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Abstract

The use of computational fluid dynamic (CFD) modslsommon as an engineering tool for fire based
analytical design of buildings. To avoid incorréi safety design it is important that the compute
modelling and its process are performed in a goaygive. performed in such a way that incorrect fire
safety design in buildings is minimized. In thipoe, it is investigated if possible incorrectnesbow the
CFD-program FDS simulates under-ventilated fires @anstitute a risk for incorrect fire safety desig
buildings. This is investigated by doing a validatstudy of FDS but also by checking how the uaats

the reviewers handle the program especially comugumder-ventilated fires. The validation studglane

by comparing FDS output with experimental testéqrared by the SP Technical and Research Institute o
Sweden. How the program is handled by its usergavridwers are done via telephone interviews.

The results show that FDS has problems of simgdtie conditions in an under-ventilated fire cotlsec
This is much dependent on the empirical expredsiowhen the fire is allowed to burn but also the
limitations of the mixture fraction combustion mbdehe program can therefore create unconservative
results concerning the temperature, the visibditg the toxicity (carbon monoxide). The telephameeys
show that the users and reviewers generally hagltively good understanding about CFD but thayth
lack in knowledge when it comes to how FDS treatdeu-ventilated fires. In total it is likely thdtet
incorrectness in how FDS simulates under-ventilfited results in incorrect fire safety design uilthngs
a few times a year in Sweden.
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Sammanfattning

Anvandandet av CFD modeller som ett hjalpmedeirfgenjorer i analytiska dimensioneringar har
under de senaste aren okat. Anledningen till dettiels att lagstiftningen tillater analytisk
dimensionering men ocksa genom att den stallerehkigiv pa verifiering. Den storsta anledning ar
dock att datorkraften har 6kat och natt den gra@msldt ar ekonomiskt och tidsmassigt forsvarbart at
anvanda CFD-modeller for konsultandamal. | Svedigdet vanligaste CFD-programmet FDS (Fire
Dynamics Simulator) vilket utvecklas av NIST (Nau#d Institute of Standards and Technology),
dagens version ar den femte programversionen.tEgékerstalla att programmet gor en sa korrekt
beskrivning av verkligheten som maijligt behdver dalideras gentemot férsoksdata. | denna rapport
valideras FDS for underventilerade brénder. Delo@k inte endast hur programmet beskriver
verkligheten som skapar risker utan &ven hur prograt anvands av sina anvandare samt deras
granskare. Om felaktiga resultat anvands pa etkfigt satt kan detta innebara att brandskydd i
byggnader dimensioneras pa ett felaktigt satt ke ha en negativ paverkan fér personers
utrymningsforhallanden vid en brand.

Processen for att avgéra om felaktigheter i hur BD&ilerar underventilerade brander genomfors i
fyra steg. Forst beskrivs nar och hur underveilerbrander uppkommer samt vilka konsekvenser de
kan ha for personers hélsa vid brand, nagot sosn\géfitteraturstudier. Nasta steg ar en validgrin

av hur FDS hanterar underventilerade brander vikeomfors genom att jamfora utdata fran FDS
med experimentella testdata fran av SP SverigesiSkek Forskningsinstitut. Testen &r en del av ett
storre forskningsprojekt (BRANDFORSK) finansieratStyrelsen for Svensk brandforskning. Nasta
steg ar att avgora huruvida anvandningen av FRiSynilerventilerade brander, sker pa ett bra satt.
Detta genomférs genom att brandskyddskonsulteeri§e telefonintervjuas. Nasta steg &ar att
undersdka hur den granskande parten (oftast régistyinstforbund) klarar av sin roll som granskare i
avseende pa kunskap och resurser, nagot som oekeénfprs via intervjuer.

Resultaten visar pa att det empiriska samband i s@$beskriver nar det tillats brinna samt
begransningar i forbranningsmodellen gor att raseitt vad galler temperatur ar mycket kanslig for
skillnader i syrehalt, vilket gor den svar attiitipa pa ett bra satt. Sikt och toxicitet som framst
baseras pa sot och kolmonoxid yielder ar betydiggare att tillampa och anvéandning av dessa utdata
parametrar bor ske med stor forsiktighet. Resuitdtén undersokningen om hur anvandarna hanterar
FDS for underventilerade brander visar att anvaralaverlag har dalig kunskap om hur FDS
fungerar vid underventilerade brander men att adniigen av basfunktioner i FDS sker pa ett bra
satt. | undersdkningen om vad for kunskap samff@akiapacitet raddningstjanstférbunden har for att
genomfdéra en bra granskning av analytiska dimeesiogar dar underventilerade brander ingar, ar
det tydlig att de saknar bade kunskap och restisett genomfora en bra granskning. Totalt sett
innebar detta att brister i hur FDS simulerar unelgtilerade brander utgor en risk da det anvanats so
underlag for dimensionering av en byggands brardtskonsekvensen ar att personer som befinner
sig i bygganden kan utsattas for forhallanden sofarfiga (i stérre grad) for deras héalsa vid en
eventuell brand.

Atgardsforslag for att minska riskerna &r att tatk CFD kursen som ges av Brandteknik p& Lunds
Universitet i stérre grad skall innefatta hur FD&iterar underventilerade brander samt hur utdata
paverkas. Detta ar dock ingen garanti for att sttetea/anvandarna faktisk lar sig mer utan det bor
aven instiftas en certifiering av CFD/FDS kunnigaéandare/konsulter. En lamplig
certifieringsgenomforare ar da helst en branschidgesom t.ex. BIV. Det ar aven lampligt att
forbattra forutsattningar for raddningstjansterengkning.
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Summary

The use of CFD-models as an engineering tool fertfased analytical design of buildings has
increased over the last few years. The reasomi®id partly that the legislation allows for artagl
dimensioning but also because the legislation desarhigh degree of verification for the analytical
dimensioning. The biggest reason is, however ttieatomputer power has increased and reached a
point where it is applicable for engineering prabéein terms of both time and money. The most
common CFD-program in Sweden is FDS (Fire Dynar8iosulator) which is developed by NIST
(National Institute of Standards and Technologylal/'s version is the fifth large release. To easur
the correctness of the program it needs to beatalitlagainst experimental data. In this report, EDS
validated for under-ventilated fires. It is, howewsot only how the program simulates the reatitytt

is associated with risks but also how the progaimandled by its users and their reviewers. If
incorrect results are used and reviewed in an iracoway that means that fire safety design in
buildings may be incorrectly dimensioned which bawe a negative impact on people’s health during
evacuations in case of fire.

The process to decide if incorrectness in how FiDfilates under-ventilated fires is made in four
steps. First, under-ventilated fires are described; and when they arise and what consequences they
may have for people’s health during fires, whicimiade through a literature study. The next step is
validate how FDS works for under-ventilated firgich is made by comparing FDS output data with
experimental tests performed by the SP TechnicghResearch Institute of Sweden. The test is a part
of a larger research project (BRANDFORSK) finanbgdhe Swedish Fire Research Board. The next
step is to decide how the users handle under-agmdilin FDS. This is done through a series of
telephone interviews with fire and safety designstgtants in Sweden. The fourth step is to

investigate how the reviewer (rescue services) learitleir role as a reviewer.

The results show that the empirical expression earicg when a fire is allowed to burn or not
together with the mixture fraction combustion maltesheat release rate and thereby the temperatures
very sensitive for changes of oxygen level. Vigipind toxicity (carbon monoxide level), which is
based on the soot and carbon monoxide yields, aok tmarder to apply and the FDS output for these
parameters should be used very cautiously. Thédtsedgo show that the fire and safety design
consultants generally have little understandinguabow FDS treats under-ventilated fires but that t
basic use is handled in a good way. It is cleardlthough the rescue services in many cases can do
good review of an analytical dimensioning, theyltte knowledge and the resources for doing a
good review of an analytical dimensioning with antler-ventilated fire involved. In total this means
that incorrectness in how FDS simulates an undetdaéed fires do constitute a risk when it is used

in analytical dimensioning of a buildings fire asafety design. The consequence can be that people i
the building may be exposed to conditions dangefious higher degree) to their health.

Measures to reduce the risk are for example tleaC#D course given at the Department of Fire and
Safety Engineering and Systems Safety at Lund Wsityecontains more elements about how FDS
handles under-ventilated fire and how the outpaffiscted. This is however no guarantee for that th
students/users actually learn more and there stadgddexist certified CFD/FDS able users. A sugabl
party for this is a trade organisation like BIVidtalso appropriate to improve the conditionstiier
rescue service in their reviewing role.
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1 Background

The building legislation in Sweden has changed fb@img prescriptive to become more performance
based. This means that the building code requiresraso can be verified by an analytical solution
instead of just following prescriptive guidelindhere is also a tougher climate in building busines
where the future proprietor (Byggherre) has to$e@nomically efficient as possible. To build smar
can save a lot of money and for fire safety detligih often means analytical solutions. In the Seledi
buildings codes (Boverkets byggregler) it is stated analytical solutions has to have a higherekeg
of verification compared to just following the iiihg codes or recognised handbooks (Boverket
2008). In analytical solutions, e.g. an evacuatimnensioning, the use of computer programs for
simulating the heat and smoke spread is commamecknt years a group of computer codes hamed
CFD (Computational Fluid Dynamics) has emergednasraineering tool for describing smoke
spread.

When an analytical dimensioning is the case indingj project it is up to the future proprietor to
ensure that the fire safety standards are metgftenl1 8 PBL). The future proprietor usually Ihist
task upon the fire and safety design consultamesrial quality checks (egenkontroll) although the
responsibility still lie with the future proprietofhe local building board (Byggnadsnamnden) is
responsible for the municipal’s tasks within constion (1 chapter 7 § PBL) and at the building
consultation meeting they decide whether or nofuhee proprietor’'s control system (in this case t
level of control)is sufficient. If local buidling board is not capaljalmost always) of making that
judgement they may use a referral instance whicét witen is the fire and rescue service. The
purpose is not that the rescue service shoulddee@nd dimensioner but just suggest the level of
control that is needed. In recent years it has gvew been acknowledged some serious shortage in
the future proprietors internal checks (Lundin 2008any rescue services have therefore expanded
their role and do often stand as an unofficial iqy@hecker of analytical dimensionings.

The computer program that is validated in this regeDS (McGrattan 2008), is to some extent
verified and validated (see section 4.1 for dafinit by its developer (National Institute of Starta

and Technology — NIST). Despite this, there areyranctions and models in the program that are
linked with uncertainty and error. In FDS one afth models, the mixture fraction combustion model,
is linked with both uncertainties and errors wheadifor under-ventilated fires.

It is, however, not only the correctness of thegpam that is a source of error and uncertainty, but
also how the program is managed by its users. d8w, CFD and FDS is mostly used by fire safety
consultants that work for consultancy agencies.deeof CFD and FDS has increased in recent years
which is linked to the development of computer povénce further development in computer power
is inevitable, the use of CFD and FDS will increagen more in years to come.

The fact that error and uncertainty exists in theputer modelling creates a possibility for that
incorrect dimensioning will lead to hazards for plets safety in buildings in case of a fire. Theref

it is necessary to manage the risks i.e. it is s&a® to use the program in such a way that evientua
error and uncertainty in the program does not affexfire safety design in a building in a “negati
way.

When it comes to validation of CFD a large validatand verification study of most of the models
included in FDS has been done on initiative fromt! Nuclear Regularity Commission (U.S.NRC.
2007). The study is a serie of 7 reports wheredfitieem, volume 7, concerns FDS. In the report FDS
4 was used but covers most of the models includ&dDiS 5. It does not focus especially on under-
ventilated fires even though some of the experistirdt were compared against reached under-
ventilated stages. Some of the results concerhim@xygen level (important for under-ventilated
fires) for the under-ventilated fires are even tjoasd by the writers themselves who cannot find an
explanation for the results. Simulation of undentilated fires has also been done by Heimo
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Touvinen (Touvinen 1996) but the progam used ihrdyaort was SOFIE (Simulation Of Fires In
Enclosures) (Rubini 2006) which is based on a RANSe (see section 8.2).

When it comes to risks related to the use of CFbpitevious work really consist of a wide spread
theory that it is the user handling that standgHerbiggest risk, see for exampkert‘introduction to
CFD” (Rubini 2008).
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2 Objectives, Purpose and Goals

On the basis of the background information aboverse problems related to the use of CFD and
FDS models, are obvious. In this report the follagyproblems and risks are examined.

* How does FDS simulate an under-ventilated fire?

» Does possible incorrectness in how FDS simulatdemmentilated fires constitute risks of
incorrect fire safety design in buildings?

* What can be done to reduce the risks?

A part of this report is a validation study andadidation study can have many different goals or
purposes. The goal in this report is to try incegth® understanding of how good FDS simulates
under-ventilated fires. The goal is on a risk mamagnt perspective which means that the purpose is
to try and improve the handling of the program #reprocess and not to improve the code itself.

3 Limitations and Terminology

Only CFD use for smoke spread will be addresséaadth CFD is used for a variety of applications
e.g. weather prediction and dust explosions. i tport only FDS is validated against the
experimental data although there exists many @iffe€CFD programs. FDS is chosen because there
are reasons to believe that FDS is the most con@fd-program for smoke filling used amongst fire
safety design consultants in Sweden. In FDS orritdard” models are used and sub models such as
flame spread is not involved. The reason for thisdcause many of the “none” standard sub models
are still at a research level and will only bringne uncertainties and errors into the calculations.

The risks associated with the use of FDS for fafety design in buildings will only be mapped for
users in Sweden. Whether or not it representsshgeuin other countries is not investigated.

The presentation of the output data from the SHddisnited. The total amount of data can be vidwe
in “Smoke spread and gas temperatures during firegtail premises — Experiments and CFD
simulations” (Lonnermark & Bjorklund 2009). The information @amning the experiments that is
presented here can be seen as an abstract.

The goal is not to perform a complete quantitatisk analysis but only to enhance an highlight srea
associated with risks for incorrect analytical fi@sed design in buildings (related to the usendew
ventilated fires in CFD) and to a certain degrgegdrmeasure the possibility and the consequerfces o
the risks in a qualitative way.

There is no attempt to decide what an acceptaditdavel is.

Under-ventilated fire and ventilation controlletefare used as synonyms.

The word dimensioning is used to describe the gicalyprocess of which the CFD simulation is a
part. The word design describes the final fire tyadesign in a building.

The term test is used to describe the test 1-1ttantbrm case is used to describe the simulastsl te
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4 Validation, Error, Uncertainty and Risk

4.1 Validation

Since a validation of FDS for under-ventilateddiie a part of this study it is appropriate to defi

what a validation is. Validation and verificatioredawo words that often can be taken for synonyms o
each other. IfiCredible CFD — Verification and Validatidh(Rubini 2008a) they are defined as
follows:

Validation —“The process of determining the degree to whichoa@his an accurate representation
of the real world from the perspective of the e uses of the model”.

Verification —“The process of determining that a model implemionaaccurately represents the
developer’s conceptual description of the model thiedsolution to the model”

Or in other words a validation checks that thetrigdiuations are solved and verification checks that
the equations are solved in the right way.

Why should a validation be done and how is a gaduiation performed? A validation creates
confidence and credibility, the process also matkeasier to quantify error and uncertainty.

