebenblo U AoMallHedn
yTBapu Anst UCTOYHMKOB OMHS U UCMbITaHbl hakTuyeckme
TpeBoOrn AbiMa NpoAaloTCs B PO3HUYHBLIX Mara3uHax B TO
BpeMs. TpuauaTbh LWECTb WCMNbITaHUS MNPOBOAUAUCL B
[BYX IOMax; 27 B OHO3TaXXHOM NepeaBuKHON oM, 1 8
B ABYX3Ta)>XHOM [OME.

Figure 3.7 shows a diagram of the layout and
instrumentation in the single-story manufactured home.
The primary partitioning of the 84.7 m2 floor plan
consisted of three bedrooms, one full bathroom, one
kitchen/dining area, one living room, and two hallways.
For testing, the doors to bedroom 3 and the bathroom
were always closed. The ceiling was peaked on the long
axis, reaching a height of 2.4 m. The outside walls were
approximately 2.1 m in height. The slope of the ceiling
was approximately 8.4. Groups of smoke alarms were
located in the room of fire origin, at least one bedroom,
and in a central location. Five stations (Station A through
Station E) containing smoke alarm arrays were mounted
parallel to the ceiling. Note that, in the FDS Guides,
smoke detectors and smoke alarms are collectively
referred to as smoke detectors because the same smoke
detection algorithm is used to predict activation of either
type of device.

PucyHok 3.7 noOKa3blBaeT CXEMY pPacroNOXEHUs W
npubopoB B OAHO3TaXHOM npoussoacTBa home.The
NepBMYHOrO pasdeneHnss nnaHa M2 nona Ha 84,7
COCTOSI1 U3 Tpex CraneH, ofHa BaHHas KOMHaTa, odHa
KYXH$1 / CTONOBasi, 0AHa rocTuHasi, U ABe NpUXoXux. Ans
TECTUpOBaHUs, ABEpU B CManbHi0O 3 U BaHHOW 6bliu
BCerga 3akpbitbl. MM0TONOK O6bIN AOCTUM MakCcMMyMa Ha
ANVHHOM ocK, AoCTUras BblCOTbl 2,4 M. Hapy>Hble CTEHbI
6binn npuMepHo 2,1 M B BbICOTY. HaknoH noTtonka
coctasnsna npumepHo 8.4. Tpynnbl AbiMa  6binu
pacronoXeHbl B KOMHaTE MOXXapHOW MPOVCXOXAEHUS, MO
KpanHeil Mepe, ofiHa CranbHs, U B LeHTpe ropoaa. MNsTb
CTaHumii (ctaHums A 4depe3 ctaHuuu E), comepxkalume
MaccuBbl MOXapHasi CUrHanu3aumst 6blIn yCTaHOB/EHBI
napannensHo notosnky. Obpatute BHMMaHue, 4to, B FDS
rMaoB, AETeKTopbl AbiMa M AbiMa B COBOKYMHOCTM
Ha3blBalOT AEeTeKTopaMu fAbiMa, MOTOMY 4TO TOT Xe
CaMblii anropuTM OBHapy>XeHUs AbiMa UCNONb3yeTcs Ans
NMPOrHO31POBaHMS aKTUBALMIO JIIO6Oro TMMa yCTPOMCTBa.

Eight experiments that were conducted in the single-
story manufactured home were selected for model
validation. Only tests that used a flaming ignition source
with a couch or mattress fuel package were considered;
the cooking oil fires and tests that used a smoldering
ignition source were not considered. The flaming ignition
tests used a moderate flame source to quickly ignite the
fuel package. Note that Test SDC15 was excluded due to
a failed ignition event.

BoceMb 3KCMEpPMMEHTHLI, KOTOpbIE MPOBOAMINCL B
O[IHO3TaXXHOM MepeaBuXHOM AOM OblnM oTobpaHbl Ans
NpoBepkN Moaenei. Bbiin paccMOTpeHbl TONbKO TECTHI,
KOTOpblE WCMONb30BaNM 3TOT MbINAKOWMUA  UCTOYHMKA
BOCM/IAMEHEHUSI C KYWETKOM MWAM  MaTpac TonnvBa
naketa; Macna ANns >Kapku NoXxapbl U TeCTbl, KOTOpble
MCMonb30Banu aToT TNelLWmi MCTOYHMKA
BOCM/IAMEHEHUST He  paccMaTpuBanucb. [binatowme
TecTbl 3aXWraHUst UCMOMb3YeTCs YMEPEHHbIA UCTOYHMK
nnamMeHn 6bICTPO 3axeyb Maketr Tonnuea. Ob6paTuTe
BHMMaHue, 4yto Tect SDC15 6bin UCKNOYEH B CBSI3U C
HeyAa4yHoU criyyae 3aXuraHus.

Although a load cell was used in the experiments to
measure the mass loss rate of the fuel package, the
mass loss data were not reliable enough to reconstruct
the HRR curves for each test. Instead, the HRR curves
were determined by approximating the fire growth using
a t2 ramp, as in Eq. (3.3). The parameters for the t2
ramp were calibrated in FDS by using the temperature
measured at the highest thermocouple in the tree (2 cm
below the ceiling) in the fire room.

XoTa  patuvMk  Harpysks  6bln MCMONb30BaH B
3KCMEepUMEHTax M3MepuTb CKOPOCTb MOTEPU  Macchbl
naketa TOMJMBA, [JaHHble NOTepUM Maccbl He 6blan
[OCTaTOMHO  HaAeXHbIM, 4Tobbl  pPEKOHCTPyMpoBaTb
KkpuBble HRR ans kaxxaoro Tecta. Bmecto 3Toro, kKpmsble
HRR 6bi1M onpeaeneHbl MyTeM annpoKCMMauum pocT
noxapa C NoMoLLblo t2 pamnbl, Kak B ypaBHeHuu. (3.3).
MapameTpbl ans t2 pamnbl 66111 0TkannbpoBaHbl B FDS ¢
MOMOLLbIO  TeMrepaTypbl, W3MEpPeHHOW Ha CaMOM
BbICOKOM TepMonapbl B AepeBe (2 CM HWXe MoToska) B
KaMWHHOM 3are.

2

Q=Q|—| B3
T
A time offset was used to align the predicted ceiling | CMelleHne BpeMeHn MCMoNb30Bascs ANns BblpaBHUBaHUS
thermocouple  temperatures with the measured | npeackasaHHble TeMnepaTypbl MOTOIOK TepMonap C

temperatures. This offset is reported as the time at
which the t2 ramp begins. The t-squared calibration
parameters and time offsets for the HRR ramps are
shown in Table 3.3. Additionally, the ignition source had
a small effect on the measured ceiling thermocouple
temperatures. Therefore, the size of the ignition source
was approximated as either 3 kW or 7 kW, and the time
offset of the ignition source was also calibrated by using
the measured ceiling thermocouple temperatures. The
resulting HRR curve was input into FDS as a fire ramp. A
summary of the eight tests selected for model validation
is shown in Table 3.3.

M3MepeHHbIX  TemnepaTyp. JTO  CMelleHue,  Kak
cooblaercs, Kak BpeMsi, C KOTOPOro HaunHaetcs t2
pamnbl.  T-kBagpaT  napameTpbl  kaciMbpoBKM U
BpeMeHHble cMelleHnst ans HRR naHaycoB npvBeaeHbl B
Tabnuue 3.3. KpoMe TOro, WMCTOYHMK 3axuraHusi 6bin
Hebonbwo 3hdEKT HA M3MEPEHHbIX TEMMepaTyp
NnoToNOK Tepmonap. Takum 0bpa3om, pa3mep UCTOYHMKA
BOCM/IaMEHEHUS annpokcuMmnpyeTcs mbo kak 3 KBT munm
7 kBT, a BpeMsi CMeLleHWe UCTOYHMKA BOCMSaMeHEHUs
TaKkke OTKannbpoBaH C MCMONb30BaHWEM M3MEPEHHbIX
Temnepatyp MoOTOMOK  Tepmornap. [lonyyeHHas B
pe3ynbtate kpmBas HRR 6bi1 Bxog B FDS Kkak oOrHs
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PesiomMe M3 BOCbMW TECTOB, Bbl6paHHbIX and

pamnbl.
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Figure 3.7: Geometry of the NIST Dunes 2000
Experiments.

Puc. 3.7: FeomeTpus ucnbitanuit NIST Dunes 2000.

Table 3.3: Summary of NIST Dunes 2000 experiments

Tabnuua 3.3: 0630p ucnbiTaHuii NIST Dunes 2000,

selected for model validation. O0TOBPaHHbIX A5 BanuaaLMmn Moaenen.
Test No. Fire Source Fire Location QO (KW) T (s) Time Offset (s)
SDCO02 Chair Living Room 150 180 20
SDC05 Mattress Bedroom 200 180 20
SDCO07 Mattress Bedroom 350 180 50
SDC10 Chair Living Room 150 180 40
SDC33 Chair Living Room 100 180 10
SDC35 Chair Living Room 100 180 10
SDC38 Mattress Bedroom 120 180 25
SDC39 Mattress Bedroom 200 180 25
Mcn. N2 McTouHmk | MecTononoxeHue Q «BT) |7 (©) CmelleHune

BO3ropaHus noxapa 0 BpeMeHu ()

SDC02 Cryn ['ocTnHas 150 180 20
SDC05 MaTtpay, CnanbHs 200 180 20
SDCO07 MaTpay CnanbHs 350 180 50
SDC10 Cryn ['ocTnHas 150 180 40
SDC33 Cryn locTuHas 100 180 10
SDC35 Cryn ['ocTnHas 100 180 10
SDC38 MaTtpay, CnanbHs 120 180 25
SDC39 MaTtpay, CnanbHs 200 180 25

3.23 NIST Reduced Scale Enclosure Experiments 3.23 UcnbiTaHns NIST B NnoMeLLeHUaxX

YMEHbLUEHHOro Macwrtaba
The NIST Reduced Scale Enclosure (RSE) is a 40 % scale | UcnbitaHns  NIST B NOMELLEHMSX  YMEHbLUEHHOro

version of the ISO 9705 compartment [151]. It measures
0.98 m wide by 1.46 m deep by 0.98 m tall. The
compartment contains a door centered on the smaller
wall that measures 0.48 m wide by 0.81 m tall. A 15 cm
diameter natural gas burner was positioned in the center
of the compartment. The burner was on a stand so that
its top was 15 cm above the floor. The fires ranged from
50 kW to 600 kW. Species measurements, including CO
concentration, were made near the ceiling in the front
and back of the compartment.

macwTtaba (RSE): 40 % wkana Bepcus ISO 9705 oTtceke
[151]. OH wu3mepsier 0,98 M B WupuHy M 1,46 M B
rny6buHy Ha 0,98 M BbicOTO. OTCEK COAEPXWUT ABEPL C
LIEHTPOM Ha MeHbLLEN CTeHe, KoTopbli u3Mepser 0,48 M
B WMPUHY 1 0,81 M BbicoTOW. 15 cM AnAMETP NpUPOAHBIN
ras ropesnku 6bin1 pacrnonoXeH B LEHTpe oTceka. openka
6bin Ha noacTaBke Tak, 4YTobbl ero BeplwmnHa 6bina 15 cm
oT nona. MNoxapbl B AvanasoHe oT 50 kBT go 600 kBT.
M3mepeHust BMAOB, BK/OYasi KOHUeHTpaumum CO, 6binn
caenaHbl noa MOTOMKOM B NepeaHelt M 3agHen 4acTu
canoHa.

3.24 NRCC Facade Heat Flux Measurements

3.24 NRCC dacap TennoBoro notoka smepeHus

A series of experiments was conducted by the Fire
Research Section of the Institute for Research in
Construction, National Research Council of Canada
(NRCC), to measure the heat flux to a mock exterior
building facade due to a fire within a compartment [152,
153]. The experiments selected for model validation
were conducted using a series of propane line burners
within a compartment whose interior dimensions were
5.95 m wide, 4.4 m deep, and 2.75 m high (see Fig.
3.8). There were five different door/window sizes:

B cepum 3KCNEPUMEHTOB 661710 nposeaeHo
WccnepoBaTenbCkMM pasaene noXapHon MHCTuTyTa no
nccneaoBaHUaM B obnactu CTpOVTENbCTBA,
HaumnoHanbHbIM  nccnepoBaTeNbCkMin  coBeT — KaHaabl
(NRCC), ansi vM3MepeHus TEM/OBOrO MOTOKa Ha MakeT
Hapy>xHol bacaaa 34aHus U3-3a noxapa B oTceke [152,
153]. OkcnepuMeHTbl, OTOBpaHHbIE Ans  MPOBEPKM
MoZenei MnpoBOAWIUCL C  UCMOMb30BaHWEM  CEPUIO
nponaH JIMHWA TOpeNiok B Kyne, BHYTPUM KOTOPOrO
pa3mepbl 6biin 5,95 M B wupuHy, 4,4 M B rybuHy, n
2,75 M (cM. puc. 3.8). bbinn NATb pa3nMYHbLIX pa3MepoB
ABepu / OKHa:

1. 0.94 m by 2.00 m high

1. 0,94 M Ha 2,00 M B BbICOTY

2. 0.94 m by 2.70 m high (door)

2. 0,94 M Ha 2,70 M B BbICOTY (ABEPHOIN NpoeM)

3. 2.60 m by 1.37 m high (shown in Fig. 3.8)

3. 2,60 M Ha 1,37 M B BbicOTy (NokasaHo Ha Puc. 3.8)

4. 2.60 m by 2.00 m high

4. 2,60 m Ha 2,00 M B BbICOTY

5. 2.60 m by 2.70 m high (door)

5. 2,60 M Ha 2,70 M (aBepHOI nNpoem)

There were four fire sizes: 5.5MW, 6.9MW, 8.6MW, and
10.3MW. In all, 19 experiments were conducted, with
the exception of the 10.3 MW fire with Window 1. In
each experiment, heat flux measurements were made
0.5 m, 1.5 m, 2.5 m, and 3.5 m above the top of the
door/window.

bblfo npeacTasieHo 4yeTblpe pa3Mepa noxapa: 5.5MW,
6.9MW, 8.6MW u 10.3MW. Bcero 6bin0 nposeaeHo 19
UCMbITAaHWK, 33 WCKIOYEHMEM Noxapa pasmepoM 10,3
MBT c okHOM 1. B kaxaoM wucnbiTaHUM 6blnn caenaHbl
M3MepeHus TennoBoro noToka Ha ebicote 0,5 M, 1,5 M,
2,5 M 1 3,5 M Hag BepxHeil YacTblo ABEPHOr0/OKHOHOIO
npoema.
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Figure 3.8: Geometry of the NRCC Facade
Experiments.

Puc. 3.8: FeomeTpusa ncnbiTaHuii ¢ hacagamm
NRCC.

3.25 NRL/HAI Wall Heat Flux Measurements

3.25 UsMepeHus TensioBoro notoka creH NRL/HAI

Back, Beyler, DiNenno and Tatem [154] measured the
heat flux from 9 different sized propane fires set up
against a wall composed of gypsum board. The
experiments were sponsored by the Naval Research
Laboratory and conducted by Hughes Associates, Inc.,
of Baltimore, Maryland. The square sand burner ranged
in size from 0.28 m to 0.70 m, and the fires ranged in
size from 50 kW to 520 kW.

BepHyTbcs , Beyler , DiNenno n Tatam [154] u3amepunn
TENMOBOM MOTOK M3 9 pasnMyHbIX pa3MepoB MponaHa
MOMKOrOB K CTEHe , COCTosIeNd W3 rUncokapToHa
DKCNepUMeHTLI noaaep)ke Mopckoi uccrnegoBaTebCKon
nabopatopumn n nposoamtcs Hughes Associates , Inc, B
BantMope, wtaT MapuneHa . KBaapaTHbIi NECOK ropesiku
konebanacb B pa3mepax ot 0,28 M go 0,70 M , 1 noxapsl
konebanacb B pasmepax ot 50 kBT go 520 kBr.

3.26 PRISME Project

3.26 MpoekT PRISME

PRISME is the name of a fire test program conducted
under the auspices of the Organization for Economic
Cooperation and Development, Nuclear Energy Agency
(OECD/NEA). The experiments were conducted at the
French Institut de radioprotection et de sireté
nucléaire (IRSN) at Cadarache. A variety of
experiments were conducted to study ventilation
effects, electrical cable failure, and leakage [155].

PRISME 535TO0 u¥Ms TectoBOM OFOHb MpoOrpamMbl
npoBeAeHHOro nog armgol OpraHu3aumMyM 3KOHOMUYECKOrO
COTPYAHMYECTBA W Ppa3BUTUs, AreHTCTBa MO sAEpHOM
3Heprumn ( A2 / O3CP ). SkCcnepuMeHTbl NMPOBOAUIUCE Ha
¢paHuy3ckom Institut ae paavauMOHHON 3aWwmMThl U Ap. fe
s(ireté nucléaire ( IRSN ) B Kagapawe . Pa3Hoob6pasHble
3KCMEPUMEHTbl  MPOBOAWMAUCL € LENbl0  U3y4veHus
BEHTUISLMOHHbIE addexThbl, 3NeKTPUYECKni
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NnoBpeXAeHU Kabens n ytevkon [155].

3.27 Restivo Compartment Air Flow Experiment

3.27 3kcnepuMmeHT Restivo notoka Bo3ayxa B
noMeLleHnm

Velocity measurements for forced airflow within @ 9 m
by 3 m by 3 m high compartment were made by
Restivo [156]. These measurements have been widely
used to validate CFD models designed for indoor air
quality applications. It was also used to assess early
versions of FDS [19, 20, 34]. In the experiment, air was
forced into the compartment through a 16.8 cm vertical
slot along the ceiling running the width of the
compartment with a velocity of 0.455 m/s. A passive
exhaust was located near the floor on the opposite
wall, with conditions specified such that there was no
buildup of pressure in the enclosure. The component of
velocity in the lengthwise direction was measured in
four arrays: two vertical arrays located 3 m and 6 m
from the inlet along the centerline of the room, and
two horizontal arrays located 8.4 cm above the floor
and below the ceiling, respectively. These
measurements were taken using hot-wire
anemometers. While data on the specific
instrumentation used are not readily available, hot-wire
systems tend to have limitations at low velocities, with
typical thresholds of approximately 0.1 m/s.

M3MepeHnst CKOpOCTW AN MPUHYAWUTENBHOMO BO3AYLUHOMO
MOTOKa BHYTPM 9 M Ha 3 M MO BbICOTON 3 M OTCeke Bbliu
caenaHbl Restivo [156]. 3T u3MmepeHus 6binn  LWIMPOKO
MCrnonb3oBaHbl  Ans  obocHoBawus Mopenen CFD
npeaHasHayeHHble AN KayecTBa BO34yxa B MOMELLEHUSX
npunoxeHnin. OH TaKXe WMCNOMb30Bancs AN OLEHKM
paHHux[ Bepcumn FDS [19, 20 , 34] . B akcnepumeHTe ,
BO34yX Obll BbIHYXAEH B OTcek uyepes 16,8 M
BEPTUKANbHOW LWeNn BAOSb MOTOMKA MoA YrpaBieHUEM
LUMPUHY OTCeKka co ckopocTbio 0,455 M / ¢ . MaccuBHas
BbIX/IOMHbIX ~ 6bl1 pacnonoXxeH OKOMO  3TaXe Ha
MPOTUBOMOJOXHOMN CTEHE , C YCIIOBUSIMU, YCTAHOBIEHHBLIMM
TaknuM 06pa3oM, 4Tobbl He 6biN0 HapalmBaHWe AaBneHus
B kopnyce. CocTtaBnsiowasl CKOpOCTM B MpOAOSIbHOM
HanpaeneHun 6blna n3mMepeHa B YeTbipeX MacCMBOB : ABa
BEPTUKasbHbIX MAacCMBOB , PaCrofiOXXeHHbIX 3 M U 6 M OT
BXOAa BAOSb LEHTpaNbHOM YacTM KOMHATbl , M [ABe
rOpu30OHTalNbHble MacCMBbl pacronoXxeHol 8,4 CM Haa
YPOBHEM MOfla U NOA MOTOSIKOM , COOTBETCTBEHHO. JTU
namepeHuns 6blan B3dTbl C NOMOLLBIO TepMOaHEMOMETPSbI .
B TO BpeMs kak AaHHble MO KOHKPETHOW WCrosib3yeMoM
annapaTypbl He Bceraa AOCTYMHbI , ropsiyeit NpoBOAHbIE
CUCTEMbI , KaK MPaBu/Io, UMEIOT OrpaHUyeHns nNpu Masnbix
CKOPOCT$IX , € TUNWYHbIMKM Noporos okoso 0,1 M / c.

3.28 Sandia Plume Experiments

3.28 dkcnepuMeHTbl CTpYM Sandia

The Fire Laboratory for Accreditation of Models by
Experimentation (FLAME) facility [157, 158] at Sandia
National Laboratories in Albuquerque, New Mexico, is
designed specifically for validating models of buoyant
fire plumes. The plume source is 1 m in diameter
surrounded by a 0.5 m steel ‘ground plane’. PIV/PLIF
techniques are used to obtain instantaneous joint scalar
and velocity fields. O'Hern et al. [157] studied a
turbulent buoyant helium plume in the FLAME facility.
Earlier work to model this experiment has been
performed by DesJardin et al. [159]. Tieszen et al.
[160, 161] studied methane and hydrogen pool fires.

OroHb Jlabopatopuss MO akkpeguTauMm B 0b6nactu
MoAenen 3KCNepuMeHTaNnbHbIM NyTeM (Mnams) obbekT [
157, 158 ] B Sandia National Laboratories B Anbbykepke ,
Hbto-Mekcmko , paspaboTaH cneumanbHO Ansi NPOBEPKM
MoZenel NnaByunx NOXapHbLIX WeidoB. UCTOYHMK CTpys
1 M B AnaMeTpe , OKpY>XeHHbI 0,5 M CTanu « 3a3eMseHust
». Metoabl PIV / PLIF ucnonb3ylTcs Ans Nosy4YeHust
MIHOBEHHbIX COBMECTHOE CKaNsipHble WM CKOPOCTW MOfsl.
O'Hern ap.. [157] u3yyan TypbyneHTHbIN NnaBy4Ynii renums
wneid B nnameHn obbekTa. PaHee paboTa MoaennpoBaTh
3TOT 3KCNepuMeHT 6bin nposeaeH Ha Desjardin ap. . [159]
. Tieszen ap. . [ 160, 161 ] usyyanu MeTaHa u 6acceiiH
BOAOPOJA MOXapoB.

3.29 Sippola Aerosol Deposition Experiments

3.29 3kcnepuMEeHTbl OCaXKaeHusa aspo3oas Sippola

Mark Sippola, a doctoral student at the University of
California, Berkeley, measured aerosol deposition
velocities for various sizes of monodisperse fluorescent
particles and various air velocities in a duct [162, 163].
For the experiments considered here, the straight steel
duct with smooth walls was square with dimensions of
15 cm by 15 cm. The particle diameters were 1 mm, 3
mm, 5 mm, 9 mm, and 16 mm. The air velocities in the
duct were 2.2 m/s, 5.3 m/s, and 9.0 m/s. A total of
twelve panels (20 cm by 10 cm) were cut from the duct
section to measure the amount of particles deposited to
the duct surfaces; four panels each from the duct
ceiling, wall, and floor surfaces. Fluorescent
measurement techniques and aerosol concentration
measurements were used to calculate the deposition
velocities of the particles to duct surfaces (ceiling, wall,
and floor) at two straight duct sections where the
turbulent flow profile was fully developed.

Mapk Sippola , aokTopaHT YHmBepcuTeTa KanudopHuu,
Bbepknn , usMepsieTcs aspo30sibHble CKOPOCTM OCaXKAeHWs
ans Pa3nNYHbIX pa3mepoB MOHOAMCMNEPCHbIX
JIIOMUHECLIEHTHbIX  Y4aCTWUL, W Pas3fMYHbIX  CKOPOCTSIX
BO34yxa B Bo3gyxoBoge [ 162 , 163 ] . [Ans
9KCMEPUMEHTOB paccMaTpuMBaeMblX 34ecb ,MPSAMO CTanb
KaHan C rnagkuMmn CTeHkamu 6bl1 KBagpaT C pa3Mepamu
15 cm Ha 15 cm . dnameTpsl Yactuy 661 1 MM, 3 MM, 5
MM , 9 MM, n 16 MMm. CkopocCTv BO3ayxa B KaHane B 2,2 M /
c,5.3M/c,n9.0M/c.B obliei CNOXXHOCTV ABEHAALATb
naHenen ( 20 cM x 10 cM) 6bIMM Bbipe3aHbl U3 CEKLUU
BO3AyXOBOAa A1 W3MEPEHUs KOMYeCcTBa Yactuy
OCaXAEHHbIX Ha MOBEpPXHOCTM BO34yx0BOAa , 4eTbipe
MaHenu KaXabll M3 KaHana MOTOMOK, CTEHbl MU
noBepxHOCTK nona . ®nyopecueHTHble METOALI M3MEpeHUs
n N3MepeHust KOHLeHTpauum aspo3ons 66111
MCNONb30BaHbl A1 pacyeTa CKOPOCTU OCAXKAEHUS YacTuy
B Tpyby noBepXHOCTW ( MOTOMOK, CTEHbl U MO ) Ha ABYX
MpsIMbIX ~ y4yaCcTKax BO34yXOBOAOB , rAe npodwnib
Typ6YNEHTHbIN NOTOK 6bl/1 MOJIHOCTbIO Pa3BUTLIMY .

3.30 Smyth Slot Burner Experiment

3.30 dkcnepuMeHT wenesoi ropenku CMUTa

Kermit Smyth et al. conducted diffusion flame
experiments at NIST using a methane/air Wolfhard-
Parker slot burner. The experiments are described in

Kepmut Cmut w gp. . [lpoBefeHHble 3KCNEepUMEHTI
andodysnoHHoro nnamenn B NIST , wucnonb3ysa MeTaH /
Bo3ayx Wolfhard - Parker cnot ropenky . DKCMEpUMEHTbI

45




detail in Refs. [164, 165]. The Wolfhard-Parker slot
burner consists of an 8 mm wide central slot flowing
fuel surrounded by two 16 mm wide slots flowing dry
air with 1 mm separations between the slots. The slots
are 41 mm in length. Measurements were made of all
major species and a number of minor species along
with  temperature and velocity.  Experimental
uncertainties have been reported as 5 % for
temperature and 10 % to 20 % for the major species.

noapobHo onwmcaHbl B pabotax . [164 , 165] . Wolfhard -
Mapkep CnOT ropesiku COCTOMT M3 8 MM  LUMPOKMI
LEHTpanbHbI CNOT TeYeT TOM/MBO , OKPYXXEHHBIN ABYMs
16 MM B LUMPWHY LIEN , BNaAaloLMX CyXol Bo3ayx ¢ 1 MM
paccTosHuax Mexay cnotamu . Llenn 41 MM B ANUHY .
M3mepeHnsi 6binn caenaHbl M3 BCEX OCHOBHbLIX BWAOB W
psida BTOPOCTENEHHbIX BMAOB Hapsgy C TeMnepaTypbl U
CKOPOCTW. DKCMepuMeHTanbHble HeonpeaeneHHoCcT! bblam
npeacrasneHbl kak 5% pana TemnepaTypbl M oT 10% po
20% ANnsi OCHOBHbIX BUAOB.

3.31 SP Adiabatic Surface Temperature | 3.31 JKCnepuMeHTbI TeMnepaTypbl
Experiments aguabaTuueckux nosepxHocrei SP
In 2008, three compartment experiments were | B 2008 rogy Tpu 3KCnepuMMeHTa OTCeK NMPOBOAWIUCHE Mpu

performed at SP Technical Research Institute of
Sweden under the sponsorship of Brandforsk, the
Swedish Fire Research Board [166]. The objective of
the experiments was to demonstrate how plate
thermometer measurements in the vicinity of a simple
steel beam can be used to supply the boundary
conditions for a multi-dimensional heat conduction
calculation for the beam. The adiabatic surface
temperature was derived from the plate temperatures
and used by TASEF, a finite-element thermal-structural
program.

SP TEXHMYECKOro Hay4YHO-UCCNIEAOBATENBCKOrO MHCTUTYTA
LWseunn noa 3arvaoi Brandforsk , wBeackoi noxxapHoi
nuccnepgoBaTenbckoro coBeta [ 166 ] LUenbto
3KCMEPVMEHTOB BbI/I0 MOKA3aHO, KaK M3MepPeHUs NacTuHa
TEPMOMETP B HEMOCPEACTBEHHON 6/IM30CTU OT MPOCTOro
nyyka cTanum MoryT 6biTb MCMOMb30BaHbl AN MUTaAHUA

rpaHWYHble  YCNOBMA AN MHOFOMEPHOrO  pacyeTa
TENNOMpPOBOAHOCTM AN nydka.  Aauabatuyeckas
TeMnepaTypa  MOBepXHOCTM  6blna  MosyvyeHa U3

TeMmnepaTyp nnactuH 1M mucrnonbdyetca TASEF , KOHe4Ho-
3/IEMEHTHOW TEMNJIOBOW CTPYKTYPHO- NPOrpaMMbi .

The experiments were performed inside a standard
compartment designed for corner fire testing (ISO
9705). The compartment is 3.6 m deep, 2.4 m wide
and 2.4 m high and includes a door opening 0.8 m by
2.0 m. The room was constructed of 20 cm thick light
weight concrete blocks with a density of 600 kg/m3 _
100 kg/m3. The heat source was a gas burner run at a
constant power of 450 kW. The top of the burner, with
a square opening 30 cm by 30 cm, was placed 65 cm
above the floor, 2.5 cm from the walls. A single steel
beam was suspended 20 cm below the ceiling along the
centerline of the compartment. There were three
measurement stations along the beam at lengths of 0.9
m (Position A), 1.8 m (Position B), and 2.7 m (Position
C) from the far wall where the fire was either
positioned in the corner (Tests 1 and 2), or the center
(Test 3). The beam in Test 1 was a rectangular steel
tube filled with an insulation material. A diagram of the
room used in Test 1 is displayed in Figure 3.9. The
beam in Tests 2 and 3 was an I-beam. A diagram of
the room used in Tests 2 and 3 is displayed in Figure
3.10.

