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Fast growindfires inside compartments with limited paths for exgad gases to escal@ads to 3
rapid pressure riséHigh pressure can cause smoke to flow through supply vents into the aq
rooms andanalsocaussstructural damage. In Finlapabartments are fitted witndistinctive doublé
door system anthe imer door opens inwards intee apartmentTheopeningof this door could be
difficult under high pressure conditioaad theeffect ofpressuren egress possibilitiesf occupants
was an issue dafiscussion in FinlandExtensive studiesave not been mado better understaride

influence of ventilation networks on pressure and smoke spread possibilities.

The main objective of this thesis work is favestigatethe developmenbf pressureduringfiresin

residential buildingandthe influence of ventition networksn pressure andmoke spreathrough
buildings It also aims tovalidate the efficiency and accuracy of the CFD code, Fire Dyisq
Simulator formodeling HVAC networksand provide fire safetglesigners with guidelines tnodel
and simulatgressure development anentilation system response

The first phase of studiesals with the validation of thelVAC module in FDSThe SwedisH-OA

experimental studies pfessure rise in compartments and smoke spreagrtdation ductare used
asvalidation casesThe FOA experiments were conducted isealedest chamber of size 4.0m
55m x 2.6m with different opening diameters model leakageand different ventilatior
configurations

In the second phase of the thesis wdiike testswere carried outin a 1970sapartmentbuilding.

Different types of fire situations were createyg altering the ventilation duct configuratiorighe

pressure, gas temperatures in the room, gas concentrations and outlet smoke temperat
measured and thefetts of fire pressurim the ventilation networks westudied.The leakage rate
of the test apartment were determinmsihg a multipoint blower door testA numerical simulatior]
of thesetestswere performed usingDS.

The studieshowthat the pessires developed during a compartmiire can be high enough to po
risk to the safety of its inhabitandmdalso cause significant damage to propelttyvas also foung
that the ventilation systems play an important role in relieving the fire pre3$wegossibility of
egresf occupants is compromised as opening the inner door became diffleelEDS validation
model predicions of temperatures and pressure rise in compartment dieewithin the range of
acceptable uncertainty
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1 Introdu ction

1.1 Background

Enclosure fires such as fgén gpartmens pose problems of smoke spriegdthrough
ventilation netvorks from one room to another dueptessure rise in the fire compartment.
Enclosure fire can be classified into twahases of fire grovat fire development from a

small initial fire to a fully developed firéFigure 1: Phases of fire development. Source:
Quintiere, 200k Severity of @closure fires depend on amount ioé loadavailable(fuel
controlled)or on the air supply to the confined spdeentilation controlled)The transition

from well ventilated condition at the beginning to under ventilated condition produces large
amounts of carbon monoxide. Even the energy release rate depends on the amount of
oxygen available in the compartment (Karlsson & Quintiere, 2000).

A

Fully

Development Developed | Cooling
|

Phase

Flashover

L S

Temperature

Effect on structure
Eftect on peaple
Effect on operations

- -
Time

Figure 1: Phases of fire development. Source: Quintiere, 2006

Smoke movement in buildings can be caused due to a combination of various factors
(Klote, 1997).Thesefactors cause a pressure difference within the building thereby
facilitating smoke movement. The most common factordistesl below.

Stack Effect: The stack effect is caused due todiféerence betweeimdoor and outdoor
temperaturesThe differencesn temperatures creates a density difference of air which
causes hydrostatigressure differencever the heighof the enclosurell@wing vertical
smoke spread.

Buoyancy: The phenomenon of warm air rising above the cold air is BuoyancyisTthis
basisof all plume models such as the McCafferey Plume model.

Expansion: The energy released by a fire causes the air inside a compartment to expand
thereby increasing the pressure in the compartment. If there are leaks to the adjacent
compartments, the prese will causeahe smoke to moviwards lower pressure zones.
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Wind effect: Thewind creates a pressure difference across the upstream and downstream
sides of the building. Thisauses smoke to move in the opposite direction.

Pressure build up is propmmal to the rate at which fire development occBressure rise

is anunderestimated phenomenon and many building codes do not consider it as a genuine
risk. Studies have shown that the main reason for casualties in a fire situation is the smoke
generatd and its capacity to restrict the mobility, lower visibility and cause asphyxiation

in a person trying to escape the fire. The snuakealso contaitoxic gases such as Carbon
monoxide or Hydrogen Cyanide depending on the fire load. Even though, sntbke is
more critical issue, it is linked with pressure build up in the room as it can induce a reverse
flow of smoke through HVAC supply ducts thereby spreading to adjacent rooms.

1.2 Motivation

Fire has been the cause for lossyany livesand propertyOn 27" January, 1967, during
a preflight test at Cape Canaveral, the crew of Apollo | spadewras killed in a fire
accicent. The report published by NASAliompson et all967 pp 4-6) aboutthe Apollo
204 fire accident reportsne of the causes of castied as the inability to open the
spacecraft hatch door due to increased pressure within the ¥@sdéle other hand, the
inability of afireman insidea fire compartment to open thenerdoorduring trainings was
also reported (Paloluoma, 2015).

Presetly, fire safety of buildings is addressed in variousysdepending on the type of
constructionCompartmentation, fire stopsnske detectors, sprinklers and fire alarms are
among the welknown components of fire safetieatis not the only issue dumgnan
incident as the smoke that is released during fire is eqoafgrhaps mordangerouss

it obscures the visibility obccupants trying to escapadthe firefighterstrying to locate
the point offire origin to suppress it. Ventilation systems gaand extract air throughout
the building, making them easy carriers of gaseous fuel and smoke during tAuge
introducing additional risks to be evaluated

Usually fire experiments are done with an open door or window and there have been very
few stulies where experiments are conducted irelatively closed compartment with
forced or natural ventilationSince most modern buildingsre air tight and highly
dependent on ventilation networks for air suppiyis essential to understaridle and
smokebehaviourin compartment fireand the role of ventilation systems in alleviating
risks

Backovsky et al, 1989, studied the temperature profiles generated by fires in a closed room

with forced ventilation and found that the fire behaviour is altered dyéhtilation rate.

Ventilation ratefour times the stoichiometric rate was required for comptetabustion

of the fuel otherwise the fire became under ventilated and also created flames which
separated from the sourcef t h oBegld, 1991, alsot i nct i o
conducted similar experiments to study the influence of ventilation on fire behaviour.

CIBSE, 2003, also mentions that the CO production in ventilation controlled fire can go

up to 0.25 kg/kg.

The heat generated during theeficauses rapid expansion of gabkssks to increased
pressure withiran air tight enclosureThe increase ipressure can also cause structural

10



damage allowing the trapped hot gases to escape and giving the fire acddisidoal
oxygen In theory, thepressure increase is coupled to the average gas temperature through
the ideal gas law

- WEEi OMOEDO (D)

In reality, the expansion depenisthon the heat release rde and the heat losses
The pressure differenée a room can be obtained fraffiewarson1995, p. 2-47)

(9]

i) )

The pressure in the room depends on the net heat input i.e. heat rélaaaetbss to the
boundary wallsThe rate of heat transfed increases ashé upper layer temperature
increasesAlso, if the area of convective heat transfer is high the area of room is large

the hot layer is initially thin as heat transfer occurs only to the celfiige heat release

rate of the fuel remains constahtn the pressure increases rapidly and then begins to
reduce graduallyThis phenomenon can be seen in the validation studies and the
experiments described in this thesis work.

The issue of pressure rise in compartment fires was investigated usengyRamics
Simulator (FDS)and experimental data frothe OECDPRISMEproject(Wahlqgvist et al.
2013. These experimentswere however, performed in a extremely controlled
environmenthat is very different from common residential scenai@sow et al, 2008
performed numerical simulations of test 1 from the FHQ896 experiments in FDSIn
these studiedie issue of leakage modelling and its effectpressurgvere not addressed.
This work aims to fill this knowledge gap.

1.3 Researchobjectivesand approach

Thefirst objective ofthis thesis is to investigate the effectdhadfire inducedpressuren
smoke flow inHVAC networks andthe effectiveness of ventilation systems in tackling
the issue of fire pressuréhe issue of leakage in buildings atslcantribution to pressure
riseis also analysed’he second objectivets validate the use dhe Computational Fluid
Dynamics based fire simulation codére Dynamics Simulator (FDS) to predict
compartment fire pressure and flows throwghtilationsystens. The final objectivds to
provide a referenctor fire safety engineerasingHVAC network modelling inFDS to
analyse and design fire safety plans

The experimental studies of 1996 and 1998igpmed by the Swedish Defencesearch
establishmentFOA) form the reference for the initial phase of FDS validation studlles.
FOA experiments were conducted in a sealed test chamber of.8izex 5.5m x 2.6nwith
different opening diameters to model leakage and different ventilation configurations.

The teds performed for the PAHAHUPA projecin a 1970s apartment building is the
reference for the second phase of the studliespressureonditionsin an actuabuilding
were investigatethrough a series diquid and solid fuekestsand different ventilabn
configurations These testare thersimulatedusing FDS to validate its use. Additionally,
the experiments also meastithe concentratiorof toxic gases produced during the.
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Sensitivity studies using different fire parameters and buildingt®hsneed to be studied
as there is no geralized behaviour of fir®One must carefully consider all the factors
affecting the performance of HVAC networks before modellirgsystem in FDS

1.4 Scope and Limitations

The scope athis thesis work is theumerical modelling of the Swedish FOA experiments
and the PAHAHUPAeststo validate the use of FDS in predictipgessures and smoke
flows. The thesis work does not asseor study the behaviour sinoke after it passes
through the exhaust duct. It alsoes not studyhe effects ofire or fireinduced pressure
on structures

In FOA experiments,hie fire be@me underventilated in few minutes dm ignition and
this lead to an increa8eCO production.This underventilatedfire behaviour is not an
aspecbf focus inthe FDS modellingAs the studyocusesonthe analysisndmodelling
of positivepressurevariations thetoxic gas concentratiopredictionsis not emphasised.
Thestudy also does not delve into the modelling@dative pressure peakben hey are
coupled to the fire extinction due to the lack of oxygEme use of grid size is limited to
10 cm as a smaller sized grid will need a lot more computational capsorigge space
and time than that which is available.