In the standard E 1355-0%dandard Guide for Evaluating the Predictive oftBeninistic Fire
Models” (ASTM 2005) the evaluating process of fire moahglis described. The standard splits up
the evaluation process into four different partprarcesses. The first process is to define the mode
and scenarios for which the evaluation is to bedaoted for. The second is to verify the
appropriateness of the theoretical basis and agmmapsed in the model. The third is to verify the
mathematical and numerical robustness of the madhel fourth is to quantify the uncertainty and
accuracy of the models results in predicting evehmilar fire scenarios.

In this report the goal is not solely on the vaiiola but on managing the risk related to the pdssib
incorrectness in the code. Therefore, the first $teps will only be done to a certain depth, thelth
step will be left out but the forth step will berdothoroughly. The reason for leaving the soméef t
theoretical basis and the mathematical robustisedsrie because of the goal on this report, see
chapter 2, but also that this is up to the devel@NEST) since it is necessary to go in to the ctudbe
able to measure the mathematical robustness. Digygeowd the purpose of the validation it can be
performed in different ways. The methods can bexamine the equations and the source code to see
if they are “correct” or the simulations can be pamed to experimental data. The latter hardens the
process of finding the actual error in the equationin the programming. It gives, however, a direc
estimation of how the program actually simulatesrémlity. Which method that should be used must
be put in to relation to what the goal is. Is ifucther develop the code, so that it in the futaey
simulate a problem in a better way? Then a closeneation of the equations might be the right way.
Is the goal to increase the current usage then aogsgm with experimental data can be a good way.
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4.2 Error, Uncertainty and Risk

In the validation the terms error and uncertaimgyfeequently used and the difference needs to be
clarified. In“Credible CFD — Verification and Validation{Rubini 2008a) they are defined as
follows:

Uncertainty —A potential deficiency in any phase or activity of the modellprocess that is due to
the lack of knowledge”

Error — "A recognisablaleficiency in any phase or activity of the modellprocess that is due to the
lack of knowledge”

Or in other words “in” uncertainty there may exastieficiency (but not for sure), while the defiagn
“in” an error is known.

The difference between uncertainty and risk cam bésvague and needs to be clarified. Error and
uncertainty may create incorrect results and wtsed dor fire safety design in buildings it may lead
incorrect design. The incorrect design may creaatdous circumstances in the building in case of
fire. The fact that error and uncertainties caruoemnd can have negative consequences on a bulding
fire safety design can be defined as a risk. Is thport there is no attempt to measure the rsks i
guantitative way but instead in a qualitative wAgcause of that, when the term risk is used in this
report it means the probability of that a deficigferror or uncertainty) can occur which can lead t
consequences that can create hazardous circunmstangeople in buildings in case of a fire.

4.3 Experimental and computer modelling uncertainty

It is not just computer modelling that are assedatith uncertainty and error. The experimental
results are also linked with uncertainty and etrdte measuring of the reality can never be antexac
representation of the real world. It can be thatrtteasuring devices affect the surrounding, buhisn
level of measuring the biggest source of error@mzkrtainty is that the devices are “too incorreét”
thermocouple has for example some thermal inetti@inis dependent on the thickness of the
material, a light beam sent out from a laser isedépnt on how clean the lamp is, an oxygen reader
has to be calibrated correctly etc.

The error or uncertainty factor must of course beiqto relevance, in some cases a temperature
difference of 5 C is much and in other cases it might be insigaiftc What an acceptable difference
is has to be decided for each case. It is hardantify the differences between the measured yealit
and the actual reality but by using different me@sgudevices, the error or uncertainty factor can b
quantified to a certain level. In the SP teststémeperature is for example measured with
thermocouples with different thickness which giaaesindication of the magnitude of the error factor,
for further information about experimental uncentgiin this context see for examgherification

and Validation of Selected Fires Models for NuclBaer Plant Applications Volume 2:
Experimental Uncertainty(U.S.NRC 2007b) .

The question of how a good validation of a compptegram should be done was raised above where
a comparison between experimental results was htaymas a possible way. When deciding how
good the match is between the two, the differeacesneasured. But how does one decide where to
draw the line for a good resemblance? First theepgablem with the “combined uncertainty”. Since
both the computer model and the experimental sestaissociated with errors and uncertainties it
makes the comparison harder. If for example thesoméigg devices records the temperaturé @0

higher than the actual reality and the computerehprkedicts 10 C lower than the reality, then the
difference is 20 C while it really is @ C. This hardens the process and to deal with higistenario
should be run for several different set ups. Beeadisack of experimental tests this is not often a

20



possibility and one has instead to try to estineateh of the different error and uncertainty factyrs
doing sensitivity analysis on possible factors.

A second problem is that some averaging usuatgésied to be able to get a picture of overall
change, but by “altering” the results the actutfedénce becomes smaller or bigger then it origynal
was. Averaging the results it also hardens theattiynpt to identify different parts of the scenaitio
might be that different parts may require differaméraging for a good presentation. Any averaging
therefore has to be done on an appropriate scale.

Another problem is that of the difference betweetua difference and percentage difference. If for
example the computer output show°Eand the experimental output show’1S then the difference

is 15°C or 50 %. If one were to try and apply these numbe a different scenario with much higher
temperatures, should the difference in real numbens percentage be used? (NB that the percentage
difference decreases with higher temperaturessorifithey thermal scale would have been given in
Kelvin). This is easily dealt with by doing compsn for different levels of the output i.e. the
temperature in one experiment may be significdothyer or higher then in another.

Since the validation in this report focus on therall treatment of a model and not the exact foncti
of for example the source code for under-ventildired, more factors that can affect the resuks ar
brought into “play”. It might for example be somieidy else then the combustion model that creates
the results, it might be the geometry, grid resotuetc. This can be examined by thorough sensitivi
analysis but only to a certain extent, it is naggible to test all the including functions. A wdrime

of trying to decide which sensitivity analyses taet appropriate are by looking at the goal. Ia thi
case to try and include the different factors tteat have an effect it its normal use, amongstithe f
safety design consultants e.g. grid sensitivitifedent mesh build-ups etc.
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5 Method

The method for trying to asses if possible incdrress in how FDS simulates under-ventilated fires
constitute a risk of incorrect fire safety desigrbuildings is done via a event tree “methodology”.
The different branches in the tree are meant thdéelifferent steps or important parts of a real
dimensioning process. It is, however, no quantiga¢ivent tree methodology and the event tree is
really just scheme to identify and organize théedént events that can result in incorrect firedohs
design in buildings. The first branch is to idgntWwhere and when under-ventilated fires happen and
how often they are simulated. This step will gimBrmation about both the consequence and to a
certain degree the possibility of the risk. Theosetbranch is to examine how FDS simulates under-
ventilated fires. This information will define whed&n go wrong (risk scenario) and to a certainekegr
the magnitude of the consequence. The third brechexamine the users handling of the program
and its input and output for under-ventilated firEise forth link is to examine what the reviewers
knowledge is, if they are qualified of doing a gaediew. The third link gives information about the
consequence and possibility and the forth steptaheipossibility of the risks.

The method for identifying where and when undertilated fires happen and how often they are
simulated is done via literature studies and inéevs. When trying to estimate how often under-
ventilated fires are simulated, fire safety coramits in Sweden are contacted, see chapter 9 f@& mor
information about the survey.

A validation is performed to answer the questiooutihow FDS simulates under-ventilated fires. This
is done by comparing the experimental results $agests) with FDS output data. To be able to
perform the comparison the experimental data $ faviewed and summarized. The test that showed
clear signs of being under-ventilated are then kited in FDS along with a well-ventilated reference
scenario. The method of deciding on how well FDSusates under-ventilated fires is partly done by
trying to estimate the error and uncertainty ingkperimental results as well as in FDS. These two
factors lie as basis for quantification of the elifnce between the FDS output and the experimental
results. The error and uncertainty factors in FESdealt with trough sensitivity analysis. This sloe
not go to the bottom of the eventual error buitraws in or lessens the quantity of it. The eamd
uncertainty factors in the experimental result$ bél treated through comparison between repeated
experiments and different measurement of the sarseter.

In the step where the users handling of underatati fires in FDS is examined interviews are done
with fire and safety design consultants in Swedles base questions can be found in appendix A. The
interview technique is described below but follovike guidelines iffVetenskaplig metod(Ejvegard
2007). Once the interviews actually took placeHertquestions sometimes aroused which led to that
information was gathered outside the frame of tiverview sheet. The survey is linked with several
uncertainties e.g. are the right questions askedhey asked in good way, are the right people
interviewed and are they telling the truth? Fitist, identification and assessment of the possiéke r

do not cover all aspects of the use of CFD and ®whigh narrows down the relevant questions. The
method of asking the questions in a right way {gragched by trying to not ask leading questions but
instead try to ask “open” questions. The probleragiing the right people is dealt with by asking

both big and small companies. Within the compaiiess mostly the FDS supervisor or the most
FDS able person that was interviewed, but emplowétslesser experience were also interviewed.
To make the respondents to talk the about theusage they were guaranteed that neither their name
nor their companies name would be mentioned imepert. To be able to draw some conclusion
about the possibility of an incorrect dimensionihg answers are transformed to simple statistics.

The forth link is to evaluate the reviewers cappbib perform their review of an analytical
dimensioning with an under-ventilated fire simuthie FDS. This is done in the same way as with the
users, an interview survey, but the interviewedpes are instead employees at the Swedish rescue
services.

23



In the end it will be known what can happen whersi®used for under-ventilated fires (risk-
scenario) what the consequences can be and hdwtliley are to happen. The final “sum up” will not
give a certain value of the risk but instead aitptale estimation.
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6 The Event Tree

The process of identifying the possible risks eglab the use of CFD and FDS for under-ventilated
fires in fire safety dimensioning is, as mentioabdve, done with an event tree methodology. The
tree is not intended to be used as a tool for dfication of possibility and consequence but megely
tool for describing the events that lead to inotfrfee safety design in buildings. Each section of
errors is investigated, these error sections adithAnches of the event tree below. Each erroiosect
is described in short in this chapter and then rttwweoughly in the following chapters.

< "™
| Bad user handling

/
{ \[Good reviewer capability ‘ OK

||l|

FDS works bad ‘

I| \
| \ Bad reviewer capahility oK

f /
| \
I\ Goed user handling

0K

Good reviewer capability

Under-ventilated fire
| |
| \ Not OK
| III
|| \ | Bad user handling
| {
| i
|| \ / Good reviewsr capability OK
| II| 'fl
UFDS works well
|
| 4 Bad reviewer capability OK
| .
| \[Goed user handling

| Good reviewer capability OK

Well-ventilated fire - Mot investigated

Figure 6.1: The event tree.

The starting point “Fire modelling” is introducedan an analytical fire safety design of a building
needs to be verified.

The well-ventilated fire branch is not investigated! therefore deleted. In the end of the treeethes
two types of values: OK or Not OK. OK means that skkenario, i.e. the series of events, does not
constitute a risk for that incorrect design in tungs occurs. This means that even if the FDS works
bad for under-ventilated fires it might still be KOif the users or reviewers handles it in suchayw
that eventual errors does not lead to incorreetdafety design in buildings. Not OK is the opp®sit
i.e. a series of events that can lead to incodesign in buildings.

Under-ventilated fires
When under-ventilated fires happens and how ofiey &re used as a dimensioning fire in a CFD

simulation is vital since this lie as a basis fomoften incorrect fire safety dimensioning canwgc
due to the problem at hand. If under-ventilateekfiare so rare that it practically never occui§iois

seldom simulated then the related risks are alsdlsm

How does FDS simulate under-ventilated fires?
How FDS simulates under-ventilated fires is a baeindition for the risks related to the use of FDS

for under-ventilated fires in fire safety dimensmamn If FDS simulates it in a good way then the
possibility of an error in some of the later stagesh as the user’s handling, is lowered.
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User handling
How the user handles the program, the working m®ead the results are very important. Even if the

program would simulate under-ventilated fires goad way the user may still make poor
assumptions or interpret the output in a bad way.

Reviewer handling

If the results from the simulation are reviewed &reb how they are reviewed are also very
important. If incorrectness has occurred in théierastages of the modelling process it might be
detected in the review, which lessens the postilafiincorrect dimensioning of a buildings fire
safety design.

In the following chapters each step is investigdetif for example “FDS works bad” is true then
“FDS works good” branch is not further investigated
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7 Under-ventilated fires

I_I Under-ventilated fire I—q
O

Figure 7.1: First branch of the event tree.

Under-ventilated fires often arise in at leastéhinges of scenarios (Lonnermark 2008). In encésur
with no or small inlet and outlet openings where tixygen level can start to fall quickly dependent
on the size of the enclosure. A typical enclosara $torage or supply room. This can also be a
dimensioning fire in an analytical dimensioningeTieason for this is that it is likely that theratgpe
room is equipped with a detector which is activatéen the fire starts, the fire builds up and enger
ventilation controlled stage. When personnel cooneheck the alarm the unburned gases can swiftly
spread into the bordering room and cause a ragidiévelopment.

The second typical scenario is a room or enclogitrea low ceiling height compared to the heat
release rate. If the flames are positioned in theke layer then the fire will get ventilation-caolted,
this can be the case for many buildings e.g. offigiédings.

Another kind of under-ventilated fire is where thés a really big fire when the oxygen can not heac
the fuel source since there is lot of unburned gaserounding the fire. This means that an under-
ventilated fire may occur even in big volumes.

In under-ventilated fires the soot and carbon mat@xproduction is much higher then in a well-
ventilated fire (Tewarson 1995). This together witht about two thirds of the deaths in fire isitet!

to the poisoning by carbon monoxide (Tuovinen 1986ékes it very important to try to estimate the
concentrations correctly when used in an analyt@akensioning. The consequence can be high since
incorrect dimensioning directly affect the possibibf that peoples lives are threatened.

If then under-ventilated fires happen and can Oengnsioning fire, when is it simulated by the FDS
users? Through the survey it is clear that somaaeg simulate under-ventilated fires quite ofted a
that some never simulates it. Even if the usemalaise an under-ventilated fire as a dimensioning
fire it might still be an under-ventilated fire Wwaut the user knowing it. In the survey it is atéear
that most of the consultants do not now how FD&srender-ventilated fire and that many does not
check the heat release rate output which quickigga hint about the degree of ventilation corgrbll
fire.

Conclusion

Incorrect dimensioning of under-ventilated fires teve a big consequence since it has a big impact
on the carbon monoxide and the soot yield whictstrangly correlated with toxicity and visibility.
The possibility of that an under-ventilated firgoi@sent in a simulation or in a “real fire” is peble

to happen a few times a year (in Sweden).
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8 Validation of FDS for under-ventilated fires

In this step it is investigated how FDS work fodenventilated fires.

FDS works bad
_I Under-ventilated fire
I|II
/ FD'S works well .,‘

!
]
|

Figure 8.1: Second branch of the vent tree.

Before dealing with the validation there are sonteoducing sections about simulations of fires, CFD
and FDS in order to have a good background fow#fidation.