DKCNepuMeHTbl  MPOBOAMINCE B CTAHAAPTHOM  OTCeke
npeaHasHayeHa Ans YrioBoW OrHeBbIX McnbiTaHui (ISO
9705 ) . Otcek 3,6 M B rnybuHy, LUIMPpWUHY 2,4 M 1 BbICOTOM
2,4 M 1 BktovaeT B cebst oTkpbiTve 0,8 M aBepu Ha 2,0 M .
B koMHaTe 6bino noctpoeHo 20 CM TOMLMHOW NErkuii Bec
6€eTOoHHbIX 6n10KkoB ¢ nnoTHocTbio 600 kr/M3 _ 100 kr/m3.
WUctounnk Tenna 6bin 6exaTb rasosas ropenka npu
MOCTOSIHHOM MoLHOCTM 450 KBT B BepxHell yvacTu
ropenku , ¢ keagpaTHolM oTtBepctveM 30 cM X 30 cM ,
noMewanu 65 cM Hag ypoBHeM nona , 2,5 cM OT cTeHoK .
OauH nyy ctanu 6bl10 NPUOCTAHOBNEHO Ha 20 CM Huxe
noTosKa BOOSb LeHTpasnbHOM yacTu oTceka.
CyliectBoBanu Tpu CTaHUMW M3MEpeHust BAOSb fyva npu
anvHe 0,9 M ( mosnums A) , 1,8 M ( no3uums B) n 2,7 m (
MonoxeHne C ) OT AanbHei CTeHbl , rae oroHb 6bl1 NMbo
pacronoxeHHon B yray (Tectol 1 n 2 ), unu ueHTp (Tect
3). Jlyy B ucnbitaHun 1 npsmoyronbHas ctanbHas Tpyba
3anonHeHa U30/AUMOHHLIM MaTepuanoM . CxeMa KoMHaTe
MCNONb30BaHbl B UCMbITaHNM 1 O0TO6paXkaeTcs Ha pUCyHKe
3.9 . Jlyy B ncnbitanmax 2 n 3 661104BYTaBpOBbIX 6anokK .
Cxema KOMHaTe MWCMoNb3yeMble MpW  NpOBeAEeHWM
UCMblTaHui 2 1 3 oTobpaxaercs Ha pucyHke 3.10 .

46




1.06ml.15m125ml.36m 24 m

36m
352 m
3.27m

om

0.12 m
Z4am —\_ ‘
22 m—— t I I
—L ]
2m——
0.65 m
Om =
3.575m
0m 3.27m 3.6m

Figure 3.9: Geometry of the Hollowbar room

PucyHok 3.9: leometpust komHatbl Hollowbar
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Figure 3.10: Geometry of the I-Beam room

PucyHok 3.10: l'eometpusi koMHaTe I-Beam

A second series of experiments involving plate
thermometers was carried out in 2011 [167]. A 6 m
long, 20 cm diameter vertical steel column was
positioned in the center of 1.1 m and 1.9 m diesel fuel
and 1.1 m heptane pool fires. Gas, plate thermometer,
and surface temperatures were measured at heights of
1m,2m,3m,4m, and 5 m above the pool surface.
These experiments are notable because the column is
partially engulfed in flames.

BTopas cepus 3KCNEPUMEHTOB C Y4YacTMEM MACTUHBI
TepMoMeTpbl npoBoaunack B 2011 roagy [167 ] . 6 M B
AnvHy, 20 cM B AMaMeTpe KONMIOHKU BEPTUKANbHOW CTanu,
pasMelleHHoM B uUeHTpe 1.1 M u 1.9 M ausenbHoro
TonnvBa U 1,1 M rentaH 6acceiH noxapos . a3, nauTa
TEpMOMETP , M TemnepaTypa ero MoBepXHOCTU O6binn
u3MepeHbl Ha Bbicote 1 M, 2 M, 3 M, 4 Mn5M Hag
MOBEPXHOCTbIO 6accelHa. 3TV KCNEPUMEHTbI OT/INYAIOTCS,
TaK Kak cTonbel 4YacTMYHO OXBayeH OrHeM.

3.32 Steckler Compartment Experiments

3.32 JkcnepuMMeHTbl B noMewweHnm Steckler

Steckler, Quintiere and Rinkinen performed a set of 55
compartment fire tests at NBS in 1979. The
compartment was 2.8 m by 2.8 m by 2.13 m high?,
with a single door of various widths, or alternatively a
single window with various heights. A 30 cm diameter
methane burner was used to generate fires with heat
release rates of 31.6 kW, 62.9 kW, 105.3 kW and 158
kW. Vertical profiles of velocity and temperature were
measured in the doorway, along with a single vertical
profile of temperature within the compartment. A full
description and results are reported in Reference [168].
The basic test matrix is listed in Table 3.4. Note that
the test report does not include a detailed description
of the compartment. However, an internal report’ by
the test sponsor, Armstrong Cork Company, reports
that the compartment floor was composed of 19 mm
calcium silicate board on top of 12.7 mm plywood on
wood joists. The walls and ceiling consisted of 12.7 mm
ceramic fiber insulation board over 0.66 mm aluminum
sheet attached to wood studs. A diagram of the
compartment is displayed in Figure 3.11.

Creknep , Quintiere n PUHKMHEH BbINOMHWMA KOMMMeKC 55
KYMNenHbIX WCMbITaHUiA noxapHbix B HBC B 1979 roay.
OTcek 6bin 2,8 M Ha 2,8 M Ha 2,13 M BbicoToit!, ¢ oaHo
[BEPU PA3NNYHOWM LUMPUHBLI , WM XXE B OAHOM OKHE C
pasnnyHbIX BbICOT . 30 CM ropenku AuMaMmeTp MeTaH
ncnonb3yeTcs ans reHepauum noXxapos C
TennosblaeneHus Temnos 31,6 kBT, 62,9 kBT, 105,3 KBT 1
158 «kBT. BepTukanbHble npodunaM  CKOpPOCTM U
TeMnepaTypbl 6biIM U3MEpeHbl B ABEPSIX, BMECTE C OAHOW
BEpTMKanbHOro npocduns TemnepaTypbl B oTceke . [onHoe
onucaHne u pesynbTaTbl NpuBeaeHbl B pabote [ 168].
Bba3oBbIi TecT MaTpuua npuBeseHsl B Tabnuue 3.4.
ObpaTute BHMMaHWE, YTO TNPOTOKO/ WCMbITAHUN He
BK/tOYaeT B ceba noapobHoe onucaHue oTceka. TeM He
MeHee, BHYTPEHHWI [OKNaA® MCMbITaTesbHONM CroHcopa ,
ApMcTpoHr Kopk KomnaHuu , coobliaet, 4to oTaeneHue
3Tax cocTtouT u3 19 MM cunukata kanbums 60pTy ceepxy
12,7 MM aHepbl Ha pOepeBsiHHbIX 6pycbeB. CTeHbl U
MOTOJMIOK COCTOSN U3 12,7 MM KEPaMUYECKOW BONIOKHWUCTON
nsonaumen gocke Hag 0,66 MM anlOMUHMEBOrO JIUCTA
MPUKPENAEHHON K APEBECHbIX WNWAbkK. CxemMa oTceka
oTobpaXkaeTcs Ha pucyHke 3.11.

! The test report gives the height of the compartment

! Mpotokon ucnblTaHUi AaeT BbICOTY OTceka Kak 2,18 M.
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as 2.18 m. This is a misprint. The compartment was

2.13 m high.

3710 oneyaTtka. OTcek 6bin 2.13 M B BbICOTY.

2 Technical Research Report, Fire Induced Flows
Through Room Openings - Flow Coefficients, Project

203005-003, Armstrong Cork Company,

Pennsylvania, May, 1981.

Lancaster,

2 WccnepoBaTenbCKMA  OTYET  TEXHUYECKMNM,  CBOMX

MHAYLMPOBAHHBLIX MOTOKOB 4epe3 koMHaTy OTBepcTus -
KoadduumeHnTsbl pacxoaa, Mpoekt 203005-003, ApMCTpOHT
Kopk KamnaHnw, JlaHkacTep, MeHcunbBaHus, Mait , 1981.

Table 3.4: Summary of Steckler compartment

Ta6bnuua 3.4: Pesrome 3kcnepumeHToB Steckler B

experiments. noMeLlEeHNMn
Door Door | HER Burner Door | Door | HRR Burner
Test | Width | Height | Q Location || Test | Width | Height | @ Location
(m) (m) | (kW) (m) (m) | (kW)
10 0.24 1.83 62.9 Center 224 | 0.74 0.92 62.9 Back Corner
11 0.36 1.83 62.9 Center 324 | 0.74 0.92 62.9 Back Corner
12 0.49 1.83 62.9 Center 220 | 0.74 1.83 3.6 Back Corner
612 | 049 1.83 62.9 Center 221 0.74 1.83 105.3 | Back Corner
13 0.62 1.83 62.9 Center 5314 | 0.24 1.83 62.9 Back Wall
14 0.74 1.83 62.9 Center 4| 036 1.83 62.9 Back Wall
18 0.74 1.83 62.9 Center 512 | 049 1.83 62.9 Back Wall
T10 | 0.74 1.83 62.9 Center 32| 0.62 1.83 62.9 Back Wall
510 | 0.74 1.83 62.9 Center 610 | 0.74 1.83 62.9 Back Wall
16 0.86 1.83 62.9 Center 510 | 0.74 1.83 62.9 Back Wall
17 0.99 1.83 62.9 Center 30 | 0.86 1.83 62.9 Back Wall
22 0.74 1.38 62.9 Center 317 | 0.99 1.83 62.9 Back Wall
23 0.74 092 62.9 Center 622 | 0.74 1.38 62.9 Back Wall
30 0.74 092 62.9 Center 322 | 0.74 1.38 62.9 Back Wall
41 0.74 0.46 62.9 Center 324 | 0.74 0.92 62.9 Back Wall
19 0.74 1.83 31.6 Center 541 0.74 0.46 62.9 Back Wall
2 0.74 1.83 105.3 Center 320 | 0.74 1.83 3l6 Back Wall
2 0.74 1.83 158.0 Center 321 0.74 1.83 105.3 Back Wall
114 | 0.24 1.83 62.9 | Back Corner || 513 | 0.74 1.83 158.0 Back Wall
144 | 0.36 1.83 62.9 | Back Corner || 160 | 0.74 1.83 62.9 Center”
212 | 049 1.83 62.9 | Back Corner || 163 | 0.74 1.83 62.9 | Back Corner*
242 | 0.62 1.83 62.9 | Back Corner || 164 | 0.74 1.83 62.9 Back Wall*
410 | 0.74 1.83 62.9 | Back Corner || 165 | 0.74 1.83 62.9 Left Wall*
210 | 0.74 1.83 62.9 | Back Corner || 162 | 0.74 1.83 62.9 Right Wall”
310 | 0.74 1.83 62.9 | Back Corner || 167 | 0.74 1.83 62.9 | Front Center*
240 | 0.86 1.83 62.9 | Back Corner || 161 0.74 1.83 62.9 Doorway
116 | 099 1.83 62.9 | Back Corner || 166 | 0.74 1.83 62.9 | Front Corner*
22 | 074 1.38 62.9 | Back Corner * Raised burner
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Figure 3.11: Geometry of the Steckler
Compartment Experiments.

PucyHok 3.11: FeomeTpuUs SKCNEPUMEHTOB B
nomeuleHunm Steckler.

3.33 UL/NIST Vent Experiments

3.33 3kcnepuMeHTbl N0 BeHTunsunmm UL/NIST

In 2012, the Fire Fighting Technology Group at NIST
conducted experiments at Underwriters Laboratories (UL)
in Northbrook, Illinois, to assess the change in
compartment temperature due to the opening of one or
two 1.2 m square ceiling vents. Four experiments were
conducted using a natural gas burner in a 6.1 m by 4.3
m by 2.4 m compartment with a single door opening.
The fires ranged in size from 500 kW to 2MW, and the
vents were opened and closed such that during the four
experiments there were 31 discrete time intervals in
which model predictions could be compared to quasi-
steady conditions. The compartment contained two
vertical arrays of thermocouples, and the door and vents
were instrumented with thermocouples and bi-directional
velocity probes. A diagram of the compartment is
displayed in Figure 3.12.

B 2012 rogy noxapotywenus Technology Group B NIST
npoBenu 3skcnepuMeHTbl Ha Underwriters Laboratories
(UL) B Northbrook, WnnuHoic, uTOBGbLI OLEHUTHL
U3MeHeHMe TeMmnepaTypbl OTCEKA B CBA3M C OTKPbITUEM
OfIHOro MnM ABYyX 1,2 M KBaZpaTHbLIX OTBEPCTMIA MOTOMKA.
YeTbipe  6bln npoBeAeHbI 3KCMEPUMEHTBI o
MCNoNb30BaHWEM MPUPOAHOro rasa B ropesky 6,1 M Ha
43 M Ha 24 M OTCeke C OAHUM [BEPHOro Mnpoema.
Moxapbl konebanack B pa3mepe ot 500 kBT go 2 MBT, n
66111 OTKPbITbI (DOPTOYKM W 3aKpPblS1, Tak YTO B TeyeHue
yeTblpex 3KcnepumeHToB 6bi10 31 AWCKpeTHble
WHTEpBasnbl BPEMEHW, B KOTOPOM MpeackasaHus Moaenu
MOryT ObITb MO CPaBHEHUIO C KBa3W-CTALMOHAPHbIX

ycnoBusix. OTCeK COAEPXWTCS ABE  BepTUKallbHble
MaccuBbl TepMomnap, W [ABepb W  BEHTUMSILMOHHbIE
oTBepcTus,  6binM  obopydoBaHbl  TepMonap U

[BYHanpaBfieHHOro 30HAOB CKopocTu. Cxema oTceka
0oTObpaxaeTcs Ha puUcyHke 3.12.
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Figure 3.12: Geometry of the UL/NIST
Experiments.

PucyHok 3.12: leoMeTpusi 3KCNEPUMEHTOB
UL/NIST.

3.34 UL/NFPRF Sprinkler, Vent, and Draft Curtain
Study

3.34 WccnepoBaHne UL/NFPRF cnpuHknepos,
BEHTUISILUM M HaBECHbIX 3KPaHOB

In 1997, a series of 34 heptane spray burner
experiments was conducted at the Large Scale Fire Test
Facility at Underwriters Laboratories (UL) in Northbrook,
Illinois [169]. The experiments were divided into two test
series. Series I consisted of 22 4.4 MW experiments.
Series II consisted of 12 10 MW experiments. The
objective of the experiments was to characterize the
temperature and flow field for fire scenarios with a
controlled heat release rate in the presence of sprinklers,
draft curtains, and smoke & heat vents. The Large Scale
Fire Test Facility at UL contains a 37 m by 37 m (120 ft
by 120 ft) main fire test cell, equipped with a 30.5 m by
30.5 m (100 ft by 100 ft) adjustable height ceiling. The
UL/NFPRF test results (Series I) are summarized in Table
3.5. The UL/NFPRF test results (Series II) are
summarized in Table 3.6. The layout of the experiments
is shown in Figs. 3.13 and 3.14.

B 1997 rogy cepusi n3 34 renTaHOBbLIX pacnblieHus
9KCMEPUMEHTOB  ropenku  6b10 nNpoBeAeHo B
KpynHomacwwTabHbix csomx Test Facility B Underwriters
Laboratories (UL) B Northbrook, WnnuHoic [169].
OKCnepuMeHTbl  6bliM  pasgeneHbl Ha ABe  Cepun
ucnbltaHuin. Cepusi I coctosn us 22 skcriepuMeHToB 4.4
MBT. Series II coctosn u3 12 10 skcnepumeHToB MBT.
Uenbto  akcnepumeHTOB  6bII0  OXapaKTepu3oBaTb
TeMmnepaTypy 1 nons TedyeHus Ans cLueHapueB NoXKapHbIX
C KOHTPONMPYeMON CKOpOCTbIO BblENeHNs Tenna B
MPUCYTCTBUM pa3bpbi3rnBaTenn, MPOEKTOB LITOPbI, W
[bIMOBble " BEHTUNSLUMOHHbIE oTBepCTUS.
KpynHomacwTtabHas cBoux Test Facility B UL copepxut
37 m no 37 M (120 cyToB Ha 120 ¢yTOB) rNaBHbLIA TeCT
OrOHb KEeTOK, ocHauweHHble 30,5 M Ha 30,5 m (100
¢yTtoB no 100 dyToB) perynvpyemas BbiCOTa MOTOJIKA.
PesynbTathl wucnbitaHmit UL / NFPRF  (cepun 1)
npueeseHsl B Tabnuue 3.5. PesynbTathl McnbiTaHuid UL /
NFPRF (Cepusi II) npueegeHol B Tabnuue 3.6.
KoMnoHOBKa 3KCMepuMEHTOB npuBedeHa Ha puc. 3.13 u
3.14.
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Heptane Spray Burner Test Series I |

Test || Burner Vent First Total Draft Heat Release Rate
No. Pos. Operation Actuation (s) | Actuations | Curtains MW @ s
I-1 B Closed 63 11 Yes 4.4 @ 350
I-2 B Manual (0:40) 66 12 Yes 4.4 @ 50
I-3 B Manual (1:30) 64 12 Yes 4.4 @ 50
I-4 C Closed 60 10 Yes 4.4 @ 50
I-5 C Manual (0:40) 72 9 Yes 4.4 @ 50
I-6 C Manual (1:30) 62 8 Yes 4.4 @ 50
I-7 C 74°C link (DNO) 70 10 Yes 44 @ 50
I-8 B 74°C link (9:26) 60 11 Yes 4.4 @ 30
1-9 D 74°C link (DNO) 70 12 Yes 4.4 @ 30
I-10 D Manual (0:40) 72 13 Yes 4.4 @ 30
I-11 D 74°C link (4:48) N/A N/A Yes 4.4 @ 30
I-12 A Closed 68 14 Yes 44 @ 30
I-13 A 74°C link (1:04) 69 3 Yes 6.0 @ a0
I-14 A Manual (0:40) T4 7 Yes 5.8 @ 60
I-15 A Manual (1:30) 64 5 Yes 5.8 @ 6l
I-16 A 74°C link (1:46) 106 4 Yes 50@ 110
1-17 B 100°C link (DNO) 58 4 No 4.6 @ 30
I-18 C 100°C link (DNO) 58 4 No 3.7 @ 30
I-19 A 100°C link (10:00) 56 10 No 4.6 @ 50
1-20 A 74°C link (1:200 54 4 No 42 @ 50
I-21 C 74°C link (7:00) 58 10 No 4.6 @ 50
1-22 D 100°C link (DNO) 60 6 No 4.6 @ 50

Table 3.5: Results of the UL/NFPRF Series I Experiments.
Note that DNO means “Did Not Open”. Also note, the
fires grew at a rate proportional to the square of the
time until a certain flow rate of fuel was achieved at
which time the flow rate was held steady. Thus, the
“"Heat Release Rate” was the size of the fire at the time
when the fuel supply was leveled off.

Tabnuua 3.5: Pesynbtathl 3kcnepumeHtoB UL/NFPRF
cepun 1. ObpaTtuTte BHMMaHWe, 4To AHO o3HauaeT "He
oTkpbiBan". Kpome TOro, obpatute BHUMaHWE, noOXxapbl
poCM  CO CKOPOCTbIO, MPOMOPLMOHaNbHON  KBagpaTy
BPEMEHW A0 OnpefeneHHOro pacxoda Tonavea He 6bino
[OCTUrHYTO, MOC/NEe Yero CKOpOCTb MOTOKa ocTanacb
HeusMeHHoN. Takum o6pa3oM, "BblgeneHust Tenna Kypc"
6bin pa3MepoM OroHb B TO BpeMs, Koraa mnojadva
Tonamea 6bi1a BblIPOBHSNACh.
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Figure 3.13: Plan view of the UL/NFPRF Experiments,
Series I. The sprinklers are indicated by the solid circles
and are spaced 3 m apart. The number beside each
sprinkler location indicates the channel number of the
nearest thermocouple. The vent dimensions are 4 ft by 8
ft. The boxed letters A, B, C and D indicate burner
positions. Corresponding to each burner position is a
vertical array of thermocouples. Thermocouples 1-9
hang 7, 22, 36, 50, 64, 78, 92, 106 and 120 in from the
ceiling, respectively, above Position A. Thermocouples 10
and 11 are positioned above and below the ceiling tile
directly above Position B, followed by 12-20 that hang at
the same levels below the ceiling as 1-9. The same
pattern is followed at Positions C and D, with
thermocouples 21-31 at C and 3242 at D.

PucyHok 3.13: MnaH Bua Ha skcnepumeHTbl UL / NFPRF,
cepus I. CnpuHKnepbl yKa3aHHbIX TBEpAbIX KPYroB W
pacrnofioXeHHbIXx 3 M Apyr OT Apyra. PaaoM C kaxabiM
MECTOMOJOXKEHNS CMPUHKIEPa YMCIO YKa3biBAeT HOMep
KaHana 6nmxanwen TepMonapebl. Pa3mepbl
BEHTUNAUMOHHBIX 4 pyTa Ha 8 dyTOB B KOpobKe GyKBbI
A, B, C wu D vykasbiBalOT MO3MUMM  TOPENKW.
COOTBETCTBYIOLIEN KaXAOMY MECTOMOMOXEHNIO FOPENKU
npescTasnsieT coboil BepTUKanbHbIA MaccuB Tepmonap.
Tepmonapbl 1-9 nosecuts 7, 22, 36, 50, 64, 78, 92, 106
1 120 B C NOTONKA, COOTBETCTBEHHO, Bbilwe [Mo3uumsa A.
Tepmonap 10 u 11 pacnonoxeHbl BbllWe W HUXe
MOTOMOYHOM MIMTKU HEMOCPEACTBEHHO Haza Mo3vums B,
3aTeM 12-20, 4TO MOBECUTb Ha TOM XE YPOBHE HWMXe
notonka, kak 1-9. Takas >e KapTuHa CneaylT B
nonoxenusix C n D, ¢ nomowbto Tepmonap 21-31 Ha C u
32-42 Ha D.
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Figure 3.14: Plan view of the UL/NFPRF Experiments,
Series II. The boxed letters A, B, C, D, E and F indicate
burner positions. The sprinklers are indicated by the solid
circles and are spaced 10 ft apart. The branch lines run
north to south. The vents are 4 ft by 8 ft.

PucyHok 3.14: MnaH Bua Ha skcnepumeHTbl UL / NFPRF,
Series II. B kopobke 6yksbl A, B, C, D, E u F yka3sbiBatoT
NOMOXeHUs ropesku. CnpuHKNepsbl nokasaHo
CMNJIOLWHBIMK Kpyramum u otctosT 10 ¢yToB apyr oT apyra.
OTpacneBble /MHMM MNpPOXOAAT C CeBepa Ha tor.
BeHTMNAUMOHHbIE OTBEPCTMSI pacnosnoXeHbl 4 ¢dyTa Ha 8

dyTOB.
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Heptane Spray Burner Test Series IT (10 MW Fires) ‘

Test || Burner Vent Sprinklers First Last Avg. Peak Temp.
No. || Position Operation Opened | Activation | Activation | °C | “F
11-1 D 74°C link (DNO) 27 1:15 6:13 1204 | 2649
11-2 D All Open at Start 28 1:05 5:53 128.8 | 2638
11-3 A 74°C link (1:15) 12 1:08 4:00 101.8 | 215.2
11-4 B 74°C link (1:48) 16 1:03 5:54 108.8 | 2278
I1-5 D 74°C link (DNO) 28 1:10 707 130.0 | 266.0
I1-6 D All Open at Start 27 1:10 5:21 127.5 | 261.5
11-7 A Closed 18 1:09 4:11 117.2 | 243.0
11-8 B 74°C link (1:12) 13 1:10 3:34 107.7 | 2259
11-9 E 74°C link (DNO) 23 1:07 3:28 115.8 | 2404
I1-10 F 74°C link (3:20) 19+ 1:14 3:01 108.4 | 227.1
II-11 C 74°C link (DNO) 23 1:02 3:56 123.4 | 2541
11-12 C All Open at Start 23 0:58 4:55 119.0 | 246.2

Table 3.6: Results of the heptane spray burner Series II.
Note that all fires were ramped up to 10MWin 75 s
following a t-squared curve. Also, the plus sign appended
to a value in the “Sprinklers Opened” column indicates
that the area of sprinkler activation spread to the edge of
the adjustable height ceiling, thus more activations might
have occurred had the ceiling extended further.

Tabnuua 3.6: Pe3synbTaTbl renTaH pacnbifieHNst ropenku
cepun II. ObpaTuTe BHMMaHWE, YTO BCE MOXapbl 6bin
yennumnn o 10 MWin 75 cek nocne T -KBaapar
KpuBon. KpoMme TOro, 3Hak nuoc pAobaBnsieTcs K
CTOMMOCTM B "CNpUHKIEPOB  OTKPbIN"  KOMOHKA
YKa3blBAET, YTO M/OWaAb aKTMBaUMM  CMPUHKIIEPHON
pacnpoCTpaHWICS Ha Kpaw PeryivpyeMoil  BbICOTbI
notonka, TakuMm o6pa3oM, 6onblue aKTMBauMiM MOrmo
Npou30MTY MMeN NOTOMNOK paclumMpeHa.

Ceiling: The ceiling was raised to a height of 7.6 m and
instrumented  with  thermocouples and  other
measurement devices. The ceiling was constructed of 0.6
m by 1.2 m by 1.6 cm UL fire-rated Armstrong
Ceramaguard (Item 602B) ceiling tiles. The manufacturer
reported the thermal properties of the material to be:
specific heat 753 J/(kg_K), thermal conductivity 0.0611
W/(m_K), and density 313 kg/m3.

MoTonok: oTonok 661 MOAHAT Ha BLICOTY 7,6 M ”
obopynoBaH cucTemom TepMonap " Apyrux
n3mepuTenbHbIX Npnbopos . MoToNoK 6kl NOCTPOEH K3
06 M Ha 1,2 M Ha 1,6 cMm UL npoTvBOnoXapHbIX
ApmctpoHr Ceramaguard (MyHkT 602B ) nOTONO4YHBIX
nauT . [MpousBoauTenb COOBLIMA TEMNOBLIX CBOWCTB
mMaTepuana, noanexaiiero : TennoemMkoctb 753 Ox / (
kg_K ) , TennonposogHoctb 0,0611 Bt / ( M.k ) , u
nnoTHocTb 313 kr/mM3 .

Draft Curtains: Sheet metal, 1.2 mm thick and 1.8 m
deep, was suspended from the ceiling for 16 of the 22
Series I tests, enclosing an area of about 450 m2 and 49
sprinklers. The curtains were in place for all of the Series
1T tests.

Mpoekt LUTOpbI @ NUCTOBOrO MeTanna , TOMLUMHOW U
1,8 M B rybuHy 1,2 MM , 6bin noggelleH K NOTONKY 3a
16 u3 22 cepuu TeCTOB S , MPUNOXMB MNJoLWaab OKOSO
450 M2 un 49 pasbpbisrvBateneit . 3aHaBecku 6bin Ha
MecCTe B TeyeHue Bcex TecTtos cepum II.

Sprinklers: Central ELO-231 (Extra Large Orifice)
uprights were used for all the tests. The orifice diameter
of this sprinkler is reported by the manufacturer to be
nominally 1.6 cm (0.64 in), the reference actuation
temperature is reported by the manufacturer to be 74_C
(165_F). The RTI (Response Time Index) and C-factor
(Conductivity factor) were reported by UL to be 148
(m_s) 1 2 and 0.7 (m/s)12 , respectively [169]. When
installed, the sprinkler deflector was located 8 cm below
the ceiling. The thermal element of the sprinkler was
located 11 cm below the ceiling. The sprinklers were
installed with nominal 3 m by 3 m (exact 10 ft by 10 ft)
spacing in a system designed to deliver a constant 0.34
L/(s_m2) (0.50 gpm/ft2) discharge density when
supplied by a 131 kPa (19 psi) discharge pressure

CnpuHknepbl: LleHTpanbHbii ELO -231 (Extra Large
avacdparMbl)  CTOMKM  6bINM  UCMOMb30BaHbl [N
npoBeeHWs BCEX WCMbiTaHWi . [uameTp OTBEpCTUS
3TOro CrnpuHKiepa cooblaeTca npov3soauTeneM 6biTb
HoMMHanbHo 1,6 ¢cm ( 0,64 AtolMa) , KOHTPOSbHas

TeMnepartypa cpabaTbiBaHus coobuyaeTcst
npoussoautenem 6bitb 74 C ( 165_F ) . PTU (Otset
WHpekc  Bpems) 7 C-cbaktop  (KOacbpuumeHT

TennonpoBogHoCT ) coobwmnm UL 6bitb 148 (m_s ) 1 2
m 07 (M / c) 12 , coorBerctBeHHO [ 169 ] . Mpwn
yCcTaHoBKe , pasbpbisruBaTtens Aednektop  6bin
pacrnosnioXeH B 8 CM HMXe NOoTosnka. TensoBas 31eMeHTY
cnpuHknepa 6bin pacnonoxeH B 11 c¢M Hwke noTonka.
CnpuHKepbl 6bIK1 YCTaHOBIEHbI C HOMMHANBHOW 3 M Ha
3 M. (TouHoe 10 ¢yToB Ha 10 ¢ytoB ) CuMmBONbLI B
CUCTEME, MpedHasHaueHHOW AN AOCTaBKM MOCTOSIHHbIN
0,34 n/ (s_m2) ( 0.50 gpm/ft2 ) nnoTHOCTb pa3psaa ,
korga nutaHue ot 131 kMa ( 19 ncu) paBneHue Ha
BbIxoge

Vent: UL-listed double leaf fire vents with steel covers
and steel curb were installed in the adjustable height
ceiling in the position shown in Figs. 3.13 and 3.14. The

BeHTunauua: UL- nepeuyncneHHbiX ABOMHLIX JINCTLEB
no)kapHble OTBEPCTMS CO CTaSNlbHbIMU KPbILKAMK U CTanu
0604MHbI 6blIM YCTAHOBNEHbLI B PEryMpyeMoli BbICOTbI
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vent is designed to open manually or automatically. The
vent doors were recessed into the ceiling about 0.3 m (1
ft).

NnoTonKa B MOSIOXEHNN, MOKa3aHHOM Ha puc. 3.13 n 3.14
. BeHTWnb npegHa3HayeH ANns OTKPLITUS BPYYHYIO WK
aBTOMaTu4yeckn.  BeHTMnsuMOHHble  aBepn  6binn
yTonsieHsl B Notonok okono 0,3 ™ (1 dyt).

Heat Release Rate: The heptane spray burner
consisted of a 1 m by 1 m square of 1.3 cm pipe
supported by four cement blocks 0.6 m off the floor.
Four atomizing spray nozzles were used to provide a free
spray of heptane that was then ignited. For all but one of
the Series I tests, the total heat release rate from the
fire was manually ramped up following a “t-squared”
curve to a steady-state in 75 s (150 s was used in Test I-
16). The fire was ramped to 10 MW in 75 s for the Series
II tests. The fire growth curve was followed until a
specified fire size was reached or the first sprinkler
activated. After either of these events, the fire size was
maintained at that level until conditions reached roughly
a steady state, i.e., the temperatures recorded near the
ceilings remained steady and no more sprinkler
activations occurred. The heat release rate from the
burner was confirmed by placing it under the large
product calorimeter at UL, ramping up the flow of
heptane in the same manner as in the tests, and
measuring the total and convective heat release rates. It
was found that the convective heat release rate was 0.65
_ 0.02 of the total.