12



2 Regulationsand Technologies

Regulations and technologies are the most important aspects of fire safety engineering and
are different in each country. Regulations are the main works of reference that engineers
depend on toresurethe safety of their techiagiesfor publc use. This chapter delves into

the regulations for fire protection in buildings in Finland, Sweden and Russia. It also deals
with technologies that are now at the disposal of fire safety engineers and early
technologies of fire protection.

2.1 Regulations @ Smoke and Fire management in Finland

In Finland regulations on fire and smoke spread management is govethedriog safety
of Buildings standard E1 an#lire Safety of ventilation systenggiidelinesE7 from the
Ministry of Environmen{Y mparistominiserio).

2.1.1 Building Code: E1- Fire Safety of Buildings(2002

The current version of Building Code: E1 is from 2011, but the English translation is only
available for the 2002 versiomhe essential requirements of the building code E1 are:

- Load bearing consiction of the structure shall sustain in case of a fire for a
minimum imposed duration.

- Generation and spread of fire must be limited within the building and to the
neighbours.

- The spread of fire to neighbouring construction works shall be limited.

- The ocupants irconstruction works shall be able to leave the works or be rescued
by other means.

- Safety of rescue teams in building works shall be taken into consideration

The building code E1, categorizes buildings into fire classes P1, P2 das&®n their

use and the permissible fire load in each type of building per square meter. The buildings
in category P1 encompass a fire load over 1200 KiJhe buildings of category P2 are
assumed to contain between 600Mor 200 MJ/m. Finally, P3 fire clasbuildingsmust
containfire load below 600 MJ/f It should be noted that the building categorization
depends on the fire load being housed in it and can be different for two similar buildings
with different fire loadsAlso, any building can be construdte® be a P1 class building.

E1l also describes requirements for limiting fire spreadoss fire wallsinto fire
compartments. The maximum area of a fire compartment is also described balsed on t
type of building Table 5.21, E1,2002.

The building cde E1 also regulates the number of occupants in a structure batedl on
category and number of storeys of the building.

A load bearing structure is required to be designed to correspond with the class requirement
with reference to the standard tempemftime curve. Its conformity is attested by

- Testing
- Calculation
- Combining testing and calculation
- Use of an acceptable design method based on tables
13



A description of the load beag structure requirementnsentionedn the Table 6.2.1 and
theclass requiements for fire separating building elements in the Table 7.2.1 of building
code E1 2011 Requirement for the internal surfaces of the building is also based on the
type of use of the structure and the surfd@ble 8.2.2. E1, 2002The external walland
ventilation gapsalso have similar requirements based on the fire ¢Easle 8.3.4. E1,
2002. The requirements of fire walls is specified in the Table 9.2.2 of building code E1
2002. The roof coverings are required to be of clagsdB(t2). It alows lower classes for
roofs if the building does not have a fireplace or in special cases.

E1 also has regulations regarding evacuation in case of a fire sitiagae distance to

an exit is determined along the shortest passable route. It alfzehdistance to the exit
describedin Table 10.2.2f building code E12002 depending on the type of use of the
building. The number of exits allowed is also regulated based on the number of storeys in
the buildingandnumber of occupants leaving thear Finally, the building code E1 gives

the regulations for fire extinguishing systems, fire alarms and lighting of exits. Smoke
extraction is required in all spaces which is used for evacuation to ensure life safety of
occupants.

2.1.2 Building Code: ET- Fir e Safety of Ventilation Systems2003

The building code E7 is a set of guidelines for fire safety of Ventilation sysigmes.
essential aspects that are being addressed by the building code E7 are:

- Performance of ventilation ducts and components in fire.
- Limitation of fire spread
- Control of smoke spread

E7 describes the fire resistance requirements of the ducts, dampers and shafts. It also
prescribes rules for preventing smoke spread and prevention of fire spread to other
compartments.

The materials usefbr the ventilation ducts and the requirements on their sinek
thicknessare classified according to the location of the ducts, and its role in the ventilation
network.Ducts in locations that are critical with respect to fire have to be 1.25 mm thick.
Fire resistant ventilation ducts are placed so that they remain in place for a minimum fire
resistance period required of them. Extraction and exhaust ducts in critical areas of fire
safety and areas with explosion hazard must be of fire resistance EI 120.

Materials which satisfy the requirements stated in paragraph 8.2 in E1 can be used as
surface or cladding of external insulation of ventilation du€%also describes the fire
resistance of extraction ducts based on its location such as the dutthemsiin P2 and

P3 class buildings is EI 30, extraction ducts in critical locations and in spaces with an
explosion hazard is El 60. The restriction to prevent fire spread is also specified in E7 such
as the connection made to the air ducts, the fire desnysed and the fire resistant ducts
used.

It is required that dwelling, accommodation premises and care institutions must not be
connected to central ventilation systems serving other categories of use of buildings.
General ventilation of spaces posiirg fisk and exits must not be connected to the central
ventilation system. Local extraction ducts in critical areas of fire risk must be taken as a
separate duct to the roof as directly as possible.
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During design of shafts or casing structures thddimg elements must meet the
requirements mentioned in building code E1. Ventilation ducts in shafts must have a fire
resistance period in which no fire spread occurs from one compartment to another. If fire
dampers are used the ducts at shaft walls timeno fire insulation is required. E7 also
gives instructions on installation of ventilation ducts in a casing of light construction and
requires fire dampers and fire resistant ducts to perform for a specified time period.

Fire Dampers

Ventilation ductspenetrating fire separating building elements are provided with a fire
damper. E7 requires that thBre damper satisfy fire resistance periof fire separating
building elements. If the integrity of fire damper is adequate but it does not meet the
insulation requirement®r building elements thepenetration can be implemented by fire
insulating ducts on both sides of the fire separating structure. Also if fire damper partly
satisfies requirements, it can be taken into account while design of pemetidio
insulation requiremestare imposed on fire damper if duct size is a maximum of 230 cm
The closing temperature of the damper with thermal release mechesesisitde 70+ 5

°C.

Ventilation plants and chambers

The ventilation plants which houste central ventilation equipment must satisfy fire
resistance requirements depending on the class of the building. E7 mentions the fire
separating building elements that should be used for ventilation plant walls. It also
describes other situations of lling design and requirements pertaining to it.

SmokeLimitation

E7 states that then®ke spread via ventilation systemay be prevented if the fire
compartment or spaces are not connected to a common ventilation network.

Smoke spread in initial stagesfioé can be limited by using devices that effectively restrict
spread of smoke such as throttling devices. The flow that is specified in E7 through a
throttling device is 42 ddfs at 100 Pa pressure difference.

Also risers can be used as smoke dampis ifertical rise is 2.5 m and its diameter is a
maximum of 10% of its length. Controlled fire dampers which are connected to smoke
detectors can also be used to prevent smoke spread.

The limitations for smoke spread in fire compartment and spread ofesfnmk fire
compartments for care institutions must take into account the limited ability of the
occupants. E7 also requires that transferred or returned air from one compartment not be
used as supply for another compartment. It also places certain neguoisefor use of heat
recovery units. E7 also allows the use of the space between structures for air ducting but
with certain fire resistance requirements and other conditions.

2.2 Comparison of regulations in Sweden and Russia

The regulations and standawte aspects of engineering which ought to be the similar for
certain conditions but they are seldom so. The building fire safety regulations in each
country is different with a large variation and in various aspects.
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2.2.1 Swedish Building regulation: BFS2011:%5, BBR19 2011

In Sweden, the fire safety regulation BE&L1:26, BBR19 cover a lot more aspects of fire
safety in comparison to Finland and Russia but this does not mean all aspects are covered.
The same problems regarding fire pressure and smoke moveraesist in all the
regulations. The buildings are designed with a general condition that the individual events
or stresses should not cause structural damage to the buildings fire protection. Structural
damage could also lead to increased oxygen supplyet fire thereby deteriorating the
situation more.

The Swedish regulations also have an O0Anal yt
one or more provisions of verification of buildings fire protection, depending on deviations
of design or safgtmargin of design, which are

- Qualitative assessment
- Scenario analysis
- Quantitative risk analysis

Usually, itis required that at least two of the above mentioned methods are employed unless
the safety margin of the design is high or the deviations aredinAlso, it requires a fire
documentation which includes every aspect of fire protection design considered and
employed along with the preconditions of the structure.

The Swedish requirements also divides the buildings based on occupancy classes but
during fire design also considers the ability of the occupants to evacuate the building in
case of fire which can be quite different.

The occupancy classes are:
Occupancy class-Industrial, offices and warehouses

Occupancy class-Places of assembly witids further divided into classes 2A, 2B and
2C depending on the number of people occupying the fire compartment at any given
instant.The ability of occupants to escape must also be taken into account.

Occupancy class ®wellings. This includes singlegouses, multi dwelling houses, nursing
homes, day care centres etc. It is assumed that people have the ability to escape without
assistance but cannot be assumed to be awake.

Occupancy class 4 Hotels, hostels and other temporary housing. Occupantikalytto
have good local knowledge and cannot be assumed to be awake.

Occupancy class b Healthcare environments. Occupants have limited ability to escape.
This is further divided into classes 5b, 5¢c & 5d based on the different types of patients
housed.