8.1 The history of fire simulation

The use of computer-based fire simulation has dpamel in hand with the performance of computers
and their development (Rubini 2008). The zone n®(alo-zone models) were the first approach to
be widely accepted and used, much because ofrfdiBcations which results in relatively low
computer power demand. The two-zone model spititiosure into two zones, one hot upper layer
and one cold lower layer. With today’s computer pothe zone models performs a simulation in a
matter of seconds.

The more complex approach to simulate fire is lyube of CFD. Amongst CFD there are also a
number of different approaches to simulate thatyealee section 8.2. CFD models demand much
more computer power then two zone models and le@refore had a limited use in engineering
applications upon until a few years ago (for smefecad). Earlier, CFD was first of all a tool in
research projects. If one should make a differémtereen the different CFD-codes then the RANS-
code, see section 8.2, has been used more inshegmause it, under some circumstances, is more
computationally efficient then the other common G&ddle LES, see section 8.2. Today the tendency
is that the LES-code is taking over more and mBig{ni 2008), because computer power now
allows for transient fire behaviour.

8.2 What is CFD?

CFD is short for Computational Fluid Dynamics anid ia way to numerically solve the governing
equations of fluid dynamics. The equations solwedfiast of all the set of Navier stokes equations,
continuity and conservations equations for enaempss, velocity and species. The reason why the
equations are solved numerically is because ndasget presented an analytical solution for thie fu
Navier Stokes equation (Rubini 2008b).

In the programs a calculation domain is specified portioned into small cells called grids. Itns i

these grids that the conservation equations avedol here are different kinds of approaches for
solving the equations.
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DNS

DNS stands for Direct Numerical Solution and isitasiame implies, a direct way to numerically
solve the transport equations. This requires dugsn at Kolmogorovs micro scale. This is the
smallest scale where turbulence is the governingmpeter which equals to about®i@ in the length
scale (Rubini 2008c). This makes it impracticabbleghgineering problems because of the computer
power that it demands.

In FDS, see below, it is possible to perform DN wlations if the grid is set fine enough

LES

LES stands for Large Eddie Simulation and it assutihat all the turbulent energy is preserved in the
largest scale, i.e. everything under the largesedqgrid) is not calculated. If the grid is setdfi

enough LES converts to a DNS. To deal with phenantleat take place under the grid scale, the code
use so called sub grid models like combustion diateon models. The code works on a transient time
line and the time step is therefore limited sineerg calculation is based on the calculation theeti

step before (Rubini 2008d).

FDS is a fire simulation computer program based &ES-code. FDS stands for Fire Dynamics
Simulation and is first of all a model for trandiéine driven flow. The program is developed by the
National Institute of Standards and Technology (D&partment of Commerce). FDS is a dos-
program and any visualisation is done in an aduitiprogram, in most cases the program
Smokeview. FDS has been working for over 35 yeatstibbecame public in the year of 2000
(McGrattan et al. 2008b). Since then, further uggrhas continued and today’s version is the fifth
large release. The program is free of charge andealownloaded from the internet.

RANS

RANS stands for Reynolds Averaged Navier Stokeagggns) and its approach is to decompose
instantaneous values to a mean value with fluaoatiA RANS-code is most often used for steady
state simulations because it executes Taylor exqrassries with convergence for every time step
(Rubini 2008d). This makes it independent of whet happened earlier (in time) in the simulation
which is appropriate for steady state fires. i§itlesirable to do a transient simulation with mame
steps then the program is not so time efficient.

SOFIE is a fire simulation computer program based ® ANS-code. SOFIE stands for Simulation Of
Fires In Enclosures but is despite its name writteimandle other fluid dynamics problems then just
fire dynamics (Rubini 2006). The program is develbpy several institutes, e.g. Cranfield University
and SP Technical Research Institute of Swedenhendiversity of Lund. SOFIE is a dos-based
program and requires a pre-processor for the gegrokthe enclosure, for example the program
AC3D. A program for visualisation of the resultsalso necessary and the program MAYA VI can be
used. SOFIE is free of charge and can be downlofdedthe internet.

Application

CFD is used in different areas but for smoke fijlof enclosures the application is mostly that of
research or analytical fire safety design in butdi. Fire safety design consultants are the ones wh
most frequently use CFD for smoke filling of encles (in Sweden). It is most often used for
verification of analytical solutions for buildindise safety design. A typical analytical dimensiogi

that includes CFD and FDS is an evacuation invastig. In such a dimensioning there are critical
parameters that need to be investigated. The péeesrike the height of the smoke layer, the
temperature, the visibility and the toxicity aréeof used. These parameters can be addressed by usin
FDS which calculates them on a transient time Iifie time to critical conditions are then compared
to the evacuation time.
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8.3 FDS and the Mixture Fraction combustion model

As mentioned previously, FDS uses sub-grid modetatculate that which cannot be resolved in the
largest eddy (grid). An example of this is the costipn model which by default assumes a single
step reaction with predestined products that hapyferitely fast. The combustion model used by
FDS is a “mixture fraction model” or “mixed is bummodel”. As its name implies it is mixing
controlled which means that when fuel gases andexxynix they are immediately and completely
burned. This is a good approximation for well-vieéd fires but not so good for under-ventilated
fires. For under-ventilated fires the heat release would be too high and burning would take place
where it should not. To account for this, FDS wsesnple empirical expression that describes the
condition whether or not the mix of fuel vapour amygen are allowed to burn.
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Diagram 8.1: The correlation for when the fire i#oaved to burn (McGrattan et al. 2008).

This simple expression is however linked with sael/problems. The most important error is its grid
dependence. The temperature of the flame is vgygraent on the grid resolution. A fire may burn in
one resolution but not in another. Because the éeatpre in the flame increases with a finer mesh
resolution the fire may go out in the simulationilefit would burn in the reality. A second importan
error is that of adiabatic flame temperatures Bi% assumes. In reality the temperature is not
adiabatic but instead lower which can lead to thatfire in the simulation goes out after the feal
(Holmstedt 2008).

In FDS 5 there is a new feature, the single stepti@n_carbe replaced with a two step reaction where
the formation of carbon monoxide and its oxidatian be tracked and calculated.
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8.4 Experimental data

8.4.1 Experimental set-up

The fire tests were performed inside a rectandg@laimensions) room build in the SP fire hall. The
purpose was to simulate a retail premises with boghs with shelves and open areas without shelves.
The lay-out of the room is shown in Figure 8.22e @imensions of the roomwas 18 mx 7.5 m x 2.4
m and were chosen to represent 1:2 scale of prenhises with the dimensions 36 m x 15 m x 4.8 m.
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Figure 8.2: Experimental set-up and measuremenitipas (Lonnermark & Bjorklund 2008).

Three different pool sizes were used: 1) 305 mm%r@m x 100 mm, 2) 500 mm x 500mm x 150
mm, and 3) 650 mm x 650 mm x 150 mm. The amoufuelf(a depth of approximately 60 mm) was
chosen to give a burning time of approximately ibutes. Heptane was used as fuel. A water layer
was added to give a free board of 10 mm in alldlua&ses, i.e. 30 mm of water for pool 1 and 80 mm
of water for pool 2 and pool 3.

Most of the tests were performed with the fireha position “Fire 1”. For comparison a few tests
were performed with two other fire positions (sigeife 8.2 and table 8.1).

Simulated shelves were included in six of the tédte shelves were made as blocks 4 m long and 20
cm wide. The height of the shelvék, was 1.8 m. The material in the blocks was woqgdists

covered with incombustible boards. The reasontferdesign of the simulated shelves was to study
the effect the shelves in the over all smoke spagatinot to study fire or smoke spread within the
shelves. The fire position Fire 1 was at the ceofti@n imagined shelf if the same distances welmto
used between all the shelves. There was, howevethelf placed in this position. This is markedias
dashed line in figure 8.2. Fire position “Fire Irhslates a fire in a free standing shelf, whileipos

“Fire 2" simulates a fire in a pallet load or digpland position “Fire 3" simulates a fire in a $hel

fixed to the wall.
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8.4.2 Measurements

Different parameters were measured and these were:

Smoke density

The optical density i.e. the smoke density was mneakby using laser/photocell-system. The lasers
were transverse lasers with an optical power o/ amd a wavelength of 650 nm. Both lasers and
photocells were placed inside boxes with overpresdtach box had a tube for the light in the
measuring direction. The measuring distance (distdretween the ends of the tubes) was 0.5 m. The
equation used to describe the smoke density ocaltensity was:

D|_='1/L |n(|/|0)
Where L is the distance between the transmittertlamdeceiver.

Temperature:

The temperature was measured using thermocoum@esdgbut as shown in figure 8.2. Two different
types were used, 0.8 mm and 0.25 mm. In the diagytaetow their height is related to the distance
from the ceiling.

Velocity:
The velocity was measured through the two smalhygs of the room by bidirectional probes
(McCaffrey & Heskestad 1976) and calculated usivegdifferential pressure equation.

Mass loss rate:

The mass loss rate was measured by placing theda&hiner on a scale and measuring about every
second. The mass loss rate presented in the diadrasibeen “smoothed” where every time step is
the mean value of 11 measurements, five secondsebafid five after. This is done to simplify the
presentation of the overall change in the massrhiss

It is hard to say anything direct about the helsiaige rates in the different cases since there é&xact
knowledge about the combustion efficiency.

Oxygen
The oxygen level was measured by sucking out thi @ receiver with an oxygen analyzer (PMA
10).

The tests were monitored by the staff at SP. Teescavere also recorded by different video cameras
from different angles, information about these rdiows can be found itSmoke spread and gas
temperatures during fires in retail premises —Expents and CFD simulatiohgLénnermark &
Bjorklund 2009).

8.4.3 Experimental procedure

The tests started with two minutes of backgroundsus=ment before ignition (this time is not
included in the output of the results). This waselto get a steady background exposure. The ignitio
of the pool fires were done manually with matchésciv led to that the door was opened for about 30
seconds. When ignited, the pool was let to buril alhfuel was consumed. Three different
parameters were changed between the tests: thefslze fire, the position of the fire, and with or
without shelves. The test program is presentedhilet8.1.
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Table 8.1: Test program.

Test no Fire size [nm x mm]  Fire Shelves Amount of fuel [L]
position
1 305 x 305 Fire 1 Yes 5.42
2 500 x 500 Fire 1 Yes 15.0
3 500 x 500 Fire1 Yes 15.0
4 650 x 650 Fire 1 Yes 15.0
5 500 x 500 Fire 2 Yes 15.0
6 500 x 500 Fire 3 Yes 15.0
7 305 x 305 Fire 1 No 5.42
8 500 x 500 Fire 1 No 15.0
9 500 x 500 Fire1 No 15.0
10 650 x 650 Fire 1 No 15.0
11 500 x 500 Fire 3 No 15.0
*) Repetition test
8.4.4 Results

In this section the results for the eleven testspaesented, it is mainly the mass loss rate, the
temperature and the oxygen level that is presefmé®moke spread and gas temperatures during
fires in retail premises —Experiments and CFD satiohs’ (Lonnermark & Bjorklund 2009) the total
amount of output data is presented.

The tests all have different results but test hd test 7-10 have the same configuration with the
exception that there are shelves test 1-4 andhrtest 7-10.

Test1land 7

For test 1 and 7 the maximum mass loss rate isajppately 3-5 g/s which with a complete burning
would correspond to about 130-220 kAH:=44.6 MJ/kg). The mass loss rate stays at its maxim

for about 20 minutes after which it quickly goeswidor a burn time of 25 — 30 minutes, see diagram
8.2. The mass loss rates in the diagrams belowaneamaged with 20 seconds for test 1 and 10 seconds
for test 2-11. This is done to be able to predemvoiverall change in mass loss rates but thetdlis s
fluctuations like in the diagram below which isesult of the scale is very sensitive and that
measurements are taken so frequently.

MASS LOSS RATE

——Case 7

——Case 1

Mass loss rate (g/s)

Time (min)

Diagram 8.2: Mass loss rate for test 1 and test 7.
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Diagram 8.3: Test 7 with the fuel area 305 x 305.mm

Test 2-3 and 8-9

Test 2-3 and 8-9 had a maximum mass loss rateonitdl3 g/s which with a complete burn would
correspond to 580 kW. The mass loss rate stays miaximum for about 5 minutes after which it
gradually decreases for a complete burn time a9 Minutes, see diagram 8.4.
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Diagram 8.4: Mass loss rates test 3 and test 9.
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Diagram 8.5: Test 8 with the fuel area 500 x 500.mm

Test4 and 10

Test 4 and 10 had a maximum mass loss rate of $s3khich with a complete burn would
correspond to 1340- 1560 kW. The mass loss rays atats maximum for no more then two minutes
after which it goes down in stages giving it a btimme of 8-9 minutes, see diagram 8.6.

MASS LOSS RATE
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10 ok If"J
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Diagram 8.6: Mass loss rates test 4 and test 10.
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Diagram 8.7: Test 10 with the fuel area 650 x GB.

Test5, 6 and 11

In test 5 and 6 the fires had other placementsithére rest of the tests. In test 5 the fire wiased

flush to the wall which resulted in a higher maximmass loss rate then the other fire with area of
500x 500 mm, compare diagram 8.3 and diagram 8.5 skn6t¢he fire was placed out on the floor and
its mass loss rate followed the fires with the séineearea, test 11 was a repetition test of tduitc
without shelves.
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Diagram 8.8: Mass loss rate test 5, 6 and 11.

The mass loss rates and the temperatures in &a&t T show no direct signs of being under-ventilate
see diagram 8.2 and diagram 8.3. The curves fanmtss loss rate and the temperatures in test 4 and
10 shows signs of being under-ventilated see dia@#& and diagram 8.7. In the two large fires the
mass loss rate, after reaching its peak, slowly sialecrease where a well-ventilated fire have an
approximately constant mass loss rate and a qéickedse when the fuel runs out.

The oxygen level in test 10 reach as low as aboat %0 (80 cm down from the ceiling), see diagram

8.9, which indicate that the fire is ventilatiomtwlled. In test 7 however the oxygen level stays
above 19 vol %, see diagram 8.9, and should ngebglation controlled.
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Diagram 8.9: Oxygen level for test 7 and 10.

Results for the smoke fill are presented in takibe Best 1 and 7 had difficulties of building up a
distinct hot upper gas layer and the conditionsevedose to well mixed.

The results displayed in table 8.2 are based aralvbservation of a video capture. It is always

difficult to see the exact where the smoke laygimband the result presented in table 8.2 should no
be seen as exact results but merely as approximsatio

Table 8.2: Smoke fill results, time in minutes.

Hight above | Test | Test| Test| Test| Test| Test | Test | Test [ Test| Test | Test
floor 1 2 3 4 5 6 7 8 9 10 | 11
1.8 15* 2 2 1 | 25| 33 |215%] 2 25| 1 |25
1.5 19* | 25 | 25 3 |35-4|26.5%| 25 3 /15|35
1 19* 6 5 |25] 4 5.5 | 30* 5 5 12545
0.5 24* | 65| 6 3 |45 75135 |55

Completly
dark 7 |75 3 5 7.5 7 8 |35]| 6

* well mixed scenario

The results for the smoke density show that thiemifce in smoke density for the well-ventilataé fi

and the under-ventilated fire (Test 7 and 10) gexmately a factor 5, compare diagram 8.10 and
diagram 8.11.
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Diagram 8.10: Smoke density for test 7.
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Diagram 8.11: Smoke density for test 10.