CxopoCTb Bbii€/IeHUsl TeNna: renTaH Crpen ropeska
coctour u3 1 M Ha 1 ™M nnowagn 1,3 cMm Tpybhl
NOAAEPXKMBAETCS YETLIPbMS LieMeHTHbIX 6510k0B 0,6 M OT
nona. YeTblpe pacnblvTenen cnipei 6b1nn
MCMoNb30BaHbl , 4To6bl 0BecneunTb CBOGOAHbLIN Cripei
rerntaHa , KOTOpbIV 3aTeM BOCMIamMeHsieTcs . [nis Bcex,
KpOMe OAHOro M3 ucnbiTaHuii cepumn I, obLias ckopocTb
TennoBblAeneHns OoT OrHs 6bifo BPYyYHYIO YBENUYMAM
nocne " T -kBagpaT " KpUBOWM Ha CTaumoHapHOM B 75 ¢ (
150 ¢ 6bin ucnonb3osaH B Tect -16 ) . Moxap 6bin
yBenmuunmn ao 10 MBT B 75 ¢ aAns ucnbitaHuin cepum II.
KpuBass pocta OroHb MOCnefoBano AoyKa3aHHOMo
pa3Mepa noxapa He O6bifI0 AOCTUFHYTO WM MepBbIi
CMPUHKNEPHONW aKTMBMpOBaH. [locne 6ol M3 3TUX
CobbITUIA , pa3Mep OroHb MOAAEPXMBANCA Ha 3TOM
YPOBHE MoKa YCNoBUS He JOCTUM NMPUMEPHO YCTOMYUBOrO
COCTOSIHUA , T. €. TemnepaTypa , 3anucCaHHble OKOJIO0
MOTOJSIKOB OCTaeTCs CTabuibHLIM U He BO3HMKIIO 6osbLue
CMPUHKNEPHBbIX aKkTuBauui . CKOpPOCTb BbICBOGOXAEHMS
Tenna oT ropenku 6blno NOATBEPXKAEHO , NOMECTUB €ro
noa 6onblwnM kanopumeTpa npoaykTa B UL, HapawusaeT
MOTOK renTaHa TakuM e obpas3oM, Kak B Tectax , U
n3MepeHust BCEero M KOHBEKTUBHbLIX CTaBKW Tenna. bbino

YCTaHOBMEHO, yTo KOHBEKTUBHbI CKOPOCTb
Tennosblaenenns coctasun 0,65 0,02 ot obuen
CYMMBbl.

Instrumentation: The instrumentation for the tests
consisted of thermocouples, gas analysis equipment, and
pressure  transducers. The locations of the
instrumentation are referenced in the plan view of the
facility (Fig. 3.13). Temperature measurements were
recorded at 104 locations. Type K 0.0625 in diameter
Inconel sheathed thermocouples were positioned to
measure (i) temperatures near the ceiling, (ii)
temperatures of the ceiling jet, and (iii) temperatures
near the vent.

O6o0pypoBaHue: Mpubopbl Ans UCMbITaHW COCTOSN U3
Tepmonap, ra3oBoro aHanusa obopyAoBaHWs U AaTYMKOB
[aBneHust . MecTa pacnosioXXeHusi NpnbopoB CChINaroTCs
Ha Buae cBepxy obbekTa (puc. 3.13 ) . U3mMepeHus
TeMmnepaTypbl 6biin  3adukcupoBaHbl B 104 MecTax.
KoHcTpykTvBHass c¢opma K 0,0625 B  Tepmonap
AMAMETPOM  WMHKOHeNsi 060/104Ke  NO3WLMOHUPOBANUCL
ans uamepenns (I) Temnepatypax, 61M3KuX K MOTONKY ,
(II) Temnepatypbl cTpyn notonka u (III) Temnepartypax,
6/IM3KMX K BEHTUISLIMMN.

3.35 Ulster SBI Corner Heat Flux Measurements

3.35 WU3MepeHMs YrnoBOro TerJioBOro nmnoToka
Onbcrepa SBI

Zhang et al. [170] measured the heat flux and flame
heights from fires in the single burning item (SBI)
enclosure at the University of Ulster, Northern Ireland.
Thin steel plate probes were used to measure the
surface heat flux, and flame heights were determined by
analyzing the instantaneous images extracted from the
videos of the experiments by a CCD camera. Three heat
release rates were used — 30 kW, 45 kW, and 60 kW.

YkaH u gp. [170] wv3mepunu TennoBOro noToka U
M7aMeHN BbICOTbI OT MOXAPOB B MyHKTE OAHOMN ropsiien
(BOO) kopniyca B yHuBepcutete OnbcTepa , CeBepHas
WpnaHaus. TOHKME  CTanbHble  NAAacTUHbI  30HAbI
UCMONb3YITC AN U3MEpPEeHWst TEnioBOM MOTOK Y
MOBEPXHOCTM , W BbICOTbI NyiaMeHu bbinn onpeaeneHbl Ha

OCHOBE  aHanM3a  MrHOBeHHbIX  dotorpadwii
U3BNeYeHHbIE U3 BUAEO 3KCnepumeHToB no M3C-kamepsl
Tpn ckopoctn  BbicBObOXAeHWs  Ternna  Gbinn

ncrnonb3oBaHbl - 30 KBT , 45 kBT 1 60 KBT.

3.36 USCG/HAIWater Mist Suppression Tests

3.36 beperoBas oxpana CLUA / HAIWater Mist
nogaBJieHUA TeCTbl

The U.S. Coast Guard sponsored a series of experiments
to assess the fire suppression capabilities of a variety of
water mist systems in a variety of ship board
configurations. The experiments were conducted in 1999
by Hughes Associates, Inc., in a simulated machinery
space aboard the test vessel State of Maine at the USCG
Fire and Safety Test Detachment, Mobile, Alabama
[171]. The space had nominal dimensions of 7 m by 5 m
by 3 m, containing two steel engine mock-ups each
measuring 3 m by 1 m by 1.5 m. The space was
equipped with a door for natural ventilation and a forced
ventilation system providing approximately 15 air

bBeperoBass oxpaHa CLUA opraHu3oBana  cepuio
SKCNEpPUMEHTOB, 4TObbI OLEHUTb BO3MOXHOCTU
NOXapoTyLUeHUs U3 pas3IMYHbIX BOASHOMO TyMaHa
CUCTEM B PasNYHbIX KOHpUrypaumsx kopabnb 6opTy .
OKCnepuMeHTbl  npoBoavnuMcb B 1999 rogy Xbio3
Associates , Inc , B MoaenMpyeMmMoill MalMHHOMO
nomelleHMss Ha 6opTy TeCcToBOro rocyaapcrsa cocyaa
M3H Ha Beperosoi oxpaHbl CLLUA OroHb u 6e30MacHOCTH
ucnblTaHui oTpsina , Mobun, wrat Anabama [ 171].
MNpocTpaHCTBO MMenn HOMUHarsbHbIE pa3Mepbl 7 M Ha 5 M
0T 3 M, coaepXalluii ABa CTasibHbIX ABUraTesnsi MakeTbl
KaXxabli pa3mepoM 3 M Ha 1 M Ha 1,5 M . MpocTpaHcTBO

56




changes per hour. Five commercially available water mist
systems were evaluated. The obstructed heptane spray
fires ranged in size from approximately 250 kW to 1 MW.

6bin OCHalleH ABepU ANst eCTECTBEHHOW BEHTUASAUUM U
cucTeMon NpUHYAUTENBHOM BEHTUNALMK ,
obecrneuvBaroLLen okono 15 Bo3ayxoobMeH B Yac . MsTb
KOMMepYecku AOCTYMHbIE CUCTEMbI TOHKOPACHblIEHHOM
BOAOW ObifM OUEHeHbl . 3aKyrnopeHHOW renTaH Crpei
noxapbl konebanacb B pasmepe oT npumepHo 250 kBT
Ao 1 MBT.

3.37 USN High Bay Hangar Experiments

3.37 USN Bbicokuii oTtcek AHrap dKcnepMmeHTbl

The U.S. Navy sponsored a series of 33 tests within two
hangars examining fire detection and sprinkler activation
in response to spill fires in large enclosures. Experiments
were conducted using JP-5 and JP-8 fuels in two Navy
high bay aircraft hangars located in Naval Air Stations in
Barber’s Point, Hawaii and Keflavik, Iceland.

BMC CLUA opraHusosana cepuio 33 TeCTOB B TeYeHue
[BYX aHrapoB , WUCCneaylowmx obHapyXeHus noxapa u
aKTUBaLUMW CNPUHKIEPHOW B OTBET NPONMBaTb MOXapoB
B 6onblwMX KOpMycax . DKCMEPUMEHTbI NPOBOAMSIUCL C
ncnonb3oBaHveM JP- 5 1 JP- 8 Tonnmea B ABYX BOEHHO-
MOPCKOro (ioTa BbICOKOro 3asvMB aHrapos CaMOJIETOB ,
PacrofioXXeHHbIX B  MOPCKMX aspoapoMoB B MMOWHT
bapbepa , MaBain u Kednaeuk, UcnaHams .

The Hawaii tests were conducted in a 15 m high hangar
measuring 97.8 m in length and 73.8 m in width. Of the
13 tests conducted in the facility 11 were conducted in
pans ranging from .09 m2 to 4.9 m2 in area with heat
release rates varying from 100 kW to 7.7 MW. The
burner was placed in the center of the room on a scale
that continuously recorded the pans weight. The facility
was equipped with a number of detection devices
including thermocouples, electronic smoke and spot heat
detectors, projected beam smoke detectors, combination
UV/IR optical flame detectors, line-type heat detectors,
as well as sprinklers. Measurements were recorded at a
large number of locations allowing for a through profile
of compartment behavior.

WcnbiTanust TaBaiin 6bin npoBeaeHsl B 15 M B BbICOTY
aHrapa msMepenuns 97,8 M B AnnHy 1 73,8 M B LUMPUHY .
M3 13 ucnbiTaHuii, NpoBeAEeHHbIX Ha 06bekTe 11 6blK
npoBeaeHbl B KacTptonn , HaunHas ot 0,09 M2 po 4,9 m2
B palloHe C CKOPOCTM BbICBOBOXAEHMS Tenna konebnercs
ot 100 kBT go 7,7 MBT. 'opesnka 6bln1 NOMeLLEH B LIEHTPE
KOMHaTbl B  MaclTabe, KOTOpbIA  HEMNPEpPbLIBHO
3anucbiBaeTcs Bec kactptonm . O6bekT 6bin OcHaleH
PSIAOM YCTPOUCTB OBHapy>XeHusi , BK/OYasi TepMomnapbl,
3MIEKTPOHHON AbiMa U MeCTO TENSoBbIX M3BelaTenen ,
Mo MporHo3am ny4y AeTeKTopbl AbiMa, codeTaHne YO /
MK- peTekTOpbl OMTMYECKOro MJlaMeHu, TensoBble
[EeTeKTopbl NMNMHMS TUNa , a Takxe pasbpbisrusatenu .
M3mepeHnss 6binn 3anucaHbl B 60MbWIOM KONMYecTse
MEeCcT , MO3BONSIOWMX 3@ C4eT npoduneMm noseaeHUs
oTceka .

It was suspected that fire plume behavior and response
of detection devices in a cold building may not have
been well replicated by the experiments held in the
warm hangar in Hawaii. The Iceland tests were
conducted under a 22 m barrel vaulted ceiling in a
hangar measuring 45.7 m by 73.8 m. 22 tests in total
were conducted. The majority of these tests fires burned
JP-5 fuel with the remainder burning JP-8. The jet fuel
fires ranged in size from .06 m2 to 20.9 m2 and in heat
release rate from 100 kW to approximately 33 MW. The
facility was equipped similarly to the Hawaii hangar.

Bbino nopo3peHune, 4YTO MOBeAeHWE OroHb akena wm
peakuun YCTPOMCTB OBHapY>XEHUSI B XONTOAHOM 3AaHWM |,
BO3MOXHO, He ©6bliM  XOpoWwo BOCMpPOM3BEAEHbI B
3KCMEpUMEHTax , MPOBOAMMBLIX B TEMOM aHrape Ha
laBaiax. B VicnaHaum ucnbiTaHus NpoBoAvANCL noa 22
M 6appesib CBOAYATHI MOTOMOK B aHrape W3MepeHust
45,7 M Ha 73,8 M . bbiin npoBeaeHbl 22 TecTbl B 06LLeN
CNIOXKHOCTW. BOMbIWIMHCTBO M3 3TUX TECTOB MOXapoB
okuranu JP- 5 Tonnuea , a octanbHoe ropeHus JP-8 .
PeakTBHOrO TOMNMBa MoXapbl konebanack B pa3mepax
o1 0,06 M2 0o 20,9 M2 1 B CKOPOCTW TEMIOBbIAENEHMNS OT
100 kBT go npubnuautensHo 33 MBT. 3TOT 06beKT 6bin
OCHalllEH aHanorMyHo K aHrapy Fasauu.

3.38 Vettori Flat Ceiling Experiments

3.38 BeTTOpM NJIOCKUI1 NOTOSIOK DKCNEPUMEHTbI

Vettori [47] analyzed a series of 45 experiments
conducted at NIST that were intended to compare the
effects of different ceiling configurations on the
activation times of quick response residential pendent
sprinklers. The two ceiling configurations used consisted
of an obstructed ceiling, with parallel beams 0.038 m
wide by 0.24 m deep placed 0.41 m on center, and a
smooth ceiling configuration, in which the beams were
covered by a sheet of gypsum board. In addition to the
two ceiling configurations, there were also three fire
growth rates and three burner locations used — a total of
18 test configurations. The fire growth rate was provided
by a computer controlled methane gas burner to mimic a
standard t-squared fire growth rate with either a slow,
medium, or fast ramp up. The burner was placed in a
corner of the room, then against an adjacent wall, and
then in a location removed from any wall. Measurements
were taken to record sprinkler activation time,
temperatures at varying heights and locations within the
room, and the ceiling jet velocities at several other

Bettopn [47] npoaHanu3mpoBaHbl cepuio u3 45
3KCnepuMeHToB, npoBeaeHHbIXx B NIST , koTopble 6binin
npegHasHayeHbl Ans CpaBHeHUs 3PhEKTOB pasfnyHbIX
KOH(Mrypaumii NoTonka Ha BpEMEH akTBaUMK 6bICTPOro
pearvpoBaHus XWUNbIX BUCAUMX pa3bpbi3rueaTteneit . [iga
KOHdWrypauum noTtonka , WUCNonb3yemble COCTOsNa M3
3aTPYAHEHHbIX MOTOJKA, C napannenbHelx ny4dkos 0,038
M B WUpuHY 1 0,24 M B rnybuHy , pa3meLleHHbIx Ha 0,41
M MO UEHTPY W rNagkou KoHdurypaumu notonka , B
KoTOpbIX H6ankn 6bIIM NOKPbITLI IMCTOM FMNCOKapToHa . B
[ONOSIHEHME K ABYX KOHMUrypauusax notonka , 6buim u
TPU CTaBKM MOXapHble pocTa M TpU MecTa ropenku
UCronb3ylTcs - B 00Wel cnoxHocT 18 TecToBbIX
KOHUrypaumii . TeMmnbl pocTa OroHb obecrneunBaeTcs
KOMMBIOTEPHLIM YMNpaBfeHMEM ra3a MeTaHa ropesku ,
YTO6bI MMUTMPOBATbL CTAHAAPTHLIM TEMI POCTa MoXapa T
-KBaapaT C Noboi MeaneHHon , cpeaHun unmn 6bICTPbIn
HapacTuTb . Fopenka 6bl1 NOMELLEH B Yrly KOMHATbl , TO
MPOTMB COCEAHEN CTEHE, a 3aTEM B MeCTe yAaNleHHOro U3
nobo cTteHe . W3MepeHust MpoBOAMINCH AN 3amnucu
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locations. A diagram of the test structure is displayed in
Figure 3.15.

BPEMSI CMPUHK/IEPHOW aKTMBaUMKM, TemnepaTypbl Ha
pasHoil BbICOTE M MeCTaXx B KOMHaTe , M CKOpPOCTU
NOTO/IOYHbIE PEAKTUBHbIE B HECKONIbKUX APYrMX MecTax.
CxeMa TECTOBOW CTPYKTYpbl MOKa3aH Ha pwuc 3.15.

3.39 Vettori Sloped Ceiling Experiments 3.39 BeTtTOopm HaKJIOHHbIM MOTOJIKOM
DKCNepUMEeHTbI
Vettori [48] performed a series of 72 compartment | Bettopy [48] npoBenn cepuio 72 KynenHbIX

experiments to assess the effects of ceiling beams and
slopes on the activation times of quick-response
residential pendent sprinklers. There were 36
experiments (2 replicates of each) combining the
following parameters:

9KCMEPUMEHTOB ANSt OLEHKN BAUSHWS NOTONOYHbIX 6anok
M CKIOHOB Ha BpeMeH akTuMBauum  BbICTporo
pearMpoBaHusl XWMOW BUCAYMX pasbpbi3rvBaTenei
Bbinn 36 akcnepumeHToB ( 2 Cepumn M3 ) , coyeTalolme
cnegylowme napameTphl:

e Flat, 13_, or 24_ Sloped Ceiling

e Mnockuii , 13_, 24_ WM HaK/TOHHbIM MOTOIKOM

Smooth or Obstructed Ceiling

e Nagkas unu 3aTpyAHEeHHble NOTOoNKa

Fast or Slow Growth Fire

¢ bbICTpo nnn MeaneHHo csonx Poct

e Corner, Side Wall, or Detached Burner Location | ¢ Yron, BokoBas CTeHKa WM KOTTeAXa OPESKU
pacnonoxeHune
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Figure 3.15: Geometry of the Vettori Flat Ceiling PucyHok 3.15: NeomeTpusa NNOCKOro NoTonka
compartment. noMeuleHus no Berropu.

3.40 VTT Large Hall Tests

3.40 UcnbiTaHmsa VTT B 60/1bLLOM 3ane

The experiments are described in Ref. [172]. The series
consisted of 8 experiments, but because of replicates
only three unique fire scenarios. The experiments were
undertaken to study the movement of smoke in a large
hall with a sloped ceiling. The tests were conducted
inside the VTT Fire Test Hall, with dimensions of 19 m
high by 27 m long by 14 m wide. Each test involved a
single heptane pool fire, ranging from 2 MW to 4 MW.
Four types of predicted output were used in the present
evaluation — the HGL temperature and depth, average
flame height and the plume temperature. Three vertical
arrays of thermocouples (TC), plus two thermocouples in
the plume, were compared to FDS predictions. The HGL
temperature and height were reduced from an average
of the three TC arrays using the standard algorithm
described in Chapter 5. The ceiling jet temperature was
not considered, because the ceiling in the test hall is not

DKCMepUMeHTbl onucaHbl B pabote [172]. Cepus
cocTosiia U3 8 3KCMEPUMEHTOB , HO W3-3a MOBTOPOB
TONbKO Tpn YHUKaNbHbIX CcueHapues noxapa

3KCI‘IepVIMEHTbI 6b1nn npoBeAEHbI Aansa n3y4yeHusa

OBWKEHMS ApiMa B 60MbWOM 3ane € HaK/IOHHbIM
MOTOJSIKOM WcnblTaHus  npoBoaunucb  BHyTpu VTT
OrHEeBOE WCMbITaHWe 3ane , ¢ pa3mepamu 19 M B BbICOTY
Ha 27 M B AiMHy M 14 M B wupuHy . Kaxabii Tect
YYaCTBYET OAMH MOXap renTtaH 6accerH , HauuMHas oT 2
MBT o 4 MBT . YeTblpe Tvna Npeacka3aHHOro BbIxoae
6bMM  MCMONb30BaHbl B HACTOSILEM  OLEHKM -
Temnepatypa HGL u rnybuHe, cpeaHsst BbICOTa niaMeHu
utemnepatypbl dakena . Tpu BepTUKabHble MacCUBbI
Tepmonap (TC) , a Takke gBa Tepmonap B dakene ,
6blnM Mo cpaBHeHUto ¢ FDS npeackasaHuii. TemnepaTtypa
HGL wn BbicOTa 6blIM CHMXEHbI B CpeAHEM C Tpex
mMaccuBoB TC € MCMOMIb30BaHMEM  CTAHAAPTHOro
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flat, and the standard model algorithm is not appropriate
for this geometry.

anroputMa , OMMCcaHHoro B rnaee 5. TemnepaTypa
noTosika CTPyM He paccMaTpuBancs , MNOTOMY YTo
MOTOMIOK B TECTOBOM 3ajie He SABMASAETCA MOCKUM, U
CTaHAAPTHbLIA anNropuT™M MoAeNlb He MOAXOAMT ANS 3TOW
reoMeTpum .

The VTT test report lacks some information needed to
model the experiments, which is why some information
was based on private communications with the principal
investigator, Simo Hostikka.

MpoTokon ucnbiTaHuit VTT WUCMbITHIBAET HEAOCTAaTOK B
HEKOTOpPOM nHbopMaLuu, HeobxoanMoMn ans
MOOENNPOBaHUSA  3KCMEPUMEHTOB , BOT  Mo4YeMy
HekoTopass WHdopMaumsi 6bina OCHOBaHa Ha JIMYUHbLIX
coobLIeHuI ¢ rnaBHoro nccnegosatensi, Cumo Hostikka .

Surface Materials: The walls and ceiling of the test hall
consist of a 1 mm thick layer of sheet metal on top of a
5 cm layer of mineral wool. The floor was constructed of
concrete. The report does not provide thermal properties
of these materials.

MaTtepuanbl noBepxHocTuM: CTeHbl W MOTOJOK
UCNbITaTEe/IbHOro 3ane COCTOAT M3 TONICTOro cnost 1 MM
NNCTOBOr0  MeTalna Ha BepwuHe 5 M croem
MUHepanbHol BaThl . Mon 6bl1 NocTpoeH U3 6eToHa. B
Joknaje He obecneumBaeT TEM/oOBble CBOMCTBA 3TUX
MaTepuasnos .

Natural Ventilation: In Cases 1 and 2, all doors were
closed, and ventilation was restricted to infiltration
through the building envelope. Precise information on air
infiltration during these tests is not available. The
scientists who conducted the experiments recommend a
leakage area of about 2 m2, distributed uniformly
throughout the enclosure. By contrast, in Case 3, the
doors located in each end wall (Doors 1 and 2,
respectively) were open to the external ambient
environment. These doors are each 0.8 m wide by 4 m
high, and are located such that their centers are 9.3 m
from the south wall.

EctectBeHHass BeHTunsaumsa: B cayvasx 1 m 2, Bce
ABepu 6bln 3aKpbIThl , ¥ BEHTUASAUMS bblia orpaHnyeHa
WMHPUIbTPaUMKN 4Yepe3 orpaxgalowme KOHCTPYKLuK
TouHas uHdopMaums O WHPWUNLTPaUMK BO3dyXa BO
BPEMS 3TWX WCMbITAHWA He [AOCTYneH. YyeHble
NpOBOAMBLUME KCMEPUMEHTBI NOPEKOMeHA0BaTh 061acTb
yTeUKM OKONO 2 M2 , pacnpeaeneHHbIX paBHOMEPHO Mo
BCell Koprnyce. B npoTMBOMNOMOXHOCTb 3TOMY, B Cllyyae 3
, OBEPU , PaCMONIOXEHHbIE B KaXAOW TOPLEBOW CTEHKE
(oBep 1 M 2 COOTBETCTBEHHO) ObIIM OTKPbLITHI A1
BHELUHEro OKpyXatoLlel cpefbl. 3T ABepu kaxabiin 0,8
M B LUMPWMHY M 4 M B BbICOTY , U PacroiOXeHbl TaK, YTO
WX LEHTPbI HaxoasaTcst 9,3 M OT HOXKHOW CTEHB! .

Mechanical Ventilation: The test hall has a single
mechanical exhaust duct, located in the roof space,
running along the center of the building. This duct had a
circular section with a diameter of 1 m, and opened
horizontally to the hall at a distance of 12 m from the
floor and 10.5 m from the west wall. Mechanical exhaust
ventilation was operational for Case 3, with a constant
volume flow rate of 11 m3/s drawn through the exhaust
duct.

MexaHuuyeckas BeHTuUnAUMA: TecT 3an  WMeeT
eIMHYI0 MeXaHUYeCKyto BbITSDKHYIO  Tpyby ,
PaACroNIOXXEHHYIO B MPOCTPAHCTBE MoA Kpbiwel , 6er no
LUeHTpy 3AaHus. JTOT KaHan 6bin Kpyrnoe cevyeHune
AnameTpoM 1 M , M OTKpbI1 MO rOpyM30HTaNM B 3an Ha
paccTosiHum 12 M oT nona 1 10,5 M OT 3anagHoW CTeHbI .
MexaHunyeckas BbITs)KHasi BEHTUSLMS ONepaTUBHBIX AN
cnyyast 3, C NOCTOSIHHOM O6BEMHOW CKOPOCTM noToka 11
M3 / ¢, NpOBEAEHHON Yepes BbITSHKHON KaHan .

Heat Release Rate: Each test used a single liquid fuel
pan with its center located 16 m from the west wall and
7.4 m from the south wall. For all tests, the fuel was
heptane in a circular steel pan that was partially filled
with water. The pan had a diameter of 1.17 m for Case 1
and 1.6 m for Cases 2 and 3. In each case, the fuel
surface was 1 m above the floor. The trays were placed
on load cells, and the HRR was calculated from the mass
loss rate. For the three cases, the fuel mass loss rate
was averaged from individual replicate tests. In the HRR
estimation, the heat of combustion (taken as 44,600
kJ/kg) and the combustion efficiency for n-heptane was
used. Hostikka suggests a value of 0.8 for the
combustion efficiency. Tewarson reports a value of 0.93
for a 10 cm pool fire [173]. For the calculations reported
in the current study, a combustion efficiency of 0.85 is
assumed. In general, an uncertainty of 15 % has been
assumed for the reported HRR of most of the large scale
fire experiments used.

CkopocTb BbigeneHus Temna: Kaxabll — TecT
MCNONb30BaICA OAMH Ha >XMAKOM TOMJIMBE KaCTPOO C
€ro LieHTPOM, PacnosioXXeHHbIM 16 M OT 3anafHoN CTeHbI
M 74 M OT IOXKHOM CTeHbl . [ns BCEX MCMbITaHUN ,
TOMAMBO 6bIN0 renTaH B KPYrioM CTanau CKOBOPOAY , YTO
6bI710 YaCTUYHO 3anONHEHHOM BOAOW. MaH nmen auametp
1,17 m gna cnydas 1 m 1,6 M ana cnyyaes, 2 1 3. B
KaXkfoM cflyyae , MOBEpXHOCTb Tonmnmea 6bin 1 M OT
nona. JIotkn 6blInM pa3MelleHbl Ha TEH304aTyMKOB , a
Takke HRR paccunTbiBanu Mo CKOPOCTU MOTepU Macchl .
3a Tpu cnydasx CKOpOCTb MOTEpPU Macchl Tonamea 6bi1 B
CpefHeM OT WMHAMBUAYaNbHbIX TECTOB MOBTOPHLIX . o
oueHke HRR , 6bl1 MCMONb30BaH TeMnaoTa CropaHus
(B3sThIN B KauecTBe 44600 kX / Kr) U 3hHEKTUBHOCTb
cropaHms  gns  H-rentaHa. Hostikka npeanonaraer
3HaueHune 0,8 ansa apdhekTUBHOCTH CcropaHus . Tewarson
coobuiaet 3HaveHne 0,93 ana 10 cM bacceiiHa noxapa B
[173] . Ans pacyeToB , NPeACTaB/EHHLIX B TEKYLUEM
nccnefoBaHnm,3hPeKTUBHOCTb CropaHums 0,85

npeanonaraeTcs B obwem,HeonpeaeneHHocTs 15%
npegnonaranocb 3a OTYeTHbIM [MYP  6onblUMHCTBA
KpynHoMacLTabHbIx 3KCMEePUMEHTOB NOXapPHbIX
MCNONb3yEMbIX .
Radiative Fraction: The radiative fraction was | lona wm3nyyeHusa: [lpegnonaraercs, 4TO AONS
assumed to be 0.35 similar to many smoky | uanyyeHuss paBHa 0.35, aHaNOrM4YHO MHOTMM AbIMHbIM
hydrocarbons. YrNeBoAopoaam.

A diagram of the test structure is displayed in Figure
3.16.

CxeMa TECTOBOW CTPYKTYpbl Moka3aHa Ha puc 3.16.
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Figure 3.16: Geometry of the VTT Large Fire Test
Hall.

PucyHok 3.16: l'eoMeTpusa ucnbitauua VIT
KpPYMNHOro no)apa B 3ane.

3.41 WTC Spray Burner Test Series

3.41 Cepus UCnbiTaHMA PacnbI/INTENIbHOW ropenkun
B LleHTpe MUpPOBO# TOProBau

As part of its investigation of the World Trade Center
disaster, the Building and Fire Research Laboratory at
NIST conducted several series of fire experiments to
both gain insight into the observed fire behavior and also
to validate FDS for use in reconstructing the fires. The
first series of experiments involved a relatively simple
compartment with a liquid spray burner and various
structural elements with varying amounts of sprayed fire-
resistive materials (SFRM). A diagram of the
compartment is shown in Fig. 3.17. A complete
description of the experiments can be found in the NIST
WTC report NCSTAR 1-5B [62]. The overall enclosure
was rectangular, as were the vents and most of the
obstructions. The compartment walls and ceiling were
made of 2.54 cm thick marinite. The manufacturer
provided the thermal properties of the material used in
the calculation. The density was 737 kg/m3, conductivity
0.12 W/m/K. The specific heat ranged from 1.17 kJ/kg/K
at 93 _C to 1.42 ki/kg/K at 425 _C. This value was
assumed for higher temperatures. The steel used to
construct the column and truss flanges was 0.64 cm
thick. The density of the steel was assumed to be 7,860
kg/m3; its specific heat 0.45 kJ/kg/K.

B paMkax cBoero paccnefoBaHus  KaTacTpodbl
BcemupHoro TOpProsoro LeHTpa, HayuyHo-
uccnegosatenbckas nabopatopusi  CTpouTensCTBO U
Moxap Ha NIST npoBenn HECKONbKO CEPUIt MOoXKapHbIX
SKCNEPUMEHTOB KaK Ans YCUNEHUS MPOHUKHOBEHUS B
HabnogaemMoro noeefeHMst MnoXxapa , a Takke Aans
nposepkn FDS Ans ucnonb3oBaHWsi B BOCCTAHOBIEHUM
noXxapoB . B nepBoi cepum 3KCNePUMEHTOB Y4acTBOBan
OTHOCUTENIbHO MPOCTOM OTCEK C XXMAKUM pacnblieHUEM
ropefnikn W pasNYHbIX CTPYKTYPHbIX 3/IEMEHTOB C
pa3fiMyHbIMK KOSIMYeCcTBaMm pacnblisemoro
Hecropaembix MaTtepuanoB ( SFRM ). Cxema oTceka
nokasaHa Ha puc 3.17 [MonHoe onucaHue
3KCMEPUMEHTOB MOXHO HailTu B pgoknage NIST WTC
NCSTAR 1 -5B [62] O6umin  kopnyc  6bin
NpsSIMOYToNbHBIM , Kak Hbin oTBEpCTMS , M 6ONBLIMHCTBO
npenaTcTBuin. OTCEK CTEHbI U MOTOMOK 6bIIN CAenaHbl U3
2,54 cM TonwmMHOM marinite . Mpou3BOAUTEND YCIIOBUM,

TENMOBble CBOMCTBA MaTepuana, WCMonb3yeMoro B
pacuerte. MnoTHOCTL 6bina 737 Kr/m3,
TennonposogHoctb 0,12 Bt / M / K YpenoHas

TENI0EMKOCTb B AnanasoHe o1 1,17 kx / kr / K npn 93
_Cpo 1,42 kx / kr / K npu 425 _C . lNpeanonaranocb
OTo 3HauyeHne pana 6onee BLICOKMX TemnepaTypax.
Cranb, ucnonb3yemass Ans MNOCTPOeHus CTonbuos W
depm dnaHupl 6bin ToncTbiM 0,64 cM . MNOTHOCTL CTanm
npeanonaranacb 7860 kr/m3; ero Tennoemkoctb 0,45
kx /kr /K.