Occupancy class BPlaces with increased probability of fire hazard such as textile mills,
paper mills, factories etc.

Building classes and materiad

The regulation classify buildings according to the need of protection as BrO with very high
need of pragction, Brl with high need, Br2 with moderate need, Br3 with low need of
protection.
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Thestructural elementare classified based on thére resistancéunction as:
RT Loadbearing capacity

RET Load bearing capacity and integrity (airtightness)

RE11 Load bearing capacity, integrity and insulation

ET Integrity

ElT Integrity and insulation

Elior ERLT integrity and insulation for fire separating doors or windows.
EW 1 integrity and limited radiation

Performance of structural elements in fire is samib Finnish regulation®\1, A2, B, C,

D, E are the firgperformancelasses where Al is the highest class and E the |@heesst
Supplementary classes s2, s3 are specified based on smoke generated by the structural
element and classes dfll, d2 ae specified based on the droplets generated or particles
emitted by the structural element.

The Swedishregulations address the requirements for fire alarms and detection and
requirements on stairways. The requirement on stairways is not addresse&immisie
andRussian regulations. The recommendation for sprinkler systems and fire suppression
systems are also given and the required system specifications are given in Tabtd 5:561
the regulation

The ventilation systems requirements are brief andsfan the dampers used and the
operation of fans during fire to exhaust smoke. Bweedishregulations detail the fire
performance requirements for ventilation systems as well. The properties for HVAC
systems are mentioned in Tabl®260f the regulation

The regulations also provide requirements and recommendations on the evacuation safety
of occupants such as the design of escape routes, occupant load, escape through windows
and exit signs.

2.2.2 Russianregulations: Smoke control norms (Taebnia, 2006)

In the Russian norms on smoke control more emphasis is placed on the egress and safety
of the occupants. A clear description of the type of smoke exhaust and its details are given
based on the structure.

The Russian norms do not emphasize on the type ofrimlaused for the exhaust
ventilation ducts for fire protection. It only says that three types of materials can be used
Flammable, Hard flammable and nflfammable materials. It also does not mention
explicitly the length of insulation required in the tkianlike in Finnish norms. There is a
requirement of minimum fire resistance time of 15 minutes for transit ducts made-of non
flammable materialsSThec oncept of ¢ Tstoaucts thdt cadywaic ftosmméner e f e r
compartment to another and crossasther fire compartment but without delivering air to

that fire compartment. There is no such concept in the Finnish norms though there is a
concept of providinghe samdire resistancas the firewallto the duct passgthrough

two fire compartments
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Smoke exhaust system requirements are:

1. Corridors and hall ways of public, administrative and household buildings
according to requirements of construction code Snip 2.6805nip 2.08.0:89
and Snip 2.09.087. Corridors of length greater than 15m musteha smoke
exhaust system.

2. Premises with a minimum area of 53 without natural ventilation that is occupied
constantly and storage spaces with minimuma are 200 nf requires smoke
exhaust.

3. Premises equipped with manual firefighting systems needkestode exhausted
from the bottom zone of the premises.

It also describes a set of spaces that donot

1. Premises with smoke filling time more than required evacuation time or with a total
area less than 200%mquipped with atomatic firefighting or with automatic gas
fighting system.

Laboratories with maximum area of 36.m

Premises connected to corridors or halls through access doors which have a smoke
exhaust system.

w N

Smoke can be exhausted by natural or mechanical agonildepending on the type of
application of the structure. Multi story buildings needs to have a mechanical smoke
exhaust system along with libraries, storages, bookstores, archives with average specific
weight of smokexhausteaqual to 7 N/hand temerature of 220C.

Also, it is allowed to use main ventilation system as exhaust systems if they meet the
requirements of airflow, safety and other specifications.

2.3 Summary of regulations

Fire induced pressure is not considered as a probable dangerahtheyregulations but

the issue of smoke is addressed. Fire dampers are the usual fire safety component and its
implications on the conditions within a building are not accounted. Sweden has an
unofficial design guideline of 1500 R4 fire pressure forhie strength of a structure
(Fagergren, 2015). Finland and Russia do not have any guideline for fire pressure.

2.4 New building technology

The main aim of sustainable building industry has been to use threnewable materials

efficiently, safeguard the hehlof the residents and reducing the waste that negatively

impacts environmentCarter et al, 2011, try to define sustainability of buildings in terms

of fire safety asfiSustainability within the fire protection industry involves application of

fire-safey systems and design measuttest support and promote building characteristics

t hat are environmentally foiendly during the

Air tight, low energy buildings and high rise buildings are being constructedandrénhe
architectural dagn and the green materials opted for construction may have unintended
consequences impacting fire safety solutions and performance (Branz et al, RR612).
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example, an atrium in a building allows for faster smoke spiaado its desigrinsulation
materals such as Structurally Insulated Pangd®d to reduce ener¢mave been reported

to become additional fire load along with compromising the structural integrity of the
structure(Meachamet al, 2012).

Sustainable or Green buildings rating schemesal@address the issue of fire explicitly
and therefore certain aspentgardingheir fire performance remains unknown.

2.5 Dampersand new solutions

Fire dampers, which agctiveHVAC components, armcreasinglybeing used in HVAC
systemsTheseare, usudy, thermally activated in the event of a fifehey try toisolate

anarea of the ventilation network and prevent the spread of smoke and fire. This leads to
increased pressure in the fire room, the aspect of firerundestigation in this study
newtype of fire damper system usa$lame retardant cloth specially designed to exhaust
smoke and thereby alleviate the pressures in the room to facilitate escape of occupants is
quite promising. Itanprovide a means of smoke alleviation along with pressantrol.
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3 Numerical modelling of HVAC systems

3.1 Overview

HVAC systems are essential components in every building for providing thermal comfort
and to maintain high indoor air quality through adequate ventilatl8dAC systems

except insmall residential bildings, are usually complex network systems that require
careful analysis of its effect on the indoor conditiofs.they carry air throughout the
building, theyalso play a very important role in ensuring fire safety of the strucTiney

can be pathwgs for smoke to spread into adjacent compartment. Alternatithedy, can

be used for exhausting the smoke and also to maintain stairwell pressure during evacuation.

There are two types dfasicmodels used to predict the performance of a HVAC system:
Mathematical model and Black box modé&lomod, 2013) Mathematical models have

been popular in analysing the behaviour of numerous phenomena in engineering, physics,
ecology and various other fields. Numerical modelling of HVAC systems is based on the
consenration laws of mass, energy and momentum. The mathematical models represent the
relation between the specifiethputs and the obtained outputs using mathematical
equations of the laws. In general, modelling of HVAC systems involve high order models
with dynamic, nonlinear behaviour with thermal inertia and time dependent quantities.
Therefore, HVYAC models are usuatlvided irto two sub models of fluid flow and heat

mass transfer which are then combined according to the design of the solver.

Black box nodels use transfer functions on the real input/output data which yield
coefficients which can be factored to provide the resonance frequencies and
characterization of damping without actual knowledge of the internal conditions.

This is based purely on tlaailable experimental data and is a process similar to fitting a
model to the data. The mathemalticgethods involved in this areioregressive moving
averages, recurrent neural network models, fuzzy network models etc.

The numerical modelling of the \FAC systems in this thesis work was done using the
HVAC solver of the Large Eddy Simulation (LES) based computational fluid dynamics
code, Fire Dynamics Simulator (FDS).

3.2 FDS-HVAC module

The HVAC solver is based on the MELCOR progré@&auntt et al, 2000)vhich was
designed to predict accidahscenariosn nuclear power pla containment buildingS.he
accuracy of MELCOR solver was demonstrated by its use in the network model software,
Fire and smoke simulator (FSSINfloyd, 2003) The implementation of MECOR in

FDS is mainly based on its implementation in FSSIM and its coupling with the CFD solver
is based on the coupling used in GOTHWhich is another containment software. The
MELCOR solver uses an explicit solver for the conservation of mass ang eqgi@tions

and an implicit solver for the conservation of momentum equaiibltrattan et gl2015

(b)).
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The FDSHVAC module models the ventilation network as a series of ducts and nodes.
The nodes are placed at points where ducts intersect eacloiothe€CFD computational
domain. The ducts are uninterrupted domains of fluid flow which can encompass elbows,
expansion/contraction fittings and various other fittings. The module does not presently
store any mss. Therefore mass flux ino a ducts equato themass flux oubf the duct

The nodal conservation equatiof® mass, energy and momentum equatians as
follows:

B” 68 1 3)
B”"60Q m (4)
I 0 0 "W YO 0" 9D (5

where” is the densityu is the duct velocityA is the cross sectional ares the ducth is
enthalpy of fluid in the ductP is the pressure ariflis the loss coefficient of the duct. The
subscripts j indicates the ducts in the calculati@mdk indicate the nodes of the duct.

The boundary conditionghat areapplied in the HVAC solver aren the pressure,
temperature and species. For flow from the CFD domain to the HVAC duct, the
temperature and species are the density weighted average of the adjacent cells on either
side of the vent coupling the CFD and HVAC domalws. flow from duct to CFD dmain

the temperature and species are those of the @het.pressure is the area weighted
backgroundoressure over the verithe boundary conditions of the HVAC solver are as
follows:

— @O 5 0 6)

5¢
I
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0 iV == v
The main aspect in the HVAC modelling is the estimation of losses to ensure that flow
through the duct is as expectéghpendix Ai Pressure loss in a ventilation netwagk/es

a procedure to calculate losses based on the equivalent length method.

3.3 Determination of input parameters for HYAC modelling

Theinput parameters to be usedtire FDSHVAC moduleform thebasisof modelling

and analysing@ compartmentire scenarioin FDS. Sometimes it might not be possible to
model theduct behaviouexactly as in the experimentsaw inreal life applicationinstead

there are various ways in which thigformationcan be conveyed to the solv&he most
important requiremenbf modellingthefire performance of a buildingentilation system

is an accurate layout of the ventilation network along with the characteristics of all the
ventilation components.