8.45 Sensitivity and error factors

As discussed in section 4.3 it is important toizeatihat the presented results are not the actual
conditions in the reality but merely a measurehefrieality. Differences exist because the
measurement equipment contains error and uncerfaictiors. To validate FDS for under-ventilated
fires this uncertainty must be quantified. For ¢éx@erimental results this can be done by comparing
different measurements. For the temperature thseaobserved by looking at the thermocouples.
There were thermocouples with a diameter of 0.25anththermocouples with a diameter of 0.8 mm.
The thickness can create different readings simeéthinner” takes up and gives away energy faster
then the “thicker” (thermal inertia). The differenis small and does really only exist during thiédou
up and the decline phase which probably is a re$tlte thermal inertia, when the temperature
stabilizes in the room then there is almost nced#fifice. The largest difference in real numbers is
closest to the ceiling but is in percentage abloeiseme, around 10 %.
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Diagram 8.12: Comparison between 0.25 mm and 0.&menmocouple (test 10).
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Diagram 8.13: Comparison between 0.25 mm and 0.&menmocouple (test 10)

The scale is another source of uncertainty anchase a big impact on the results. By comparing the
mass loss rate between two tests with the samégooation the uncertainty of the scale can be
estimated. There are of course many other fadtatscan affect the results, like for example thiain
temperatures of the walls and the temperatureeofuthl container. Despite this the resemblance
between test 8 and 9, see diagram 8.14, is alnooséxistent.
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Diagram 8.14: Comparison between mass loss ratéssing and test 9.

The visibility is measured via a “beam detectoriethmeasures the light extinction over a certain
length. In the tests the equipment were placediémn pressurized boxes which decreases the
possibility of that the transmitter and the receiyets dirty. In diagram 8.15 the resemblance betwe
the smoke densities can be viewed, the differemtiesi biggest closest to the ceiling but for theeot
measuring points the difference is less then 10 %.

SMOKE DENSITY
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—— Smoke 80 CM TEST 9
——Smoke 5 CM TEST 8
——Smoke 20 CM TEST 8
——Smoke 80 CM TEST 8

1/m
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Diagram 8.15:Comparison of the smoke density in test 8 anco8 ().

The placement of the velocity measurements, whieldane via bidirectional probes, are very
important. If they are placed “in the opening” ostjinside or outside can make a big differenc¢hén
experiments they were place in line with the owtell. The vertical placement is even more sensitive
since there can be a very high velocities in tipeaiothe hole and quite low in the middle. The
velocity results are therefore hard to use in adgway and can really only be used to say in which
direction the flow goes.

How long time it takes before the doors it shutibélithe igniter” is important for the pressure loui
up in the room, for the last 6 tests (test 5-1&)dhta shows that the igniter usually shut the déter
30 — 40 seconds, which is a relatively small tiraefe and therefore with a relatively small pressure
build up difference.
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Another factor that affects the results is the éggkarea, the size and the position of it. If thege
little amount of leakage area then the pressuikaly to build up. If the leakage area is situatedhe
top of the compartment then the hot gases leakfabe leakage area is situated in the bottonnef t
compartment then air i.e. oxygen can leak out. &ttent of this is hard to describe and have only
been estimated to be small by the supervisor ofesie(Lonnermark 2008b).

The comparison in this section is not the exadeddhce between the reality and the tests butamly
estimation of a difference caused by the measulévices. The actual difference between the reality
and the measurements may be more or less buleigshitcombined with an uncertainty factor of the
magnitude described above.

8.4.6 Discussion

The sizes of the fires are important for the mass rate and the heat release rate. One big ditfere
between the tests is that for the small fires éicample test 1 and 7) there are no signs of alagati
controlled fire. The mass loss rate stays appradip@onstant, see diagram 8.2. For the two larger
fires (test 4 and 10) there are phenomena thatateliventilation controlled fires like pulsatiorfs o
smoke outside the openings (Lonnermark & Bjorkl@d09). The mass loss rate for these tests also
indicates a ventilation controlled fire since thass loss rate first goes up fast and then decreases
time long before it goes out. If the fires wouldrédeen fuel controlled then they should have staye
constant and then quickly go down when the fuelrsetp run out. This makes sense since the fires
could be expected to be fuel controlled in the heigig and as the oxygen is consumed the burning
efficiency goes down. The oxygen level in testdfich as low as about 9 vol %, see diagram 8.9, 80
cm down from the ceiling, which indicate that tive fs ventilation controlled. In test 7, howevitre
oxygen level stays above 19 vol %, see diagrama®@ s not be ventilation controlled.

The uncertainty and error factors in the experimlergsults i.e. the different measuring deviceshav
been estimated by comparing different test anegfit measuring devices. The differences between
the temperatures, the smoke density and the msssdte are all around 10 % or less. When dealing
with a turbulent phenomenon like a fire, 10 % tpuite small uncertainty factor. The uncertaintyttha
exist through the 10 % will be brought up in theadission of how big the difference is between the
results generated by FDS and the results in therempnts, see section 8.5.4.

8.4.7 Conclusion

Depending on the sizes of the fires they are motess ventilation controlled. The tests with small
fires (test 1 and 7) show no direct signs of beinder ventilated and test 1 and 7 can be said to be
fuel controlled. The larger fires show more sighba&ing ventilation controlled, where pilot flames
and smoke pulsation occurred at the openings.4Tastl 10 can therefore be said to be ventilation
controlled. Test 7 and 10 will be used in the satiohs because test 7 is fuel controlled and @ 1
ventilation controlled. Test 5 and 6 will not bensiated since there only were one of each expetimen
performed, which gives little possibility for comjson. The reason why test 7 and 10 is used instead
of test 1 and 4 is because there are no shelvestii@ and 10 which limits possible effects thay ma
make the CFD validation more difficult.

The uncertainty factor in the experimental reswgtated to mass loss rate, temperature and smoke
density is of a magnitude of 10 % or less. Theedéhce for the temperature is at its maximum during
the build up end the decline phase, in betweerethbases the difference is very small and has a
better match with other similar work e‘iincertainties in measuring heat and smoke releades in
the room/corner test and the SEAxelsson et al. 2001).
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8.5 Simulations

The simulations are done to validate the FDS-coderfider-ventilated fires. The SP tests that were
chosen for comparison are nr 7 and number 10, sgater above.

The simulations are done with FDS Parallel ver&idn6 (windows 64 bit) and are performed on a
computer cluster at the University Collage of Boise cluster consists of 8 dual core processais an
approximately 64 Giga byte of RAM-memory.

8.5.1  The process

Initially the properties of the materials in thesario were investigated and the properties of the
heptane were chosen after discussion with Géramstedt (Holmstedt 2008). The soot yield and
carbon monoxide yield were chosen for well vergitefires. The meaning of the chosen yields for
soot and carbon monoxide should not be taken taouse The reason for this is that the fire will
reach ventilation controlled stages for case 1Erelthe well ventilated yields will not be accurate
The properties of the construction materials wakem fromSmoke spread and gas temperatures
during fires in retail premises — Experiments arfeDCsimulations (Lonnermark & Bjoérklund 2009).
The geometrical setup was done so that the enelogas surrounded by air.

Figure 8.3: Geometrical setup, the green is ceikegtion with insulation, the red in the short walthe door.

Since the calculations were done in parallel sysi€Bcores, the computational domain was divided
into 8 meshes and each mesh was then calculatad@parate core. The setup was done after the
experimental set up and can be viewed in figure8#her mesh was used around the fire and the
total amount of grids, in the base scenario, wboaie600 000, for number of grids per mesh see
appendix Y.

Figure 8.4: The mesh setup seen from below, eaticalemesh line indicates a mesh, the yellovhesfire
mesh.
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Initially much time were spent on trying to get F2Svork as optimal as possible. According to the
FDS user guide (McGrattan et al, 2008) and othekwg Dittmer and Jamtang (2006) there is not
much time to gain with the use of unsynchronizedhms in a parallel simulation. The reason for this
is because when the mesh with the smallest tinpeistaking up most of the computer time, the other
meshes with a longer time step just sits and wdietupdated. But if the meshes with the smalhee ti
steps contain lesser number of grids than the enatsen the fine and the coarser mesh could be
designed to have same computer work load.

The fire growth were controlled via the mass |I@ge which was set after the experimental resudts, s
FDS input file in appendix W.

Assumptions and Simplifications

Geometrical simplifications were done for the srogkénings where the 5 cm plinth at the floor was
ignored (because of the mesh resolution). In tiperments the ceiling furthest away from the fire
(3.4 m from the door wall) were made of 6 mm Médsberd instead of 10 mm Promatect, this was
ignored and Promatect was used. Furthermore, ¢isedliethe fuel table were ignored.

One important simplification is that of no leakageas. This is the case since leakage almost always
is in form of small cracks which are smaller thike finest grid cell size. In FDS there is a functio
simulate leakage area but that can only be apfiieenclosures with no openings and can therefore
not be used in this case. To simply open a slitwimauld match the leakage area is not a good
approach since that would have large affect orflthefields. It is hard do estimate the leakageaare
but according to the supervisor it was small (Larark 2008b).

Models used

By default FDS has several models for describimgei@mple sub-grid phenomena, see FDS User
(McGrattan et al 2008b) and Technical guide for plate list (McGrattan et al 2008). Models which
have been included by active choice is the “greyrgdiation model” with 104 solid angles and 15
polar angles. Heat transfer through walls were elgisen since the hot gases thermal interactions
with the walls were of importance.
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8.5.2 Results and Comparison with SP tests

In the simulations the fires are defined as a latian opening that releases heptane. It is thesmas
loss rate that is specified in the FDS input scgpe appendix W. The heat release rates is then
decided by the conditions in the enclosure, indilagrams below the heat release rate in the
simulations are referred to peedefinedheat release rate.

Case 7
In case 7 the heat release rate does not divevgetfre predefined which means that a complete
combustion is taking place, see diagram 8.16.

HEAT RELEASE RATE

180
160 -

140 -
— 120 -
i 100 1 MARMA —— PREDIFINED
8:: 80 ﬂ v L VI 'V‘ —— FDS OUTPUT
I 60 A

[V ‘
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0 ‘ ‘ ‘ ‘ ‘
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Time (min)

Diagram 8.16: Comparison between the predefined redaase rate and the FDS output (Case 7).

The oxygen level does, however, differ from theerkpental results, see diagram 8.2, where the
oxygen level is lower in the simulation.
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Diagram 8.17: Comparison of the oxygen levels (PhsCase 7).
This does not affect the heat release rate simcexyigen level stays above any ventilation corgcbll

oxygen levels, see diagram 8.1, but can be impbirttasther aspects. The difference in oxygen level
around 5 % and the temperature difference aroub® %, see for example diagram 8.18.
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Diagram 8.18: Comparison of the temperatures (P&age 7).

Case 10
In case 10 the heat release rate diverges fropréuefined after about four minutes, see diagram
8.19. The heat release rate is after four minutesitzhalf of the predefined (complete burning).
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Diagram 8.19: Comparison of the heat release ré€mse 10).

The oxygen level diverges almost at once and afiproximately 4 minutes it reaches the “no burn
zone”, compare diagram 8.20 and diagram 8.1. Tlygexlevel described in diagram 8.20 is given
for position 11 but the oxygen level is approxinhatee same in the near field of the fire (in the
simulation).
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Diagram 8.20: Comparison of the oxygen levels (Cia¥e

The FDS output HRRPUA (Heat Release Rate Per Unaid)’sshows that the fire is struggling to
survive after about four minutes and that it gogtsat fuel source after about six minutes. After si
minutes the burning takes place in the openingiseabottom of the short walls. This is, howevet, no
the case in the experiments where the fire is haintih controlled but still burn at the fuel source

In the first four minutes, where the results intkcao direct ventilation limiting effects, the
temperature in the upper region of the enclosua@soximately 250-30€C. The lower part of the
enclosure has a temperature of approximately 100@5The oxygen level differs with around 20 %
and the temperature differs with around 10-20 %,diagram 8.21.
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Diagram 8.21: comparison of the temperatures (PoSake 10).
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8.5.3 Sensitivity and error factors

In section 8.4.5 the uncertainty and error factothie experimental results were estimated by
comparing different measuring devices and diffetests. To try and estimate the uncertainty and
errors involved in the FDS simulations sensitiatyalysis were performed. There are many factors
that can affect the results but they can be dividemitwo groups. The first is related to compuder
computational error in which also errors due todbée is included. The second is related to soenari
specific assumptions. Throughout the sensitivigigsis it is only case 10 that will be simulatedcsi
case 7 never reach under-ventilates conditions.

Computational error and sensitivity

The base scenario was a parallel calculation soial €alculation was also done to check for any
differences. The results are shown in appendixd-stiow that the difference in the oxygen level and
the temperature are around 2-5 %. The heat retkakewever differ about 50 % at some specific
moments, see diagram F 1, the reason for this & hkely a small difference in oxygen level. The
difference in oxygen level is in the area of 11 M@ % (of the output, not difference) which is an
interval sensitive to change. It is most likelytttige fuel burn at 12 mol % but not at 11 %.

To be able to run the calculations as efficientiypassible the volume including the fire and the
volume above the fire were divided into two differeneshes (the base scenario). This is “necessary
since it is more efficient to have one mesh on eachputer core. The FDS user guide states that it i
not wise to put mesh boundaries in sensitive dseaause the turbulence may not be accurately
described in the transition between the meshegeldre, one simulation was done with just one
mesh in the fires near field (instead of two), thgults are presented in appendix G. The resudis sh
a difference of about 5-10 % for the oxygen level the temperature. The heat release rate diverge
with about 25 % for a short while.

Near the fire there are more complex phenomenarmge turbulence. This is the reason why a fine
grid resolution is wanted in the near field of fime. The size of the finer mesh in the near fieldhe

fire is then important since complex turbulenceruimenon is best resolved in the finer mesh.
Therefore a simulation is performed where the ns&shin the near field of the fire is smaller thian

the base scenario. The results are presented andppH and show a difference of around 1 % for the
temperatures and the oxygen level, even the hiegiseerate show a good resemblance and does only
diverge once with about 30 % for a short while.

The base scenario used unsynchronized mesheseaar®8user guide states that there is a lesser
connection between the meshes then when usingsyrized meshes. To test for any difference, a
simulation was done with synchronized meshes. &helts can be viewed in appendix | and show
that there is very little difference (less then 1Lfés the temperatures and the oxygen level. Fer th
heat release rate there is a difference of abo@b 8@ a short period of time after about five ntisi
This is most likely an effect of difference in oxgrglevel which can be viewed in diagram | 2.