Two fuels were used in the tests. The properties of the
fuels were obtained from measurements made on a
series of unconfined burns that are referenced in the test

[iBa Tonnuea 6bIMM UCMoONb30BaHbI B Tectax . CBOMCTBA
TOMAMB 6blIM MONYyYeHbl U3 M3MEPEHWM, BbIMNOSTHEHHbBIX
Ha Cepuu HeorpaHWYeHHbIX OXOros Ha KoTopble

/A
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report. The first fuel was a blend of heptane isomers,
C7H16. Its soot yield was set at a constant 1.5 %. The
second fuel was a mixture (40 % - 60 % by volume) of
toluene, C7H8, and heptane. Because FDS only considers
the burning of a single hydrocarbon fuel, the mixture
was taken to be C7H12 with a soot yield of 11.2 %. The
radiative fraction for the heptane blend was 0.44; for the
heptane/toluene mixture it was 0.39. The heat release
rate of the simulated burner was set to that which was
measured in the experiments. The spray burner was
modeled using reported properties of the nozzle and
liquid fuel droplets.

CCbifIaeTcs B MPOTOKOME WUCMbITaHMi . MNepBoe TonAMBO
ABNSETCA CMecblo rentaHa wsomepos, C7H16 Ero
BbIXO4 Caxu Obln yCTaHOBIEH Ha MNOCTOSIHHOM 1,5%.
BTtopoe TOMnMBO npeacTaBnsieT coboit cMeck (40 % -
60% no obbvemy) Tonyona , C7H8 u rentaH . MoToMy 4TO
TONbKO FDS cyuTaeT COXOKEHMe 0o4HOro
yrneBoAOPOAHOro TOM/IMBA , CMeCb NPUHATO 6biTb C7H12
C caxxen BbixoaoM 11,2% . PaauaumoHHoe dpakumns ans
rentaHa cmecn 6bino 0,44; ans rentaH / Tonyon 3TO
6bi710 0,39 . CKOpPOCTb TEMOBbLIAENEHUS MOAEUPYEMOiA
ropenkun 6bin yCTaHOBMEH Ha TO, YTO 6biN0 M3MEepeHo B
akcnepumeHTax. PacnbinutenbHass dopcyHka  6bina
cMoZenupoBaHa C  WMCMoOnb30oBaHWEM  cooblanoch
CBOMCTBA COMJIOM 1 Kanesib XWAKOro TonavBa.
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Figure 3.17: Geometry of the WTC Experiments.

PucyHok 3.17: leoMeTpus S3KCNEepUMMEHTOB B
LleHTpe MMPOBOW TOProBJiu.

3.42 Summary of Experiments

3.42 Pe3ioMe 3KCNEepUMEHTOB

Table 3.7 presents a summary of all the experiments
described in this chapter in terms of quantities commonly
used in fire protection engineering. This “parameter
space” outlines the range of applicability of the validation
studies performed to date. The parameters are explained
below:

Tabnuua 3.7 npeactaBnsieT coboli pestomMe  BCex
3KCMEPUMEHTaX, OMUCaHHLIX B 3TOW [flaBe u4epes
BEMYMHBI , 0BbIYHO MCMOJIb3YEMbIX B MPOTUBOMNOXAPHOM
3aWnTbl TEXHUKKU. DTO " MPOCTpaHCTBO MapaMeTpos "
OYepUMBAET rpaHMLbl NPUMEHUMOCTUN UCCNEeA0BaHUIA MO
Ba/MAAUMN BbIMNOSIHEHHbLIX A0 HACTOSILLEr0 BPEMEHM
MapaMeTpbl onMcaHbl HUXeE:

Heat Release Rate, 'Q, is the range of peak heat
release rates of the fires in the test series.

CKOpPOCTb TErnJIoBblAesNIeHus,
AManasoH  MWKOBOM  CKOPOCTbIO
MoXKapoB B CEPWUM UCTbITaHUM .

Q , saBnsetcd
TennoBbiAeneHus

Fire Diameter, D, is the equivalent diameter of the
base of the fire, calculated D = p4A=p, where A is the
area of the base.

Avametrp noxapa, D, sBnNsSeTcs 3KBUBANEHTHLIV
AvaMeTp OCHOBaHWA noxapa , B pacdyete D = P4A = p,
roe A npeacTaensieT cobov Nowaab OCHOBAHUS .

Ceiling Height, H, is the distance from floor to ceiling.

BbicoTa noToska , H, pacctosiHve oT nosa Ao NoTosKa.

Fire Froude Number, Q_, is a useful non-dimensional
quantity for plume correlations and flame height

Oronb ®pyaa , Q_ , sBngerca nonesHbIM
6e3pasMepHasl BeIMYMHA ANs MJOMOB  KOppensumMn u
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estimates.

Q*

| BbICOTE OLIEHKAX MNJ1aMeHN .

Q

= pcyTo/2DDR

(3.4

It is essentially the ratio of the fuel gas exit velocity and
the buoyancy-induced plume velocity. Jet fires are
characterized by large Froude numbers. Typical
accidental fires have a Froude nhumber near unity.

Mo cylecTBy, 3TO OTHOLIEHWE CKOPOCTW BbIXOAA rasa
TOM/IMBa U NNaBy4YeCTH , BbI3BAHHON CKOPOCTU Wineida .
Jet noxapbl XapakTepusytoTcs 60MblMM unciom dpyaa .
TunuuHble Noxapbl MMeloT psa Ppyaa OKoMo eaHULbI .

Flame Height relative to Ceiling Height, Lf =H, is a
convenient way to express the physical size of the fire
relative to the size of the room. The height of the visible
flame, based on Heskestad’s correlation, is estimated by:

BbicOTa n/laMeHM N0 CPaBHEHUID C BbICOTOM
notonka, LF H , aBnsetcd yaobHbIM cnocobom
Bblpa3uTb (U3NYECKMI pasMep MOXKapHON OTHOCUTENbHO
pa3Mepa KOMHaTbl. BblcOTa BMAMMOro nfiaMeHn , Ha
ocHoBe koppensiumn Heskestad , B oueHnBaetcs :

g:ﬂ@}m

2, 1/5

/5_1.02
: )(35

Global Equivalence Ratio, f, is the ratio of the mass
flux of fuel to the mass flux of oxygen into the
compartment, divided by the stoichiometric ratio.

CooTHoweHue rnobanbHbii SKBUBAJIEHTHOCTH,
F, npeactaBnsieT cobo/i OTHOLIEHME MOTOKA Macchl
TOMAMBa K MacCoOBOMY MOTOKY KMCIOpoda B OTCEke |,
[EeNeHHoe Ha CTEXMOMETPUYECKOM COOTHOLLEHMUM .

O (kW)
13,100 (kJ/kg) ring,

h';?_lf'

= — v Hlp, =
F Hio, .

Natural Ventilation

Mechanical Ventilation

10.234,/H,
0.23pV

(3.6)

Here, r is the stoichiometric ratio, AO is the area of the
compartment opening, HO is the height of the opening, r
is the density of air, and "V is the volume flow of air into
the compartment. If f < 1, the compartment is
considered “well-ventilated” and if f > 1, the
compartment is considered “underventilated.”

30ecb R 9BNsSeTca CTEXMOMETPUYECKOE COOTHOLLEHME
AQ0 aBnsieTca nnowaab oTBepcTus otceka , HO paBHa
BblCOTE OTBepCTMe , I -NAOTHOCTb BO3AyXxa, a =~ V
ABNsieTC 0O6bEMHbIN pacxod Bo3ayxa B oTceke. Ecnm e
<1 , oTcek cuuTaeTca " XOpOWO MpoBeTpvMBaeMOM " u
ecim F > 1, otcek cumtaetcs " underventilated . "

Compartment Aspect Ratios, W=H and L=H, indicate
if the compartment is shaped like a hallway, typical
room, or vertical shaft.

KoadduumeHtbl otcek acnekt , W =Hwu L = H,
yKaszaTb, eC/in OTCEK UMeeT hopMy MPUXOXKEN, TUMNYHOW
KOMHaTe, W1 BEPTUKaIbHbLIM BasioM .

Relative Distance along the Ceiling, rc j=H,
indicates the distance from the fire plume of a sprinkler,

OTHOCUTenbHOEe paccTosiHue BAoJib notonka , RC J
= H , yKkasblBaeT pacCTOsHME OT MNOXapHou Lunend

smoke detector, etc., relative to the compartment height, | noxaeBanbHol , [AbIMOBble pgaTuuku, WM T.4. , MO
H. OTHOLLEHWIO K BbICOTE OTCeKa , H.

Relative Distance from the Fire, rrad=D, indicates | OTHocuTenbHaa PaccrosiHme oOT OrHs, rrad = D
whether a “target” is near or far from the fire. MokasblBaeT, aBnseTca nM 370 "uenb" 6aM3k0 wm

AaNEKO OT OrH4.

Table 3.8 lists a few important parameters related to the
numerical resolution of the calculation.

Tabnuua 3.8 CnNUCKM HECKONbKO BaXHbIX MapaMeTpoB,
OTHOCSILLMXCSA K YUCTIEHHOMY PELUEHUIO pacyeTa .

Characteristic Fire Diameter, D_, is a useful length
scale that incorporates the heat release rate of the fire.

XapakTepuctuka Auvametpa noxapa , D_ , saBnsietcs
nonesHbiM MacwTtab AnuMHbl , YTO BK/IOYaeT B cebs
CKOPOCTb TEMN/IOBbILENEHNS B OrOHb.

0

2/5
= —M——
(ﬂm (Ip?_m VE)

Plume Resolution Index, D_=dx, is the number of
grid cells of length dx that span the characteristic
diameter of the fire. The greater its value, the more
“resolved” are the fire dynamics.

(3.7)
UHpekc PaspewenHusa crpyn, D_ = ax , 370
KONMMYeCTBO s4eek CeTkM AnvHbl DX ,  KoTopble

OXBaTbIBAIOT XapaKTepHbIii AMaMeTp OroHb. YeMm 6orblue
ero 3HayeHne , TeM 6onbwe " peweH" SBASAIOTCA
ANHaMMKa NoXapHsble .

Ceiling Height relative to Fire Diameter, H=D_, is
the non-dimensional height of the smoke plume.

BbicoTa NOTOJIKa OTHOCUTESIbHO AUaMeTpa noxapa
, H = D_, siBnsetca 6e3pa3MepHasi BbICOTa AbIMOBOrO
wneiida .

Note that the calculations performed for the various
validation studies described in this Guide use a wide
range of values of the Plume Resolution Index, D_=dx.
There are several reasons for this. First, typical
applications of FDS often involve relatively small fires in
relatively large spaces, and it is impractical to use a very
fine grid that captures the detailed fire dynamics.

O6bpatute BHMMaHWE, YTO pac4yeTbl, BbIMOSHEHHbIE ANS
Pa3/IMYHbIX MPOBEPOYHBIX MCCMEeAOBaHUIA , OMMUCAHHbIX B
[AHHOM pYKOBOACTBE WCIOJb30BaTh LUMPOKWUIA CMEKTP
3HayeHui Plume Cnimcok Pesonoumsa , D_ = DX. Ectb
HECKOJIbKO MpUYMH Anst 3Toro . Bo-nepBbiX, TUMMYHbIE
npunoxennss FDS 4acto BK/IOYAKOT  OTHOCUTESBHO
HebonbluMe noxapbl B OTHOCUTENbHO  60MbLUMX
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Second, for some applications the accuracy of calculation
is highly dependent on resolving the plume well, but for
others, it is less important. For those citing the validation
studies in this Guide, it is important that both the
physical and numerical parameters are comparable to
the given application.

MPOCTPAHCTB , U 3TO HEMPaAKTUYHO MCMOb30BaTh OYEHb
TOHKYIO CETKY , KOTOpas 3axBaTbiBaeT AWHAMUKY
noxapHble noapobHble . Bo-BTOPLIX, AN HEKOTOPbIX
MPWOXKEHUN TOYHOCTb pacyeTa CUIbHO 3aBUCWUT OT
paspelleHus Wend Xopowo, HO Ans ApYrux, 370 He
CTONMb BaXHO. [ns Tex, CCbiMasicb Ha WCCenoBaHus
MPOBEPKU B AAHHOM PYKOBOACTBE , Ba)XKHO , YTO Kak
(bM3MYECKME N YMCTIEHHbIE MapaMeTpbl COMOCTaBWMbl C

AaHHOIo NpUIoXXeHU4d .

Table 3.7: Summary of important experimental

Tabnuua 3.7 : Pe3toMe BaXkHbIX MapaMeTpoB

parameters. 3KCNEepMeHTa .

Test Series {I-f\" ] ;;:J [i} o Ly/H 0 W/H | L/H rej/H Trad /D
Arup Tunnel 5344 1.6 7 1.4 0.8 0.03 1.1 43 0-1.1 NIA
ATF Corridors 50 — 500 0.5 24 03-3.1 03-1 | 001 -0.07 | 08 7.1 0.8-6 N/A
Beyler Hood §-30 0.2 0.5 04-10 |07-14| 02-17 2.0 2.0 NFA NIA
Bryant Doorway 34-511 0.3 24 04-6.4 03-1 | 0.01-016] LO 21 0.6—-08 N/A
CSTB Tunnel 1965 — 2484 0.8 1.9 29-37 [21-24 | 04-005( 13 28 L.6—12.6 NIA
Cup Burner 0.3 0.028 Open 1.9 Open Varying Open | Open Open N/A
FAA Cargo 5 0.1 1.4 1.3 0.2 0 23 48 0.1-48 NIA
Fleury Heat Flux 100 — 300 03-06 | Open | 03-43 Open Open Open | Open Open 0.8-67
FM Panels 30— 100 0.5 Open | 0.15-03 Open Open Open | Open Open 0-03
FM/SNL 470-516 0.9 6.1 0.5-0.6 .3 0.2 2.0 30 0.2-03 N/A
Hamins CHy 0.4-162 0.1- 1.0 | Open 0.1 Open Open Open | Open NFA 0.1-12
Harrison Plumes 5-15 0.16 0.5 04-13 |06-1.1 0.1 2 2 NIA N/A
Heskestad 107 — 107 1.1 Open | 100 T—10¥ Open Open Open | Open NFA N/A
LLNL Enclosure 50 — 400 0.6 4.5 02-14 [01-04|003-022( 09 1.3 0.3-1.0 N/A
McCaffrey Plume 1457 .3 Open | 0.2-07 Open Open Open | Open N/A N/A
NBS Multi-Room 110 0.3 24 1.4 04-52 0.12 1.0 5.1 0.5-07 | 09-24
NIST RSE 50 — 600 0.15 1.0 | 49584 1-29 | 0.1-115 1.0 1.5 NIA N/A
NIST/NRC 350 — 2200 1.0 3.8 03-19 |04-11| 0.04-07 1.9 5.7 0.3-2.1 2-4
NRCC Facade 5000 — 10300 3 2.8 0.1-0.2 1- 1.8 25-52 1.6 2.2 N/A 0
NREL/HAI 50— 520 0.3-0.7 | Open 1-1.1 Open Open Open | Open N/A 0.3-8
Sandia Plume 2025 — 5450 1.0 Open | 1.7-46 Open Open Open | Open NIA N/A
SP AST 450 0.3 24 5.7 1 0.1 1.0 1.5 N/A NIA
Steckler 316158 3 21 07-35 |03-07 | 0.01-06 1.3 1.3 NIA N/A
UL/NFPRF 4400 — 10000 1.0 1.6 37-85 [08-11 0 49 4.9 0.1-2.0 NIA
UL/NIST Vents 500 — 2000 0.9 24 06-25 |08-17| 01-05 1.8 25 1.0-23 N/A
Ulster SBI 30-60 0.2 Open | 14-28 Open Open Open | Open NFA 1-7.5
USCG/HAL 250 — 1000 .3 30 | 56-224 |06-11] 03-10 1.7 23 0-0.8 615
USN Hawaii 100 -T700 | 0.3-2.5 15 1.3-07 [0.1-04 0 49 6.5 0-12 NIA
USN Iceland 100— 15700 | 0.3-34 | 22 1.3-06 |01-04 0 2.1 34 0-1.0 N/A
fettori Flat 1055 0.7 2.6 23 1.2 Closed 2.1 35 0.8-29 NIA
Vettori Sloped 1055 0.7 25 23 1.2 0.23 22 29 NIA N/A
VTT Large Hall 1860 —-3640 | 1.4- 1.8 19 0.7 0.2 0 1.0 1.4 0-06 NIA
WTC 965 — 1460 1.0 38 08-12 |07-09| 05-07 0.9 1.8 0.1 05-2

Table 3.8: Summary of important numerical parameters. | Ta6nuua 3.8: Pe3ioMe BaXHbIX YNCIOBbIX MapaMeTPOB.
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Test Series o (m) I/ éx H/D*
Arup Tunnel 1.8 0 38
ATF Corridors 03-07 -7 85-34
Beyler Hood 0.1-02 5-8 3.5-2.1
Bryant Doorway 0.2-07 5-14 99-34
CSTB Tunnel 1.2-13 12-13 1.5-14
Cup Burner 0.04 3n Open
FAA Cargo 0.1 5.6 12
Fleury Heat Flux 0.4-0.6 B 12 Open
FM FPanels 0.2-04 12-19 Open
FM/SNL 0.7 7 8.8-8.5
Hamins Burner 0.4 -0.5 6 Open
Harrizon Plumes 0.1-02 5-7 44-2.8
Heskestad 0.d—44 5-20 Open
LLNL Enclosure 0.3- 06 1 -3 15969
McCaffrey Plume | 0.2-03 5-—20 Open
NBS Multi-Room 0.4 4 6.2
NIST RSE 0.3-08 12 -32 35-1.3
NIST/NEC 06-1.3 5-11 6.5-3.1
NRCC Facade l.8-24 18 -24 1.5-1.2
NEL/HALI 03-07 9- 10 Open
Sandia Plume 1.2- 1.8 | 20-118 Open
SPAST 0.7 14 35
Steckler 02-04 5-9 9.1-48
UL/NFPRF 1.7-24 B—12 45-32
UL/NIST 07-1.2 7-12 34-19
Ulster SBI 0.2-03 12 - 15 Open
USCG/HAL 05-09 5-9 56-32
USM Haw aii 04-21 2-11 403-7.1
USHN Iceland 04-28 2-14 50-7.8
Vettori Flat 1.0 12 28
Vettori Sloped 1.0 10 1.6
VTT Large Hall 1.2-1.6 5-6 15.8-12.1
WTC 09-1.1 9-11 4.1-3.5
Chapter 4. Quantifying Model Uncertainty Fnaea 4, KonuuectBeHHbIH aHanus

HeonpeaeneHHoCTun Mmogenun

This chapter describes a method to estimate the model
uncertainty using comparisons of model predictions with
experimental measurements whose uncertainty has been
quantified. The method is ideal for complex numerical
models like FDS for which a systematic analysis of sub-
components is impractical, but for which there exists a
relatively large amount of experimental data with which
to evaluate the accuracy of the model predictions. If the
uncertainty in the experiments can be quantified, the
uncertainty in the model can then be expressed in the
form of a normal distribution whose mean and standard
deviation are estimated from the relative difference
between the predicted and measured values.

B 3TOM rnaBe ONWCbIBAaeTCS METOA OLEHKUM MoAenu

HeonpeaeneHHOCTH C MOMOLLbIO CpaBHeHus
npeackasaHuii  MoAenM € 3KCMEepUMEHTasbHbIMMI
M3MEPEHMSIMU  ,  UbW  HEOMpeAeNneHHOCTb  6bina
KONMMYECTBEHHO MeToq waeanbHO MOAXOAUT ANA
CNOXHBIX YMCTIEHHBIX Moaenel , kak FDS ans KoTopbIX
cUcTeMaTMYecKui aHanu3 Cy6KOMMOHEHTOB
HeLenecoobpasHo , HO AN KOTOPbIX CyLIECTBYET
OTHOCUTESIbHO 6osnbLuoe KONMMYECTBO
3KCMEPUMEHTA/IbHLIX AaHHbIX , C KOTOPbIMU OLEHWUTb
TOYHOCTb npeackasaHui Moaenu Ecnn

HeonpeaeneHHOCTb B OnbiTax MOXET 6bITb onpeaeneHa
KOJIMYECTBEHHO , HEOMNpeaeneHHOCTb B MOAENN MOryTt
6bITb BblpaXX€Hbl B BMAE HOPMaJZIbHOro pacnpeaeneHuns
KOTOpOro cpegHee n CTaHAapTHOE OTKJIOHEHUE
OLIEHMBAOTCS  OT  OTHOCWUTESIbHOM pa3HOCTN  MeXAay
npegckasaHHbIM U U3BMEPEHHLIMU 3HAYEHUAMU .

This method only addresses model uncertainty. It does
not account for the uncertainty associated with the
model input parameters. How the parameter uncertainty
is treated depends greatly on the type of application.

JTOoT  MeTod  paccMaTpMBaeT  TOMbKO  Mopenb
HeomnpeaeneHHoCTU. 370 He YUMTbIBaET
HeonpeaeneHHOCTH, CBA3aHHON C MOAEbHBIMUA BXOAHbIX
napamMeTpoB. Kak  HeonpedeneHHOCTb  NapaMeTp
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Regardless of how the parameter uncertainty is
calculated, the model uncertainty needs to be addressed
independently. In fact, it is incumbent on the model
developers to express the uncertainty of the model in as
simple a form as possible to enable the end user to
assess the impact of parameter uncertainty and then
combine the two forms of uncertainty into a final result.

paccMaTpuBaeTCs B 3HAUMTENbHOM CTeneHu 3aBUCWUT OT
TMNa npuMeHeHuns. Hes3aBucMMo OT  TOro, Kak
BbIYMCNSETCA HeornpeaeneHHOCTb MnapameTp , Moaenb
HeonpeAeneHHoCTb HeobxoauMo pellaTb He3aBUCUMO.
Ha camom pfene, 3TO BO3NOXEHO Ha pa3paboTuMkos
mMogenu , Ytobbl Bblpa3nuTb HeonpeaeneHHOCTb Modenu B
KayecTtBe npocToro opMe , HAaCKObKO 3TO BO3MOXHO ,
yTo6bl MO3BOMUTL KOHEYHOMY MONb30BATENO OLEHUTb
BUSHWE HeonpeaenieHHOCTU MapaMeTpoB , a 3aTeMm
obbeanHUTbL ABe HhOpMbl HEONpPeaeNneHHOCTU B KOHEYHOM
pesynbTaTe.

4.1 Introduction

4.1 BBegeHue

The most effective way of introducing the subject of
uncertainty in fire modeling is by way of an example.
Suppose that a fire model is used to estimate the
likelihood that an electrical control cable could be
damaged by a fire. It is assumed that the cable loses
functionality when its surface temperature reaches 200
_C, and the model predicts that the cable temperature
could reach as high as 175 _C. Does this mean that
there is no chance of damage? The answer is no,
because the input parameters, like the heat release rate
of the fire, and the model assumptions, like the way the
cables are modeled, are uncertain. The combination of
the two — the parameter uncertainty and the model
uncertainty — leave open the possibility that the cable
temperature could exceed 200 _C.

Camblii  3hchekTMBHBIN  Cnocob  BBeaeHUs npeaMeTta
HeonpeAeneHHoCTM B OrHE MOAENUPOBaHUS SBASETCS
nyteMm npuMmepa . [peanonoxuM, 4YTto Mnoxap Moaesnb
UCNONb3YeTCA AN OUEHKM BEpPOSATHOCTM TOro, 4TO
anekTpuyeckuin  kabenb  yrnpaBneHus MOryT  6biTb
nospexzaeHsl B pe3ynbrate noxapa . lpeanonaraercs,
yto kabenb TepseT  YHKUMOHANLHOCTb,  Korga
TeMmnepaTtypa ero nosepxHoctu gocturaet 200 ° C, n
Mogenb MpeackasbiBaeT , 4TO TemnepaTypa kabens
MoxeT gocturatb 175 _C . O3Ha4yaeT nm 370, YTO HeT
HUKaKuX LWaHCOB nospexaeHns ? He OTeBeT: HeT ,
NMOTOMY YTO BXOAHble MapaMeTpbl , TaKME KaK CKOPOCTb
TEnnoBbIAENEHNS OrOHb , WU JOMYLUEHUS MOAENN, Kak
nytm kabenu obpasuy , SBASIOTCA HeonpeaeneHHbIMU.
CoyeTaHue 3TUX ABYX -HeonpeaeneHHOCTU MapaMeTpoB
U Mofefb HeonpeaeneHHOCTU - OCTaBWUTb OTKPLITOM

BO3MOXHOCTb , 4TO TeMmnepaTypa Kkabens Moxet
npesblcntb 200 _C.
This chapter addresses model uncertainty only and | B HacTosiweir rnaBe paccMaTpuBalOTCs  MOAENM
suggests a simple method to quantify it. While parameter | HeonpeaeneHHocTb TOMbKO W MpednaraeT  NpoCTon
uncertainty is certainly an important consideration in fire | MeToq KonuyecTBeHHOV ero. B TO BpeMs Kak

modeling, its treatment varies considerably depending on
the particular application. For example, in what is often
referred to as a “bounding analysis,” the model input
parameters are chosen so as to simulate a “maximum
credible” or “worst case” fire. In other cases, mean
values of the input parameters constitute a “50th
percentile” design scenario. Sometimes entire statistical
distributions, rather than individual values, of the input
parameters are “propagated” through the model in a
variety of ways, leading to a statistical distribution of the
model output. Notarianni and Parry survey these
techniques in the SFPE Handbook [174]. Regardless of
the method that is chosen for assessing the impact of
the input parameters on the model prediction, there
needs to be a way of quantifying the uncertainty of the
model itself. In other words, how good is the prediction
for a given set of input parameters?

HeonpeAeneHHoCTb NapaMeTp , 6e3ycrioBHO, SIBASETCS
BaXHbIM (DaKTOPOM B MOXApPHO MOAENMPOBAHUS , €ero
NeyeHne 3HaAUYUTENbHO BapbMpyeTcs B 3aBUMCMMOCTU OT
KOHKPETHOro npumeHeHus . Hanpumep, B TO, YTO 4acTto
HasblBaloT " orpaHuumBalollelt aHanusa " Mogenb
BXOZHble napameTpbl BblbpaHbl Takum 06pa3oM, 4YTO6LI
UMWUTUPOBaTL "MaKCMMaibHyld HagexHon " wam "
XyAWwuini cnydain " oroHb . B apyrux cnydasix , cpegHue
3HaYeHUsl BXOAHbIX NapaMeTpoB NpeacTaBNstoT cobol «
50-ro npoueHTUnsa " auzaiiH cueHapuit . MHorga uenble
CTAaTUCTUYECKNE pacnpefeneHns , a He OTAENbHbIX
3HaueHMI , BXOAHbIX NapaMeTpoB " pacnpocTpaHsercs "
no Moaenn B pasnnyHbiXx dopMax , YTO MNPUMBOAMT K
CTaTUCTMYECKOMY pacnpeiesieHnto Ha BbIXOAEe Moaenu .
Notarianni wn Tlappn obcnegoBaTb 3TM  MeTOAbl B
PykosoactBe SFPE [ 174 ] . He3saBucumo ot cnocoba ,
BbIOpAHHOIO A5 OLEHKW BNUSIHWS BXOAHbLIX MapaMeTpoB
Ha NpeAckasaHus MoAenn , TaM AO/MKHO BbiTb Ccnocobom
KOJIMYECTBEHHOW OLIEHKM HEOMNpeAeneHHOCTM  camMou
mMoaenu. [pyrMMu CnoBaMW, HacKONbKO XOpOLWO 3TO
npeackasaHve AN daHHoro  Habopa  BXOAHbIX
napameTpos ?

The issue of model uncertainty has been around as long
as the models themselves. The scenario above, for
example, was considered by Siu and Apostolakis in the
early 1980s [175] as part of their development of risk
models for nuclear power plants. The fire models at the
time were relatively simple. In fact, many were
engineering correlations in the form of simple formulae.
This made the methods for quantifying their uncertainty
reasonably tractable because each formula consisted of
only a handful of physical parameters. Over the past
thirty years, however, both fire modeling and the

Bonpoc o HeonpeaeneHHOCTU Moaenu 6bina BOKpPYr Tex
nop, kak camux mogenelt . CueHapuin Bbile, HanpuMep ,
6611 paccmoTpeH Cuy u Apostolakis B Hauane 1980-x
[175] B KauecTBe 4acTV UX pa3paboTku MoAenein pucka
ANS aTOMHbIX 3N1EKTPOCTaHUMI . Moaenu noxapHbiX B TO
BpeMsi 6blIM OTHOCUTENBHO MpOCTbl. B camom pene,
MHOTME WHXEHEpHble KoppensuuM B Buae NPOCTbIX
dopMyn . 3To caenano Metoabl AN KOJIMYECTBEHHOW
OLIEHKM nx HeornpeaeneHHoCTH [OCTaTO4YHO
CrOBOpPYMBBIM MOTOMY Kaxaas c¢opMyna coctosna w3
HEMHOrMX (U3MYecKnx MnapamMeTpoB . 3a nocnefHue
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corresponding methods of uncertainty analysis have
become far more complex. The current generation of
computational fluid dynamics fire models require such a
large number of physical and numerical parameters that
it is considered too cumbersome to estimate model
uncertainty by systematically assessing their combined
effect on the final prediction. The more practical
approach is to compare model predictions with actual fire
experiments in a validation study, the conclusions of
which typically come in the form of statements like: “The
model  generally  over-predicts the  measured
temperatures by about 10 %,” or “The model predictions
are within about 20 % of the measured heat fluxes.”
This information is helpful, at the very least to
demonstrate that the model is appropriate for the given
application. However, even the statement that the model
over-predicts measured temperatures by 10 % is useful
not only to gain acceptance of the model but also to
provide a better sense of the model’s accuracy, and a
greater level of assurance in answering the question
posed above. Knowing that the model not only predicted
a temperature of 175 _C, but also that the model tends
to over-predict temperatures by a certain amount,
increases the confidence that the postulated fire would
not cause the cable to fail. The probability of cable
failure could be quantified further via a statistical
distribution like the one shown in Fig. 4.1. The area
indicated by the shaded region is the probability that the
temperature will exceed 200 _C, even though the model
has predicted a peak temperature of only 175 _C.