Below is a procedure for modelling the ventilation network:

21



8.

9.

First, we begirwith enumerating the ducts as presented in the network diagi@am
various ducts and nodes.node is placed wheeeduct connects the computational
domain or where there afee jointsAlso, FDS allows us to combine various ducts
by specifying the effetive loss of the network.

. The position of the node and the order in which the nodesecified are also

important as it determines the behaviour of the system.

Duct specification such as diameter, length, roughness have to be known.

For modellirg flows through HVAC networkst is essential to know the volume
flow through the ducts to proceed with dagscalculationsThe friction losses are
based on the volume flow and duct diamet&he volume flow through the ducts
also affects the pressurethe room.

Another aspect to be noted is the dampers in the ducts and the positon of its
operation. During a fire scenario large volume of air is forced through the ducts and
if the damper operates with a small opening the pressure loss can be lEgh. Th
damper position provides us information regarding the regulated volume flow in
the ducts and pressure loss associated with the damper position can be found in the
damper losghartsprovided by the manufacturdfigure43: Selection diagram of
pressure loss for Zest Iris 80 dampbkows the loss chart of an Iris damper.

Fan characterists of the HVAC network must be specifietlsually the
characteristics vary widely arate provided by themanufactureor it should be
specifiedin theexperimentateportsof study being modelled.

Losses specified in the input caaled the pressure difference between entrance and
exit nodesletermines the volume flow rate in the du@tse duct friction loss chart
(based on the shape of the dugitles the pressure loss values based on the volume
flow under normal conditionsnd diameter of the duct. Velocity through the duct
can also be used to determine the [@gsendix Ai Pressure loss in a ventilation
network. Care should be taken while finding the friction loss and the volume flow
values as they are recorded in-log chart

The user must first try to match the initial volume flows in the ductier normal
conditions

The user should have a clear understamndirthe HVAC networlof the enclosure

to obtain precise predictions of fire pressures and smoke behaviour.

10.The HVAC module is quite sensitive and it is recommendegoktiorm a set of

sensitivity studies of the system parameters

11.The HVAC solver can indgce fluctuations in the pressure solutemit is solved

separately. fiis can be addressed using the parameter DT_HWAICh causs
FDS to use the value of DT_HAC as the HVAC solver time step.

The losses in the ventilation network depend on the configaraf the ducts used and
various fittings and bends along the network. These fittings can be a damper, louver etc.
with each having a specific loss based on where it is located along the duct.

The losses used in the FDS input code above are estimagzs drathe damper opening
and the friction losses and also comparison with the experimental behaviour as the aim was
to model the experiments.
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4 Validation Studies

4.1 FOA Series

The FDS validation studies are performed using two sets of SwE@ishDefence
research establishment tests.
1. Pressure rise due to fire growth in a closed r{fe@A, 1996).

2. An experimental study of smoke spread via ventilation d&@#\,, 199§.

The first set of experiment$FOA, 1996)consists of three tests with fire curvesof
differentfire growth rate. The fire room dimensions are 4.0m x 5.5m x 2.6nth@ngom

has an opening of diameter 0.2m which corresponds to a leakage area of 0.031416 m
connected to a 0.2 m diameter and 2.2 m long tube at the end of which the tera @t
velocities were measurethe fire room is divided into two parts wimopening of width

1.9 m from floor to ceiling irbetween the volumes.

The second set of experime@OA, 1998)consisted of three series of tests:
Seriesl: Fire room with @cular opening to ambient. No ventilation

Series2: Fire room with circular opening and exhaust ventilation system.
Series3: Fire room with circular opening, supply and exhaust ventilation

The fire room dimensions are the same as th&Q0A, 1996. Ony the diameters of the
openingswas varied in thetests: 0.1 m, 0.15 m and 0.2 ogrresponohg to different
amount of leakages in a rooifhe opening was connectexh 0.32 m diameter and 3.2 m
long tube connecting to the ambiefhe opening was locateat 0.6 m height from the
floor on one wall of the roonThe main purpose of the test was to study the pressure rise
in a room due to fire growtand to study the smoke spread via ventilation ducts

The fire sourcef the experimentvasa 0.73 m long andd m wide fuel pan containing-N
Heptane with a rim height of 0.05m. The fuel pans were cooled using water to ensure heat
transfer to the pan was minimal. Thesuare behaviour of the fire was achieved with the
help of a lid over the fuel pan which wa®ved at a given ratéhereby increasing the fuel
burning areaThe Heat release rate and the mass burning rate of the fuel was estimated as
a function of fuel burning area. The Heat release rate per univassastimatetb be 1600

KW. The experiments wer@so supported by zone models used to calculate the Hot Gas
Layer temperatures.

The list of tests in the FOA studies and their details are given below:
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Tablel: FOA series 1 test configuration

Test Number Fire Leakage holeidmeter
Test 1 T-square 1(k=0.035) 0.2m
Test 2 T-square &=0.075) 0.2m
Test 3 T-square &=0.085) 0.2m
Table2: FOA series 2 test configuration
Test Fire Leakage | Exhaust network | Supply Network
Number hole
diameter
Test11 T-square 1 0.20 m - -
Test 12 T-square 1 0.15m - -
Test 13 T-square3 0.20m - -
Test 14 T-square3 0.15m - -
Test 15 | Constant areaqol 0.20 m - -
fire(0.50 n¥)
Test 21 T-square3 0.20 m | Exhaust network 1 -
Test 22 T-square3 0.15m | Exhaust networid -
Test 23 T-square3 0.15m | Exhaust network 2 -
Test 31 T-square 1 0.10 m | Exhaust network 1 Supply network 1
Test 32 T-square3 0.15m | Exhaust network 1] Supply network 1
Test 33 T-square3 0.20 m | Exhaust network 1] Supply network 1
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The measurements made during the experiment are the pressure,gaatiaes, @and

CO concentrations and velocity and temperature of the hot gases at the circular opening to
ambient. The gas temperatures were measured using thermocouples placed over a vertical
line at a spacing of 0.5 m. The thermocouples used were-Ryg@drometAlumel of
diameter 0.25 mm. These were protected using small square pieces of insulation to
diminish effects of heat radiatiomwo pressure probes were positioned at a heigatéof

m below the ceiling and 0.6 m above the floor.

The O2 and C@oncentrations were measured using probes of open steel tubes connecting
analyser of type PMA 10 for O2 and BINGOR for CO. The probes were positioned 0.6

m below the ceilingThe velocity measurement in the fire room was made relative to the
atmospheripressure using a-dlirectional probe

The mechanical exhaust and supply ventilation system layashown in Figires 13.

The main ducts of the ventilation system were connected to the fire room and three other
fictive compartments. The ducts connegtithe fictive compartments ended in the open.

The volume flow through the ducts was adjusted to 25 L/s before each test. Bidirectional
probes and thermocouples were placed inside the ducts to measure the velocity and the
temperature. The exhaust and sygphs characteristics are given below:

Pressure, Pa 310 190 18
Airflow, L/s 0 60 120
The plan view of the fire room used for the FOA experiments is shown below.
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Figure 5: Fire roomgeometry and instrumentation
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4.2 Aalto Experiments

4.2.1 Experimental series

Thirteen full scale compartment fire tests were conducted in an apartment building,
constructed in the 1970s, from Octobef 1® October 22, 2015 in Kurikka, Finland. The
experiments were madne undedifferent vertilation conditions to study the effect of

the ventilation on pressure rise in the apartment. The experiments with the liquid fuel were
designed to last for three minutes. The solid fuel tests were conducted to provide data that
corresponds better to a Fdme. The solid fuel experimentsere also a part of training
routine for thdocal fire service involved in the project.

The experiments were conducted in two phases based on the type of fuel used. The first
phase was a liquid fuel phase comprisingesf testsThe fuel used in the liquid fuel
experiments was-Heptane in a pan of dimension 0.7 m x 0.7 m showigarel5: Fuel

pan and the flame thermocouplehe amount of fuel used was 3.0 L to achieve a burn
duration of 3 minutes after which the fuel was completely consumed. The first test though
had 3.2 L of fuel.The cooling time for the fire room was estimated from initial FDS
calculations to be around 20 minutlsthe second phasehich had three testsolid fuels

were usedTests 11 and 3 are analogous afest B was conducted for the sake of
repeatability and verificatiolhe test 12 was performed in the closet of the aparirapdt

it was the last test of the campaign.

The tests were performed Withree differentconfigurations of the exhaust ducts as
described in the teshatrices(Table 3: Test configuration for liquid fuel experimengs
Table4: Test configuration for solid fuel experimentddditional ducts of 0.5 m length
were attached in front of the exhaust vents to facilitate the placemastramentsand to
obtain more reliable velocity measurengenthe length of the tubis insufficient to
achieve a fully developed flow profilbut it improves the accuracy of the velocity
measurements.

The three duct configurations used were offéigure9: Exhaust ducts configuratioris
Opencondition (eft), Normalcondition ¢ight)), normal configuration #h louver installed

on the ductqFigure 9: Exhaust ducts configuratioris Open condition (eft), Normal
condition ¢€ight)) and a fully sead condition Figure10: Completely sealedosetexhaust

duc). The additional exhaust duct in the kitchen could be controlled using a knob and was
always kept at zero position but there was still some leakage from this duct even in zero
position. In the final round of liquid fuel test.e. Test 8, 9 and 10 the kitchen duct was
further sealedRigure1l: Completely sealed kitchen exhgust make the apartment as air
tight as possible. To understand the effects of rooffagure12: Roof far) on the pressure
thetests 3, 4 and 10 were conducted with the roof fan switched off.
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Table3: Test configuration for liquid fuel experiments

Test No Fuel Bathroom | Closet Roof | Comments

exhaust | exhaust duct | fan
duct

Test 1 Heptane 3.2 L | Open Open On This test had a littlg
extra fuel than thq
others,3.2 L, instead (
3.0L.