The scenario was also simulated with different gribs where the base scenario had about 600 000
grid cells with 5 x 5 x 5 cm in the near field bétfire and 10 x 10 x 10 cm in the far field. le tyrid
sensitivity analysis, the grid size were halvedahitincreases the total number of grids with a facto
eight (8n) resulting in around 4 800 000 grid cdlisthe sensitivity analysis the grid cells werg 2

2.5 x 2.5 cmin the near field and 5 x 5 x 5 crthimfar field of the fire. The results are presdrite
appendix J and shows that the difference in oxygeel and the temperature is between 5-10 %. The
heat release rate differs about 40 % for a shomem after about 5 minutes. This can also be
explained by a difference in oxygen level in a gamsinterval (mol %). In this case the oxygen
difference is bigger then in the earlier sensiji@halysis. The difference between the base saenari
(n) and the 8n scenario can be explained by tleatetimperatures are calculated as an average of the
entire grid cell. A large grid cell may thereforave different concentration in different parts fud t

cell that is not resolved. When the grid resolui®aet finer then different concentrations, which
existed in the large cell, can be resolved intlstsmall (fine) grid cell. If for example one largrid
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cell contains two equally large concentrations wwds, where the oxygen level in one volume is 5
vol% and 15 vol % in the other, then the averagger level is 10 %. When the grid resolution is set
finer and the two different concentrations volume®up in one grid cell each, then there is ong gri
cell with 5 vol% and one with 15 vol% which meahattone of them may burn while it would not
have in the large cell (10 vol%). These small "petsk of higher oxygen level is not presentable in a
slice file. By using the HRRPUA (Heat Release Re Unit Area) for all meshes this phenomenon
can be observed, see figure J 1. The simulatiantigirid independent but the results are still lesab
and the difference is not so big that conclusiamot be drawn from the results.

Scenario specific assumptions

When it comes to scenario specific assumptionsifidier-ventilated fires then the soot yield and the
carbon monoxide yield are important. They are extgortant since they are two of the dimensioning
parameters that can be used to assess criticaitiomsdVvisibility and toxicity). Soot and carbon
monoxide yield are strongly affected by the comiomsefficiency i.e. the oxygen level. The soot giel
can increase with a factor five while the carbommade yield can increase with a least a factor 50
when the fire gets under-ventilated (Tewarson 19Bb¢ soot and carbon monoxide yield are directly
specified by the user and the production rate éncgnt) stays the same independent of the
combustion efficiency. The ideal would be that piheduction rates could be changed over time in
FDS. The new two step reaction function in FDS i edict the carbon monoxide but the validity of
this function can not be compared because of lea#tings in the experimental data.

The simplification of no leakage from the room é@awd to a higher pressure since there in the yealit
always are leakage through small cracks. The higressure will not have a big effect but what can
have an effect on the oxygen level is where thkaga areas are situated. If they are situateckin th
upper region then it is the combustion products Itek out. If the cracks are situated below the
smoke layer then air and oxygen leak out. The lgakeas not been specifically investigated but is

visually estimated to be small which is to somerdegs confirmed by the velocity measurement
comparison.

Other parameter that effects the validation of F@Sunder-ventilated fires is the predefined mass
loss rate or mass loss rate per unit area (MLRPBBJS assumes perfect combustion of the fuel
vapour, if the MLRPUA is lowered then that is appneately the same as controlling the

effectiveness of the combustion. Therefore, a satian is performed where the MLRPUA is

multiplied by a factor 0.7, which is a more redtistombustion efficiency. The results, see appendix

K, indicate that the temperature in some measyr@igts is lower then in the experimental test. The
difference is around 5-10 % for both the tempeest@and the oxygen level. Once the fire has gone out
the difference is about 20-30 %. The fact that exylpvel start to decrease earlier then the

experimental results is still present but whenakggen level nears the no burn zone limit the
difference is smaller then with perfect combustion.

OXYGEN LEVEL

25

$ 20
fe)
:E, 15 1 ——80 CM FDS
3 OUTPUT
Q2 10 e ———— ——80 CM EXP
3

5
3

0 . . . .

0 2 4 6 8 10
Time (min)

Diagram 8.22:Comparison of the oxygen level for case 10
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Diagram 8.23 Comparison of the temperatures for case 10 witm@ags loss rate (Pos 16).

8.54 Discussion

Case 7 shows no signs of being ventilation comdadind the output matches the experimental results
guite well with a difference according to sectioB.8. The difference between the temperaturesan th
experimental and the FDS results are about 10-#0%owever, the combustion efficiency would

have been lowered, like in case 10, then the teatyer would probably have an even better match.

It is important to note that the predefined hebdase rate was not the actual heat release in the
experiments, but only the heat release with a cetagiurning.

The results for case 10 show that the differenaeymen level and temperature is about 5 % with a
combustion efficiency of 0.7. When the fire reactiesno burn zone the difference in the oxygen
level is about the same but same (5-10 %) whilalitierence in temperatures increase to about 30 %.
The reason for this is because of that the heaaselrate is strongly dependent and very sensitive
changes in oxygen level near the no burn zonediffexence in heat release rate is for a long pkrio

of time (4-5 minutes) underestimated with aboub80l. This is an effect of that the mixture frantio
combustion model assumes a perfect combustion.

The sensitivity analysis shows that a differencalzdut 10 % in the temperatures is common due to
different configurations. In the experimental résdihat “uncertainty” factor is also about 10 %isTh
means that for the temperatures, in the ventilatmntrolled stage, the difference between FDS and
the experiments are 30 % but it could be any nurbbtwveen 10 to 50 % and for the oxygen level O-
30 %. To decide whether or not the intervals died#nce in oxygen level (and by that the heat selea
rate) and temperatures above are acceptable d@rmost be put into relevance. In this case the
difference of 3G+/- 20 can create non conservative results sincearéhedn reaches the no burn zone
earlier then in reality. A difference of 10 % isti@obig difference when describing such a complex
phenomena as a fire. A difference of 50 % pointstoat if the temperature is used as a critical
parameter, when having an under-ventilated firghduld be used with caution. This needs to be
placed into relevance with other uncertainty pateama a design. In an under-ventilated fire it is
most likely the visibility or the toxicity that rehes critical levels first. The uncertainty andetiénce
between FDS and the reality related to those paembave not been specifically investigated is thi
report but is most certainly higher then for th@perature. If put into a bigger perspective thei@ho
of probable fires and their locations is combinethwven higher uncertainty. The difference and the
uncertainty are in other words relatively big ahdwdd be used with caution but on a larger
perspective the uncertainty in other parts of tiheedsionings is greater and diminishes the
importance of the difference in temperature.
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As described above, the visibility and the carb@maxide concentration are dependent on the soot
and carbon monoxide yield specified by the useth\ie normal combustion model they do not
change (in percentage) over time with the combnsgfticiency. For the carbon monoxide
concentration there is a new function in FDS 5 #ilatws for a two step reaction which can track the
carbon monoxide change over time. Unfortunatelyetkgerimental data lacks readings of the carbon
monoxide concentration which makes any comparisgossible. Readings do however exist for the
visibility i.e. the soot-yield output. The soot Mecan, however, not be changed (in percentage) ove
time but is constant. If yields for carbon monoxédel soot are used for well-ventilated conditions
then this will lead to non conservative resultssithe “yields” in reality becomes much higherin a
under-ventilated fire.

The question is then how under-ventilated fireauthbe treated? The most crucial parameter is the
combustion efficiency which governs when if oxydewel starts to decrease at the same in the
simulations as in the reality. This can be hardstimate since it is not only a matter of the props

for the fuel but also for the geometry of the esale. Even if the combustion efficiency is seti$o i
optimal it still does not solve the problem of gigigood results for the soot yield and the carbon
monoxide yield. This is the case since only onédytan be set and cannot be made time dependent, it
is the same soot yield the entire simulation ev¥érfirst is well-ventilated and then under-veatiéd.
Therefore the use of the visibility and the toxiait an under-ventilated fire should be used very
carefully. This is a problem since they are thetrtiksly parameters to reach critical levels firsan
under-ventilated fire and therefore “should” beduase a critical parameter. Therefore, when an under
ventilated fire is the case in a dimensioning thgot should be used with caution since it is sgldb

a big uncertainty, which later in the dimensionivigen the conclusions are drawn and the
conseqguences are taken should be handled witmbigrtainty measures.

There is a function in FDS for dealing with leakdget it demands that the room is completely sealed
with no openings. Therefore, the validity of thimétion could not be tested against the SP tautg si
there were openings in the walls.

To investigate how FDS track the carbon monoxidellevith the new two step reaction experiments
should be done with a measurement of the carboroxida level.

8.6 Conclusion

The comparison indicates that FDS easily can ustierate the oxygen level and thereby the heat
release rate which in its turn creates an undenasion of the temperatures. The difference for the
temperature is about 30 % but with an uncertaiatyor of 10 % in both the experiments and the
computer modelling the difference may be anywhete/ben 10-50 %. The validation has shown that
the simple empirical expression for when the fraliowed to burn is very sensitive and if used
without proper handling it may produce bigger diéfgces. It is clear that the temperatures may be
underestimated and that the use of visibility andcity (soot and carbon monoxide yields) are ezlat
to even bigger uncertainties. If used in a fireegaflesign it is possible that incorrect dimensigni
may occur because of incorrectness in the codee3ie temperature, the visibility and possibly the
carbon monoxide level may be underestimated, Wwithcbnsequence of that incorrect fire
dimensioning may be non conservative.

For the visibility and the carbon monoxide levelanparison has not been possible and experimental
data for carbon monoxide is necessary for undetifaded fires so that the new two-step reaction can
be validated.

The fact that FDS describes under-ventilated fa@srly and that it may under estimate the heat
release, results in risks for incorrect dimensigrafha buildings fire and safety design.
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9 User Handling
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Under-ventilated firs

Figure 9.1:Third branch of the event tree .

The next branch in the event tree is how the Usanslle FDS for under-ventilated fires. Even if the
code does not handle under-ventilated fires inalgeay it is first when the user “introduce” theoer
that it might lead to incorrect design. If the ssare aware of how the program treats under-vésdila
fires, and other affecting factors, the importaatthe error can be diminished (for example by addi
safety factors) and thus resulting in a low pofigjifior incorrect dimensioning of buildings firend
safety design.

How the user handles under-ventilated fires in FD&pendent on many different factors but
the three requirements below is needed in evergusoning.

1: FDS knowledge
The users have to have a good understanding oRBworks so that good results may be
produced.

2: Background knowledge
The users have to have good knowledge of the widgnbhysics e.g. fire dynamics and CFD.

3: Process and results handling
The users have to handle the modelling processhenolutput in a good way

These three requirements have been “selected” bedaum the basis for every FDS modelling. The
first requirement is obvious to know how FDS workke limitations and the assumptions of the sub
models are important and if the user do not undedstnem then the user may "introduce” errors. The
users also have to have good knowledge about ghgeit CFD to be able interpret and critically view
the results. If they do not posses this knowletigeoutput may be used in an improper way. The third
requirement is perhaps less obvious then the tgblut if the output is handled in a bad way, e.g.
dismissing contradicting data due to subjectiviigrt the design can be incorrect. Quality checks is
also an important part of the modelling procesthely are performed then errors are less likely to
occur.

To identify if the users in Sweden have the queditabove an interview survey was done. The
respondents were fire safety consultants in Sweskschapter 5 for the interviewing method. To get
sincere and good answers from the respondentsstbieyassured anonymity. The answers have been
summarized in appendix A. The interview sheet ipesyolix A contains several questions to which
very few holds direct answers to the requiremebtsve. Therefore several questions may together
give an estimation. In an interview it is not omyormation in the direct answers that can giveiitss

but by reading between the lines the interviewerreaeive a lot of information. This is very haod t
document and present in a scientific way, see ehdg for discussion of used methods.
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1: FDS knowledge

To check for the users understanding of FDS is rddfieult then to check if they have a good
understanding of fire physics and CFD. This isdhge since there are no direct FDS courses
available, in the CFD course at Lund University FB8sed but there it is still self-learning thathe
basis. When the consultant starts his or her psimfeal work with FDS knowledge about the handling
can be limited especially for many of the sub msedkl this report it is investigated what knowledge
the user has for under-ventilated fires. To chagkdn open question was askedotv does FDS

treat under-ventilated fires and how do you dedhwhat”. The question is very open and the answers
were expositions of different depths. However, amtg of the respondents knew how FDS works for
under-ventilated fires. Most did not check the atiffes for indications but some checked the heat
release rate. Some were also of the impressiontitir-ventilated fires never happens and therefore
do not need to be considered. Another alarmingisaittat the users generally seem to use the
visibility and toxicity as output. This can be dengus when the fire becomes under-ventilated since
real fire increases the soot and carbon monoxidéyation several magnitudes once they turn
ventilation controlled.

It is not only the users understanding of undettilagad fires that can introduce errors but als® th
basic use of the program e.g. putting up the meslessribing materials etc. This is hard to check
through a survey and should best be checked bgwawy used script files. Unfortunately this has not
been possible and the user’s skills are only mapipedigh the interview. In the interview there were
basic questions asked about running a FDS butladstotal impression of the interview. This is very
hard to present in a scientific way but the ovamafiression is that running of simple well-ventiat
fires is handled in a good way.

2: Background knowledge

Whether or not the users have a good knowledget dibeulynamics and other basic physics is
investigated by asking the respondents what kiretatation they had. Close to 95 % of the
employees who worked with CFD at the agencies vartqgipated in the survey were Fire and Safety
Engineers graduated from Lund University. A Fire &afety Engineer from Lund University is
considered to have good knowledge about basipfiysics, at least to such an extent that he or she
can critically view the results for smoke spreaaies in enclosures (if nothing else showed in the
interview).

To check if the users have a good understandingta®eD, questions were asked about what kind of
CFD-education the users have but also through gsibout basic CFD problems. Close to 85 % of
the employees working with FDS have taken the b@sid course given at the Department of Fire
Safety Engineering and Systems Safety. The reslkdaaut it at a research institute (SP or FOI) or
were internally educated. All the employees who takén the Lund University CFD course were also
Fire and Safety Engineers. A Fire and Safety Erggimdno has taken the CFD course is considered to
have good knowledge about CFD. Employees with backgl at research institutes can also be
considered to have a good understanding about €e@ple who are internally thought is not
considered to have a good knowledge about CFD.[3duause they are trained to get the program
working with out knowing the background facts abG&D.

3: Process and results handling

Even if the user would have a good knowledge athmutwo steps above it is still important that the
consultant is as objective as possible and lodienally at the results. The consultant is alwaiyech

to find a solution to a problem and economical atgare involved. This can create a problem since
the user may look for output that verify his or tegory and neglect contradicting data. There is no
easy way to estimate the impact of this sinceguires a thorough analysis of output data and aw t
user interpreted them under the specific circuntgtanin the survey an attempt to capture someeof th
problem was made by asking how much of a roll tlents intent has. The general method amongst
the fire safety consultants were to do an estimafithe problem could be solved before actually
simulating it. This approach reduces the likelihobdn incorrect dimensioning since there is little
data that can be miss interpreted (since the sosrthat are impropriate for simulating is not
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simulated). Some answered that the satisfying@ttistomers might affect the results. This question
is perhaps the hardest question for the user weargncerely since the respondents might not want
admit the subjectivity.

It is also important that the agencies performrimaequality checks so that eventual error may be
corrected. This is examined both by looking at many FDS-able persons there are in every agency,
the more people the higher possibility of a quadtigck. Close to 90% of the agencies in the survey
had at least two FDS able persons employed. Thecaggealso have a legal and economical
responsibility if they do an incorrect dimensioniagcommon answer in the interviews were that they
would not hand over a dimensioning that they wetesore was accurate. The working process in
about half of the agencies were done in groupstwaiso reduces the possibility of incorrectness.