TpuauaTe NeT, OAHaKo, KakK OroHb MOAenvMpoBaHue Wt
COOTBETCTBYIOLME METOAbl aHanu3a HeornpeaeneHHOCTU
CcTanM ropasgo CnoxHee. HblHewHee nokoneHue
BbIUMCIIUTENbHBIX ~ MOAENEeN  XWAKOCTM  AMHaMKKa
noXxapHblXx TpebyloT Takoro 605blOro  Konn4ecTsa
PU3NYECKUX W  YUCNEHHBIX MApaMeTpoB , YTO OHa
CYMTaeTcs  C/MWKOM  FPOMO3OKMM AN OLUEHKM
HeonpeaeneHHOCTM Mogenu , CUCTEMATMYeCKM OLEeHKM
WX COBOKYMHbIA 3(PEKT Ha KOHEUHbIN NMPOrHO3MPOBaHMSI
. bonee npaKkTUYHbIN NOAX0A 3aK/YaeTCs B CPaBHEHUM
MOZE/bHbIX MPOrHO30B C (haKTUYECKUMMN SKCNEPUMEHTOB
noXxxapa B MCCNeAoBaHMM MPOBEPKW , BbIBOABI , KOTOPble
06bIYHO NPUXOAAT B BUAE 3asiBNEHUI , Kak : " Moaenu B
LernoM no - NpeackasblBAeT M3MEpeHHble TeMnepaTypsbl
npumepHo Ha 10% ", wnim " npeackasaHust mMoaenu
HaxogsATca B npegenax npuMepHo 20% uM3MepeHHbIX
TENnoBbIX MOTOKOB ". DTa MHGOpMaums nosnesHa , no
KpallHeii Mepe , 4TOBbl MPOAEMOHCTPUPOBaTb , YTO
MoZenb MOAXOAMT ANS AAHHOIO MpUMeEHeHus . TeM He
MeHee, pfaxe yTBepXAaeHue, 4TO MoAaenb Haj -
npeackasbiBaeT M3MepsieMblX TemnepaTyp Ha 10%
noneseH He TOMbKO A0BUTLCA NPU3HAHUS MOLENN , HO U
obecneunTb Nyyllee YyBCTBO TOUYHOCTU MoZenun, 1 bonee
BbICOKMIA  ypoBeHb obecrieyeHuss , oOTBevass Ha
MOCTaBNEHHbIN BbILWE BOMPOC . 3Hasi , YTO MoAesb He
TONbKO Mnpeackasan TemnepaTtypy 175 © C, HO n 0 TOM,
4yTo Mopgenb , Kak mnpaBuio, 6onee - npeackasatb
TemnepaTtypax Ha  ONpefeneHHyl  BenuuuHy
yBeNnuMBaeT YBEPEHHOCTb, YTO NOCTY/IMPYETCSH OFOHb He
Bbi3Bano 6bl kabenb Ha nposan. BeposATHOCTb OTKasa
kabens MoxeT O6blTb KOMMYECTBEHHO Janee u4epes
CTaTUCTUYECKOrO pacnpefeneHns , Kak [MoKas3aHo Ha
puc. 4.1 Mnowaab 0603HaYEHO 3aLUTPUXOBAHHOM
obractn ecTb BEpOSITHOCTb , YTO TemnepaTypa byaer
npesblwate 200 ° C, paxe npu TOM, 4YTO MoOAenb
npeackasana nNnMKoBYIO Temnepatypy Tonbko 175 _C.
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Figure 4.1: Plot showing a possible way of
expressing the uncertainty of the model
prediction.

PucyHok 4.1: [inarpaMma, nokasbiBarowlas
BO3MOXXHbIi1 CNOCO6 BbipakKeHusi
HeonpeaeneHHOCTU NPOrHo3a Moaenu.

This chapter describes a method for expressing model
uncertainty by way of a distribution like the one shown in
Fig. 4.1. The procedure is not a dramatic departure from
the current practice of fire model validation in that it
relies entirely on comparisons of model predictions and
experimental measurements. The advantage of the
approach is that it does not demand advanced
knowledge of statistics or details of the numerical model.

B 3TOoM rnaBe onucaH  cnoco6  BblpaXKeHusi
HeonpeaeneHHOCTM MoAenn nyTeM pacrnpeaeneHus , Kak
rnokasaHo Ha puc. 4.1 . MNpoueaypa He ApaMaTUYECKUI
0TXOA4 OT HblHEWHEN MpaKTUKM MPOBEPKM MOXKapHOM
Mogenn TeM, 4YTO OHa MOMHOCTbI0 MojaraeTcs Ha
CpaBHEeHMSIX MOZAE/bHbIX npeackasaHum n
3KCMNEepPUMEHTasbHbIX M3MepeHuli . MpenMyLLecTBoO 3TOro
noaxoAa 3ak/lyaeTcs B TOM, 4YTO OH He Tpebyer
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The parameters of the distribution shown in Fig. 4.1,
namely the mean and standard deviation, are not
generated by the model user. Rather, they are reported
as the results of the validation study. The calculation of
the probability of exceeding some critical threshold (i.e.,
the area under the curve) is a simple table look-up or
function call in data analysis software like Microsoft
Excel®.

rnybokux 3HaHW B 061acTM CTaTUCTUKKM WKW AeTanu
UMCNIEHHOW  MoAEeNu MNapameTpbl pacnpeaeneHuns
nokasaHo Ha puc. 4.1 , a UMeHHO cpeaHee 3HayeHne U
CTaHAAPTHOE OTK/IOHEHWE , He MOPOXAAKTCS Moaenu
noneb3osaTtens. Ckopee, OHW MpeacTaBneHbl B Buae
pe3ynbTaToB aHanm3a 6ecnpucTpacTHOCTK Pacuet
BEPOSITHOCTM MpPEBbILEHNST HEKOTOPOro KpUTUYECKOro
nopora (To eCTb ,NnoWwaAb NOA KPUBOWM ) SIBNSIETCA
NpocTbIM Tabnuuy nNpeobpa3oBaHns UK Bbi30B (YHKLMM
B NporpaMMHoe obecrieyeHne Ans aHanmsa AaHHbIX , Kak
Microsoft Excel ® .

4.2 Sources of Model Uncertainty

4.2 NCTOYHUKMU HeonpeaeneHHOCTU Moaenm

A deterministic fire model is based on fundamental
conservation laws of mass, momentum and energy,
applied either to entire compartments or smaller control
volumes that make up the compartments. A CFD model
may use millions of control volumes to compute the
solution of the Navier-Stokes equations. However, it does
not actually solve the Navier-Stokes equations, but
rather an approximate form of these equations. The
approximation involves simplifying physical assumptions,
like the various techniques for treating subgrid-scale
turbulence. One critical approximation is the
discretization of the governing equations. For example,
the partial derivative of the density, r, with respect to the
spatial coordinate, x, can be written in approximate form
as:

[leTepMUHMPOBaHHasi MOAENb MOXApHOM OCHOBaHa Ha
(pyHOaMeHTanbHbIX  3aKOHOB  COXPAHEHUs  Macchl,
UMNynbca M 3Heprum , KoTopbiM obpabaTtbiBatoTcs 6o
LiefTbIX OTCEKOB MM HEBONbLIMX KOHTPOMbHbIX 06BEMOB ,
KOTOpblE COCTaB/AOT OTCEKOB Mogens CFD moryT
MCNONb30BaTb MWIMOHbI KOHTPOSbHbIX 06bEMOB AN
pacyeTa pelleHue ypaBHeHult HaBbe-CTokca . TeM He
MEHee, Ha CaMOM Aene He pelaTb ypaBHeHus HaBbe-
CTokca , a CKopee MpWUMEpHbLIA BUA 3TUX YPABHEHUN .
MpubnmxeHne BKIOYAET  ynpouleHne  dusnyeckme
NpeanonoXeHnsi, Kak pasfMyHbIX METOAOB JleyeHus
noaceTouHoro Macwraba TypbyneHTHocTM . OgHMM U3
BaXXHENLIMX  MPUBIVKEHNEANCKPETU3ALMS  OCHOBHBIX
ypaBHEHMWIA Hanpumep, 4acTHble npou3BOAHblE OT
MAOTHOCTU , T, MO OTHOWEHWUK K MPOCTPAHCTBEHHOW
KOOpAMHaTbl X , MOXHO 3anucatb B NPUGAVKEHHOM
dopme Kak:

d i1 — Pi .
where ri is the average value of the density in the ith | rne RI npeactaBnsier coboll cpefHee 3HauyeHue

grid cell and dx is the spacing between cells. The second
term on the right represents all of the terms of order dx2
and higher in the Taylor series expansion and are known
collectively as the discretization error. These extra terms
are simply dropped from the equation set, the argument
being that they become smaller and smaller with
decreasing grid cell size, dx. The effect of these
neglected terms is captured, to some extent, by the
subgrid-scale turbulence model, but that is yet another
approximation of the true physics. What effect do these
approximations have on the predicted results? It is very
difficult to determine based on an analysis of the
discretized equations. One possibility for estimating the
magnitude of the discretization error is to perform a
detailed convergence analysis, but this still does not
answer a question like, “What is the uncertainty of the
model prediction of the gas temperature at a particular
location in the room at a particular point in time?”

MAOTHOCTU B 1 S4eliku ceTkun 1 DX sIBNsSieTCS paccTosiHue
Mexay syenkamu. BTOpol uneH cnpaBa npeacTaBnsier
BCE TOYKM 3peHusi nopsaka dx2 1 Bbille B Pas3fOXEHUU B
psia Telnopa U U3BECTHbI KaK OLUMOKN AUCKPETM3aLMK .
STW [OMNOSHUTENbHBIE TEPMMHbI MPOCTO MUCKIIOYEH U3
Habopa ypaBHEHW , apryMeHT B TOM, YTO OHMU
CTAQHOBSATCS BCE MEHbLUE W MEHbLUE C YMEHbLUEHWUEM
pasMepa suelikm cetkm , DX OddeKkT 3TUX
OTOPOLUEHHBIX Y/IEHOB 3aXBayeH, B HEKOTOPOW CTEMeHM,
C MOMOWbK  MOAENM  MOACETOYHOro  MacwTaba
TYpPOYNEHTHOCTM , HO 3TO ele OAWH NpuUBAnXKeHue
UCTUHHOW u3nkn. Kakon ekt 31 npubnmxeHus
€CTb Ha NpOrHO3uWpyeMbIX pe3yfnbTaTtoB ? 3TO O4YeHb
TPyAHO OnNpeaesMTb Ha OCHOBE aHanu3a [AUCKPETHbLIX
ypaBHeHWil. OpHOW K3 BO3MOXHOCTEM AN  OLEHKM
BEMMNYMHBI OLUMOKM ANCKPETU3aLMUN SIBNSIETCS BbIMOMHUTb
Noapo6HLIA aHanM3 CXOAMMOCTU , HO 3TO MO-MpeXHeMyY
He OTBeuyaeT Ha Bompoc , kak , " YTOo sBNseTcs
HeonpeaeneHHOCTb NMPOorHo3a MoAeNu TemMnepaTypbl rasa
B KOHKDETHOM MeCTe B KOMHAaTe 3a OnpeaesieHHbIN
MOMEHT BpeMeHun ? "

To make matters worse, there are literally dozens of
subroutines that make up a CFD fire model, from its
transport equations, radiation solver, solid phase heat
transfer routines, pyrolysis model, empirical mass,
momentum and energy transfer routines at the wall, and
so on. It has been suggested by some that a means to
quantify the model uncertainty is to combine the
uncertainties of all the model components. However,
such an exercise is very difficult, especially for a
computational fluid dynamics (CFD) model, for a number
of reasons. First, fire involves a complicated interaction
of gas and solid phase phenomena that are closely

YTo elle xyxe , ecTb 6yKBasbHO AECATKU NOAMNPOrpaMM ,
BXOAAWMX B COCTaB noxxapHoli Mmogenb CFD , oT cBoux
YpaBHEHMWII NepeHoca , paavauMoHHas pelwatens
TBepAodasHblX Mpouesyp Tennonepefayuv , MOAENM
nMposn3a , SMNUPUYECKOM Macchbl, MMNybca U Npoueayp
rnepefayn >3HEPrMM Ha CTEHKE M TaK Ha Bbino
BbICKA3aHO MpeanosioKeHWe, 4YTO HEKOTOpbleCpeaCTBa
ANS KOMMYECTBEHHOM  OLEHKWM  HEonpeaeneHHOCTU
MOAENN COCTOUT B O6bEeAMHEHUWU HeonpeaeneHHOCTU
BCEX KOMMOHEHTOB MoZenn . TeM He MeHee, Takas
paboTa oO4yeHb TPyAHO , OCOBEHHO AN pacyeToB B
obnactn ruapoanHammkm ( CFD ) mogenu , no psiay
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coupled. Second, grid sensitivity in a CFD model or the
error associated with a two-layer assumption in a zone
model are dependent on the particular fire scenario.
Third, fire is an inherently transient phenomenon in
which relatively small changes in events, like a door
opening or sprinkler actuation, can lead to significant
changes in outcome.

npuunH. Bo-nepBbiX, MNoXap MNPUBOAUT K  CIOXHOW
B3aMMOAENCTBME Tra3a W sBneHwit Teepaoi asbl
KOTOpble TECHO CBsi3aHbl Mexay co6oil. Bo-BTOpbIX,
YyBCTBUTENBbHOCTE ceTkn B moaenn CFD wnm owmbkn,
CBSI3aHHON C [BYXC/IOMHOM MPEeAnonoXeHuM B Moaenu
30HbI 3aBUCAT OT KOHKPETHOrO CLeHapusi noxapa . B-
TPETbUX, OrOHb SIBNISIETCS MO CBOEW CyTU Mpexoasiuee
sIBNeHMe , B KOTOpbIX OTHOCUTENbHO Hebonblumne
M3MEHEHUSI B COBLITUSAX , Kak OTKPbITUE [ABEPU WM
CMPUHKNEPHON cpabaTbiBaHWs , MOXET MpUBECTU K
3HaYUTENbHBIM M3MEHEHUSIM B pe3y/bTaTax .

Rather than attempt to decompose the model into its
constituent parts and assess the uncertainty of each, the
strategy adopted here is to compare model predictions to
as many experiments as possible. This has been the
traditional approach for quantifying model uncertainty in
fire protection engineering because of the relative
abundance of test data. Consider, for example, the plot
shown in Fig. 4.2. This is the typical outcome of a
validation study, where in this case a series of heat flux
measurements are compared with model predictions.
The diagonal line indicates where the prediction and
measurement agree. But because there is uncertainty
associated with each, it cannot be said that the model is
perfect if its predictions agree exactly with
measurements. There needs to be a way of quantifying
the uncertainties of each before any conclusions can be
drawn. Such an exercise would result in the uncertainty
bars' shown in the figure. The horizontal bar associated
with each point represents the uncertainty in the
measurement itself. For example, the heat flux gauge is
subject to uncertainty due to its design and fabrication.
Because the horizontal bar represents the experimental
uncertainty, it is assumed that the vertical bar represents
the model uncertainty. This is only partially true. In fact
the vertical bar represents the total uncertainty of the
prediction, which is a combination of the model and
parameter uncertainties. The physical input parameters,
like the heat release rate and material properties, are
based on measurements that are reported in the
documentation of the experiment. The total experimental
uncertainty is represented by all of the horizontal bar
and part of the vertical. If the experimental uncertainty
can be quantified, then the model uncertainty can be
obtained as a result.

BMecTo TOro, 4tobbl MOMbLITKE PasNOXWTb MOAENb Ha
COCTaBHblE 4YacTW M OLEHWUTb HEONpPeAeneHHOCTb Apyr ,
cTpaterusi, MpuHATas 34ecb , 4UTOBbl  CPaBHWTb
npeackasaHusl Modenn , Kak MHOTME 3KCMEPUMEHTOB ,
KaK 3TO BO3MOXHO . ITO 6bl1 TPAANLIMOHHBIV NOAXOA, ANt

KOJINYECTBEHHOIO moaenun HeonpeaeneHHOCTU B
I'IpOTVIBOI'IO)KapHOVI 3aWmnThbl TEXHUKN n3-3a
OTHOCUTE/NbHOW YNCNEHHOCTU TECTOBbIX OaHHbIX.

PaccMOTpuM, HanpuMep , y4acToK NMokasaHo Ha puc. 4.2
. 3TO TUNMYHbLIA Pe3ynbTaT UCCNEAOBAHMS, MPOBEPKY |,
roe B [AaHHOM Cllyyaecepun W3MepeHWin TenaoBoro

MOTOKA CpaBHMBAOTCA C MPOrHO3aMM  MoAeNu
[varoHanbHas NIMHUSA YKa3blBAEeT, rae NpeackasaHve U
u3MepeHne corfnaceH. Ho MmoToMy 4YTO  ecTb

HeonpeaeNeHHOCTb, CBA3aHHas C KaXKabli, 3TO HE MOXET
6bITb CKa3aHO , YTO MOAENb MAeasnbHO MOAXOAWT, ecnu
ee npeackasaHvsi TOYHOCTM COBMaAalT C pesynbTaTamu
U3MepeHuin Tam  pomkHO  6bITb  CNOCOOOM
KOJIMYECTBEHHOW OLIEHKM HEOMPEAENEHHOCTU KaXabli
npexzae YeM Kakue-nnbo BbIBOAbl MOXHO CAeNaTbh
Takasi paboTa MOXeET NPUBECTU K HeONpeneneHHOCTU
nonoc!, nokasaHHOM Ha pUCYHKe Fopu3oHTanbHas
nosoca , CBsI3aHHas C KaXAOW TOYKM TMpeacTaBfseT
HeonpeaeneHHOCTb B cCaMoW M3MepeHus . Hanpumep,
AATUMK MOTOKa Tensa NOANEXWUT HeornpeaeneHHOCTU U3-
3@ €ro NpOEeKTUPOBaHWUS U U3roToBNEeHMS . MOCKOMbKY
rOpW30HTasIbHas rosnoca npeacraenser  coboi
3KCNepUMEHTaNbHYO HeonpeaeneHHOCTb,
npeanonaraeTcs, YTo BepTUKasbHas IMHKUS 06o3HaYaeT
HeonpeaeseHHOCT! MOAENM . ITO BEPHO JIMLLb OTYACTM .
Ha camMoM pdene, 4To BepTMKaNibHas  nosoca
npeacraBnser  cobo 06wyl  HeonpeaeneHHOCTb
MporHo3a , KOTopbii npeactaBnseT coboii KoMBUHaLMIO
M3 MoAeSbHbIX W MapaMeTpoB  HEOMNpPeAeNeHHOCTY.
dusmnyeckne BXoAHblE NapaMeTpbl , TakMe Kak CKOpOCTb
BbICBOOOX/EHUS Tenna W CBOWUCTB MaTepuana
OCHOBaHbl Ha W3MEpeHUsIX , O KOTOPbIX coobluaeTcs B
AOKYMeHTaLuu 3KCNepuMeHTa. Obwwas
3KCMepUMeHTasbHasi HeomnpeaeneHHOCTb NpeacTaBlieHa
BCEX FOPM30HTasIbHOM NOMOCkl U YacTb BepTukanu. Ecam
3KCMepUMEHTasbHbIN  HEONPEAENEHHOCTb MOXET ObITb
onpeaeneHa KOJIMYECTBEHHO, TO MoAEe/b
HeonpeaeneHHOCTb MOXHO NOMyYuTb B pe3ynbTaTe.

! The data in Fig. 4.2 was extracted from Ref. [176]. The
uncertainty bars are for demonstration only.

! NanHble Ha puc. 4,2 akcTparMposanu 13 paboTbl . [176]
. HeonpepeneHHocTb 6apbl TONBKO ANS AEMOHCTpaumu.
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Figure 4.2: Example of a typical scatter plot of
model predictions and experimental
measurements.

PucyHok 4.2: NMpumep TUNUYHOI TOUEYHOMU
AvarpaMmbl MOAEJIbHbIX NMpeAcKa3aHUi u
3KCNepUMeHTasIbHbIX U3MEPEHUA.

4.3 Quantifying the Experimental Uncertainty

4.3 KonuuecTtBeHHasi OLleHKa 3KCNepuMeHTasIbHOM
HeonpeaesneHHOCTHU

As discussed in the previous section, the experimental
uncertainty is a combination of the uncertainty in the
measurement of the quantity of interest, like the gas
temperature or heat flux, along with the propagated
uncertainty of the measured test parameters, like the
heat release rate or material properties. “Propagated
uncertainty” is, in this case, what has been referred to
above as the parameter uncertainty. It is not the
uncertainty of the parameter itself, but rather the
uncertainty in the predicted quantity resulting from the
uncertainty of the parameter.

Kak yxe roBopunocb B MpeabliaylwemM pasgene
3KCMEepUMEeHTaNbHast HeomnpeaeneHHOCTb NpeacTaBnsieT
coboil CcouYeTaHMe HeonpeaeneHHOCTU B U3MEpPEHUU
KONMMYecTBa WHTEpeC , Kak TeMnepaTypbl rasa wau
MoToka Tenna , Hapsay C  pacnpocTpaHsitoLencs
HeonpeaeneHHOCTH N3MepsieMbIX napaMeTpoB
UCNbITaHWIM, TaKUX Kak CKOPOCTb TEMNOBbIAENEHUS WK
CBOICTBa MaTepuvana. " PasMHoXaeTcs
HeonpeaeneHHoCcTb " , B 3TOM cCilyyae To, 4To 6bino
rnepefaHo  BbllLE, KayectBe HeonpeaeseHHOCTH
napameTpa OTO He HeonpeeneHHoCTb CaMoro
rnapaMeTpa , a HeonpeaeneHHOCTb B MpeAcKa3aHHOW
BE/IMYMHBI B pe3ynbTaTe HeonpeaeneHHOCTU NapaMeTpa.

B

In the fire model validation study conducted by the U.S.
Nuclear Regulatory Commission [176], Hamins estimated
the experimental uncertainty for several full-scale fire
experiments. There were two uncertainty estimates
needed for each quantity of interest. The first was an
estimate, expressed in the form of a 95 % confidence
interval, of the uncertainty in the measurement of the
quantity itself. For example, reported gas and surface
temperatures were made with thermocouples of various
designs (bare-bead, shielded, aspirated) with different
size beads, metals, and so on. For each, one can
estimate the uncertainty in the reported measurement.

B oroHb Mogenu aHanuMza  6ecnpucTpacTHOCTH,
npoBeaeHHOro KoMuccuein no siaepHoMy perynMpoBaHuio
CLWA [176] , Hamins oueHKaM 3KCNepUMEHTasbHYH
HeonpeaeneHHOCTb A1 HECKOMbKUX HaTyPHbIX OFHEBbIX

3KCNEPUMEHTOB. CywiecTBoBanu aBe OLIEHKM
HEOoNpeaeneHHoCT , HeobXxoauMMble AN KaXAoro
KonumuyectBa  uHTepec.  [lepBbiM  6bil  OLEHK3,

BblpaXxeHHasi B BuAe 95% AOBEpPUTENbHbIN WHTEPBan ,
OT HeonpeaesneHHOCTU B U3MEPEHUM CaMOW BESIMYMHDI .
Hanpumep, coobwanoce rasa w TemnepaTypa ero
noBepxHOCTM 6blM  caenaHbl C MOMOLWLbID TepMonap
Pa3fIMYHbIX KOHCTPYKUMA ( C HEMOKPLITOW LiapuKk
3KPaHUPOBAHHbINA, C MpUAbIXaHWEM ) C Pas3/IUYHbLIMK
Pa3mep wapukoB , MeTannoB 1 Tak ganee. [ina Kaxaoro
, MOXHO OLUEHUTb HeonpeaeneHHoCTb B OTYETHOM
n3MepeHus .

Next, the uncertainty of the measurements of the
reported test parameters was estimated, including the
heat release rate, leakage area, ventilation rate, material
properties, and so on. It was then necessary to calculate
how the uncertainty in these parameters contributed to
the uncertainty of the reported measurement. To do this,
Hamins examined a number of empirical formulae that
are widely used in fire protection engineering to
determine the most important test parameters and their

[anee, HeonpeneneHHOCTb W3MEPEHU COOBLLEHHbBIX
napamMeTpoB TeCTUPOBaHMS OLEHMBaNacb , B TOM uucne
CKOpOCTM TennoBbiAeneHns , yteukn obnactn , CKopocTb
BEHTUNSALMM, CBOMCTB MaTepuana , U Tak aanee. MIMeHHo
TOoraa HeobxoanMO paccumTaTh , Kak HeonpeaeneHHOCTb
B 3TWUX NapameTpax cnocobCcTBOBanM HeonpeaeneHHOCTU
OTYETHOrO M3MepeHus . YTobbl caenatb 3To, Hamins
paccMoTpenu psa aMnupuyeckux QopMyn , KoTopble
LUMPOKO WCMOMb3YIOTCS B MPOTMBOMOXAPHOW 3aLUMThI
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effect on the measured results. These formulae provided
the means of propagating the parameter uncertainties
through the experiment. For example, it has been shown
[177] that the hot gas layer temperature rise, T ITO,
due to a compartment fire is proportional to the heat
release rate, "Q, raised to the two-thirds power:

TEXHUKKM, 4TOBbl onpegennTb Haunbonee  BaxHble
napameTpbl TECTUPOBAHUS U UX BMSIHWE Ha pe3ynbTaThl
u3MepeHui. 3T opMysbl NPU YCIOBUM, YTO CpPeacTsa
pacrnpocTpaHeHusl  HeonpeAeneHHOCT  MapaMeTpoB
yepes aKcnepuMeHT. Hanpumep, 6bino nokasaHo [177] ,
YTO POCT ropsuMin ras crnoi Temnepatypa, T TO O ,
BCEeACTBME NnoXKapa oTceka NponopUMOHaibHa CKOPOCTU
TennosblgeneHus, - Q, BO3BEAEHHOe B CTereHb ABe
TpeTu:

T-To=CO% (4,

The constant, C, involves a number of geometric and
thermo-physical parameters that are unique to the given
fire scenario. By way of differentials, this empirical

MocTosiHHas, C, BkoYaeT B cebsl psaf reOMETpUYECKUX U
Tennohusnyeckux MapaMeTpoB, KOTOpble SBASIHOTCA
YHVKanbHbIMU AN A@HHOrO Moxapa cueHapusi. B

relationship can be expressed in the form: kayectBe  auddepeHumanos, 3TO  3MMNUPUYECKOE
COOTHOLLIEHNE MOXET 6bITb BbIpaXXEHO B BUAe:
AT 2AQ
— - 3 7
T—T 50 ,5

In words, the relative change in the temperature rise is | B cnoBamy, OTHOCMTENbHOE W3MEHEHWE MOBbIWEHNE
approximately two-thirds the relative change in the heat | Temnepatypbl npumepHO [ABe TpeTU OTHOCUTENLHOE
release rate. Assuming that the numerical model exhibits | nsmeHexune CKOpOCTH TennoBbIAENeHNs. Ecnn
the same functional relationship between the | npeanonoxutb, YTO YMCneHHass Moaenb AEMOHCTpUPYET
compartment temperature and the heat release rate, | Ty e  (YHKUMOHaNbHYIO  3aBUCMMOCTb  Mexay
there is now a way to express the uncertainty of the | TeMnepaTypoit oTceka M CKOpPOCTM TEMNOBbIAENEHUS, B
model prediction as a function of the uncertainty of this | HacToslLiee BpeMs cywecTByeT cnocob BbIpa3uTb
most important input parameter. Often, the uncertainty | HeonpeaeneHHOCTb NPOrHO3a MOAENN B 3aBUCMMOCTM OT
of a measurement is expressed in the form of a 95 % | HeonpeaeneHHOCT  3TOM  BaXHeWleN  BXOAHOro
confidence interval, (two standard deviations or 2 s). napameTpa. Yacto, HeonpeaeneHHoCTb MW3MepeHusl

Thus, if the heat release rate of a fire is assumed with 95
% confidence to be within 15 % of the reported
measurement, then the temperature predicted by the
model has an uncertainty? of at least 10 %.

( % An uncertainty that is expressed in the form of a
percentage typically means one or two relative standard
deviations, often denoted with a tilde, es = s=m.)

BblpaxkaeTcs B Buae 95% foBeputenbHbIM MHTEPBAsoM,
(nBa cTaHAapTHBIX OTKIOHEHWS UK 2 C).

Takum 06pa3oM, ecnm  CKOpOCTb  TensoBblAeneHus
noxkapa npeanonaraercs, ¢ 95% posepuTenbHbIMU ObITh
B npegenax 15%  OTYeTHOro  u3MepeHus, TO
TeMmnepartypa npeackasbiBaeT Moaenb nmeet
HeonpeeneHHOCTb Mo MeHbluel Mepe 10%.

( ? HeonpeseneHHOCTb, KOTOpas BbipaXaeTcs B BUAE
npoueHTa, Kak MpaBufio, O3HayaeT OAVMH WM [ABa
OTHOCUTENbHBLIX  CTaHAAPTHbIX  OTK/IOHEHWK,  4acTo
obo3Hayaemble ¢ Tubabl, ES = S = M.)

Table 4.1: Sensitivity of model outputs from
Volume 2 of NUREG-1824 [176].

Ta6bnuua 4.1: YyBCTBUTENbHOCTb MOAENM
MowHocTbio oT Toma 2 NUREG-1824 [176].

| Output Quantity

| Input Parameter(s) | Power Dependence |

HGL Temperature HRR 23
HGL Depth Door Height 1
Gas Concentration HRR 1/2
: HRR 1
Smoke Concentration Soot Yicld 1
HRR 2
Compartment Pressure Leakage Rate 2
Ventilation Rate 2
Heat Flux Heat Flux 4/3
Surface Temperature HRR 23

The uncertainty of each measurement is expressed as a
relative standard deviation. The uncertainty of the
measured output quantity is denoted esout, and the
uncertainty of each significant input parameter is

HeonpeneneHHOCTb KaXaoro M3MepeHus BbipaXKaeTcs
KakK OTHOCUTENIbHOE CTaHAapTHOE OTK/IOHEHUKE.
HeonpeneneHHoCTb M3Mepﬂ8MOI7'I BEMNYNHbI BbIXOAHOIO
o603Ha4aeTca esout, M HeonpeaeneHHOCTb KaXaoro
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zenoted esin. Assuming that all the uncertainties are
uncorrelated, they are combined via the expression:

3HAYNTENbHOIN0 BXOAHOIO MapaMeTpa ABNAETCA zenoted
EcuH. Ecnn npeanonoXuTs, YTO BCe HeonpeaeneHHOCTH
ABNATCA HEKOPPENUPOBAHHbLIMU, OHU obbeanHsaTCa ¢
MOMOLLbIO BbIpaXXEHUA:

-~ ] LR
Op = 0oy + 2_ Pin Om
(4.9
The factors, pin, represent the power dependencies of | ®akTopbl , KOHTaKTHbIA , NPEACTaBAST CUIOBble
the individual input parameters. Table 4.1 lists the most | 3aBucMMOCTM  OTAENBHBLIX ~ BXOAHbIX  MApaMETPOB.

important physical parameters associated with various
measured quantities in the experiments and their power
dependence.