Test 2 Heptane 3.0 L | Open Open On This is a repeat of teg
1 to ensure simila
values are obtained.

Test 3 Heptane 3.0 L | Open Open Off This is repeat of test
but with roof fan off.
Gravity flow.

Test4 Heptane 3.0 L | Open Open Off This is repeat of test 3

Test5 Heptane 3.0 L | Normal Normal On

valve valve positon The exhaust valve
position were placed onto &

Test 6 Heptane 3.0 L | Normal Normal On ducts again. It shoul

valve valve positon be noted that thi
position apartment is not a loy
energy  construction

Test 7 Heptane 3.0 L | Normal Normali On Leakage values af

valve valve pogton relativelyhigher.
position

Test 8 Heptane 3.0 L | Closed Closed On With the roof fan on
there could be smal
amounts of leakag
through the ducts.

Test 9 Heptane 3.0 L | Closed Closed On With the roof fan on
there could be smal
amounts of leakag
through the ducts.

Test D Heptane 3.0 L | Closed Closed Off Kitchen hood was

sealed.
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Table4: Test configuration for solid fuel experiments

Test No | Fuel Bathroom | Closet Roof Comments

exhaust duc| exhaust duct | fan

Test 11 | Solid Fueli | Normal Normal valve| On Kitchen hood wag
PUR valve position tightly sealed, &
mattress of | position deviation from
weight 3.82 normal  operating
kg. conditions.

Test B | Solid fuel| Normal Normal valve| On This was a repeat ¢
test. Two | valve position test 11.
mattresses | position
of weight
265 and
2.604 kg.

Test 12 | Solid Fuel| Normal Normal valve| On This was the las
test. PUR| valve position test. Kitchen hooc
paper, wood position was tightly sealed
etc. burnt in Closet velocity
the closet. measurement w3

removed. Caused
severe structurg
damage.

4.2.2 Geometry

The height of the apartment was 2.57m, floor area of the apartment wasrb&86 the
envelope area was 184n¥ and this includes the floor and the ceiling areas as Wi#
concrete walls are shared with the adjacgpartment and the kitchen of the adjacent
apartment was the control room during the fire tests. The wall thickness of the separating
compartment was approximatel\20n and the interior wall thickness were 0.16rhe
apartmentad the typical Finnish twdoor system with the inner door opening inwards.

The partment had two exhaust dugtghe bathroom anthe othelin the closetThe two
ducts joined the exterior vertical exhaust which @ado the ambient.The layout of the
apartments shown inFigure6: Experiment site geometry and instrumentatalong with
the instrumentation setup for the experiment.

The dimensions of the rooms of the apartment are:

Living room: 5.36m x 3.98m
Bedroom: 4.37m x 3.0m
Kitchen: 4.37m x 2.55m
Aisle: 3.63m x 1.77m
Closet: 1.98m x 16m
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Bathroom: 2.03m x 1.52m
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Figure 6: Experiment site geometry and instrumentation



4.2.3 Leakage Measurements

In the leakage measuremdrdsed on the standard SFS EN: 13&2Bowerful variable
speed fan is mounted onto the dodithe apartment being testedd the windows and
other exits of the room or apartmeate sealed. The room is then pseirized or
depressurized, thierces the air to flow in or out depending on the type of pressurization
through all the leakages. A pressgearigemonitorsthe difference in pressueeross the
building envelopeThe leakage flows are determined by monitoring the fan operaiten.
standard requirethe leakage rate® be determinedt 5differentpressures separated by

10 Pa differencdn this test the leakage rates were recorded from 30 Pa to 70 Pa. The value
at 50 Pa is interpolated from the results obtained.

Living Room

Bathroom

Kitchen Bedroom

Figure 7: Major leakage paths the apartment

The grey walls of the apartment envelop€igure7: Major leakage paths the apartment

are assumed to be ntgaky. The patched walls are assumed to be the main leak lag¢hs.

staircase and corridor was maintained at ambient pregssyre openi ng t he bui l d
door.

The leakge of the apartment was measuvdgth different configurations of the HVAC

ducts and inner door and a summary of the resmutisren in Table 5. The configuration

of interest for determining leakage area is the one where HVAC ducts and inner door
remain dosed and the staircase is maintained at ambient pressure. The leakage in this
configuration is estimated to B21.1 L/sat 50 Pa pressure difference. At 70 Pa pressure
difference, the leakage flow was 150.5 L/s.
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Table5: Leakageof the experiment site under various configurations of exhaust ducts

Pressure type
Under pressurq Under pressurd Over pressure
HVAC ducts | Inner door Corridor door to outside
Closed(L/s) Open(L/s) Open(L/s)

Open Open 100.0 90.8 142.5
Open Closed 92.2 79.7 136.7
Closed Open 91.9 83.1 130.1
Closed Closed 454 80.6 121.1

In the final report fronthe leakage tests, theakage values &0 Pawasreported ag.645
m3/hm?. The maxima and minima of the leakage at 50 Pa was also repor2838s
m3/hm? i 2.758 m3/hm?,

A point to be remembered is that the leakage specification in the building standards and
regulations pertain to the leakage that octhreughthe building facadeThere are no
regulations on leakage througimer walls of thecompartment

4.2.4 Ventilation

The apartment ventilation was a combination of Mechanical Exhaust Ventilation system
and natural ventilatiorThe apartment hatireemain exhaust ducta the bathroom, closet

and the kitchen, buhe kitchenexhaustremained ased in all testsThe exhaust duct
height of the bathroom was 2@ 1m. In the closetthe exhaust wascatedon the ceiling.

The exhaust duct diameters are assumed to be 0.1BGtrthe actual channel diameters
throughout the building are not known.

A roof fan was also connected to #ehaust ducts of the bathroom (and probably kitchen

as well).This conclusion is based on the behaviour of the closet duct which had a negative
volume flow before the ignition due to the negative pressure within thpartmment which
indicates that the duct was connected to the ambient. The bathroom exhaust always had a
positive volume flow when the roof fan was and a negative volume flow when it was

off. The exactducting layout of the exhaust system remainsertan, along with the
characteristics of the fan.

The supply ventvas located in the living room and connected to the amlieshown in
Figure8: Supply vent in the living roonThe supply vent was stuffed with wool to prevent
anyleakage.

32



Figure 10: Completely sealedloset exhaust duct
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Figure 12: Roof fan

425 TestProcedure

The experiments were designed such that each of the lifusdl test lasted for
approximately 3 minutehefuel panwasfirst filled with waterto havea freerim height

of 21 cmand the fuel was poured owvéto ensure the fuel is not affected by the fuel pan
heat conductioand also to prevent fuel boiling

There was a fireman present in tgartmenthroughait the liquid fuel burns and@as
responsible for the ignitiomAs most of the hot gases would be concentrated in the upper
zone of the fireoom and asest durations we quite smdJ the lower zonébelow 1m)
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was sufficiently safe foma fireman wth protective clothing to remain insid€onstant
communication was maintained between the control room and fireroom.

The liquid tests were started by closing the doors. Then, the measurements were turned on,
and after about one minute of baseline measent, the fireman was asked to ignite the
fire using a small torch.

Once the negative peak pressure was reachedtadttame extinction the measurements
were stopped and data savetieTbalcony door was open&alventilatethe smoke and
gases. Bsitive pressure ventilation fans were also usezhttancesmokeventilation The

fire room was allowed to cool f@t leas20 minutes after each test and the cooling time
was increased after each tastthe walls and especially the ceilirgg gotter The ircrease

in wall and ceiling temperatureffects the heat transfer ratdaring the fire.The highest
ceiling temperatures before the following tests were between 50 aiZl 60

During the solid fuel tests, there was no one present in the fireecause mch higher
temperaturesvere expected. In these tests, the measurements were started while the
apartment doors were open. After the one minute of baseline measurement, the solid fuel
mattress was ignited by the fireman, again using the torch. After dligsta ignition,

the fireman left the apartment to the staircase and closed the inner door. The time from
ignition to the door closing was about 20 s.

4.2.6 Measurementsand Instrumentation

The quantities that were measured during the experimsats gas pressire, gas
temperatureQ,, CO; and COconcentrations and the exhaust velocity and temperatures in
the exhaust ducts.

The pressurdifferencemeasurement was done usinguaness FCO 05082&4pressure

probe that was connected to a room in the adjacentnagrar which was maintained at
ambient pressur@he probes cameasure a maximum pressuaage of2500 Pa to 2500

Pa and thealibration uncertaintie8.97% to 1.03 % respectivelywo pressure probes

were placed in the test apartment in the fisom (lving room) andkitchen The probes

were placed at a height of 1.8 mrfrahe floor The probe in the fire room was place@5

m away from the fuel pan and the second probe was placed in the centre of the kitchen.
The pressure data was recorésery secnd.

The thermocouple tree consisting oK5type thermocouple®f 1.5 mm diametemwere
placed at the right corner of the fire rogfgure6). The thermocouples were placed 50
cm apart from each other vertically. Another seheftnocouples were placed in the centre
of the kitchen for comparison of valuégdditionally, athermocouple was alggaced over
the fuel panto measure the flame temperature thereby providing us the igmitidn
extinctiontimes. Thermocouples were algaced in the exhaust ducts for measuring the
exhaust gas temperatur@sie temperature dateas collected at 1 second intervals.