Conclusion

The fire safety design consultants generally seehate the knowledge about fire physics and CFD
that is needed to be able to look critically airthesults. They do, however, not seem to haveoa go
understanding about how FDS works for under-vetetildires and that the output parameter for
visibility and toxicity (carbon monoxide) is strdgdinked to the soot yields which in its turn is
strongly affected by if the fire is under-ventildter not. The users seem to be able to handle basic
FDS set up in a good way. An eventual error ingitggect set up is most likely picked up in the
quality check that is done on a regular basis.Juadity check is, however, linked with the problem
that the quality checker only can find errors whegeor she has good knowledge. In other words a
guality check is likely to spot simple and commoroes but where there is shortage in knowledge e.g.
for under-ventilated fires, then this can be mis3ér problem of that the consultants may not look
critically enough at their results, in an attempiedatisfy their customers, is not fully clarifibdt the
interviews show that the consultants does not laavaly a dimensioning of which they are not sure
about the results. A common approach was to fosirdestimation of the problem before simulating.
However, some still answered that the subjectizéy affect the results.

In total is likely that incorrectness in how FD&siates under-ventilated fires is missed by the

Swedish fire and safety consultants. This is rdlatgh that the user have a poor understanding of
how FDS work for under-ventilated fires along wiltie use of visibility as a critical parameter.
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10 Reviewer handling

Bad reviewer capability
| Bad user handling .

/

I." Good reviewsr capability
/ [CondmEner i}

FDS works bad '
/ Under-ventilated fire

Figure 10.1: Fourth branch in the event tree..

When an analytical dimensioning is the case indingj project it is up to the future proprietor
(Byggherre) to ensure that the fire safety starglard met (9 chapter 1 § PBL). The future proprieto
usually lay this task upon the fire and safety glesionsultants internal quality checks (egenkohtrol
although the responsibility still lie with the fueuproprietor. The local building board
(Byggnadsnamnden) is responsible for the muniagpakks within construction (1 chapter 7 § PBL)
and at the building consultation meeting they deeithiether or not the future proprietor’s control
system (in this case the amount of verificatiorgufficient. If local buidling board is not capable
(almost always) of making that judgement they msey a referral instance which most often is the fire
and rescue service. The purpose is not that tioeeeservice should be a second dimensioner but just
suggest the amount of verification (control) tisahéeded. In recent years it has, however, been
acknowledged some serious shortage in the futunarietors internal checks (Lundin 2005). Many
rescue services have therefore expanded theianal@lo often stand as an unofficial quality checker
of analytical dimensionings. To check how the resservices handle their “role” as a reviewer, and
the level of their knowledge, a survey consistihtetephone interviews were conducted. The general
approach was to try and examine three differeribfac

1: Handling process
To what extent and how does the rescue services/esthe fire safety design?

2: Knowledge
What is their capability of doing a good review esplly for under-ventilated fires?

3: Resources
What is their reviewing technique?

The first factor has been chosen since it is ingminvhen the reviewing takes place in the building
process. If the rescue service is involved in atyadage, which can be the case when the rescue
service and the local building board has a closgeration, then the incorrect dimensioning can be
detected earlier which simplifies the building dgsprocess. Factor two is quite obvious, if theues
service does not have the knowledge to do a rethewincorrectness can be hard to identify. Factor
three is dependent on the resources the rescueeshas to do a good review.

1: Handling process

How the rescue service receives the analyticabdesries a lot and is decided on local conditidms.
30 % of the rescue services in the survey the eeservice and the local building board have a close
cooperation. About 70 % of the rescue servicesaitave a close cooperation and just work as a
referral authority. How often the rescue serviegegives a dimensioning is much dependent in what
region of Sweden they are situated. The large eesetvices i.e. in the bigger cites around 15 ta 30
year dimensioning a year but in smaller rescueices\the number is around one to three a year.
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2: Knowledge

The capability amongst the rescue services is ngtyut they do generally have a Fire and Safety
Engineer (about 90 % in the survey) in their st@pending on the size of the rescue service they
have more or less engineers employed. If a FireSafety Engineer is employed then the analytical
dimensioning review is made by an engineer. In 76f ¥he rescue services, which has a Fire and
Safety engineer, the employee also had CFD knowléadgigh the CFD course given by the
Department of Fire and Safety Engineering and &yst®afety. No one in the survey knew how FDS
worked for under-ventilated fires but some wereairitle impression that it works poorly.

3: Resources

The reviewing technique also differs and followsstandard or set up rules but is instead decided by
the resources (time and staff). About 80 % of tiierviewed only looked at the input parameters and
the discussions in the documentation that followh the dimensioning. Reviewing of direct
simulation output or resimulation is almost neverfprmed, mostly because of lack in time and
computer power. Another strategy (the remainin@®Qs to review the designer once and if every
thing seems fine then they trust that future dirfarisg also will be good.

When there is more then one Fire and Safety Engtheg work in groups. In the rescue services that
do not have qualified personnel, informal netwaks used such as friends from the Fire and Safety
Engineering programme or someone outside the resgueee but inside the region.

Conclusion

The capability, on a personnel level, to reviewlyieal dimensioning in general seems to be gond. |
almost every rescue services there are Fire aretyJangineers. They do however lack in knowledge
when it comes to how FDS treats under-ventilatexbfiA “resource” that is generally missing is time
very few had time to review the output and the noostmon way to review were by looking at the
input. It is hard to do a good review by only laagiat the input especially for under-ventilateddir

For under-ventilated fires the geometry and opentogsurroundings plays a big role which can be
hard to get a grip of by just looking at the inpihen the reviewer at the rescue services judges th
they are not capable to do a review they applyrméd routines and ask people that they trust are
capable to do a good review.

In all, although the rescue service does not haedeigal right to work as an executive reviewes thi
often the case. Even if there are a lot of a Fnek Bafety Engineers working as reviewers it i$ stil
probable that incorrectness in how under-ventiléited are simulated and handled by its users is
missed by the reviewers. This is related to thaereers lack in knowledge but also that they do not
have time to review the output just the input. Albitne possibility of missed incorrectness in a
dimensioning it can be said that if under-ventiigbddenomena is not captured by the consultant, it
will not be discovered by the reviewer.
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11 Risk related to the use of FDS for under-ventilated

Mot OK
/) <
/ _ ‘
."II *\[Goad reviewer capability
_ .
I| I". Bad reviewer capability
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| \[Good user handling
| .
|
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|
|
| -|
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l
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|
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|
| Good reviewer capability ‘

Fire modelation

Mot investigated

Figure 11.1: The event tree.

One of the overall goals was to check if possibtmrrectness in how FDS simulates under-ventilated
fires constitutes risks of incorrect fire safetwid@ in buildings. In the report this is done thgbudour
different sections. This is shown schematicallthie event tree above. The red chain of eventsare t
circumstances that actually exists and the othaandires are not “valid”.

The first step clarified that under-ventilated $i@re especially hazardous due to the amount bbnar
dioxide and soot concentration they produce. Thdgciates that the consequence might be high if FDS
does not simulate under-ventilated fires in a gowagl. The chapter also clarified that under-vereat
fires are likely to be simulated on a yearly basiSweden.

The second step was to see how FDS handles undglated fires. The results of the validation show
that the combustion model, with its empirical exgsien for when the fire is allowed to burn, is very
sensitive to changes in the oxygen level wherditbanay not burn in the simulation whilst it would
have done in the reality. This means that uncoasiee/results can be produced. Another source of
error can be ascribed to FDS’s simulation capasliof carbon monoxide and soot production. The
new function in FDS 5 for tracking the carbon madexproduction has not been validated. The
formation of soot or the soot yield, that is thedéor the visibility output function, does not oga

over time. The soot production is strongly cormdiagainst the combustion efficiency but this canno
be simulated in a good way in FDS, the soot pradnaan be non conservative if the user specifies a
soot yield for a well-ventilated fire. This meahat if the user does not handle FDS well for under-
ventilated fire then that can create incorrect lamzhrdous fire and safety design in buildings.

The next step was to examine the user handling@démuiventilated fires in FDS and see if the

incorrectness described above can create incafimeinsioning in buildings. In the survey it is dlea
that fire safety design consultants in Sweden galydrave a good basis in fire physics such as fire
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dynamics. The users also have a good understaalimg basic CFD. The users do, however, not
have a good understanding about how FDS simulaigsrtventilated fires. The users also frequently
used the FDS output for visibility and carbon madexwhich by how FDS works is very hard to
simulate properly for an under-ventilated fire,lwiton conservative as a result.

The last step was to examine the reviewer’s capatnl do a good review so that possible incorrect
dimensioning by the consultants is captured andus&d” in buildings. The results of the survey
show that even if there are many Fire and Safegirteers working in the different rescue services
there are few, if none who has the knowledge abowt FDS works for under-ventilated fires. This
means that if a consultant uses FDS in an “inctrueay for an under-ventilated fire it will not be
discovered and stopped by the reviewer at the eeservice.

The total series of events are illustrated in trenetree above where the red trail is the events o
circumstances in the process of modelling undetieged fires with FDS in an analytical
dimensioning of a fire safety design in buildinfystotal: the conditions that can arise in an under
ventilated fire and the way that FDS simulates, thlisng with that the users and the reviewers lave
poor understanding of how FDS handles under-véeatilfire can create incorrect fire safety design of
buildings, that effect the conditions for people&alth negatively in case of a fire. This means tha
people during an eventual fire in a building mayelkposed to hazardous conditions (in addition ¢o th
“normal” level) due to the incorrect fire safetysin, such incorrect dimension is likely to occuarap
yearly basis in Sweden. The question of acceptaNdevel is not brought up in this report whicéish
to do that the risks need to be put into relevafibe.comment “Not OK” in the event tree just
clarifies that the chain of events or circumstarieads to incorrect fire safety design which can
expose people to hazardous circumstances in cdse.dfhere are of course other events sorrounding
the dimensioning that also can create incorreetdafety design in buildings but that is beside how
under-ventilated fires are handled and therefoténvestigated.
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12 Discussion of used methods

Several of the sources of information in the repogt produced by the author. The validation and the
surveys are the information basis for discussiomsanclusions and therefore needs to be criticized

The validation

The experiments were performed by the SP TechRieakarch Institute of Sweden under Anders
Lonnermarks supervision. The test series inclugedrsl repeated tests to see if the results would
match, with good results. Anders Lénnermark is@estientist with long experience with
experimental tests. The experimental data is thezefeen to be collected during best possible
conditions.

A very important part of the validation are the giations. The author is, at the moment, still aletu
and the question is if the author is qualified egioto perform the validation. The author is a geddu
student from the Fire Safety Engineering prograth wackground in fire dynamics, heat transfer,
fluid dynamics and all the key physics in fire miadien. The CFD background is the basic CFD
course given by the Department of Fire and Safetirteering and Systems Safety with a focus on
FDS. The author also works as a fire and safetgultant and constantly works with FDS in
analytical designs. Despite this, the author cabedeen as a “flawless” FDS able user. Because of
that Professor Goran Holmstedt and Professor Rataic Hees, both from the Department of Fire and
Safety Engineering and Systems Safety, and ledidjuges in the application of FDS have been
involved to ensure the quality of the work. HeimaoVinen at the SP Technical Research Institute of
Sweden has also helped with the computer cluster.

User interviews

In the survey related to map the usage of FDS arfimngafety design consultants in Sweden it is
crucial who the respondents are. Contacts were mvaamost of the fire and safety consultancy
agencies but only 9 agencies were mapped. Therrdasthat no more were interviewed was time
restrictions. Nine agencies do however constituteresiderable part of the agencies in Sweden. Since
not all agencies and therefore not all users wesviewed it is important that the ones that were
interviewed reflect the others. Hence it is impotthat all sizes of companies are interviewed both
small and large. This was the case in the survdyrasluded companies that had worked with FDS for
some time and those who just have got started.ifVitle companies there are consultants of different
level when it comes to using FDS. This is a posdilalw in the survey since the author mostly
interviewed the CFD/FDS responsible persons iratfencies, persons that can be expected to have a
better understanding of FDS then some of the @hmrioyees. The most FDS crucial question in the
survey was about the knowledge of how FDS treatieimentilated fires, which most respondents did
not know. This can be seen as “conservative” dineee is not likely someone in the agency that have
a better understanding.

The interview technique is also of importance aedds to be criticized. In accordance to the
interviewing method in “Vetenskaplig Method (Ejved@007) the interview started with expressing
the purpose of the interview, the authors backgilasan student but also as an consultant. The
author also ensured the respondents that the ietemwere anonymous and that their or their agencies
name would not be mentioned in the report. Theare&sr this is to get as honest answers as possible
The author also ensured the respondents that gveeasiwould stay in the premises of the report and
that the author would not take the knowledge with to a professional level, important for getting
honest answers since the author work as an fifegysansultant and is indirect a business rivae T
general interviewing technique was to ask opentaresi.e. not leading questions, for example:

“How do you build up your meshes” instead of askibg you build up your meshes overlapping or
edge to edge”. By asking in this way more informataround the “core answers” can be found which
often tells a lot about the respondent’s knowledderefore, there is a considerable amount of
guestions, more then have been brought up in gertteMuch of the results from the survey are the
overall impression of the interview. This is verth to present in a scientifically good way. The
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direct answers are not always a good way sincerfagynot contain the interesting fact. A summary
of each interview is a possible way. The resultshiapter 10 ad 11 are really summaries of the
interviews that to some extent are based on queattdn of interpretation of some of the answers.
This should also be done with caution, for examyten the knowledge about basic fire physics is
surveyed the result is based on if the user iseaMFiotection Engineer. If the user is a Fire Rtaia
Engineer then he or she is assumed to have goaddaige about fire physics. This does not have to
be true but is a way to be able to get resultsedtly be sure that the user has a good undersigiodi
fire physics then the user should be asked to paréxtensive “exams” which has not possible to do.
Therefore, to get any results the answers mugsitbepreted. The fact that a lot of the information,
which discussions and conclusions are based upanierpreted by the user constitutes a risk since
the author may have done a bad interpretation.eftwe, it is vital that as much of the material is
gone through with the persons that stand as quaiiggkers for the report.

Reviewer interviews

In the survey for mapping the rescue service céipabf doing a good review it is important to get

the full spectra of the different sizes of rescerviees. This is the case since about 20 % ofdta t
rescue services were surveyed. The spectra ofeliffsizes is seen as rescue services in: laigs cit
(Stockholm, Goéteborg, Malmd) and middle size ciiepopulated area (Linkdping) and less populated
area, which also was the case and the interviehsifterviewing technigue was a little bit diffeten
then in the survey for mapping the user’s knowleddes was the case since the purpose here was not
to try and map the total extant of their CFD andSRi3age but only their capability and available
resources for reviewing. The questions are thezafuwre direct yes and no or very short answers like
“What is your knowledge about CFD”. It is howevieiked with the same uncertainties as above when
it comes to the author’s interpretation of the amsahat lay as a basis for the discussions and
conclusions.
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13 Risk reducing measures

As expressed in the beginning of this report: thal ¢gs on handling FDS and handling the risks ihat
related to its use in fire and safety design indings. Therefore the preventive measures in this
section will also be on handling the risks. Th&sia/ould of course also be reduced if FDS in anyway
would simulate under-ventilated fires in a bettayvut as described above the focus is on the
handling.