Hamins estimated the combined experimental
uncertainties for ten quantities of interest in the U.S.
NRC validation study. The results are summarized in
Table 4.2, with each combined uncertainty reported in
the form of a 95 % confidence interval (i.e., 2 esE). It is
assumed throughout that both experiment and model
uncertainties can be expressed in relative terms. The
assumption is based on a qualitative assessment of
dozens of scatter plots similar to that shown in Fig. 4.2
that show the scattered points to form an expanding
“wedge” about the diagonal line, or some other off-
diagonal line due to an assumed bias in the model
predictions. This assessment is a critical component of
the analysis described in the next section.

Tabnuua 4.1 npuBeaeHbl Hanbonee BaXkHbl (pUanyeckme
napameTpbl , CBSI3aHHble C Pa3/IMYHbIMU U3MEepsSIEMbIX
BE/IMYMH B SKCNEPUMEHTAX U UX 3aBUCMMOCTb MOLLHOCTH.
Hamins oueHkam 06beanHeHHble 3KCnepuMeHTasnbHble
HeonpeaeneHHOCTM B TeyeHne [ecaTV  KOonn4ecTsa
nHTepeca K usyderunio nposepkn CLUA CPH. Pe3ynbTaTthl
npueedeHsl B  Tabnuue 4.2 , rOe  Kaxablid
KOMBGVMHMPOBAHHOW HEOMPEAENEeHHOCTU CcoobLanock B
Buae 95 % pnoBeputenbHbld MHTepBan ( T.e. 2 -CB ).
MNpennonaraeTcs, YTO U Ha NPOTSXKEHNU KCMEPUMEHTA U
MOZENN HeornpeaeneHHOCTM MOXET 6biTb BblpaXkeHa B
OTHOCUTENBHOM BblpaXkeHnu. MNpeanonoXeHve OCHOBaHO
Ha KayeCTBEHHOWM OLEeHKe AeCSTKOB pa3bpoc y4acTKoB ,
aHanorMyHbIX MOKasaHHOMY Ha ¢ur . 4,2 nokasblBaloT,
YTO paccesiHHble TOYkM , u4ToBbl  CcopMMpoBaTbL
paclumpsatoLLytocs " KIMH" 0 ANAroHanbHOW JIMHWUK , UK
KakoW-nnbo Apyrov HeauaroHanbHOrO NMHWM CBA3WU C
npeanonaraeMon YKIOHOM B MOAENbHbIX NpeAcKa3aHuil.
JTa OueHKa ABNSeTCs BaXHbIM KOMMOHEHTOM aHanusa,
OMMCaHHOro B CleaytolleM pasaene .

Table 4.2: Summary of Hamins’ uncertainty
estimates [176].

Ta6bnuua 4.2: Pe3toMe OLIEHOK HeonpeaesieHHOCTH
Hamins ' [176] .

Measured Quantity Combined Relative
Uncertainty, 2 G
HGL Temperature 0.14
HGL Depth 0.13
Ceiling Jet Temperature 0.16
Plume Temperature 0.14
Gas Concentrations 0.09
Smoke Concentration 0.33
Pressure with Ventilation 0.80
Pressure without Ventilation 0.40
Heat Flux 0.20
Surface Temperature 0.14

4.4 Calculating Model Uncertainty

4.4 PacueT HeonpeaesneHHOCTU Moaenm

This section describes a method for calculating the
model uncertainty [178]. Specifically, this entails
developing formulae for the mean and standard
deviation of a statistical distribution like the one shown in
Fig. 4.1.

B 3ToM pasgene onucaH  cnocob  pacyeTa
HeonpegeneHHocTM Mmoaenu [178] . B uactHocTM, 37O
BieYeT 3a Coboil paspaboTky ¢opMyn ANsS CPeaHero u
CTaHAAPTHOrO OTKJ/IOHEHUS CTaTUCTUYECKOro
pacnpeaeneHns , Kak NokasaHo Ha puc. 4.1 .

These formulae are functions solely of the model
predictions and the experimental measurements against
which the model is compared. The objective is to
characterize the performance of the model in predicting
a given quantity of interest (e.g., the hot gas layer
temperature) with two parameters; one that expresses
the tendency for the model to under or over-predict the
true value of the quantity and one that expresses the
degree of scatter about the true value.

OTM dopMynbl  BYHKUMM  UCKIKOYUTENBHO  MOAENbHbIX
MpefcKasaHui M 3KCMEPUMEHTASIbHBIX M3MEPEHMWIA , MO
KOTOpbIM CpaBHMBaeTcs mogenb . Llenb coctout B TOM ,
4yTObObl OXapaKTepU30BaTb MPOM3BOAUTENBHOCTL MOAENU
B MNPOrHO3MPOBaHUM [AHHOrO KONMMYEeCTBa MHTEpec
(HanpuMep, TeMMEPaTypbl FOPSIYEro rasa C/ioi ) ¢ ABYMSI
napaMeTpaMu ; TOT, KOTOPbIN BbIPaXaeT TEHAEHUMIO K
MOAenn K MoA WM Haa - Npeackasatb WCTUMHHYHO
LEHHOCTb KONIMYECTBA WM TOT, KOTOPbIM BblpaXkaer
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cTeneHb pa3bpoca 06 UCTMHHOM CTOMMOCTW.

The predicted and measured values of the quantity of
interest are obtained from one or more validation
studies. Figure 4.3 is a typical example of a comparison
of model and measurement. Given that usually dozens of
such measurements are made during each experiment,
and potentially dozens of experiments are conducted as
part of a test series, hundreds of such plots can be
produced for any given quantity of interest.

MporHosvpyeMmble M M3MepeHHble 3Ha4YeHUs KOMYecTBa
MHTEpPeC MONy4yalTCcd W3 OAHOrO WAM  HECKONbKMX
NPOBEPOYHbIX nccneaoBaHui PucyHok 4.3
npeacTaBnsieT Ccoboi TUMUYHBLIA NPUMEpP CpaBHEHMUS
Mogenn wn  U3MepeHus YuuTbiBasi, 4TO 06bIYHO
MHOXECTBO TaKUX W3MEPEHWN , CAEMaHHbIX B XO4e
Kakgoro 3KCrmepuMeHTa , W, BO3MOXHO, [eCsTKU
SKCNEpPUMEHTOB  MPOBOAMANCL B paMKax  cepuu
UCTIbITAHWN , COTHM TaKWMX Y4YacCTKOB MOryT OblITb
nonyyeHsbl Npu 11060M 3agaHHOM KOIMYECTBE MHTEpeC.

Usually, the data is condensed into a more tractable form
by way of a single metric with which to compare the two
curves like the ones shown in Fig. 4.3. Peacock et al.
[179] discuss various possible metrics. A commonly used
metric is simply to compare the measured and predicted
peak values. If the data is spiky, some form of time-
averaging can be used. Regardless of the exact form of
the metric, what results from this exercise is a pair of
numbers for each time history, (Ei;Mi), where i ranges
from 1 to n and both Mi and Ei are positive numbers
expressing the increase in the value of a quantity above
its ambient. As mentioned above, measurements from
full-scale fire experiments often lack uncertainty
estimates. In cases where the uncertainty is reported, it
is usually expressed as either a standard deviation or
confidence interval about the measured value. In other
words, there is rarely a reported systematic bias in the
measurement because if a bias can be quantified, the
reported values are adjusted accordingly. For this
reason, assume that a given experimental measurement,
Ei, is normally distributed about the “true” value, qi, and
there is no systematic bias:

Kak npaBuio, AaHHble KoHAeHcupyetcs B 6Gonee
CroBOpYMBbLIM (bOopMe NMyTEM OAHON METPUKU , C KOTOPbIM
MOXHO CpaBHWTb ABE KpMBbIE , KaK TEX, YTO MOKa3aHbl
Ha puc. 4.3 . MaBnmH n ap. . [179] obcyxaatoTcs
pasnnyHble  BO3MOXHbIE  METPUKM O6bIuHO
MCNONb3YETCS METPUKa NPOCTO CPaBHWUTb U3MEPEHHbIE U
MPOrHO3vpyeMble MWKOBble 3HayeHust . Eciu  gaHHble
KoMoume , HekoTopble (hOpMbl BPEMEHM YCpeAHEHWSs!
MoryT ObITb MCMOMb30BaHbl. He3aBMCMMO OT TOYHOro
BMAQ METPUKM , Kakume pesynbTatbl OT  3TOro
yNpaXKHEHWUs SIBASIETCS  Mapa  uucen Ans  KaXzaoro
ncrtopum Bpemenn , ( Ei ; Mn ), roe konebnercsa ot 1 go
n n oba Mu u Ei nonoxuTtenbHble UYMcia, BbipaXkalolme
yBefIMYEHWE  3HAYeHWe  BEMYMHBLI  BbIlE  €r0
TeMnepaTypbl OKpyXatowen cpegbl . Kak ynomMuHanocb

Bblllle, W3MEPeHWss OT MOSIHOMACIUTAbHbIX OrHEBbIX
3KCMEpPUMEHTOB  4YacTO  He  XBaTaeT  OLEHKK
HeomnpeaeseHHoCTH B cnyyvasix, Koraa
HeomnpeaeneHHocTb  coobllanock , 370 06bIYHO
BbIpaXXaeTcs B JII0OBOM CTAaHAAPTHOM OTK/IOHEHWUU WK
[OBEPUTE/bHBIM ~ MHTEPBANIOM  OKOMI0  M3MEPEHHOro
3HauYeHus ApyrvMu  cnoBamu, TO O4YeHb peaKo

co06LIanoch cMcTeMaTMUeckas OluMbKa B M3MEpPEHMU
NOTOMY YTO €C/M YKJIOH MOXEeT ObiTb onpeaeneHa
KOMIMYECTBEHHO , COODBLLEHHbIE 3HaYeHus
COOTBETCTBYIOLWMM 06pa3oM CKOPPEKTUPOBaHbI. Mo 3Toi
npuunHe , NPeAnonoxXuM, yTo AaHHBbIN
aKCnepuMeHTanbHoe u3MepeHve , Ei , kak npaBuno,
pacrnpeaeneHbl Mo <«UCTUHHOW» CTOMMOCTW, UM, U HEeT
cucTeMaTUyeckas oWwmnbKa :

E|8~N(0,cl)

(4.5)

150

100

Temperature (“C)

Experiment
Maodel

sz

5

20

15

30

Time (min)

Figure 4.3: Example of a typical time history comparison
of model prediction and experimental measurement.

PucyHok 4.3 : lMpuMmep TUNNYHOIO CPaBHEHWUIO UCTOPUK
BpeMsl npeackasaHus MoAeNM W 3KCrNepUMEHTANIbHOMo
n3MepeHus .
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The notation® E j q means that E is conditional on a
particular value of g. This is the usual way of defining a
likelihood function. It is convenient to use the so-called
delta method? to obtain the approximate distribution

Notation3 E JQ o3HauaeT, uTto E aBnsieTcs 3aBUCMMOCTb
OT KOHKPETHOrO 3HayeHus L. OTO O06bIYHbIA Crocob
onpegenexHus ¢yHKUMM npasgonofobusi . 310 yaobHo
UCMONb30BaTb TaK HasbiBaeMbli  AenbTa  method4

InE |68 ~N (IIIB

NonyYnTb NPUBAM3UTENBHOE pacnpeseneHme
|

%)
(4.6)

[

The purpose of applying the natural log to the random
variable is so that its variance can be expressed in terms
of the relative uncertainty, esE = sE=q. This is the way
that experimental uncertainties are reported. In addition,
the results of past validation exercises, when plotted as
shown in Fig. 4.2, form a wedge-shaped pattern that
suggests that the difference between predicted and
measured values is roughly proportional to the
magnitude of the measured value.

Llenb npMMeHeHNst HaTypanbHbIM forapudM K ciydaniHom
NepeMeHHon Tak, YTo6bl €ro OTK/IOHEHUE MOXET 6biTb
BbIPaXKEHO B TepMUHax OTHOCUTENBHOM
HeonpefeneHHoctn, O- SE L. 3To nNyTb , 4TO
3KCMepUMEHTasIbHbIE  HEOMNpeAeneHHOCTU  COoobLIaeTcs.
Kpome TOro , pe3ynbTaTbl MOCNEAHUX YMPaXKHEHWUN
MPOBEPKM , KOrAa HaHEeCEHbI Kak MokasaHo Ha puc . 4,2 ,
06pasyioT KIMHOBUAHbIN 06pa3eL, KOTOpbIii NOKa3blBaeT,
YTO pasHMUa Mexzy MpOrHO3MPYEMbIM U U3MEPEHHbIX
3HaYEHU  MPUMEPHO  MPOMOPLMOHANBHO  BENWMYMHE
M3MEpEHHOI0 3HayeHwsl.

It cannot be assumed, as in the case of the experimental
measurements, that the model predictions have no
systematic bias. Instead, it is assumed that the model
predictions are normally distributed about the true values
multiplied by a bias factor, d:

OH He MOXeT npeanonioxXuTb , Kak W B Clyyae
3KCMEPUMEHTASIbHBIX M3MEPEeHU , YTO MpefcKasaHus
MOAENN HEe WMMEKT CUCTeMaTUyeckylo owmnbky . Bmecto
3TOro NpeanosaraeTcs, YTO NpeackasaHust MoAenn , Kak
MpaBuIO, PACNpPOCTPAHSAETC 06 WUCTUHHbBIX 3HAYEHUN
YMHOXEHHbIX Ha KO3dUUMEHT cMewlenns , D:

M|B~N(58

+ Ot ) (4.7)

The standard deviation, sM, and the bias factor, d, | CraHgapTHOoe OTK/IOHEHMe , SM, a KoadpduumeHT
represent the model uncertainty. Again, the delta | cmeweHuns, a, npeacTaBnaoT mMoaenm
method renders a distribution for InM whose parameters | HeonpegeneHHocTM.  OnaTb  Xe, MeToh  AenbTa
can be expressed in terms of a relative standard | okasbiBaeT pacnpegeneHve ans LnM , napametpel
deviation: KOTOpPOro  MOryT ObiTb  BblpaXXeHbl B TepMMHaXx
OTHOCUTE/IbHOMO CTAHAAPTHOrO OTK/IOHEHMS :
InM |8 ~N (Inﬁ—i—lnﬁ—%. &Efj ; 5‘,1.;=%
(4.8)
Combining Eqg. (4.6) with Eq. (4.8) yields: O6beauHss ypaBHeHust . (4.6 ) c copmynoi . (4.8 )
cneayer :
G, G-
InM —InE =In(M/E) ~ N (Inﬁ — M E 5h+ E:E)
- - (4.9)

Equation (4.9) is important because it does not involve
the unknown q, but rather the known predicted and
measured values of the quantity of interest plus an
estimate of the experimental uncertainty. Until now, it
has been assumed that all of the relevant uncertainties
can be characterized by normal distributions.

YpaBHeHue ( 4.9) ABNseTCs BaXXHbIM, NOCKONbKY OHO He
CBSI3aHO C Heu3BecTHoW Q, a, CcKopee, W3BECTHbIN
Npeackas’aHo W W3MEpeHHble 3HAYeHUs KONMYecTBa
MHTEPEC , @ TaKXe pacyYETHOE 3SKCMEepUMEHTasNTbHOM
HeonpeaeneHHocTW. [o cux nop Mpeanonaranoch , 4to
BCE COOTBETCTBYIOIIME  HEOMPEAENIEHHOCTU  MOXHO
OXapaKTepM30BaTh HOPMasibHbIX pacnpeaeneHui .

Equation (4.9) can be used to test this assumption,
whereas Egs. (4.7) and (4.5) cannot. An examination of
the results of the validation study discussed above [176]
indicates that in cases where the number of pairs of M
and E is greater than about 20, the values of In(M=E)
pass a test for normality>, whereas when there are less
values, normality cannot be assumed. Figure 4.4
contains a set of data from the validation study. There
were 124 point comparisons of measured and predicted
Wall Temperatures, for which In(M=E) conforms quite
well to a normal distribution. If normality cannot be
assumed, alternative techniques for assessing model
uncertainty with limited experimental data have been
proposed, for example, see Ref. [181].

YpaBHeHne ( 4.9) MoxeT OblTb MCMONb30BaH Ans
NMpOBEPKWM 3TOr0 MPeanosioXeHnss , B TO BpeMsl Kak
ypaBHeHuii . (4.7) n (4.5) He MoxeT. PaccMoTpeHue
pe3ynbTaToB UCCNEAOBaHMS MPOBEPKN FOBOPUIIOCH Bbille
[ 176 ] nokasbiBaeT, 4TO B Tex CAyyasix, Korga
KonmyectBo nap M u E 6onbwe, yem npumepHo 20 ,
3HaueHusi LN ( M = E) npoitu TecT ana normality5 , B TO
BpeMs , KOrga eCTb MeHblue 3HayeHus , HOPMaslbHOCTb
Henb3s npeanonoXxuTtb . PucyHok 4.4 copepxut Habop
[JaHHbIX MO U3y4eHUto NpoBepku. bbinn 124 cpaBHeHWs
TOuKa M3 M3MepeHbl N npeackasan CreHa TemMnepaTypax
, Ana kotopblx N ( M = E) cooTBeTCTBYET AOCTAaTOYHO
XOpOWO K HOpPMajbHOMY pacrnpeaeneHunio Ecnn
HOPManbHOCTb HENb3s NPEANONOXUTL , abTepPHATUBHbIE
MeToAbl AN OUEHKM HeonpeaeneHHoCTM Mopenu ¢
OrPaHNYEHHbIMW  3KCNEPUMEHTaNbHbLIX  AaHHbIX  6blnn
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Figure 4.4: The results of normality testing for a set of
data taken from Reference [176]. On the left is a
comparison of measured vs predicted wall temperatures,
and on the right is the distribution of In(M=E). Note that
the off-diagonal lines in the scatter plot indicate the 2es
bounds for the experiments (long dash) and the model
(short dash).

PucyHok 4.4 : Pe3ynbTaTbl HOPMasnbHOCTU TECTUPOBAHUSA

ans Habopa paHHbIX, B3sATbIX M3 [ 176 ]. Cnesa
HaxoamnTCs CpaBHEHWE nsmepsieTcs npoTuB
NPOrHO3MpPYyeMbIX TemnepaTypax CTeHbl , W MO npasy

agnsietca pacnpegenenne LN (M E ) . Obpatute
BHUMaHWe, YTO BHE AMAroHasibHble JIMHUM B TOUYEYHOW
avarpamMmbl MoKa3blBaloT 2ES OLIEHKM ans
3KCnepuMeHToB ( TMpe ) U Moaenb (KopoTKoe Tupe ) .

Returning to Eq. (4.9), what is now needed is a way to
estimate the mean and standard deviation of the
distribution. First, define:

Bo3Bpallascb K ypaBHeHuio . (4.9) , To, 4TO ceiyac
HeobxoaMMO, TakK 3TO Crnocob OUEeHUTb CcpeaHee
3HaueHue M CTaHZapTHOE OTK/IOHEHWE pacrpeaeneHuns .
MNpexae Bcero, onpegenute :

- n
InM/E) = Z ln{fw!,a'fE.i}

1
n:

i (4.10)

The least squares estimate of the standard deviation of
the combined distribution is defined as:

HanmeHee oueHka KBaapaTOB CTaHAAPTHOrO OTK/IOHEHUS
KOMOMHMPOBAHHOIO pacnpeaeneHuns onpegensercs Kak :

~7 ~ 1 il ’ 4 — 2
Sy +6i~—) [IH{M,-; E) —lll(M_,-'E)]
=15 (4.11)
Recall that esE is known and the expression on the right | HanomMHuM, uyto ESE M3BECTHO M BblpaXKeHMe CrnpaBa
can be evaluated using the pairs of measured and | MoryT ©6bITb OUEHEHbl C  MCMOAb30BaHWMEM  Map

predicted values. Equation (4.11) imposes a constraint
on the value of the experimental uncertainty, esk. A
further constraint is that esM cannot be less than esE
because it is not possible to demonstrate that the model
is more accurate than the measurements against which it
is compared. Combining the two constraints leads to:

M3MEPEHHbLIX U NPOrHO3UPYEMbIX 3HAYEHWUN . YpaBHeEHME
( 4.11) HaknagbiBaeT OrpaHU4eHUMe Ha BeNUUUHY
3KCMepUMeHTanbHOW HeonpeaeneHHoct , ESE . Ewe
OOHWM MpenaTcTBMEM SIBNSETCS TO, YTO ESM He MoxeT
6bITb MeHbLe , YeM KO- NOTOMY UTO 3TO HE BO3MOXHO ,
4yTObbl MPOAEMOHCTPMPOBATL , YTO MOAENb SBMSIETCA
60osiee TOYHbIM , YEM WM3MEPEHMUS , MPOTMB KOTOPOW OHO

CpaBHEHWIO ObbeanHeHWe  [ABYX  OrpaHu4eHui
NpUBOAMT K :
7 1 e e
Cf < —Va_r(ln{M,-EJ)
2 (4.12)
An estimate of d can be found using the mean of the | OueHka r© MOXHO HaiiTu C TMOMOWbID CpeaHee
distribution: pacnpegenexus :
~—p —~
. — % O
Smexp(lnLM,-E} 5 "7
(413
Taking the assumed normal distribution of the model | MpuHumas npeanonaraemMyto HOpMasbHoe
prediction, M, in Egq. (4.7) and using a Bayesian | pacnpegeneHne nporHo3a mogenv , M, B ypaBHeHMM .
argument6 with a non-informative prior for q, the | (4.7) 1 wucnonb3ys 6allecoBckuit  Argument6 c
posterior distribution can be expressed: HenHbOpMaTMBHO A0 MpU 4 , pacnpeaeneHue 3afHel
MOXET 6bITb BblpaXkeHa :
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(4.14)

The assumption of a non-informative prior implies that
there is not sufficient information about the prior
distribution (i.e., the true value) of q to assume anything
other than a uniform7 distribution. This is equivalent to
saying that the modeler has not biased the model input
parameters to compensate for a known bias in the model
output. For example, if a particular model has been
shown to over-predict compartment temperature, and
the modeler has reduced the specified heat release rate
to better estimate the true temperature, then it can no
longer be assumed that the prior distribution of the true
temperature is uniform. Still another way to look at this
is by analogy to target shooting. Suppose a particular
rifle has a manufacturers defect such that, on average, it
shoots 10 cm to the left of the target. It must be
assumed that any given shot by a marksman without this
knowledge is going to strike 10 cm to the left of the
intended target. However, if the marksman knows of the
defect, he or she will probably aim 10 cm to the right of
the intended target to compensate for the defect. If that
is the case, it can no longer be assumed that the
intended target was 10 cm to the right of the bullet hole.

MpennonoxeHne 0 HEMH(OPMATUBHO A0 O3HAYAET, YTO
HET [OCTaTOYHOM MHdOpMauMn O npeaBapuUTeNbHOMO
pacnpegeneHus (T.e. UCTMHHas CTOMMOCTb) 4 B35iTb Ha
cebss Huyero, kpome uniform?7 pacnpegenenvs . 3TO
pPaBHOCWNBHO TOMY, 4TO MoOZenbep He MpeaB3aTbiM
TUMOBblE BXOAHbIE MapaMeTpbl AN KOMMeHcauun
M3BECTHON MPeaB3STOCTU B BbIXOAHbLIX AaHHbIX MOAENN .
Hanpumep, ecnn KOHKpeTHas Mogenb , Kak 6blio
nokasaHo No - MpeAckasaTb TemnepaTypbl oTceka , W
paspaboTuMK MOAENM CHUM3WN  yKasaHHbIM  CKOPOCTb
TennoBblaeneHns , 4Ttobbl Nyylle OUEHUTb peanbHYH
TeMMepaTypy , TO OHa 60sblLe HE MOXET NPeanoNoKUTb,
YTO anpuoOpHOE pacnpeaesieHne UCTUHHOM TemnepaTypbl
paBHOMepHbIM. Elle oamH cnocob B3rnsHyTb Ha 3TO MO
aHanormm C UeneBoi  CTpenb6bl Mpennonoxmm
YaCTHOCTM BWHTOBKa WMeeT paedeKkT npousBoauTeENen
TaKoW, 4yTo , B cpeaHeM , cTpensietr 10 cM , cneBa oT
uenn. Hapgo nonaraTb, YTO NOGOKN 3acTpeneH CTpeska
6e3 3Toro 3HaHus 6yger 6utb 10 cM cneea oOT
HaMeyeHHoW Lenm OpHako, ecnu CTpenok 3HaeT
fedekTta , TO OH MUK OHa, BEPOSITHO, HanpaBseHbl 10 cm
CnpaBa OT HaMEYeHHON Lenn , YTobbl KOMMEHCUPOBaTh
pedekta. Ecnm 370 Tak, TO OH 60nblle He MOXET
NpeanonoXuTb, YTO Lenb bbina npegHasHadeHa ot 10 cm
[0 cnpaBsa OT MyneBoro 0TBepCTUs .

The final step in the derivation is to rewrite Eq. (4.14)
as:

MNocnegHM wWwaroM B BblBOAE SABNSETCA nepenucaTb .

(4.14) , KaK :

0|M~N (=

Mo, (M
» Oy 5

(4.15)

This formula has been obtained8 by dividing by the bias
factor, d, in Eq. (4.14). To summarize, given a model
prediction, M, of a particular quantity of interest (e.g., a
cable temperature), the true (but unknown) value of this
quantity is normally distributed. The mean value and
variance of this normal distribution are based solely on
comparisons of model predictions with past experiments
that are similar to the particular fire scenario being
analyzed. The performance of the model is quantified by
the estimators of the parameters, d and esM, which have
been corrected to account for uncertainties associated
with the experimental measurements.

Ota ¢dopmyna 6bina obtained8 nytem peneHus Ha
koapduumeHT cmewenuss , D, B ypaBHeHun . (4.14) .
Mogsoas wTor , yunTbiBas MoAenb MPOrHO3MPOBaHuS |,
M, onpepeneHHOro Konuuyectsa WHTepec (Hanpumep,
TemnepaType kabens) , UCTWUHHbIA (HO HEU3BECTHO )

3HayYeHWe 3TOW  BE/IMYMHBI  MMEET  HOpMasbHOE
pacnpeaenenve . CpeaHee 3HayeHne 1 AUCNepPCus 3Toro
HOpPMasibHOro pacnpeaenexus OCHOBaHbI

UCKITIOUMTENBHO Ha CPaBHEHUM MpefcKasaHuii MOAENU C
NPOLW/bIMW  3KCMEPUMEHTaMK , KOTOpble MOXOXWM Ha
KOHKPETHbI  CUeHapuit  noxapa  aHanusupyoTcsl.
npOMBBOAMTeﬂbHOCTb mMoaenu KONMN4eCTBEHHO no
oueHok napametpoB , ' m ESM , kotopble 6binn
ncrnpasneHbl AN yyeTa HeonpeaeneHHOCTeN, CBSA3aHHbIX
C 9KCNEPUMEHTASIbHbIX U3MEPEHUM .

4.5 Example

4.5 Npumep

This section describes how to make use of Eq. (4.15).
Referring to the sample problem given above, suppose a
fire model is being used to estimate the likelihood that
electrical control cables could be damaged due to a fire
in a compartment. Damage is assumed to occur when
the surface temperature of any cable reaches 200 _C.
What is the likelihood that the cables would be damaged
if the model predicts that the maximum surface
temperature of the cables is 175 _C. Assuming that the
input parameters are not in question, the following
procedure is suggested:

B 3TOM pasgene oOnMCLIBAETCs, KaK WCMONb30BaTb
ypaBHeHus . (4.15) . Ccbinasicb Ha npobnembl obpasua ,
npuBeAEeHHOro Bbile , MPeAnoJsIoXKMM, NoXap MoAaenb
UCMONb3yeTC AN OLEHKM BEpOSITHOCTM TOro, 4To
aneKkTpuyeckne kabenu  ynpaBfeHuss MoryT  6biTb
noBpexzaeHbl 13-3a noxapa B oTceke . [peanonaraercs
MoBpexaeHne  NpPOMCXOAMUT,  Korga  TemnepaTypa
noeepxHocTn ntoboro kabensa gocturaet 200 _C . KakoBa
BEPOSITHOCTb TOro, YTO Kabenu 6yayT NoBpeXaeHbI, ecnu
mMozenb npeackasblBaeT, yTO MaKC1MasibHas
TeMnepaTypa NoBepxHOCTU kabeneit coctasnsieT 175 _C
. Ecnn npeanonoxuTb, 4TO BXOAHbIE NMapaMeTpbl He uaeT
peyb, cnegyrouas npoueaypa npeanoxu :

1. Assemble a collection of model predictions, Mi, and
experimental measurements, Ei, from past experiments
involving objects with similar thermal characteristics as

1 . Cobepute KOMNEKUMIO MOAENbHbIX MpeAckasaHuit
M.W., 3KCnepuMeHTaNbHbIX U3MepeHui , Ei , M3 npoubIx

SKCNEPUMEHTOB C y4aCTUEM 06bEKTOB C aHasorM4HbIMm
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the cables in question. How “similar” the experiment is to
the hypothetical scenario under study can be quantified
by way of various parameters, like the thermal inertia of
the object, the size of the fire, the size of the
compartment, and so on. Obtain estimates of the
experimental uncertainty from those who conducted the
experiments or follow the procedure outlined by Hamins
[176]. Express the experimental uncertainty in relative
terms, esE.

TEMNMOBbIMA XapakTepucTukamm , 4To W kabenei B
Borpoce Kak "aHanoruuHble" 3KCNepuMeHT Ha
rMNOTETUYECKOM CLEHapUM M3y4aemMoro MOXeT ObiTb
onpefeneHa  KOMUYECTBEHHO  MNYTEM  PasNYHbIX
napaMeTpoB , Kak TernnaoBoi MHepLun obbekTa , pa3mep
noxapa , pa3Mep OTCeka , M Tak panee. lMonyuutb
OLIEHKM 3KCrepUMEHTasIbHOW HeonpeaeneHHoCTH OT Tex,
KTO  NpoBOAMS  3KCMEPUMEHTbl  WAM  BbINOSHUTE
npoueaypy, onucaHHyio Ha Hamins [176] . 3Skcnpecc
3KCMEPUMEHTANBHYHO HeonpeaeneHHoOCTb B
OTHOCUTENbHOM BblpaxkeHuu , ESE .

2. Calculate the bias factor, d, and relative standard
deviation, s”M, from Egs. (4.13) and (4.11), respectively.
For the data shown in Fig. 4.4, d = 1:13 and that esM =
0:20.