The gasconcentratiormeasuremestweredone usinga gas analyser. The probe for the
gas analyser was placedaaheight ofL.7 m onthe right corner of the living room next to
the thermocouple tress indicated ifrigure6. The gas measurement data is obtained at 1
second interval andelay in the values measured wagasuredo be 16secondsin the
final test the CQ and CO levels had peakatiove the calibrated maximum value of the
analyser and hence could not be ascertained.
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The velocity of the gases through the exhaust ducts were measured bisthgeational
probewith apressureangeof -500 Pa to 500 Pa. thermocouple was also placed next to
it to measure the exhaust gas temperatiitescalibration uncertaintiesf theprobes were
1.96% and 2.2% for the closet and bathroom probes respectively.

The mass loss of fuel was measured uaif@ad celland the heat release rate is calculated
from it as HRR is not a fundamental property of the fuel. Estimating HRR based on mass
loss rate requires knowledge of heat of combugttoC) of Heptane. Here the HRR can

be obtained as

0 z YO )

The netheat of combustion of eptane is 43500 KJ/molhe peakhed release rate
from the liquid fuel testarereestimated to be 1 MVandthe averageabout700 kW.

The mass values werecrded at an interval of 2 seconds and then the values were
interpolated to 1 second intervéds consistency with other daterom the obtained mass
values, the mass loss rafe §I'Q pwas determined using a polynomial least square fitting
function.The load cell was protectécm thermal damage using stone wool.

For the solid fuel tests the mass loss was not meabewdise the safety of the load cell
could not be ensurethereforepnly the flame temperature was measurBoe solid fuels

used wee PUR mattress for the Tests 11 and 13. For test 12, the fire room was changed to
the closet and the fuel burnt was a mattré=g wooden boards and paper. This test was
done to simulate a condition which is quite common in actual fires.

The tests wereecorded using video cameras placed inside the fire room and in the balcony.
This provides us with visual data that can also be used for assessment of fire behaviour.

Figure 13: Thermocouple and Gas analyser
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Figure 14: Exhaust velocity and temperature measurem&atthroom

Figure 15: Fuel pan and the flame thermocouple
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Figure 16: Window breakage after final test

4.2.7 Discussion

The experimental resultsvhich are not presented in this thesis as sghbw high
repeatability in the results of heat release rates, temperatures and pressures. The tests can
be broadly classified in to three groups based on the exhaust duct configurBiiens.
pressures werkighly dependent on the cioguration of the exhaust duct§he roof fan

had negligible effect on the pressures. The highest pressedevelopedn the liquid fuel

testwas 960 Pa when the ducts were completely sealed.

The solid fueltests yielded thaighest pressure rises of the experimeltsssure higher
than B00 Pa was developed in the tests with normal duct configuration. The final test in
the closet led to structural damage as the windowluding the frameof the apartment

was blownout ofthe wallwhen pressure exceede4DD Pa(Figure16: Window breakage

after final test

Thepeakceiling jettemperatures in the liquid fuel experiments were about GGihdthe
temperatures below.dm were close to 50C. The cdling jet temperaturesvere similar

in the solid fuel tests as well but due to leghir entrainment, the gas temperatures were
approximately 18 C at 0.5 m from the floor. He smokdayer also recedes below 1m
height.

The liquid fuel tests were alwaysgell ventilated. Under ventilated conditions ooedl
only during Test 12. The CO production atemainedow in the liquid fuel test. The Test
12 produced the highest CO concentration of close to 5000 ppm.

It was the first time that fire experiments waronducted in an actual apartment to study
pressure effects and it is also the first time that a structural damage of this extent has been
reportedMore tests need to be performed in the future under more controlled conditions
in a relatively new constation with welldefined ventilation system to obtain and analyse

the performance of newer buildings.
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5 FDS Simulations
5.1 FOA Series

5.1.1 Description of FDS model

The FDS model of the FOA seriess created according to the following procedure, which
is recommendzfor this type of applications:

1. The volume of the room should represent the volume of the enclosure as accurately
as possible. This is because the volume of oxygen in the roonpastant for
enclosure fire development, as well as pressures

2. If there aranultiple rooms operating at different pressures then each room must be
specified as a separate pressure zone.

3. The fuel burning characteristics, i.e. HRR, and the fire source dimensions must be
ascertained for accurate prediction of temperatures.

4. Area®nable value of CO and soot yield must be chésen the literatureThough
themodelling of CO production during the undemntilated regime is not accurate
whenusingthe simple chemistry model, it will still provide a reasonable estimate
of the CO prodction during a well ventilated fire.

5. The materials of the boundaries and their properties need to be as accurate as
possiblebecausethe conductivity of the boundargan be anmportant factor
influencing the pressure.

6. The wall backside boundary conditie should be specified appropriately
(BACKING=VOID/EXPOSED)

7. The combustion should be simulatgiihout a specified auto ignition temperature
(AIT) anduse AITif there are any ghosting flames unwanted burningrhe auto
ignition temperatures of variodigels are available iDrysdale 2011

8. When using AIT, one needs to model the ignition souraartbe modelled as an
obstruction (OBST) over the fuel pan with temperatfratypical flame i.e., 900
i1500C.1't is recommended dimmedadtenaltdighitomt e t he
This might require a few test runs to determine the proper time of ignition of the
gas vapours.

9. In this work, theHVAC modelis used to model the lealgein FOA testsas it was
the most appropriate methddr this application The leakage value of the
compartment is converted into an estimated leakage areapawiiedover a
surface in the FDS modé\so, leakage area specification in FDS can be done by
dividing the leakage into smaller leakages that are applied over diffeugfaces
of the compartment being simulated. This allows more realistic modelling of the
leakage paths as in reality there are multiple leakage paths.

10.The leakage of various types of houses can be gathered from either literature or
from a leakage tesif the enclosure being analysed. Leakage modelling heavily
influences the pressures in the enclosure and small changes can cause significant
variation in pressuréd way to verify the modelled leakage value with the tested
leakagevalue is to model a ledkst. Appendix Ei Leakage Te3t
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The compartment was modelled as in the experiments but the exact properties of the
concrete is unknown hence the general properties available were utQizieti€re, 200R

The pressures are monitored using devices as in the experiments. The temperatures are
modelled using the same size thermocouples and the insulation for the thermocouples from
the direct radiation is done using Calcium Silicate boards.

In FDS, by default, a mture of fuel and oxygen in any cell wilkactautomatically.In
FOA simulations, thided to burning at théeak outlet and other places in the fire room
distant from the fuel sourc& hereforethe AIT parameter was specifieid enforcethe
ignition to occur only above the specified temperat@23 C) thereby controlling
unwanted combustion.

As the leakageareas are rarelyultiples of the FDSnesh cel, theycannot be captured
by the numerical mesh directlgnd need to be modelled as a HVAC duetrecting the
fire room to the ambientn the FOA experimentsthe room leakage was through a hole
with varying diameters of 0.1 m, 0.15 m and 0.2connected t@ 3.2 m long ductThe
leakage was modelled asH&/AC duct of the specified ardaadingto ambient The leak
areawasdefined over a vent on the right wal.orresponding code is shown below:

% HVAC DUCT

&HVAC ID="WallHoleDuct',
TYPE_ID="DUCT',NODE_ID="OutflowNode','WallNode',
AREA=0.031416,L0SS=0.255,0.255,, LENGTH=0.15, ROUGHNESS=0.001, / 0.2
diameter hole in the wall

&HVAC ID='"WallNode', TYPE_ID="NODE,

DUCT _ID="WallHoleDuct','OutflowDuct’, LOSS=1.0 ,1.0,Xyz =0.0,2.1,0.7 /
&HVAC ID="OutflowDuct', TYPE_ID='DUCT" ,

NODEID=" WallNode ','/AmbientNode', AREA=0.0804 ,LOSS =2. ,2 ,LENGTH=3.2,
ROUGHNES®.001, /0.32 diameter circular duct

&VENT ID="OutflowVent', XB=0.0, 0.0, 2.0, 22,06 ,08 |,

SURF_ID="HVAC', COLOR='"RED'/

&HVAC ID='OutflowNode', TYPE_ID='NODE', VENT_ID="OutflowVent',
DUCT_ID="WallHoleDuct', LOSS=1.0 ,1.0 , XYZ=0.0,2.1,0.7 !

&HVAC | D='"AmbientNode', TYPE_ID="NODE', DUCT_ID="OutflowDuct',
LOSS=1.0,1.0 , XYZ=0.0,2.1,0.7, AMBIENT=.TRUE. /

There are also other methods for leakage modelling such as the Localized leakage method
and Bulk Leakage metho@he localized leakage approach is uséf modelling leaks

over a specific surface such as a door. This method uses the local pressure instead of the
zone pressure and therefore one can define multiple leakage paths for different windows,
along a door or when stack effect needs to be acabiondt creates a duct of the specified

area between the two ventsEAK_ENTHALPY=.TRUE. maintains hot gas flowing out
through the duc{McGrattan et a.2015a), pp. 110)

% Localized leakage
&SURF ID ='SURF1'/

&VENT XB =0.0, 0.0, 2.0, 2.2,0.6, 0.8 , SURF_ID='SURF1', ID="VENT 1',
COLOR ='RED"/

&HVAC ID='LEAK’, TYPE_ID='LEAK', VENT_ID ="'VENT 1', VENT2_ID =
'AMBIENT', AREA=0.031416, LEAK_ENTHALPY=.TRUE., LOSS=1./
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In the pressure zone approach, pressure zmespecified by the user to model tleaks
betweenthe zones. This approach is intended to capture the bulk leakage that occurs
through the walls. A leak between two zones is considered as a pair of HVAC vents with
a loss coefficient of 1. A leak path should be specified between two soletasiih the
zones. This can also be between a single pressure zone and the ahhieierdnes are
numbered agone 1, Zone 2 etc. and @e 0 corresponds to the ambi@vicGrattan et al.,
2015(a),109-110)