The best way to reduce the risks of incorrect disi@ring in buildings related to the use of FDS for
under-ventilated fires is to improve the handlifighe users. By improving their handling the lasfps
of the chain “the reviewer” becomes less importdhte way to a better handling can be achieved in
different ways. First, since almost every FDS wogktonsultant has taken the basic CFD — course
given by the Department of Fire and Safety Engingeat Lund University it can be expanded to
contain more “teaching” about FDS. With the curr@esign of the course much time is dedicated to
the RANS-code program SOFIE. If the time spentrgimg to learn SOFIE instead was laid upon
FDS, then a better usage could be expected. Aratilte to this could be to have a supplementary
course with orientation towards the understandimdjthe usage of FDS.

Even if the basic CFD course is expanded to com&ire elements about FDS it is still no guarantee
for that the student actually learn more. Anothggraach to “secure” a good usage would be by
certifying the users. The problems to be solvedh are many: Who should certify the user, what
should the criteria be for a certifying, how shotlid be checked? Conceivable certifiers can lzel&r
organisations” such as BIV or Educational centtehisas Lund University. A recommendable party is
a trade organisation such as BIV, this becausertfagyhave a better understanding about the
application of FDS in the “field” and capable ofi@ving reasonable judgments. The system of
having certified CFD users also makes the reviewaysess easier. The reviewer's task is to examine
if the consultant is capable of doing a good dirmneg. When certified users can be expected to
have a greater knowledge or do a better dimengdhien the general user and since the rescue
services knows this then they can redirect thasioueces to review design from those who are not
certified.

Another approach could be to arrange user worksveps experiences could be exchanged. This
approach are linked with the problem that all agesmight not want to share their knowledge since
this can results in lost markets shares.

Another way to reduce the risk related to the ddeDs for fire safety design in buildings and under
ventilated fires is to improve the reviewing. Todhgre is a mix of internal checks and checks
performed by the rescue service. The governingl@mon can be questioned and should be evaluated.
Is it wise to put all the quality check in the fréwproprietor hands? By giving the local buildirmabd
legal responsibility to review analytical designg ¢ may use the rescue service as a referral
authority) then both the future proprietors andrthanicipality’'s needs may be met. This is of cowase
very big change in the legislation since it is aoly within fire and safety design in buildings thiae
control system lie in the consultants internal &sdegen kontroll) If it, however, were to be tlase
then the rescue service must be given the resotitaes needed. Today there are a lot of Fire
Protection Engineers working in the rescue setvigehey do not have the resources, most of all no
time, to do a good review. A way to enhance théexeer's capability could be by establishing one or
several special groups that only works with reviep@nalytical dimensionings who. In time they may
evolve their knowledge and skills about CFD and K&8ongst others). To follow the development
of the programs is very important since there arestant changes. How many groups or personnel
that are needed is of course a question abountbera of work load that can be expected. The
initiative of such a group should be done by the&sh Rescue Services Agency (Raddningsverket)
or a combined effort by the different rescue sawic
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A mix of the three measures described above iswfse favourable but most important is to improve
the handing of the users.
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14 Conclusions

The questions at issue were:

* How does FDS simulate an under-ventilated fire?

* Does possible incorrectness in how FDS simulatdemwventilated fires constitute risks of
incorrect fire safety design in buildings?

* What can be done to reduce the risks?

The first question of issue was how FDS simulatefeu-ventilated fire. In the validation it is shown
that the empirical expression for when the firaliswed to burn combined with the mixture fraction
combustion model makes the heat release and thdreltgmperature very sensitive to the oxygen
level when the level approaches the no burn zohis. dreates a difference of approximately 30 % in
the temperatures when the fire is under-ventilatgduncertainties in the experiments and the
computer modelling is both about 10 % which meé&as the difference between FDS and the reality
may be in the interval of 10 -50 % for the temperesé. The validation has also pointed out thatther
are other parameters that are combined with exggebiuncertainties e.g. the visibility (soot yield)
and the toxicity (carbon monoxide).

The second question was to decide if possible iactress in how FDS simulates an under-ventilated
fire constitutes a risk for incorrect fire and ggféesign in buildings. Through four steps (see for
example chapter 11) it has been shown that theittmmglin under-ventilated fires creates especially
hazardous conditions for the visibility and thebcar monoxide level. In the validation it has been
shown that there are incorrectness in how FDS sitesilan under-ventilated fire, see section above. |
has been shown that under-ventilated fires aréylikebe simulated on a yearly basis and that the
users (Fire and Safety consultants) generally hgy@or understanding about how FDS works for
under-ventilated fire. The reviewers (rescue ses)i@lso have a poor understanding about how FDS
works for under-ventilated and also little resogrfmr doing a good review. In total this means that
incorrectness in how FDS simulates an under-veatilfire do constitute a risk and that when used fo
fire safety design in buildings it may create agrdnus design.

The third question about reducing the risks is $eclin the users handling of the program and the
simulation and dimensioning process. Possible nieadar improving the users knowledge about
how FDS works for under-ventilated fire and howffects the results is by adding more FDS-
teaching at the basic CFD course at the Departofdfite and Safety Engineering and Systems
Safety. There is, however, no guarantee that thedests/users actually learn more. This could,
however, be “guaranteed” by introducing certifiddS-able consultants, it is favourable that it is a
trade organisation such as BIV who stands for thiproving the reviewer's knowledge about how
FDS treats under-ventilated fires could be donerbgting one or several specialist groups for the
different rescue services.

Future needed work that is mostly for the validajoocess. A validation of the new two step reactio
for tracking the formation of carbon monoxide isndead. On a program code perspective it is
favourable that a more advanced model for combusi@added so that under-ventilated fires may be
more accurately simulated.
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Appendix A -Interview sheet for the consultants

The interviews were conducted in Swedish but ig lrenslated. The answers are presented in short
versions.

Hi!

My name is Anders Bjorklund and | am studying &t thund Technological Institute. | am working on
a report that concerns the risks related to theoti€#D-models in fire safety dimensioning with a
special focus on the handling of under-ventilaieaisf

| want to point out that all information in the émview is anonymous and | will not mention you or
your companies name in the report, unless you Spalty want to. | therefore ask you to answer as
truthfully as you can and not how you wish thatduld be.

| also want to point out that | am working partéimt a consultancy agency that partly handles fire
protection design in buildings. | will not in anyayuse the information that comes up in the
interviews at work, the information stays in thpos.

Which CFD-program do you use?
(The question is asked to clarify which prograrmssd)

Mainly FDS: 7

CFX:1

Why do you use that particular programme?

(The question is asked to get an opinion of thaibition, where FDS for example is free of charge so
anyone can download it and create pretty pictweslients, if you instead have a commercial code
that might be an indication of that he company $aRED modelling serious.)

Mainly easy to use and free of charge (of FDS): 3

Mainly because that what you learned in school: 2

Because it is widely used and there is a lot oflkedge about the program: 2

If a commercial code is used: Do you feel any pras® to sell CFD simulation to cover the license
cost?

No it has repaid it self many times: 1 (out of one)

How many are working with CFD in your company?

(The question is asked to get an idea of what ttaabilities are to perform quality checks of thei
own work)

11

2-3:3

>34
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What level of education do the people working wittCFD have?
(The question is asked to get an idea of the cagnpetlevel)

CFD course: 20 +
Research institute: 2
Internally taught: 2

What kind of education do they have in fire dynamis?
(The question is asked to get an idea of how wel tcan critically view the CFD output)

Fire Protection Engineer: 23

Other: 2

Describe the working process for a CFD project?

(The question is asked to get a picture of the @yjs knowledge about CFD, pre work,
simplifications, sensitivity analysis, and treatrmnehoutput data)

Work in group (2 persons): 3

Work alone: 4

When you perform a simulation, for example an evacation dimensioning, what critical
parameters do you use the CFD output for?

Height to gas layer: 3
Toxicity: 5

Visibility: 6
Temperature: 5
Radiation: 5

When do you use CFD simulations and for what geome¢s?
(The question is asked to see if the company kivelnen it is appropriate to use the different output)

Complex geometries (shopping malls): 5

“All geometries”™: 3
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What kind of sensitivity analysis do you usually pdgorm?

(The question is asked to get a picture of whictswity analyses that is performed which often ca
be decisive for several risk sources)

Fire size: 5

Fire location: 2

Yields1

Grid size: 4

Geometry (vent openings): 4

How is the contact with the contractor for the progcts that you includes CFD. An example: If
the contractor gives a certain budget that you knowneans that you have to produce material
that you are not sure if they are correct, becausgou are not able to perform the number of
sensitivity analysis, will you still deliver the results?

(The question is asked to get an idea of how miieltontractor affects the simulation process)
Happens: 2

Never: 6

How much does the costumers demand or need affetiet starting point of the modelling. If the
client for example want you to show that a certaimnalytical solution is ok, can it then happen
that it will affect the results?

(The question is asked to get a picture if thentsismeed and will control the simulation process)
Common answer: First an estimation is done wheathaot it is possible to verify with CFD.
Common answer: You do want to satisfy the customer.

If your calculation computers are full, can it thenhappen that you shorten down the
simulations?

(The question is asked to get an idea of how miieletonomy plays a part)

Yes: 1

No: 1

Do you use Pyrosim? Why?

(The question is asked because inexperienced asaratne up with many “funny” things when using
Pyrosim)

Yes : 3 (because of the geometry)

No: 4

Do you do add anything of your own to the source c& and how is this handled?
(The question is asked because with out a throegfication it can create a lot of error)

All: No
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What kind of computer power do you have for the siralations?
(The question is asked to get an idea of the coenmatwer and through that the simulation
possibilities)

Very different but in general the computer cost w@sn as low and computer power could easily be
bought if the current were insufficient.

Does the company have a person responsible for pucemputer support?
(The question is asked to get a picture of thewess of the company)

Yes 2
No: 6

How often is the CFD-program updated?
(The question is asked to se how eager the conipatyperforming the best possible simulations)

On the FDS mailing list: 2
For every project: 2
Other: 4

Do you have a reference scenario that you run aftexach upgrade?
(A possible source of error)

All: No

What is your future investment plan in computer power? do you have an investment plan or do
for example invest for a new project?

Common answers is that new computer power is boubbh needed in a project.
How often do you perform CFD simulations?
Very different levels, from constantly to a few &ma year.

Now to more fundamental configurations in the gdilps of FDS
(they are all asked to get en idea of the compakinesviedge of CFD and FDS)

Which simplifications do you usually perform to sae computer power?
Include all standard models: 2

Adiabatic walls: 2

Radiation: 1

What grid resolution do you usually have?

Common answers: 1-2 dm in the near field and 3-4rdihe far field.
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How are the meshes configured?

Overlapping 2

Edge to edge: 3

Non cubic: 1

How is the fire defined in when it comes to heat tease rate, soot yield and co production?
How much do you use the default values?

Common answers: when appropriate we use them.

How is the connection to surroundings handled geonrically?
Common answer: enclosure placed in a larger calooldomain.
Are you aware of how FDS handles under-ventilatedres?
Yes: 1

No: 7

Checks the output: 1

How do you deal with under-ventilated fires?

Common answers are that they happen so seldorit ihaiot worth dealing with.
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Appendix B - Interview sheet for the rescue service

Hi!

My name is Anders Bjorklund and | am studying & tlund Technological Institute. | am working on
a report that concerns the risks related to theoti€#D-models in fire safety dimensioning with a
special focus on the handling of under-ventilaiegsf In my report | investigate how the rescue
service manage their role as a reviewer of anallyticnensioning.

How do you receive analytical dimensionings for refrral?

Active (Through cooperation with the local buildibgard ): 3

Passive (Just a documentation sent to the rescueee 7

What are your routines for doing a review of an anyytical dimensioning with a CFD/ FDS
simulation?

Looking at the input and the discussions: 8

How often do you/have you demanded for a third past check.
Never

What is your background?

Fire Protection Engineer: 9

Other: 1

What is your knowledge about CFD?

The CFD course given at Lund University:: 6

No or little knowledge: 4

What is your knowledge about FDS?

The CFD course given at Lund University: 6

No or little knowledge: 4

Do you know how FDS handle under-ventilated fires?

None

Interviewed rescue services:

» Arvika, Eda och Saffle » Gislaved/Gnosjo Raddningstjanst férbund
Raddningstjanstforbund e Gastrike Raddningstjanstférbund

« Dala Mitt Raddningstjanstférbund e Hoglandets Raddningstjanstférbund

«  Enkoping- Habo Raddningstjanst férbund e Storgoéteborg

e Falképing och Tidaholm e Sodertdrns brandférsvarsforbund
Raddningstjanstférbund « Sodra Alvsborgs raddningstjanstférbund

75



76



Appendix C - Simulation setup — The base scenario

Figure C 1: The geometrical setup, the green drikelation board, the red in the short wall is ttheor.

Figure C 2: The mesh setup seen from below, thizdraal thick lines are the different meshes
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Appendix D - Simulation results for Case 7

MASS LOSS RATE

0.005
0.0045
0.004 -
0.0035 Ld - -

0.003 - —— EXPERIMENTAL

0.0025 | RESULTS
0.002 | ——FDS OUTPUT

0.0015 - | 1 H—-H
0.001 B
0.0005 |

Mass loss rate (kg/s)

0 5 10 15 20 25 30

Time (min)

Diagram D 1: Mass loss rate comparison.
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Diagram D 2: Heat release rate comparison.
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Appendix E - Simulation results for Case 10
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Diagram E 2: Heat release rate comparison.
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Diagram E 3: Oxygen level comparison.
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Appendix F - Serial run vs. Base scenario
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Diagram F 1: Heat release rate for serial and pdehkimulation.
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Diagram F 2: Oxygen level for serial and parall@hsilation.
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Diagram F 3: Temperature profile for serial and pdlel simulation (Pos 7).

Figure F 1: Slice file for the temperature profftar the serial simulation, through the fire.
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Appendix G - One fire mesh vs. Base scenario
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Diagram G 1: Heat release rate for 1 fire mesh asdscenario.
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Diagram G 2: Oxygen level for 1 and 1 fire mesHbase scenario.
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Appendix H - Small fire mesh vs. Base scenario
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Diagram H 3: Temperature in position 7 for the slaafire mesh and the base scenario.
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Appendix | - Synchronized meshes vs. Base scenario
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Appendix J - 8N scenario vs. base scenario
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Diagram J 1: Heat release rate for the 8N scenanial the base scenario.
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Diagram J 2: Oxygen level for the 8N scenario amel base scenario.
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Figure J 4: HRRPUA for all meshes in base scenatrio.
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Figure J 6: Temperature of the flame at 3 min isdacenario
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Appendix K - 0.7 x Mass loss rate compared to tedD
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Diagram K 1: Mass loss rate comparison.
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Appendix L - Experimental Results - Test 1
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Diagram L 3: Velocity profiles
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Appendix M - Experimental Results - Test 2
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Appendix N - Experimental Results - Test 3
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Appendix O - Experimental Results - Test 4
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Appendix P - Experimental Results - Test 5
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Appendix Q - Experimental Results - Test 6
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Appendix R - Experimental Results - Test 7
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Appendix S - Experimental Results - Test 8
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Appendix T - Experimental Results - Test 9
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Appendix U - Experimental Results - Test 10
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Appendix V - Experimental Results - Test 11
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Appendix W — FDS script file for the Base scenarigase 10

The output input has been removed and can be fout8moke spread and gas temperatures during fires in
retail premises- Experiments and CFD Simulatiofisinnermark & Bjérklund 2009).