2 PaccunTaitte koahduUUMeEHT cMelleHus , D, u
OTHOCUTENbHOE CTaHAAPTHOE OTK/IOHEeHWe , S ~ M, oT
ypaBHeHuWii . (4.13 ) n (4.11 ) cooTBeTcTBeHHO. [ns
[AaHHbIX, NpuBeAeHHbIX Ha puc. 4.4 , o = 1:13 n yto ESM
=0:20.

Consider the distribution, Eq. (4.15), of the “true”
temperature, g, shown graphically in Fig. 4.1. The
vertical lines indicate the “critical” temperature at which
damage is assumed to occur (Tc = 200 _C), and the
temperature predicted by the model (175 _C). Given an
ambient temperature of 20 _C, the predicted
temperature rise, M, is 155 _C. The mean and standard
deviation in Eq. (4.15) are calculated:

PaccmoTpumM pacnpegenenue, ypaBHeHnve . (4.15) , w3
«UCTUHHOMW» TeMnepaTypbl , Q, MokasaHHOM rpacnyecku
Ha puc . 4.1 . BepTukanbHble NMHUM YKa3bIBAOT Ha
«KpUTUUECKYID» TemnepaTypy, Mpu KOTOpoW yuiepb
cuuTaeTca  ocyulecteneHHon ( Tc 200 ° C) wu
TeMmnepaTypy npeackasaHHbli Mopenn ( 175 °© C) .
YunTbiBasTEMNepaType okpyxatolwen cpeasl 20 ° C,
NnpeackasaHHOro  MoBblWeHWMs  TeMnepatypbl , M,
cocrasnset 155 _C . CpegHee 3HaveHWe u CTaHAapTHOe
OTK/IOHeHMe B cdhopmyre . (4.15) paccuntbiBatoTCs :

M :E[l—i—E =157°C

— My L
u=20+7 13

5

O = Oy

5
M 020x 12 _970c
5 1.13 (4.16)

respectively. The shaded area beneath the bell curve is
the probability that the “true” temperature can exceed
the critical value, Tc = 200 _C, which can be expressed
via the complimentary error function:

COOTBETCTBEHHO. 3aTeHeHHOM o06nacTv noa  KpueoW
HOpManbHOro pacrnpefeneHns SBNSETCS BEPOSTHOCTb
TOro, YTO "MCTUHHBLIX" TemrnepaTypa MOXET MpeBbILIaTh
KpuTMyeckoe 3HayeHune, Tc = 200 ° C, koTopasi MOXET

6bIThb Bblpa)keHa Yepe3 6ecnnaTHbli pyHKUMM OLINGOK :

| [T.—
P(T > T,) = —erfc (—f —
2 o2

I

—erfc
2

(zm— 15?) 0.06
: (4.17)

This means that there is a 6 % chance that the cables
could become damaged, assuming that the model’s input
parameters are not subject to uncertainty.

i
27 W L
OTO O3Ha4aeT, YTo ecTb 6% LWaHC , YTo kabenu moryT
6bITb noBpeXAaeHbl , eCnn NpeanosioXknuTb, YTO BXOAHbIE
napamMeTpbl  MOAENM  He  SBNSIOTCA  NpeaMeToM
HeonpeaeNneHHOCTH.

4.6 Additional Considerations

4.6 fononHuTeNbHble CO06paxeHns

Keep in mind that for any fire experiment, FDS might
predict a particular quantity accurately (within the
experimental uncertainty bounds, for example), but
another quantity less accurately. For example, in the a
series of 15 full-scale fire experiments conducted at NIST
in 2003, sponsored by the U.S. Nuclear Regulatory
Commission, the average hot gas layer (HGL)
temperature predictions were nearly within the accuracy
of the measurements themselves, yet the smoke
concentration predictions differed from the
measurements by as much as a factor of 3. Why?
Consider the following issues associated with various

WmeliTe B BUAY, YTO ANS NOGOro noXxapa sKCNepuMMeHTa
, FDS MoxeT npeacka3aTb KOHKPETHbIN KOMNMYECTBO

ToyHo (B npeaenax 3KCNepuMEHTanbHbIX rPaHULb
HeonpeaeneHHoCT ,  Hampumep) , HO  Apyrou
KONMYeCTBO MeHee TOYHO . Hanpumep, B cepun u3 15
NoMHOMaCLITabHbIX OrHeBbIX 9KCMEPUMEHTOB,

nposeaeHHbIx B NIST B 2003 rogy , aBTopaMm KOTOpPOro
Komucenmn no spepHomy perynuposanuio CLUA , cpegHss
cnon ropsyero rasa ( HGL ) nporHosbl TemnepaTypbl
6bIM MOYTM B TOYHOCTU M3MEPEHMI CaMK , HO MPOrHO3bI
KOHLEHTpauMn AbiIMa OT/MYANUCh OT W3MEPEHWUn Ha
uenbix 3 pasa Mouemy ? PaccMmOoTpuM cneayowme

types of measurements: BOMPOCbl,  CBSA3aHHble C  PasfMYHbIMK  BuAAMU
N3MEepeHUi:

e Is the measurement taken at a single point, or | eM3MepeHWs, MPUHATbIE NIM B OAHOW TOYKEe , WU B

averaged over many points? In the example above, the | cpeqHeM Ha nNpoTsXkeHMM MHOrMX Tovek ? B

HGL temperature is an average of many thermocouple
measurements, whereas the smoke concentration is
based on the extinction of laser light over a short length
span. Model error tends to be reduced by the averaging
process, plus most fire models, including FDS, are based
on global mass and energy conservation laws that are
expressed as spatial averages.

npuBedeHHOM Bbllle mMpuMepe , TemnepaTtypa HGL
ABNSIETCA CPEAHUM M3 MHOXECTBA TEPMOMNap M3MepeHui
, B TO BpeMS KaK KOHLUEeHTpauus AblMa OCHOBaH Ha
MCYE3HOBEHME J1a3epHOr0 CBETa B TEYEHMe KOpOTKOro
NpoMeXyTka  AJIMHbI Owunbka Mopenb umeeT
TEHAEHLMIO K YMEHbLUEHUIO B NpoLEecce yCpeaHeHus , a
TaKke 60MbLIMHCTBO MOAENEN MOXapHbIX , B TOM Yucne
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FDS , ocHOBaHbl Ha rnobanbHOW MacCbl U 3aKOHOB
COXpAHEHUS 3HEpruM , KOTOpblE BbIPAXKAKTCA Kak
NPOCTPAHCTBEHHbIE CPEHMX.

e Is the measured quantity time-averaged or
instantaneous? For example, a surface temperature
prediction is less prone to error in comparison to a heat
flux prediction because the former is, in some sense, a
time integral of the latter.

* SBNsETCS NM M3MepsieMas BeIMUMHA YCpPeAHEHHasl Mo
BpEMEHU unm MrHOBEHHOW? Hanpumep,
MPOrHO3MpoBaHWE TeMMepaTypbl MOBEPXHOCTM MeHbLUe
MOABEPXKEHbI OLWMBKaM MO CPaBHEHMIO C NpeAcKa3aHWeM
TENMOBOro MOTOKa, MOCKOMbKY MepBbI SBASETCS, B
HEKOTOPOM  CMbIC/Ie, WHTErpasl Mo BpeMeHW OT
NocneaHero.

¢ In the case of a point measurement, how close to the
fire is it? The terms “near-field” and “far-field” are used
throughout this Guide to describe the relative distance
from the fire. In general, predictions of near field
phenomena are more prone to error than far-field. There
are exceptions, however. For example, a prediction of
the temperature directly within the flaming region may
be more accurate than that made just a fire diameter
away because of the fact that temperatures tend to
stabilize at about 1000 _C within the fire itself, but then
rapidly decrease away from the flames. Less accurate
predictions typically occur in regions of steep gradients
(rapid changes, both in space and time).

e B cnyyae usMepeHust TOUKM, Kak BIM3KO K OrHIO 3TO
Takoe? TepMuHbl "6nmxHero nona" n "ganbHero nons”
MCNONb3YKTCA B [AaHHOM pPYKOBOACTBE A1 OMMCaHUs
OTHOCUTENbHOMO  PacCToOsiHUS OT  OrHs. B obwewm,
MPOrHO3bl SIBEHWUI BOAM3M MONEBbIX 60Mee CKOHHbI K
owmbke, yeM aanbHeM none. ECTb MCKIOYEHUS, 0gHAKO.
Hanpumep, NpOrHO3MpoBaHWe TeMnepaTypsl
HEMOCPeACTBEHHO B MiaMeHHOW 06macTM MOXeT ObiTb
6onee TOYHOW, YeM cAenaHo TONbKO AMAMETP OroHb B
CTOPOHY M3-3a TOro, YTO TeMmrnepaTypa, Kak npaBuso,
cTrabunusanpyloT npu Temnepatype okono 1000 _C
BHYTPM CaMOro noxapa, HO 3aTeM BblCTPO YMEHbLIAKTCS
OT nnaMsi. MeHee TOYHble MPOrHO3bl, Kak MpPaBuIIo,
NPOUCXOAST B perMoHax KpyTbiX rpagveHToB (6bicTpble
M3MEHEeHMs], KaK B NPOCTPAHCTBE U BPEMEHM).

Chapter 5. HGL Temperature and Depth

Mnasa 5. Temnepatypa u rnybusa HGL

FDS, like any CFD model, does not perform a direct
calculation of the HGL temperature or height. These are
constructs unique to two-zone models. Nevertheless, FDS
does make predictions of gas temperature at the same
locations as the thermocouples in the experiments, and
these values can be reduced in the same manner as the
experimental measurements to produce an “average”
HGL temperature and height. Regardless of the validity of
the reduction method, the FDS predictions of the HGL
temperature and height ought to be representative of the
accuracy of its predictions of the individual thermocouple
measurements that are used in the HGL reduction. The
temperature measurements from all six test series are
used to compute an HGL temperature and height with
which to compare to FDS. The same layer reduction
method is used for all the data presented in this chapter.

FDS, kak v ntoboit moaenb CFD, He BbIMOMHSAET npsiMoe
BbluMcneHve Temnepatypbl HGL unn BbicOTbl. [aHHble
KOHCTPYKLMW YHUKaNbHbl ANS ABYX30HHbLIX Mopenen.
TeMm He MeHee, FDS penaeT npeackasaHus
TemrepaTypbl ra3a B TEX e MecTax, YTo U TepMonapa B

3KCMepUMEHTax, W 3TW  3HayeHuss MoryT  ObiTb
YMEHbLLEHbI TaKUM xe obpazom, Kak
3KCMEPUMEHTANbHLIE  U3MEPEHUSt AN MOJyYeHUs!

"cpepHioo" Temnepatypy HGL u BbicoTy. HecMoTpsi Ha
060CHOBaHHOCTU MeToaa peaykumu, TO FDS
npeackasaHus TemnepaTypbl HGL v BbicOTa [o/mKHa
6biITb  MpeactaBuTeNb  TOYHOCTM  €M0  MPOrHO3bl
OTAENbHBIX  M3MEPEHUN C  MOMOLUBIO  TEpMOMaphbl,
KOTOpble MCNOMb3YIOTCA B COoKpalleHnn HGL. U3mepeHus
TemnepaTypbl OT BCEX LIECTU CEPUA  UCNbITaHUM
UCNONb3YITCA ANs BbluMCneHus TemnepaTypbl HGL wu
BbICOTY C KOTOpPOW MOXHO CpaBHMBaTb C FDS. ToT xe
METOA COKPaLlEeHUs CNoM  MCnonb3yeTcs Ans  Bcex
[aHHbIX, NpeACTaB/IEHHbIX B AaHHON rnaBe.

5.1 HGL Reduction Method

5.1 MeTtoa peaykunun HGL

Fire protection engineers often need to estimate the
location of the interface between the hot, smoke-laden
upper layer and the cooler lower layer in a burning
compartment. Relatively simple fire models, often
referred to as two-zone models, compute this quantity
directly, along with the average temperature of the upper
and lower layers. In a computational fluid dynamics (CFD)
model like FDS, there are not two distinct zones, but
rather a continuous profile of temperature. Nevertheless,
there are methods that have been developed to estimate
layer height and average temperatures from a continuous
vertical profile of temperature. One such method [183] is
as follows: Consider a continuous function T(z) defining
temperature T as a function of height above the floor z,
where z = 0 is the floor and z = H is the ceiling. Define
Tu as the upper layer temperature, T* as the lower layer
temperature, and zint as the interface height. Compute
the quantities:

MHXeHepaM MO NpOTUBOMOXApHOM  3aliMTe 4YacTo
HeobXxoaMMO OLUEHWUTb MECTOMOJSIOXKEHNE MOBEPXHOCTU
pasgena Mexay ropsuvM, 3aAblMAEHHbIM  BEPXHUM
CMI0EM M HWXKHWMM NPOX/afHbIM ClI0EM B MOMELLEHUM
BO3ropaHusi. OTHOCUTENbHO MPOCTblE MOAENN MoXapa,
YacTo YMOMUHAETCS B KAYeCTBE JBYX30HHbLIX MOJESIEH,
BbIYMCNTD 3Ty BENNYMHY HEMOCPeACTBEHHO, Hapsay C
cpefHelt TeMmnepaTypbl BEPXHUX WU HWDKHWUX cnoes. B
BblUMCNUTENbHON rMapoanHamukn (CFD) Mogenu, Kak
FDS, ecTb He [Be pasnnuyHble 30Hbl, a CcKopee
HenpepbiBHbLIN Npodub TemMnepaTypbl. TeM He MeHee,
CyLLEeCTBYIOT MeToAbl, KOTopble 6binn paspaboTaHbl ANns
OLIEHKM BbICOTbI COSi M cpegHMe TemnepaTtypbl OT
HernpepbIBHOr0 BEPTUKANLHOrO Npoduis TeMnepaTypbl.
OanH  Takon cnoco6 [183] BbIrMSAUT  CreayoWmM
06pasoM: PaccMoTpuM HenpepbiBHYIO dyHKUMO 7(Z)
onpeaeneHve TemnepaTypbl 7 Kak (YHKUMM BbICOTHI
HaZ YpoBHeM nona z rae z=0 sIBNsSieTC NOBEPXHOCTbIO
nona u z=H sBnsieTcs NOBEPXHOCTbIO MOTOJIKA.
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Onpegenuts T, B KauecTBe TeMnepaTypbl BepXHero

cnosi, T, kak 6onee HW3KON TeMmnepaTtype ciol, n Z,

KaK BbICOTa MHTepd)Eﬁca. BblYMCNNTL BENNYMHBI:

(H - Zint )Tu + zintT/{ = J-OH T(Z)dZ = I1

(H_Zint)i-i_zintL:J-H L
T, T, * T(@

dz

Solve for zint:

Pewenne Z,  :

Té(|l|2 _Hz)

int

I, +1,T}-2T,H

(5.1)

Let T* be the temperature in the lowest mesh cell and,
using Simpson’s Rule, perform the numerical integration
of I1 and I2. Tu is defined as the average upper layer
temperature via

Myctb Tz — TeMnepaTypa B CaMoW HU3KOMN siueike CeTku
u, no npaewny CUMMCOHA, BLIMOSHAETCS YMCNIEHHOE

uHterpuposatme |, u 1,. T

. onpedensetcs Kak

cpefHss TeMnepaTypa BEpXHEro c/os C  MOMOLLUbIO
ypaBHEHMS:

H-2,)T,=[

in

T(2)d

N

(5.2)

Further discussion of similar procedures can be found in
Ref. [184].

[JlanbHelllee pacCMOTPEHWE aHaNorMyHbIX npoueayp
npveeaeHo B pabote [184].

5.2 ATF Corridors

5.2 OnbiTbl ATF B KOpMaopax

The ATF Corridors experiments consisted of two corridors
one on top of the other and connected by a stairwell. HGL
temperature and depth reductions were carried out using
three arrays of thermocouples in the lower corridor (Trees
A, B, and C) and two arrays in the upper corridor (Trees
G and H).

OnbiTel ATF B KOpuaopax BK/lOYanu f[Ba Kopuaopa,
OOMH M3 KOTOpbIX pacrnonarancs Hag apyruMm u 6bin
COEAMHEH C HUM JIECTHWYHOM KNeTKou. Temnepartypa
HGL wu cokpalleHuss rnybuHbl  MNpoBOAMAUCL C
MCMONb30BaHMEM Tpex HabopoB TepMomap B HWDKHEN
kopuaopa (aepesbst A, B, n C) n aByx MaccMBoB B
BEepxHeM kopuaope (aepesbs G u H).
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5.3 FM/SNL Test Series

5.3 Cepumn ncnbitaHnin FM/SNL

Nineteen tests from the FM/SNL test series were selected
for comparison. The HGL temperature and height are
calculated using the standard method. The thermocouple
arrays that were located in Sectors 1, 2 and 3 are
averaged (with an equal weighting for each) for all tests
except Tests 21 and 22. For these tests, only Sectors 1
and 3 are used, as Sector 2 falls within the smoke plume.
Also, for all but the gas burner experiments, the time
history of the HRR is estimated. Only the peak HRR is
reported.

Ons  cpaBHeHuss 6binv  BblbpaHbl  AeBSTHaAUaTb
NpUMepoB UcnbiTaHWi M3 cepun FM/SNL. TemnepaTypa
n BbicoTa HGL BbMMCASAIOTCHS C  UCMONb30BaHMEM
CTaHAapTHOro MeToaa. Ipynnbl TepMonap,
pa3MeLleHHble B cekTopax 1, 2 n 3 6biim ycpeaHeHs (C
paBHbIM B3BELUMBAHMEM AN KaXAoW) pAns  BCex
WCMbITAHWIM, 33 WUCK/IOYEHMEM UCMbITaHWA 21 u 22. B
3TUX UCMNbITAHUSIX UCMOSb3YHOTCS TOSIbKO CEKTOpPbI 1 1 3,
TaK KaK CeKTOp 2 HaxoauTcs B npegenax CTpyy AbiMa.
Takke BO BCEX MCMbITaHWUSAX, KPOME 3KCMEPUMEHTOB C
ra3oBOW rOpPEenKoW, OLEHWBAETCs BPEMEHHOW rpaduk
ckopocTu BblgeneHuss Tenna. Cooblaerca TONbKO O
MaKCMMasibHOE 3Ha4yeHMe CKOpPOCTU BblAeNeHns Tenna.
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5.4 LLNL Enclosure Series

5.4 Cepuun ncnbiTaH1i B No

meweHmax LLNL

The plots on the following pages compare predicted and
measured layer temperatures from the LLNL Enclosure
test series. In the experiments, fifteen thermocouples
were evenly spaced from floor to ceiling on either side of
the burner. The measured temperatures were reported as

B rpadgukax Ha
CpaBHMBAIOTCS

nocneayroLmx
NporHo3vpyeMbie 1
TeMmnepaTypbl CNOEB U3 CEpUM WUCTbITAHWI MOMELLEHN
LLNL. B wcnbiTaHusix naTHaguatb Tepmonap 6buiv
paBHOMEPHO pacnpefeneHbl OT nona o MoToska Mo
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averages of the lower, middle, and upper five TCs. Some
of the experiments were conducted with a separated
plenum space in the top one-third of the overall
compartment (Tests 17-60). In these cases, the upper
five TCs are a measure of the average plenum
temperature.

obe CTOpOHbI OT ropenku. MamepeHHble TemnepaTypbl
6bIIN 3aPErncTpUpoOBaHbl B BUAE CPEAHMX 3HAYEHWI B
HUXXHEW, CcpefHeil W BepxHeil naTM  TepMonapax.
HekoTopble McnbiTaHust 6biv NPOBEAEHbI C OTAENbHOM
KamMepol CTaTMYecKoro AaBfieHUs MpPOCTPaHCTBa B
BEPXHEN OAHOW TpeTbel 4acTu Oo6Lero MoMeLleHus
(Tectbl 17-60). B 3TuX cnyyasix BepxHUE NSTb TepMonap
ABMSIOTCS MEPOMN CpeAHeN TeMnepaTypbl B MONOCTU.

In the figures on the following pages, the black circles
represent the average of the five upper-most TC
measurements. The lines represent the simulation. The
red circles represent the average of the middle five TC
measurements. For the plenum tests, these TCs are
located immediately beneath the plenum and their
average temperature is typically greater than that of the
plenum. Note that in a number of tests, the fuel flow was
stopped or the fire self-extinguished. The simulations last
only as long as the reported measurements.

Ha pucyHkax Ha cnefyolmx CTpaHuuax YepHble Kpyru
npeactaBnsitoT coboil cpegHee M3 nsTM  Haubornee
BbICOKUX M3MEpeHHbIX 3HayeHuln Tepmonap. JIMHuM
NpeacTaBnsioT  MoaenupoBaHue.  KpacHble  Kpyru
npeacTaBnsloT cobon cpefHee W3  CPeAHUX NSty
M3MepeHuin TepMonap. [N UCnbiTaHuiA B kamepax, 3Tu
TepMonapbl  pacnofiokeHbl  HEMOCPEACTBEHHO  MOA
KaMepoW W WX CpefHsisi TemnepaTypa, Kak MpaBuno,
6onblue, YeM TemnepaTypa kamepbl. Cneayet OTMETUTD,
YTO B psiAe€ WCMbITaHWi, MOTOK roptoyero  6bin
OCTaHOBMEH WM  OrOHb  CaMOCTOSITENIbHO  Morac.
MoaenupoBaHvMe NPOAO/MKAETCs TONMbKO A0 Tex Mop
MOKa PErNCTPUPYIOTCS U3MEPEHMSI.
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5.5 NBS Multi-Room Test Series 5.5 Cepum wucnbitanmii HBC B HECKOJIbKMX
noMeLLeHnsaxX
This series of experiments was performed in two | OTa cepusi 3kcnepuMeHToB 6blna nNpoBedeHa B ABYX

relatively small rooms connected by a long corridor. The
fire was located in one of the rooms. Eight vertical arrays
of thermocouples were positioned throughout the test
space: Tree 1 in the burn room, Tree 2 in the doorway of
the burn room, Trees 3, 4, and 5 in the corridor, Tree 6 in
the exit doorway to the outside at the far end of the
corridor, Tree 7 in the doorway of the “target” room, and
Tree 8 inside the target room. Four trees have been
selected for comparison with model prediction: Tree 1 in
the burn room, the trees in the corridor, and Tree 8 in the
target room in Test 100Z. In Tests 100A and 1000, the
target room was closed. The test director reduced the
layer information individually for the eight thermocouple
arrays using an alternative method. These results were
included in the original data sets. However, in this report
the selected TC trees were reduced using the method
described in Section 5.1.

OTHOCUTENIbHO  HEeBONMbLUMX  KOMHAT,  COEAMHEHHbIX
[UIMHHBIM KOpUAOPOM. MNoxxkap 6bin pacrnosioXXeH B 0OAHOM
n3 KOMHaT. BoceMb BepTWKanbHbIX PSAOB TepMorap
6blIM  pacrnonoxeHbl B XO4e  UCMbITaTe/IbHOro
npocTpaHcTea: Tree 1 B 0XXOroBOM KoMHate, [epeso 2
B ABEPAX OXOroBOM KOMHaTe, AepeBbs 3, 4, U 5 B
kopuaope, [lepeBo 6 B BbIXOAHOM [ABEPSIX CHAPYXW Ha
JanbHUA  KoHel Kopupaopa, [epeBo 7 B ABeEpSX
«LeneBo» KoMHaTe, M [peBa 8 BHyTpu Bawelt
KOMHaTbl. YeTblpe AepeBa 6binm 0To6paHbl CpaBHEHUIO C
npeackasaHveM Mofenu: fnepeB0 1 B OXOroOBOM
KOMHaTe, fiepeBbsi B kopuaope, 1 [epeso 8 B Balueit
koMHaTbl B Test 100Z. B tectax 100A n 1000, ueneBas
3an  6bin 3aKkpbIT. TecT AMPEKTOp  CHWMXKaeTcs
nHdOpMaLUMIo  CNos  MHAMBMAYaNbHO ANS  BOCbMU
TepMonap MaccvBax, MCMoNb3ys  aflbTepHATUBHbIN
mMeTod. OTW  pe3ynbrathl  6blAM  BKIOYEHbI B
OpUrMHanbHbIX HabopoB AaHHbIX. TEM He MeHee, B 3TOM
oTyeTe BblbpaHHble aepeBbst TC 6blM  yMeEHbLUEHBI
MCrosib30BaHMEM METOAA, OnucaHHoro B pasaene 5.1.
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5.6 NIST/NRC Test Series

5.6 Cepusa ucnoitanuii NIST/NRC

The NIST/NRC series consisted of 15 heptane spray fire
pan
locations, and ventilation conditions. Gas temperatures
were measured using seven floor-to-ceiling thermocouple

experiments with varying heat release rates,

Cepus ucnbitanmin NIST/CPH coctosina u3 15 noxapHbIxX
UCMBbITAHW C TeNTaHOBLIM PacCnbIfIEHUEM C pasHOM
CKOPOCTbIO BblAeNeHns Tenna, naHopaMHbIMU
MECTOMONOXEHUSMN U YCNIOBUSIMM  BEHTWUISLMM.
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arrays (or “trees”) distributed throughout the
compartment. The average hot gas layer temperature and
height are calculated using thermocouple Trees 1, 2, 3, 5,
6 and 7. Tree 4 was not used because one of its
thermocouples (TC 4-9) malfunctioned during most of the
experiments. A few observations about the simulations:

3HaueHus TemnepaTypbl ra3a ObiM  M3MepeHbl C
nomolLblo cemu rpynn Tepmonap (unu "gepesbes"),
pacrnofioXeHHbIX ~ OT  Mnofa A0 noTonka M
pacripeaeneHHbIX B nomelleHun. CpeaHsist TeMnepaTypa
B C/l0e ropsyero rasa W BbICOT@ BbIYUCNSIOTCA C
nomoLLbto AepeBbeB Tepmonap 1, 2, 3, 5, 6 n 7. depeso
4 He wWCnNonb30BanoCb, MOCKONbKY OJHA W3  ero
Tepmonap (TC 4-9) pabotana co cbosiMu B 60nbLUeN
yacTtu UCMbITAHUMN. Heckonbko HabnoaeHni
OTHOCWTENIbHO MOAENMPOBaHUS:

e During Tests 4, 5, 10 and 16 a fan blew air into the
compartment through a vent in the south wall. The
measured velocity profile of the fan was not uniform, with
the bulk of the air blowing from the lower third of the
duct towards the ceiling at a roughly 45 angle. The exact
flow pattern is difficult to replicate in the model, thus, the
results for Tests 4, 5, 10 and 16 should be evaluated with
this in mind. The effect of the fan on the hot gas layer is
small, but it does have a some effect on target
temperatures near the vent.

e Bo BpeMs ucnbiTaHuii 4, 5, 10 u 16 BeHTUNATOP
HaroHsN BO34yX B NOMeLLeHne Yepes OTBepCTME B CTeHe
C I0XKHOM CTOPOHbl. M3MepeHHble [AaHHble CKOPOCTU
BEHTUNSITOpa OblMM HEOAHOPOAHLIMKM, OCHOBHAsl YacTb
BO3AYLHOrO MOTOKA W3 HWKHEro oTBepcTusi 6bina
HamnpasfieHa Ha NMoTOJOK Mo Yr/ioM NpubnnsmTensHo 45
rpagycoB. TO4YHOE HampaBneHWe MoToKa TPYAHO
BOCNPOM3BECTN B MOAENM, crefoBaTenbHO, pe3ynbTaThl
ucnbitTabmin 4, 5, 10 M 16 A0/MKHbI OLEHMBATLCA C
yyeToM 3Toro chakta. BosgeicTBME BEHTMNISTOpPA Ha
CNoW ropsiyero rasa HECyLeCTBEHHO, OAHaKo OH
BO3MENCTBYET B HEKOTOPOW CTEMEHU Ha LENEBble
TeMNepaTypbl psAOM C BEHTUISIUMOHHBIM OTBEPCTMEM.

e For all of the tests involving a fan, the predicted HGL
height increased after the fire was extinguished, while the
measured HGL decreased. This appears to be a curious
artifact of the layer reduction algorithm. It is not included
in the calculation of the relative difference.

e Bo Bcex wuCMbITaHUsAX € BEHTUNSTOPOM
nporHosmpyemas BbicoTa HGL yBenunuuBanacb nocne
TyWeHUs noXapa, a W3MepeHHoe 3HadeHne HGL
CHWXanocb. JTO npeacTaBnsieT cobov  NOBOMNbITHBIN
apTedakT anroputMa cokpalleHus cnos. OH He BXoauT
B pacyeT OTHOCUTENLHON Pa3HOCTM.

e In the closed door tests, the hot gas layer descended all
the way to the floor. However, the reduction method,
used on both the measured and predicted temperatures,
does not account for the formation of a single layer, and
therefore does not indicate that the layer drops all the
way to the floor. This is neither a flaw in the
measurements nor in FDS, but rather in the layer
reduction method.

e B UCMbITaHUSX C 3aKpbITOW ABEpbIO CNO ropsaYvero
rasa onyctuncs p[o camoro nona. OpHako MeTod
COKpalleHus, VICI'IOJ'IbBYEMbIl\;I KaK C U3MEPEHHbIMU, TaK U
C MpOrHO3upyeMbIMM TeMrnepaTypamu, He Y4YUTbIBaeT
(hOpMUPOBAHMA €OMHOrO CNosi, W, CNefoBaTeslbHO, He
yKa3blBaeT Ha TO, 4YTO C/Oi OMyckaeTcs [0 CaMoro
nona. 3TO He ABNSETCA HeAOCTAaTKOM M3MepeHMVI nnn
FDS, a ckopee olM6Koi B METofle COKpaLLEeHWiA Cos.

¢ The HGL reduction method produces spurious results in
the first few minutes of each test because no clear layer
has yet formed. These early times are not included in the
relative difference calculation.

* MeToz cokpallueHuit HGL faeT noxHble pe3ynbTaThl B
TeUeHMe NEepBblX  HECKONMbKUX  MUHYT  KaXaoro
UCMbITaHWUS, MOCKOMbKY YETKUM C/oi ele He 6bin
chopMUpoBaH. T paHHWE MPUMEpbl He BKKOYEHbl B
OTHOCUTESbHbIV pacyeT pasHOCTEMN.
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5.7 SP Adiabatic Surface Temperature Experiments | 5.7 MWMcnbitaHna SP ¢ aanabaTtnuecknmm

Three experiments were conducted

compartment, 3.6 m long by 2.4 m wide by 2.4 m high,
with a 0.8 m wide by 2.0 m high door centered on the

in a standard

Tpu wncnbiTaHns  6binn  NpoBeAEHbI
noMewexnu, 3,6 M B AaMHy n 2,4
BblcoTon 2,4 M, ¢ aABepbio 0,8 M B W

B CTaHAApPTHOM
M B LUMPUHY W
MpuHy n 2,0 M B
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narrow wall. Each experiment used a constant 450 kW
propane burner and a single beam suspended 20 cm
below the ceiling along the centerline of the
compartment. There were three measurement stations
along the beam at lengths of 0.9 m (Position A), 1.8 m
(Position B), and 2.7 m (Position C) from the far wall
where the fire was either positioned in the corner (Tests
1 and 2), or the center (Test 3). Details can be found in
the test report [166]. The gas temperatures reported
here were measured at 4 locations surrounding the beam
at Position A, and 2 locations at Positions B and C.