%Bulk Leakage
&ZONE XB=2.2,5, 7,10, 0,2.6,LEAK_A REA(0)=0.0234/

Theabove line indicates that the defined zone (Zone 1) leaks to the ambient zone (Zone 0)
through an area of 0.0234m

The exhaust/supply network is modelled as a set of 8 nodes, starting from the node which
connects the computationadmain (fire room, ENode) to the exit of the exhaust (Node 5).
Each of the 7 ducts connect each of these nodes in the specified order. The first duct
connectinghe room and the duct after the bend is combined into a single duct as the losses
due to the bed can be combed into a single loss in FDJhe losses are given as an
effective entrance and exit loss corresponding to forward and reverse flows through the
ducts. A roughness of 0.001 is assumed for all the ducts. In the above sample codes, the
lossesare to be changed as per calculated values for each particular case. The basis of the
above HVAC modelling is the simplification of ventilation network that can be done in
FDS

An example input code of a FEX$VAC network for the exhaust network(Eigure 2:
Exhaust ventilation networK) 1s given below

Example input code for exhaust ventilation network
--------------------- Exhaust Ventilation network e

&HVAC ID='"EWallHoleDuct, TYPE_ID="DUCT', NODE_ID='"ENo de''EWallNode',
AREA=0.007854,L0SS=0.0,0.0, LENGTH=0.15, ROUGHNESS=0.001 /

&HVAC ID="EWallNode', TYPE_ID="NODE', DUCT_ID='"EWallHoleDuct','duct 1,
LOSS=0.,0.,XYZ=0.0,4.1,1.3 / DAMPER LOSS

&VENT ID='"EVent’, XB=0.0,0.0,4.0,4.2,1.2,1.4, SURF_ID="HVAC',
COLM®R='RED'/
&HVAC ID='"ENode’, TYPE_ID="NODE’, VENT_ID="EVent,

DUCT_ID="EWallHoleDuct', LOSS=1.0,1.0/

&HVAC TYPE_ID = 'NODE', ID="node 2', DUCT_ID="'duct 1','duct 2','duct

5.XYZ= -0.65,3.0,1.3, LOSS=0,0/

&HVAC TYPE_ID ='NODE!', ID="node 3', DUCT_ID="' duct 2','duct 3','duct 6',

XYZ= -0.65,2.0,1.3, LOSS=0,0/

&HVAC TYPE_ID ='NODE', ID="node 4', DUCT_ID="duct 3','duct 4','duct 7',

XYZ= -0.65,1.0,1.3, LOSS=0,0/

&HVAC TYPE_ID = 'NODE', ID="node 5', DUCT_ID='duct 4', XYz = -
0.65, -1.7,1.3,LOSS = 1,1, AMBIENT=.TRUE./

&HVAC TYPE_ID = 'NODE', ID='node 6\ DUCT_ID='duct 5, XYZ = -
1.75,3.0,1.3, LOSS =1,1, AMBIENT=.TRUE. /

&HVAC TYPE_ID = 'NODE', ID="node 7', DUCT_ID='duct 6', XYz = -
2.05,2.0,1.3, LOSS =1,1, AMBIENT=.TRUE. /
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&HVAC TYPE_ID = 'N ODE', ID='node 8,
2.05,1.0,1.3, LOSS =1,1, AMBIENT=.TRUE. /

DUCT_ID='duct 7', XYZ = -

&HVACTYPE_ID="DUCT", ID='duct1’', NODE_ID ='EWallNode','node 2', LENGTH
= 1.75, AREA=0.007854, LOSS =17.2,17.2, ROUGHNESS=0.001, /

&HVAC TYPE_ID ='DUCT", ID='

duct 2', NODE_ID ='node 2','node 3', LENGTH

= 1.0, AREA=0.01227, LOSS =0.0,0.0 ROUGHNESS=0.001/
&HVAC TYPE_ID ='DUCT', ID="duct 3', NODE_ID ='node 3','node 4', LENGTH

= 1.0,AREA=0.02010, LOSS =0.0,0.0,

ROUGHNESS=0.001/

&HVAC TYPE_ID ='DUCT ', ID="duct 4', NODE_ID ='node 4','node 5', LENGTH
= 2.7, AREA=0.02010 LOSS =0.0,0.0, ROUGHNESS=0.001, FAN_ID='E_FAN' /
&HVAC TYPE_ID ='DUCT', ID="duct 5', NODE_ID ='node 6','node 2', LENGTH

= 1.0,AREA=0.007854, LOSS =18.9,18.9, ROUGHNESS=0.001 /

&HVAC TYPE_ID ='DUCT’, ID="duct 6', NODE_ID ='node 7','node 3', LENGTH

= 1.3,AREA=0.007854, LOSS =19.1,19.1, ROUGHNESS=0.001 /

&HVAC TYPE_ID ='DUCT', ID="duct 7', NODE_ID ='node 8','node 4', LENGTH

=1.3,AREA=0.007854, LOSS =19.1,19.1, ROUGHNESS=0.00

1/

&HVAC TYPE_ID='FAN', ID="E_FAN', MAX PRESSURE=310, MAX_FLOW=0.130, /
fan curve is given in the experiments.

The heat release rate in the experiments was estibased on the fuel burning araad

was fitted to a2 curve corresponding to the exjion0

0 , with different| |,

fire growth coefficient, for each fir@ue to the uncertainty in the experimeiateelatively

high uncertainty can be attributed to the HRR ramp valliee.HRR ramps in FDS were
adjusted to obtain a reasd@ G, consumption curve as the HRR is dependent o e
description of tests and fires used in each test is givEallel andTable2. The simulated
(FDS) and measured (Exp) HRR curves are comparé figures below. Figures on the

left compare the output (resulting) HRR with specified experimental HRR, and the figures
on the right do the same for the FDS input HRR.
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5.1.2 Simulation results of the FOA series

Simulatiors were carried out using the FDS ®.3ersion and the results of the tests are
presented according to the test seriE®A-1996 and FOA-1998 respectively. The
computer used for the test was a personal computer with an AMD Phenom Il x6 1055T
processor with @peed of 2.8 GHz with an 8 GB raithe CPU time for th&OA, 1996

and FOA, 1998was approximately8 hours.In FOA-1998 experiments the plots are
according to the? fire curves and the ventilation configurations.

FOA 1996 Pressure rise due to fire growt in a closed room.

Thepressure, temperature oxygen consumption and the outlet velocity are preBeated.
peakpositive pressuresrein good agreement wittihhe experimental values in this series
for all the three test¢deviation < 10%) There is anover prediction with the peak
temperatures. The experimental minima of €@rve is not reached using the default
parameters. Adjusting the Critical Flame Temperature will yield better predictions. The
peak positive velocity is lower than the experimental &allhe reults were smoothed
over a period of 9 second@sthe experiments
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Figure21: FOA-1996, =0.03571 Test 1, Experiment and FDS comparison
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Test 2
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Figure 22: FOA-1996, =0.0357 Test2, Experiment and FDS comparison
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Figure 23: FOA-1996, =0.0351 Test3, Experiment and FD8omparison

FOA, 1998 An experimental study of smoke spread via ventilation systems.

In Tests 1115, the fire room was not connected to any veitilasystem and only the
opening diameterarere varied.The pressure, temperature oxygen consumption aed th
outlet velocity are presented.

FOA Test 11

The HRR curve of Test 11 (FOA, 1998) is similar to that of Test 1 (FOA 1996) but in Test
11 the burning rate is different in the experiments as can be seen from the experiments.
This could be due to the diffemce in the speed at which the lid of the pan is moved to
increase the fuel burning area.
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Figure 24: FOA-1998,|
FOA Test 13

The HRR curve of Test 13 (FOA, 1998) is simtlathat of Test 3 (FOA 1996) but in Test
13 the burning rate is different in the experimemtsere is a time shift in FDS results due

to modelling constraints.
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FOA Test 15

The Test 15 in the FOA series 2 experiments is taken as the base test to validate FDS
capabilities of modelling presee rise in compartments. Thumcertainity regarding the

HRR curvesis very smallas this is a constant poolear case. The FDS temperatures,
pressuresvelocity and even oxygewoncentrationare in good agreement with the
experimental results. The under pressure remains an issue to be addressed and is not the
focus of thisstudy
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Figure 26. FOA-1998 constant pool area Test 15, Experiment and FDS comparison
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FOA Test 22

In Tests 2123, the room is connected to an exhaust ventilation syatehthe flow in the
ventilation system isuned to25 L/s at the start of each te$he pressure, temperature
oxygen consumption and the outlet veloditym Test 22oresented.
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Figure27: FOA-1998, =0.0851 Test22, Experiment and FDS comparison
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FOA Test 31

The fire room in tests 333 wasconnected to a supply and exhaust ventilation syskam.

flow in the suppy and exhaust system are maintained at 25 L/s. The exhaust system in the
last test(Test 33)is the alternate exhaust network showifrigure 3: Exhaust ventilation
network 2 The Test 31 has a growth rates0.035 and Tests 32 and 33 have a growth rate

of 1 =0.0&. Only the pbts from Test 31 are presented here
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Figure 28: FOA-1998, =0.035i Test31, Experiment and FDS comparison

The scatter plots of the results show firediction bias andgtandard deviationThe
summarized set of scatterplots for tROA simulations and Aaltexpegiments are

presented ifsection5.3,
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5.2 Aalto Experiments

5.2.1 Description of FDS model

The FDS modalfor the n-Heptane tests of th&alto experimentsare quite similar to the

FOA series. Thdirst aspect of focus in this FDS calctitan was toachieve the correct
heat release rateand temperatures in the fire room. Thigas validated using the
temperature and gas concentration predictions, for which the existing level of model
uncertaintyis known and reported in the FDS Validat®nide.The fuel pan was modelled

as a 0.7 m x 0.7 rhurner with specified heat release rate per unit area varying over time
according to the measured HRR (Equathn

The second aspect of focus was to achieve acceptable pressuregmedibe pressures
are closely linked with the HRR and temperatures in the fire rdéon. pressure
predictiors, accuratemodelling of the envelopeleakageis essentialAs the modelled
leakagecorresponds to the leakage of the building envelope @niyust be determined
from theleakage measumgents whergéhe HVAC ductswere closed.Assuming that the
flows through the leakage behave as flat plate orifice flowdgtieageareaAeak canbe
solvedfrom the following equation

0 66 -y 8 (9)
whered is discharge coefficiereind Dpeeak would be 50 Pa in case of standard t€be

accuracy of the estimated leak areahe conditions similar to the leakage teah be
checkedoy making a simulation of the actuabkage testAppendix Ei LeakageTes).