&HEAD CHID="CASE10_8N_BAS' TITLE='"CASE10_8N_BAS' / All output files will

have names beginning with ™.

&TIME T_END=540.0, SYNCHRONIZE=.FALSE. / Time when finished (length of
simulation)

&MESH ID='Brand', COLOR="YELLOW!', 1JK=40,40,24, XB =1.00, 3.00, 4.00,
6.00, 0.40, 1.60/

&MESH ID='"Brand2', COLOR="YELLOW/', IJK=40,40,24, X B=1.00, 3.00, 4.00,
6.00, 1.60, 2.80/

&MESH ID='S6der om brand', 1JK=100,40,24, X B=1.00, 11.00, 0.00,
4.00, 0.40,2.80/

&MESH ID="Norr om brand', IJK=180,20,24, X B=1.00, 19.00, 6.00,
8.00, 0.40,2.80/

&MESH ID="Bakom brand', 1JK=30,80,32, XB =-2.00, 1.00, 0.00,
8.00, -0.40,2.80/

&MESH ID="Hyllvolym’, 1JK=80,20,24, XB= 3.00, 11.00, 4.00,
6.00, 0.40,2.80/

&MESH ID="HYLLVOLYM 2/, 1JK=80,60,24, XB =11.00, 19.00, 0.00,
6.00, 0.40,2.80/

&MESH ID="UNDER BRAND', IJK=180,80,8, XB =1.00, 19.00, 0.00,

8.00, -0.40,0.40/

&MISC SURF_DEFAULT="WALL', RADIATION=.TRUE., TMPA=1 7.8, RESTART=.FALSE,,
CO_PRODUCTION=.FALSE. /

&DUMP NFRAMES=540, FLUSH_FILE_BUFFERS=.TRUE./

&MATL ID='"PROMATECT'
SPECIFIC_HEAT_RAMP="Promatect_SPECIFIC_HEAT_R AMP'
CONDUCTIVITY_RAMP="Promatect CONDUCTIVITY_RAM P’
DENSITY=860./

&RAMP ID="Promatect_SPECIFIC_HEAT_RAMP', T=20., F=0 74/
&RAMP ID="Promatect_SPECIFIC_HEAT_RAMP', T=200., F= 0.92/
&RAMP ID="Promatect_SPECIFIC_HEAT_RAMP', T=400., F= 1.03/
&RAMP ID="Promatect_CONDUCTIVITY_RAMP', T=20., F=0. 1700/
&RAMP ID="Promatect_ CONDUCTIVITY_RAMP', T=200., F=0 .2140/
&RAMP ID="Promatect_ CONDUCTIVITY_RAMP', T=400., F=0 .2410/

&MATL ID="MASTERBOARD',
CONDUCTIVITY=0.22
SPECIFIC_HEAT=1.09
DENSITY=910. /

&MATL ID='"ROXULL INSULATION'
CONDUCTIVITY=0.039
SPECIFIC_HEAT=0.79
DENSITY=180. / kg/m3

&MATL ID="CONCRETE'
CONDUCTIVITY=1.0
SPECIFIC_HEAT=0.88
DENSITY=2100. /

&MATL ID="HEPTANE'

127



DENSITY=680./

&SURF ID='FLOOR'
MATL_ID ='CONCRETE'
COLOR ='GRAY'
CONVECTIVE_HEAT_FLUX=5
BACKING ='EXPOSED'
EMISSIVITY=0.9
THICKNESS=0.30,/

&SURF ID="WALL'
MATL_ID ='PROMATECT'
COLOR ='GRAY'
CONVECTIVE_HEAT_FLUX=5
BACKING ='EXPOSED'
EMISSIVITY=0.9
THICKNESS=0.010,/

&SURF ID =TAK MED ISOLERING'
MATL_ID ='ROXULL INSULATION''PROMATECT
COLOR ='GREEN'
BACKING ='EXPOSED'
EMISSIVITY=0.9
CONVECTIVE_HEAT_FLUX=5
THICKNESS=0.02, 0.01/

&REAC ID="HEPTANE',
C=7.00,
H=16.00,
SOOT_YIELD=0.015
CO_YIELD= 0.006
HEAT_OF _COMBUSTION= 44560/

&RADI RADIATIVE_FRACTION=0.3 /

&SURF ID="FIRE'
MLRPUA=0.0946745
RAMP_Q=MLR RAMP'
COLOR="'RED'/

&RAMP ID="MLR RAMP', T=0.0, F=0.049/
&RAMP ID="MLR RAMP', T=6.0, F=0.195/
&RAMP ID='MLR RAMP', T=12.0, F=0.171/
&RAMP ID='MLR RAMP"', T=18.0, F=0.226/
&RAMP ID='MLR RAMP', T=24.0, F=0.287/
&RAMP ID='"MLR RAMP', T=30.0, F=0.244/
&RAMP ID='"MLR RAMP', T=36.0, F=0.573/
&RAMP ID='MLR RAMP', T=42.0, F=0.463/
&RAMP ID='"MLR RAMP", T=48.0, F=0.512/
&RAMP ID="MLR RAMP", T=54.0, F=0.512/
&RAMP ID='"MLR RAMP', T=60.0, F=0.616/
&RAMP ID="MLR RAMP', T=66.0, F=0.629/
&RAMP ID='MLR RAMP', T=72.0, F=0.536/
&RAMP ID="MLR RAMP"', T=78.0, F=0.543/
&RAMP ID='MLR RAMP', T=84.0, F=0.635/
&RAMP ID='"MLR RAMP', T=90.0, F=0.751/
&RAMP ID="MLR RAMP', T=96.0, F=0.659/
&RAMP ID='MLR RAMP', T=102.0, F=0.659/
&RAMP ID='MLR RAMP', T=108.0, F=0.659/
&RAMP ID='MLR RAMP', T=114.0, F=0.682/
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&RAMP ID='MLR RAMP', T=120.0, F=0.659/
&RAMP ID='"MLR RAMP', T=126.0, F=0.780/
&RAMP ID='"MLR RAMP', T=132.0, F=0.665/
&RAMP ID='MLR RAMP', T=138.0, F=0.775/
&RAMP ID='MLR RAMP', T=144.0, F=0.683/
&RAMP ID='MLR RAMP', T=150.0, F=0.683/
&RAMP ID='"MLR RAMP', T=156.0, F=0.689/
&RAMP ID='"MLR RAMP', T=162.0, F=0.829/
&RAMP ID='MLR RAMP', T=168.0, F=0.823/
&RAMP ID='MLR RAMP', T=174.0, F=0.708/
&RAMP ID='MLR RAMP', T=180.0, F=0.732/
&RAMP ID='"MLR RAMP', T=186.0, F=0.878/
&RAMP ID='"MLR RAMP', T=192.0, F=0.708/
&RAMP ID='MLR RAMP', T=198.0, F=0.683/
&RAMP ID='MLR RAMP', T=204.0, F=0.829/
&RAMP ID='MLR RAMP', T=210.0, F=0.806/
&RAMP ID='"MLR RAMP', T=216.0, F=0.755/
&RAMP ID='"MLR RAMP', T=222.0, F=0.878/
&RAMP ID='MLR RAMP', T=228.0, F=0.731/
&RAMP ID='MLR RAMP', T=234.0, F=0.708/
&RAMP ID='MLR RAMP', T=240.0, F=0.909/
&RAMP ID="MLR RAMP', T=246.0, F=0.726/
&RAMP ID="MLR RAMP', T=252.0, F=0.804/
&RAMP ID='MLR RAMP', T=258.0, F=0.658/
&RAMP ID='MLR RAMP', T=264.0, F=0.708/
&RAMP ID='MLR RAMP', T=270.0, F=0.707/
&RAMP ID="MLR RAMP', T=276.0, F=0.683/
&RAMP ID="MLR RAMP', T=282.0, F=0.634/
&RAMP ID='MLR RAMP', T=288.0, F=0.714/
&RAMP ID='MLR RAMP', T=294.0, F=0.658/
&RAMP ID='MLR RAMP', T=300.0, F=0.756/
&RAMP ID="MLR RAMP', T=306.0, F=0.531/
&RAMP ID='"MLR RAMP', T=312.0, F=0.585/
&RAMP ID='MLR RAMP', T=318.0, F=0.664/
&RAMP ID='MLR RAMP', T=324.0, F=0.635/
&RAMP ID='MLR RAMP', T=330.0, F=0.610/
&RAMP ID="MLR RAMP"', T=336.0, F=0.585/
&RAMP ID="MLR RAMP', T=342.0, F=0.579/
&RAMP ID='MLR RAMP', T=348.0, F=0.658/
&RAMP ID='MLR RAMP', T=354.0, F=0.488/
&RAMP ID='MLR RAMP', T=360.0, F=0.543/
&RAMP ID="MLR RAMP', T=366.0, F=0.604/
&RAMP ID="MLR RAMP', T=372.0, F=0.439/
&RAMP ID='MLR RAMP', T=378.0, F=0.561/
&RAMP ID='MLR RAMP', T=384.0, F=0.512/
&RAMP ID='MLR RAMP', T=390.0, F=0.488/
&RAMP ID="MLR RAMP"', T=396.0, F=0.439/
&RAMP ID="MLR RAMP', T=402.0, F=0.488/
&RAMP ID='MLR RAMP', T=408.0, F=0.341/
&RAMP ID='MLR RAMP', T=414.0, F=0.366/
&RAMP ID='MLR RAMP', T=420.0, F=0.445/
&RAMP ID="MLR RAMP', T=426.0, F=0.336/
&RAMP ID='"MLR RAMP', T=432.0, F=0.415/
&RAMP ID='MLR RAMP', T=438.0, F=0.274/
&RAMP ID='MLR RAMP', T=444.0, F=0.360/
&RAMP ID='MLR RAMP', T=450.0, F=0.275/
&RAMP ID='"MLR RAMP', T=456.0, F=0.287/
&RAMP ID="MLR RAMP', T=462.0, F=0.366/
&RAMP ID='MLR RAMP', T=468.0, F=0.165/
&RAMP ID='MLR RAMP', T=474.0, F=0.250/
&RAMP ID='MLR RAMP', T=480.0, F=0.049/



&RAMP ID='MLR RAMP', T=486.0, F=0.030/
&RAMP ID="MLR RAMP', T=492.0, F=0.00/
&RAMP ID="MLR RAMP', T=498.0, F=0.073/
&RAMP ID='MLR RAMP', T=504.0, F=0.031/
&RAMP ID='MLR RAMP', T=510.0, F=0.091/
&RAMP ID='"MLR RAMP', T=516.0, F=0.00/
&RAMP ID="MLR RAMP', T=522.0, F=0.00/
&RAMP ID="MLR RAMP', T=528.0, F=0.024/
&RAMP ID="MLR RAMP', T=534.0, F=0.00/
&RAMP ID='MLR RAMP', T=540.0, F=0.031/

&VENT XB=1.70, 2.35, 4.80, 5.45 ,0.60, 0.60, SURF_

&OBST XB=-0.10, 0.00, 0.10, 7.60, 0.00, 2.50, SURF

&OBST XB=-0.10, 18.00, 7.60, 7.70, 0.00, 2.50, SURF
&OBST XB=-0.10, 18.00, 0.00, 0.10, 0.00, 2.50, SURF
&OBST XB=5.00, 18.00, 0.00, 7.70, 2.40, 2.50, SURF
&OBST XB=-0.10, 5.00, 0.00, 7.70, 2.40, 2.50, SURF

Ceiling OVER BRAND

&OBST XB=-3.10, 20.90, 0.00, 7.70,-0.40, 0.00, SURF
&OBST XB=1.70, 2.35, 4.80, 5.45,0.45, 0.60, SURF_
&OBST XB=1.60, 2.40, 4.70, 5.50, 0.40, 0.45, SURF_
&OBST XB=18.00, 18.10, 0.00, 7.70, 0.00, 2.50, SURF
LIGGER 10 CM NARMARE BRANDEN AN DE SKALL

&HOLE XB= 18.0, 18.10, 7.00, 7.70, 0.00, 2.00, COL
DEVC_ID='TIMER1' /doorwall door 10 CM BREDARE
&DEVC XYZ=18.0, 7.30, 1.0, ID="TIMERY', SETPOINT
INITIAL_STATE=.TRUE./ ANDRAD

&HOLE XB=-0.10, 0.00, 4.00, 4.50, 0.00, 0.30, /5
hogre

&HOLE XB=18.00, 18.10, 4.00, 4.50, 0.00, 0.30,/5
hogre

&VENT MB="XMAX', SURF_ID="OPEN/
&VENT MB="YMAX', SURF_ID="OPEN'/
&VENT MB='ZMAX', SURF_ID="OPEN/
&VENT MB="XMIN', SURF_ID="OPEN'/
&VENT MB="YMIN', SURF_ID="OPEN'/
&VENT MB="ZMIN', SURF_ID="OPEN/
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ID="FIRE'/

_ID="WALL'/ Backwall
_ID="WALL'/ North Wall
_ID="WALL'/ South Wall
_ID="WALL'/ Ceiling
_ID="TAK MED ISOLERING'/

_ID="FLOOR'/ Floor
ID="INERT'/ Firebox

ID="INERT'/ Firebox
_ID="WALL'/ FRONTWALL

OR='RED’,
=30, QUANTITY=TIME',
cm mer norrut samt 5 cm

cm mer norrut samt 5 cm



Appendix X — Number and sizes of the grids in the &se
scenario

Mesh 1 |Length | Grids | Grid size Mesh 5 | Length | Grids | Grid size
X 2 40 0.05 X 3 30 0.1
y 2 40 0.05 Y 8 80 0.1
z 1.2 24 0.05 Y 3.2 32 0.1
38400 76800
Mesh 2 | Length | Grids | Grid size Mesh 6 | Length | Grids | Grid size
X 2 40 0.05 X 8 80 0.1
y 2 40 0.05 y 2 20 0.1
z 1.2 24 0.05 z 2.4 24 0.1
38400 38400
Mesh 3 | Length | Grids | Grid size Mesh 7 | Length | Grids | Grid size
X 10 100 0.1 X 8 80 0.1
y 4 40 0.1 y 6 60 0.1
z 2.4 24 0.1 z 2.4 24 0.1
96000 115200
Mesh 4 | Length | Grids | Grid size Mesh 8 | Length | Grids | Grid size
X 18 180 0.1 X 18 180 0.1
y 2 20 0.1 y 8 80 0.1
z 2.4 24 0.1 z 0.8 8 0.1
86400 115200
Totalt 604800
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