BbICOTY, PacrofiOXXEHHOW MO LEHTPY Y3KOW CTeHbl. B
KaXXQOM  WCMbITAHUM  UCMOSIL30BANOCL  ropenka ¢
MPOMaHOM C MOCTOSIHHOW MOLHOCTLIO 450 KBT M oaHa
6anka noggelweHHas Ha paccTosiHm 20 €M OT MOTOsKa
BAONb  LEHTPanbHOM  4acT  nomelueHus..  Bbino
YCTQHOBNEHO TpU W3MEPWUTENbHbIX CTaHUuM BAOIb
6ankm Ha otmetkax 0,9 ™M (Monoxenne A), 1,8 ™
(NMonoxexne B) n 2,7 m (MonoxeHne C) OT AanbHen
CTeHbl, rae noxap nmbo Haxoawncs B yray (MCNbiTaHus
1 un 2), nubo B ueHTpe (ucnbitaHue 3). MNogpobHoOCTM
MOryT 6bITb HalAEHbl B OTYETE MO MCMbITaHUAM [166].
TemnepaTypbl ra3os, yka3aHHble 34ecCb, Obin namepeHsbl
B 4 no3uumsax Bokpyr Hanku B [MonoxeHun A, n B 2
nosuumsax B Monoxennsx B u C.
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5.8 Steckler Compartment Experiments

5.8 UcnbiTaHua Cteksiepa B NOMeELEHUsIX

Steckler et al. [168] mapped the doorway/window flows
in 55 compartment fire experiments. The test matrix is
presented in Table 3.4. Shown on the following pages are
the temperature profiles inside the compartment
compared with model predictions. To quantify the

Creknep u ap. [168] nsobpasunu noTtokn B ABEPHOM /
OKOHHOM MpoeMax B 55 MOXapHbIX WCNbITaHUSIX B
noMelleHnsIX. MaTpuua WCMbITaHUA NpeacTaBfieHa B
Tabnuue 3.4. Ha cnepylowmx CTpaHUL@xX MoOKa3aHbl
rpacdvkn TemMnepaTyp BHYTPU MOMELLEHWS B CPpaBHEHUM
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difference between prediction and measurement, the
maximum temperatures were compared.
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5.9 UL/NIST Vent Experiments 5.9 Ucnbitauna UL/NIST Cc BEeHTUNSALMOHHbIMU
OTBEpPCTUSIMU
The HGL temperature and height for the four experiments | TemnepaTtypa u BbicotTa HGL ans 4eTblpex MCnbITaHWiA
Ha OCHOBE [BYX BepTUKanbHO

6bbina  paccuvTaHa

was calculated from two vertical
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thermocouples each. The arrays were centered on the
long central axis of the compartment and 90 cm from
each short size wall. The 2.4 m by 1.2 m double vent was
90 cm from each array. The uppermost TC was 2.5 cm
below the ceiling. The second TC was 30 cm (1 ft) below

the ceiling, and the rest were spaced evenly by 1 ft.

pacronoXeHHbIX rpymnn TepMonap Mo BoCeEMb TepMonap
B KaxaoW. Ipynnbl 6blM pacrnonoXeHbl MO LEHTpY
[/IMHHOW  LEHTPanbHOW OCM  TMOMELLEHMSI M Ha
pacctosHuM 90 CM  OT KaXKAOM KOPOTKOM CTeHbl.
[iBOMHOE BEHTWUMSLMOHHOE OTBEpPCTUE pa3MepoM 2,4 M
Ha 1,2 M HaxoAMNoCb Ha paccTosiHuM 90 CM OT KaXkaou
rpynnbl  Tepmonap. CaMas BepxHss — Tepmorapa
Haxoaunacb Ha paccTosHuM 2,5 €M  OT NOTOsKa.
Cnepytowas Tepmonapa Haxoaunacb Ha 30 cm (1 dyT)

HUXe MOTOMIKA, @ OCTafbHble  PaBHOMEPHO
pacnpefensnmcb ¢ UHTepBanoM B 1 dyT.
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5.10 VTT Test Series 5.10 Cepus ucnbiTanuii VIT

The HGL temperature and height are calculated from the
(1 min) averaged gas temperatures from three vertical
reduction
method. There are 10 thermocouples in each vertical
array, spaced 2 m apart in the lower two-thirds of the

thermocouple arrays using the standard

hall, and 1 m apart near the ceiling.

TemnepaTtypa u BbicoTa HGL Bblumcnsiotcs ncxoas ms (1
MWH) CpeaHuX TemnepaTyp rasa us Tpex BepTuKabHbIX
rpynn TepMmonap C MNOMOLWbIO CTaHAApPTHOrO MeToda
cokpalueHus. Ucnonb3ytotcs 10 TepMonap B KaXxaow
BEPTVKaNIbHOW TPyrne, PacriofiOXEHHbIE HA PacCTOSHNUM
2 M [pyr OT Apyra B HWXHWX [BYX TPETbUX 3ana U Ha
pacctosHum 1 M 6avdke K NOTOSKY.
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5.11 WTC Test Series

5.11 Cepus ucnbitanuii WTC

The HGL temperature and height for the WTC
experiments were calculated from two TC trees, one that
was approximately 3 m to the west and one 2 m to the
east of the fire pan (see Fig. 3.17). Each tree consisted of
15 thermocouples, the highest point being 5 cm below
the ceiling.

TemnepaTypa 1 BbicoTa HGL ans ucnbitaHuit WTC 6binm
paccuMTaHbl UCX0AA W3 [daHHbIX [ABYX [epeBbeB
TepMonap, OAHOro, PacnonOXeHHOro Ha PacCTOSHUU
OKOSI0 3 M Ha 3araj M Apyroro Ha pacCTosiHn 2 M K
BOCTOKY OT MCTOYHMKa noxapa (cM. puc. 3.17). Kaxgoe
nepeBo coctosno u3 15 TepMmornap, camasl BblCcOKas
TOYKa HaxoAMIacb Ha paccTosiHMK 5 CM OT NOTOSIKa.
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Figure 5.1: Summary of the HGL temperature predictions

for natural and forced ventilation.

Puc. 5.1: O630p TemMnepaTypHbix nporHo3oB HGL ans
€CTECTBEHHOM W NPUHYAUTENBHON BEHTUISLMN.
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Figure 5.2: Summary of HGL temperature (no ventilation
cases) and depth predictions.

Puc. 5.2: 0O630p Temnepatypbl HGL (6e3 cnyyaeB
BEHTWUNSILMM) M NPOrHO3MPYEMblE 3HAYEHUS TNYOUHbI.

Chapter 6

naBa 6

Fire Plumes

CTpyvm nnamMeHum

For fire plumes, a measure of how well the flow field is
resolved is given by the non-dimensional expression

D’ = 6%, where D" is a characteristic fire diameter

B CTpysix NnamMeHn Mepa TOro, HacKo/bKO paspeluaeTcs

none NoToKa ONpeAenseTcs C NOMOLLbIO 6e3pa3MEPHOro
* *

ypasHenus D =X, roe D - xapaktepuctuueckuii

AvameTp noxapa (6.1)

*

D

Q' 5
= —= | (.1
p.c,T.\g

and dx is the nominal size of a mesh celll. The quantity
DO=dx can be thought of as the number of
computational cells spanning the characteristic (not
necessarily the physical) diameter of the fire. The more

a OX — HOMWHarbHbI pasMep ceTkn aueek!. BennumHa
MOXET pacCMaTpuBaTbCA KaK YMCIO BbIMUCIUTENBHBIX
AUeeK, OXBaTblBAKOWMX  XapaKTepucTmyeckuin  (He
0653aTeNIbHO  (hU3MYECKMI) AMaMeTp noxapa. Yem
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cells spanning the fire, the better the resolution of the
calculation. It is better to assess the quality of the mesh
in terms of this non-dimensional parameter, rather than
an absolute mesh cell size. For example, a cell size of 10
cm may be “adequate,” in some sense, for evaluating the
spread of smoke and heat through a building from a
sizable fire, but may not be appropriate to study a very
small, smoldering source.

Gonbllle suYeek OXBaTbiBAET MNoXap, TeM fydlle
paspelleHne pacyeta. Jlydlie OLeHMBaTb KayecTBo
CETKM C TOYKM 3peHus 3Toro  6e3pasMepHoro

napameTpa, YeM C TOYKM 3peHust abConMOTHOro pasmepa
ceTkM adeek. Hanpumep, pasmep suelikn 10 cM MoXeT
6bITb "afekBaTHbIM", B HEKOTOPOM CMbIC/E, ANS OLEHKM
pacrnpocTpaHeHue ApiMa W Tenja 4epe3 34aHue OoT
3HaUYUTENIbHOMO MOXapa, HO MOXET He MoAXOoAuTb Anst
M3YyYEHNS OYEHb Masno, TNEOLWMA UCTOYHUK.

1The characteristic fire diameter is related to the characteristic
fire size via the relation QOO = (DO=D)5=2, where D is the
physical diameter of the fire.

CBA3aH C
nocpeacTtsoMm

* * 5/2 .
cootvowerms Q =(D /D)7, rpe D - duanueckuii
AMaMETP OrHS.

! XapakTepucTMueckuit  OMameTp  noxapa
XapaKTepUCTUYECKMM  pa3MepoM  MoXapa

6.1 FM/SNL Test Series

6.1 Cepusa ucnoitanuii FM/SNL

The FM/SNL tests consisted of propylene gas burners,
heptane pools, methanol pools, PMMA solids, as well as
qualified and unqualified cables, burned in a large room
which, for the first 18 tests, was free of obstructions.
Plume Temperatures shown here were measured at
approximately 6 m from the floor, or 0.98 times the total
ceiling height. For Tests 1-5 and 7-9, the thermocouple
station (Station 13) was centered above the fire pan.
Tests 6 and 10-15 used an alternate fire location,
centered along the south wall. Station 9 was not centered
above these fires, but fell within the plume. Tests 16 and
17 had fires located in the south-west corner of the room,

UcnbitaHmss FM/SNL coctosnn w3 rasoBbiX FOpEnoK
nponuneHa, pasnMBOB renTaHa, pPas3/fMBOB METaHONa,
o6pa3uoB TBEpAOro NOMMMETUNIMETAKpUAATa, a Takxe
cneunguUMpoBaHHbIX n HecneundnumMpoBaHHbIX
kabeneit, nomkuraemblx B 6GOMbLWIOM MOMELLIEHUN,
KOTOpoe, B TeyeHue nepBbix 18 UCNbITaHUI He
coaepxano neperopofok. TemnepaTtypbl CTpyu noXapa
N3Mepsnncb NpubnuM3NTENbHO C PaccTosiHMa 6 M OT
MOBEPXHOCTM Mofia, 4To coctaensno 0,98 oT obuien
BbICOTbI MOTONKA. N8 UCnbITaHuid 1-5 n 7-9, ycTaHoBKa
Tepmonap (yctaHoBka 13) 6blna pacnonoxeHa no
LEHTpY Haa noxkapHbiM JIOTKOM. B ucnbitaHusix 6 u 10-

too remote from any stations to allow for plume | 15 nMcnonb3oBanucb Apyroe MeCTOMOJSIOXKEHME MOXapa,
measurements. Mo LEHTPY HXKHOW CTeHbl. YCTaHOBKa 9 pacrnonaranacb
He Mo LeHTPy Haj 3TUMM MoXapamu, HO norajana B
obnactb cTtpym. Ucnbitanma 16 u 17 npoBoaMnuncb C
noXxapamu, PacriofioXXEHHbIMU B tOro-3anagHoM  yriy
MOMELLEHNs,, Ha AOCTAaTOMHO AaneKoM PpacCTOsiHUM OT
BCEX CTaHUMI AN1s USMEpeHUsl CTPYIM NoXapos.
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6.2 Heskestad’s Flame Height Correlation

6.2 Koppensiums BbICOTbI NJ1aMeHn Xeckectaaa

Table 6.1 lists the parameters for FDS simulations of fires
in a1 mby 1 m square pan2. Figure 6.1 shows a
verification of the heat release rate for each case, and

B Tabnuue 6.1 npusBeaeHbl napaMmeTpbl MOAENNPOBaHUSA
noxapos ¢ nomowbto FDS B KBagpaTHOM JlIOTKe
pasavepoM 1 M Ha 1 M % Ha Puc 6.1 nokasaHa
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Fig. 6.2 compares the FDS predictions with Heskestad’s
empirical correlation. Note that the flame height for the
FDS simulations is defined as the distance above the pan,
on average, at which 99 % of the fuel has been
consumed. Note also that the simulations were run at
three different grid resolutions. A convenient length scale
is given by

BepudmrKaums CKOPOCTU BblAeNeHWs Tenna Ans Kaxaoro
ucnbiTaHus, Ha Puc. 6.2 conoctaBneHsl NporHo3bl FDS ¢
3MMNMPUYECKOn koppensumen Xeckectaga. O6patute
BHMMaHue, YTO BbICOTa MAaMeHn AN MOAENMPOBaHNUs C
nomowbto FDS onpegensieTcs Kak paccTtosHue Hag
JIOTKOM, B CpeAHeM, Ha KOoTopoM 99 % Tonnmea 6bin10
notpebneHo. OTMETUM Takxe, 4YTO MOAENMpOBaHWe
NPOBOAWIOCH NPU TPEX Pa3fINYHbIX pa3peLleHnsiX CETKM.
Yao6HbI  MacwTtab AnMHbI  MOXeT 6biTb  3afaH
cnegyrwmM ypaBHEHNEM:

D"=(Q")*°D (6.2)

Given a grid cell size, dx, the three resolutions can be
characterized by the non-dimensional quantity, DCI=dx,
whose values in these cases are 5, 10 and 20.

YunTbiBas pasMep aueiiku ceTkn, OX, Tpu Buaa
paspelleHust MOryT  ObiTb  OXapaKTEpW30BaHbI

"
6espasmMepHoll  BenmumHoli, D /OX,  3Hauenms
KOTOpOW B [laHHbIX cny4asx coctasnsoT 5, 10 n 20.

The flame height definition used in Fig. 6.2 (99 % fuel
consumption) is admittedly arbitrary and is often
questioned when FDS predictions of flame height are
compared with experimental values, which are usually
based on Iluminosity (effectively measuring radiation
emission from soot). Further, Heskestad’s flame height
correlation is one among many such correlations [25,
185, 186, 187, 188, 189, 190], and the reported variation
is significant, especially at low values of QI where the
details of the burner configuration (shape of the burner,
etc.) become important. To illustrate the uncertainty one
can expect from FDS calculations and to test the
sensitivity of the reported FDS results to the flame height
definition, Fig. 6.3 shows two different FDS flame height
predictions, one at 99 % fuel consumption (as in Fig.
6.2)—the red curve—and one using 95 % fuel
consumption—the blue curve. Three different grid
resolutions were run for each flame height definition. For
99 % fuel consumption, the red dashed line is the
maximum flame height from the three resolutions. For 95
% fuel consumption, the blue dashed line is the minimum
flame height from the three resolutions. We also overlay
several different flame height correlations (colored solid
lines).

OnpeaeneHve BbICOTbI NIaMeHU, UCnonb3yemoe Ha Puc.
6.2 (npn ropeHun 99 % TOMNMBA), NPU3HAHO
NPOWU3BOJIbHBIM M YacTO CTaBUTCS NMOJ COMHEHWE, Koraa
nporHo3bl FDS  OTHOCUTENbHO  BbLICOTHI  MSIAMEHU
CpPaBHMBAIOTCA C 3KCMEPUMEHTANbHbIMU  3HAYEHUSMU,
KOTOpble, KaK MpaBwi0, OCHOBaHbl Ha SPKOCTU
(3bheKTVBHOM U3MEpPEHUN YPOBHS  W3My4YeHuUs OT
caxu). Kpome TOro, Koppensiums BbICOTbl MlaMEHM
XeckecTafa €BNAETCA OAHOM M3 MHOMMX MOAOBHbIX
Koppenaumii [25, 185, 186, 187, 188, 189, 190], a
TaKXXe CYLLECTBEHHbIMU SB/SIKOTCS 3apPErMcTpMpoBaHHbIE

.
N3MEHEHNs, 0COBEHHO NpU HM3KKMX 3HadeHnax Q , npm

KOTOpbIX AeTanu KoHdurypaummn ropenku (dopma
ropenky u T.M.) CTaHOBATCA OCOBEHHO BaXKHbIMU. YTO6bI
NPOVIIOCTPUPOBaTb  HEOMNpeAeneHHOCTb,  KOTOpYH
MOXHO oOXuaaTb OT pacdetoB FDS wn npoBeputb
YYBCTBUTENIbHOCTb  3apPErMCTPUPOBaHHbLIX pe3ysibTaToB
FDS k onpegeneHuio BbLICOTbI MJlaMeHu, Ha Puc. 6.3
nokasaHbl fABa pa3HbiX MPOrHO3MPYEMbIX 3HAYeHUs
BbICOTbl MnamMeHn FDS, ogHa npu ropeHnmn 99 %
Tonnmea (kak Ha Puc. 6.2) — kpacHas kpvBas — v ofHa
npu ropeHun 95 % TOnAMBaA — CUMHAS KpuBas. Tpu
PasnNnyHbIX BUAA pa3pelleHus CEeTKU WCMOonb30Banunchb
NMpu KaXxaoM onpegenieHMn BbICOTbl  NiameHn. [pu
pacxoge 99 % TonnuBa, KpacHas MyHKTUPHAas SIMHWA
[OEMOHCTPUPYET MaKCUMasibHYt0 BbICOTY M1IaMEHN U3
Tpex Buaos paspeweHus. MNpu pacxoge 95 % Tonnmea,
CUHSAS NyHKTUPHas NMHKS [AeMOHCTpupyeT
MWHMMAsNbHYIO BbICOTY MJaMeHn U3 Tpex BuAOB
pa3pelleHns. Kpome TOro, WMCMNonb3yeTcs HanoxeHue

HECKONbKWUX APYrUX KOPPEensiuuin  BbICOTbl  MAMEHM
(UBEeTHble CNIOLWHbIE IMHUW).
Figure 6.4 includes comparisons of the predicted HRR as | Ha Puc. 6.4 BkloyaeT B ceba  cpaBHeHue

a function of the height of the burner for three different
values of QO. The experimental measurements were
performed by Tamanini at Factory Mutual [191]. Both the
HRR and height above the burner have been non-
dimensionalized by the total HRR and the flame height,
respectively. These results demonstrate that the predicted
spatial distribution of the energy release improves as the
numerical grid is refined.

MPOrHO3MpyeMO CKOPOCTM BbiAENeHWst Temnia Kak
(DYHKUMM BbICOTbI FOPESKK AN TPEX PasHbiX 3HAYEHWi

*
Q . DKCrepuMeHTasbHble U3MEepeHuUs MNpoBOANIUCH

TamaHuHu, Factory Mutual [191]. Kak ckopocTb
BblAENEHMS] TeMna W BbICOTA Haf ropenkon 6biin
06e3pasMepeHbl 06LUEN CKOPOCTbIO BbIAENIEHWS TENa U
BbICOTOM MSIAMEHM, COOTBETCTBEHHO. 3TV pe3ynbTaThl
MoKasblBaloT, YTO MPOrHO3MpyeMOe NPOCTPAHCTBEHHOE
pacrnpeAeneHne BbIAENEHUS SHEPTMM MOBbILLAETCS NpU
YNYYLWEHNN YACTIOBOWM PacYETHOMN CETKM.

2 The effective diameter, D, of a 1 m square pan is 1.13 m,
obtained by equating the area of a square and circle.

2 3chdpekTUBHBIN AnameTp, D, KBaApaTHOro N0TKa CO CTOPOHOM
1 ™, coctaensier 1,13 M, nosnyyeH nyTeMm npupaBHUBAHWA
nowaan Keagpara u Kpyra.

Table 6.1: Summary of parameters for the flame height
predictions. The grid cell size, dx10, refers to the case
where DO=dx=10.

Tabnuua 6.1: 0630p napameTpoB ans
MPOrHO3MpPOBaHMsl BbICOTbI MlaMeHWU. PasMep sueiku
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CeTKM, 5X10, OTHOCWUTCS K CJlyyato, Mpu  KOTOPOM

D"/ =10.

Q* Q(kW) | D*(m) |8 x5(m)| 8 X10 | 8 X20
0.1 151 0.45 | 0.090 |0.045 |0.022
0.2 303 0.59 | 0.119 |0.059 |0.030
0.5 756 0.86 | 0.171 ]0.086 [0.043
1 1513 1.13 | 0.226 |0.113 |0.057
2 3025 1.49 | 0.298 |0.149 [0.075
5 7564 2.15 | 0.430 |0.215 |0.108
10 15127 2.84 | 0.568 [0.284 |0.142
20 30255 3.75 | 0.749 |0.375 |0.187
50 75636 540 | 1.081 |0.540 |0.270
100 | 151273 | 7.13 | 1.426 |0.713 |0.356
200 | 302545 | 9.41 | 1.882 |0.941 |0.470
500 | 756363 | 13.6 | 2.715 [1.357 |0.679
1000 | 1512725 | 17.9 | 3.582 |1.791 |0.895
2000 | 3025450 | 23.6 | 4.726 [2.363 |1.182
5000 | 7563625 | 34.1 | 6.819 [3.409 [1.705
10000 | 15127250 | 45.0 | 8.997 [4.499 |2.249
Q | Q(BT) | D' (M)| o (M) | Ko | Iy
0,1 151 0,45 | 0,090 [0,045 |0,022
0,2 303 0,59 | 0,119 |0,059 |0,030
0,5 756 0,86 | 0,171 ]0,086 [0,043
1 1513 1,13 | 0,226 |0,113 |0,057
2 3025 1,49 | 0,298 |0,149 [0,075
5 7564 2,15 | 0,430 |0,215 |0,108
10 15127 2,84 | 0,568 |0,284 |0,142
20 30255 3,75 | 0,749 |0,375 |0,187
50 75636 540 | 1,081 |0,540 |0,270
100 | 151273 | 7,13 | 1,426 |0,713 |0,356
200 | 302545 | 9,41 | 1,882 |0,941 |0,470
500 | 756363 | 13,6 | 2,715 |1,357 |0,679
1000 | 1512725 | 17,9 | 3,582 |1,791 |0,895
2000 | 3025450 | 23,6 | 4,726 (2,363 |1,182
5000 | 7563625 | 34,1 | 6,819 (3,409 [1,705
10000 | 15127250 | 45,0 | 8,997 (4,499 |2,249
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Figure 6.1: Verification of the heat release rate for
Heskestad Flame Height cases.

Puc. 6.1: Bepudukaums CKOpPOCTU BblAeNeHUs Tenna
Ond  NpuUMEpoB  XeckecTaja OTHOCWUTESNbHO BbICOTHI
NJIAMEHW.
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Figure 6.2: Comparison of FDS predictions of flame height
from a 1 m square pan fire for Q] values ranging from
0.1 to 10000.

Puc. 6.2: CpaBHeHve nporHo308 FDS BbICOTbI niaMeHn
B KBaApaTHOM MOXApHOM JIOTKE CO CTOpOHOM 1 M ans

3Hauennit Q" ot 0,1 no 10000.
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Figure 6.3: Flame height predictions from various | Puc. 6.3: MporHo3bl BbICOTbI MAAMEHW U3 Pa3UYHbIX

correlations compared with FDS predictions using two
different flame height definitions. Uncertainty (maximum
variation) at QO > 1 is 015 %. At QO = 0:1, the
uncertainty is approximately [165 %. Correlation
references: Steward [185], Becker and Liang [186], Cox
and Chitty [187], Heskestad [25], Hasemi and Tokunaga
[188], Cetegen [189], Delichatsios [190].

KOppensuMii Mo CpaBHEHMIO C nporHo3amu FDS ¢
UCMONMb30BaHMEM  ABYX  Pas/iMuHbIX  OmnpeaeneHui
BbICOTbI MnamMeHn. HeonpepeneHHOCTb (MakcMManbHoe

OTK/IOHEHUE) MNpU Q* >1 cocraensier £ 15 %. Mpu

Q =0,
npubnusmutensHo * 65%. CnpaBoyHas MHGOpMaLMs Mo
koppensiumn: Crioapa [185], bekkep v Jlvan [186],
Kokc mn Yuttm [187], Xeckectapg [25], Xacemu u
TokyHara [188], CertereH [189], Aennyatcmoc [190].

HeonpeaeneHHoCTb COCTaBNndeT
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Figure 6.4: Predicted HRR as a function of height above
the burner compared to measurements.

[aHHbIMW U3MEpPEHUI.

Puc. 6.4: NporHo3upyeMasi CKOpOCTb BblaeneHns Tenna
Kak (YHKUMS BbICOTbl Haj ropenikod B CpaBHEHUU C

6.3 McCaffrey’'s Plume Correlation

6.3 Koppensuus ctpym Makkedpu

The following plots show the results of simulations of
McCaffrey’s five fires at three grid resolutions, Dl=dx =
[5;10;20] (note this resolution index is used to label the
legend entries). The mesh cells are cubic and the spacing
is uniform (no stretching).

nosnyyeHHole Makkadpu,
noXapos MNpu Tpex BuAaX pa3peLlleHnsx

paBHOMEPHbI MHTEepBan (6€3 pacTsHKeHuUs).

Ha cnegytowmx rpadukax u3o6padkeHbl pesynbTaThl,
NPy MOAENMPOBaHMM MATU

CeTKH,

D*é‘X5 =[5,10,20] (cnepyer otmeTuTh, uUTO 3TOT

nokasaresb paspeLueHns NCNonb3yeTcs ansi
0603HaueHWss  3anuceil  YCNIOBHbIX  0603HAYeHui).
Auelkn  CceTkM  UMelT  Kybuueckylo  ¢opmy M
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6.4 SP Adiabatic Surface Temperature Experiments | 6.4 UcnbiTanua TexHn4yeckoro

MUCCNEenoBaTeNbCKOro MHCTUTYTa LlBeuun c
TeMnepaTypoi agnabaTnueckoii NOBEpXHOCTH

Three experiments were conducted at SP, Sweden, in
2011, in which a 6 m long, 20 cm diameter vertical
column was positioned in the middle of 1.1 m and 1.9 m
diesel fuel and 1.1 m heptane pool fires [167]. Gas, plate,
and steel surface temperature measurements were made
at heights of 1 m, 2 m, 3 m, 4 m, and 5 m above the pool
surface. Gas temperatures were measured with 0.25 mm
and 0.50 mm bead thermocouples. The results are very
similar and only the 0.25 mm values are used. In the
experiments, the fire was reported to lean. The lean was
significant for the 1.9 m diesel fuel fire. In that case, only
data from 1 m and 2 m above the pool are used. The
average temperature between 10 min and 15 min is the
basic of comparison.

Tpn wcnbiTaHust 6blin  NpoBeaeHbl B TeXHWYECKOM
nccnefosaTesnibckoM MHCTUTyTe LBeuun B 2011 rogy, B
KOTOPbIX BepTuKasbHas KofoHa 6 M B anvHy, 20 cM B
avameTpe 6Oblna  pacnonoxeHa Mexay —noXapamu
pa3nueBoB AusenbHoro Tonamea 1,1 m 1 1,9 M 1 rentaHa
1,1 m [167]. U3MepeHns TemnepaTypbl rasa, niuT, u
NOBEPXHOCTM CTanu 6bin caenaHbl Ha BbicoTe 1 M, 2 M,
3 M 4 M n 5 M Hag NOBEPXHOCTbID pasnvea.
TeMnepaTypbl ra3a M3MepssiMcb C MOMOLLbIO TepMonap
0,25 MM u 0,50 MM. PesynbTaTbl O4YEHb MOXOXW W
UCMONb3YITCA  TOMbKO  3HaveHns 0,25 wMMm. B
UCNbITaHUSX MOXapy Cooblancs YKIOH. YKNOH 6bin
3HauUTeNbHLIM A1 NoXapa [AM3enbHOro  TOoMnuBa
pa3MepoM 1,9 M. B 3TOM cnydae ucnonb3yTca AaHHble
MoXapoM TOMbKO BLICOTOM 1 M U 2 M Haa PasnvBOM.
CpegHsis  Temnepatypa Mexay 10 u 15 MuHyTamm
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6.5 USN High Bay Hangar Experiments

6.5 UcnbiTanna BMC CLUA B BbICOKUX aHrapax

A large number of plume temperature measurements are
available from the US Navy experiments conducted at
Keflavik, Iceland, and Barber’s Point, Hawaii. The hangars

Bonbluoe KOMMYEeCcTBO U3MepeHui TemrepaTypbl CTpyu
MiaMeHn [OCTYMHbl M3  ucnbiTaHuii  BMC  CLUA,
npoBefeHHbIX B Kednaeuke, WcnaHauss n  Bapbepc
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were very large in size (22 m high in Iceland and 15 m
high in Hawaii) and the heat release rates varied from
100 kW to 33 MW. All experiments made use of a fuel
pan filled with either JP-5 or JP-8 jet fuel, positioned in
the center of the hangar.

MonHT, TlaBaln. AHrapbl 6blIM  O4YeHb 60MbLLOrO
pasmepa (22 M B BbicoTy B McnaHamm u 15 M B BbICOTY
Ha TlaBaiiix) W  CKOPOCTb  BbiAENEHWs  Tenna
Bapbuposanace oT 100 kBTt go 33 MBT. Bo BCex
UCMbITAHWUSIX  MUCMONMb30BaNCs  TOM/MBHBIA  NIOTOK,
HanoNIHEeHHbIN TonneoM JP-5 nnn JP-8 Ans peakTUBHbIX
[IBUraTenelt U pasMeLLeHHbIV B LEHTPE aHrapa.
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6.6 VTT Large Hall

6.6 UcnbiTanua VTT B 60onblLUOM 3ane

The VTT experiments consisted of liquid fuel pan fires
positioned in the middle of a large fire test hall. Plume
temperatures were measured at two heights above the

Wcnbitabus VTT NpoBOAMIUCL C MOXapaMu XXMAKOTO
TOMMMBA B IOTKE, PACMOIOKEHHOM B LiEHTpe 60/IbLLOro
3ana Ans noXapHbIX MCMbiTaHui. TemnepaTtypbl CTpyv
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fire, 6 m (T G.1) and 12 m (T G.2). The flames were
observed to extend to about 4 m above the fire pan.

(T G.1)

66111 u3MepeHbl Ha ABYyX OTMeTKax Haj noxapom, 6 M

n 12 m (T G.2). Habnioganocb, 4to nnams

pacrnpocTpaHsnock npubausuTensHo Ao 4 M Haa
MoXapHbIM JIOTKOM.
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6.7 Summary of Plume Temperature Predictions

| 6.7 0630p NPOrHO3MpyeMbIX TeMnepaTyp CTpyu
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