The main problem of the abowveentioned method for estimatidgax is that the pressure
differences during fires can be albane order of magnitude higher than the pressure
differences used in the leakage tests. As a result, there is no guarantee that the gaps and
cracks of the building envelope behave in a similar mamiso, assuming a 1 mm gap

size indicates that the floReynolds number is less than 1000 at 50 Pa but about 2000 at
500 Pa difference, thus indicating a transition from laminar to turbulent flow. In this
situation, both Cd and the exponent of the pressure term in equtman(be diffeent.

In this work, the leak area was calculated frequation 9) assumingCq = 0.6,7 = 1.225
kg/m?, Dp = 70 Pa, an@ieak= 150.5 L/s, givingheak= 0.0235 .

The parameter DT_HVAC was used to stabilize the pressure fluctuattorsever the
HVAC module isemployed This parameter is included from FDS 6.3.1 onwards.

The leakage was modelled using all the three leakage modelling methdhs fots of
individual quantities are presented only for Bk Leakagemethodas it is ysically
more accurate to the situation being modellgte temperature scatterplots for the other
leakage models are presented for referemeehe thermal modelling is the basis of
verification

Precisemodelling ofventilation fan on the rookasdifficult as no information regarding

the roof fan was availahl®nly the velocity data measured during the experiment and it is

to be noted that the flow was not fully developed fldwan be seen from the experimental

results that the roof fan does nofflince fire pressures considerably. The small

differences in fire pressure observed between Tests 1, 2 and Tests 3, 4 are due to the
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changes in burning behaviour of the Heptane. Therefore, the initial volume flow through
the duct can be estimated but tipeerating and stalling pressure cannot be known precisely.

There are two ducts in the apartment, one in the closet and the other in the bathroom and
based on the behaviour of the closet duct prior to ignition, it can be deduced that the closet
duct is comected directly to the ambient as there is a negative flow in the duct caused due

to the negative pressure inside the building and is hence modelled as such. Only the
bathroom duct connects to the roof duct which is connected to the exhaust roof fan. The

main extraction duct length is only 1with an exhaust fan connected to it.

An estimate of the fan performance was made based on the initial extraction rates of the
fan through the ducts. Assuming a net initial flow28f L/s through each duct. The
estimaes made for the fan are uncertain. A stalling pressug®@fPaand a maximum

flow rate of200 L/swas assumed for the fan. The flow rates in the ducts are close to the
measured flow rates.

An example of the ventilation network is given below:
---------------------- - EXHAUST DUCT CLOSET------- === =eeeeemmeee

&HVAC ID='ClosetDuctl', TYPE_ID='DUCT",
NODE_ID='ClosetNode','ClosetOutNode’, AREA=0.01227, LENGTH=0.4,
LOSS=0,0/

&HVAC ID="ClosetDuct2', TYPE_ID="DUCT', NODE_ID='ClosetOutNode',
'‘AmbientNod el', ARE A=0.01227, LENGTH=9, LOSS= 5,5/

&VENT ID='ClosetVent', XB =5.4,5.6 , 4.6,4.8 , 2.6,2.6,
SURF_ID="HVAC',COLOR='RED'/

&HVAC ID="ClosetNode', TYPE_ID="NODE', DUCT_ID="ClosetDuctl’,
VENT_ID="ClosetVent', LOSS=1,1/

&HVAC ID='ClosetOutNode', TYPE_ID= 'NODE',

DUCT _ID="ClosetDuctl','ClosetDuct?', LOSS =1,1, XYZ=5.5,4.5,2.6 /

&HVAC ID='AmbientNodel', TYPE_ID ='NODE', DUCT_ID="ClosetDuct2',
AMBIENT=.TRUE., LOSS=1,1,

XYZ=5.8,8.5,8.0/

------------------------- EXHAUST DUCT BATHROOM---  —--—--mmmeee- - -
&HVAC ID='"BRDuctl', TYPE_ID='DUCT', NODE_ID="BRNode','BROutNode’,
AREA=0.01227, LENGTH=0.4, LOSS=0,0/

&HVAC ID='"BRDuct2', TYPE_ID='"DUCT', NODE_ID='"BROutNode', 'TeeNode',
AREA=0.01227, LENGTH=10, LOSS=5,5/

&HVAC ID='"BRNode’, TYPE_ID='NODE', DUCT_ID=' BRDuctl', VENT_ID='"BRVent',
LOSS=1,1/

&HVAC ID='"BROutNode’, TYPE_ID="NODE', DUCT_ID="BRDuctl','BRDuct2', LOSS

=1,1, XYzZ=0.7,7.72,2.3 /

&VENT ID='BRVent', XB = 0.6,0.8, 7.8,7.8, 2.2,2.4, SURF_ID="HVAC,
COLOR='RED'/

&HVAC ID="TeeNode', TYPE_ID="NODE’, DUCT_ID="BRDuct2','RoofDuct’,
LOSS=1.0,1.0, XYZ=6.0,7.72,7.0 /

&HVAC ID='"RoofDuct', TYPE_ID="DUCT', NODE_ID="TeeNode',’AmbientNode’,
LENGTH=1.0, AREA=0.049, LOSS=0.0,0.0, ROUGHNESS=0.001 /

&HVAC ID='"AmbientNode’, TYPE_ID="NODE', DUCT_ID="RoofDuct,
AMBIENT=.TRUE., XYZ=6.0,7.72,8.0, LOSS =1,1/
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HVAC TYPE_ID="FAN', ID="E_FAN', MAX_PRESSURE= 200, MAX_FLOW=0. 200, /
fan curve

5.2.2 Simulation results

Simulatiors were carried out usg the FDSversion6.32. The computer used for the test
was a personal computer with an AMD Phenom Il x6 1055T processor with a speed of 2.8
GHz with an 8 GB ram. The CPU time for the FOA, 1996 was approximaeipurs
utilizing 6 cores of the computer

The simulationsvere performeavith different leakage modelling methotisassess thre
differences.The applicability of each method must be assessed according to the situation
under consideratiorAs thermal modelling is one of the critical factorsfire protection,

the method which yields the best temperature values would be more acPlotteof
measured quantities are shown for the Bulk leakage metbaty scatterplots are
presented for thimcalized and HVAC leakage method.

The pressure prettions were different for each leakage moaeéth the Bulk Leakage
model over predicting pressure and the HVAC and Localized leakage model under
predicting pressuresihe Test 3 pressure is over predicteih all the three leakage
models.The heat rele@srates, oxygen predictions and duct velocities are within the
acceptable limits of uncetinty. The temperaturese under predicted by ZD C.

Test 3
In test 3 the ventilation ducts were open and the roof fan was switched off. The HRR

matches the expenental HRR curve fit very well. There is a slight under prediction of
temperaturesitially and an overprediction of pressure.
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Figure 29: Aalto Test 3, Bulk Leakage mod@pen duct configuration
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In test 5 the ventilation ducts had louvers attached and roof fan was ON in this test. The
HRR matches thexperimentafitted HRR curve. The temperatures are predicted well.
There is an oveprediction of pressures.
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Figure 30: Aalto Test 5, Bulk Leakage mod&lormal duct configuration

In this test the ventilation ducts were closed to create an airtight condition. The HRR curve
matched the experimental HRR curve. There is a slight underprediction of temperatures
initially and an oveprediction of pressures.
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Figure 31: Aalto Test 8, Bulk Leakage mode€llosed duct configuration

5.3 Results summary
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The scatterplotdor the Bulk Leakage methodre presented belowThe quantities

presentechre temperature, pressure, oxygen volume fractions, duct volume flow (FOA
experiments) and velocities (FOA and Aalto experimeritegre are three temperature

scatterplots corresponding to temperato@sed on theentilation configuration. The FOA

studieshave only two ventilation configurations: No ventilation and Forced ventilation.
Also the duct velocitiesf Aalto experimentaresummarized along with the leak velocities

of FOA experiments. Additionally, the temperatarel pressurscatterplots of thelVAC
and Localized leakage method are presefaeteference
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6 Discussion

6.1 Uncertaintiesin the validation experiments

The FOA testprovide great insight into tHeehaviour of pressure and smoke flow through
ventilation networks. Yet there are some uncertainties which are quite comman
experimerd and this affects the validation study as well.

The first uncertainty with the FOA studiestlse lack of concreteHRR or fuel MLR
measurementThe HRR wasestimated from the fuel boing area (FBA) which was
controlled by a lid over the fuel surface moved at different speeds. Due to this limitation
the Q@ concentration in the rooiwas used as aalternate reference for the validation
simulations.

Also, the experimental results shoanse inconsistencin the HRRwithin the same type

of fires.As the HRR is controlled by changing the FB#can be prone to erras the lid
movement speeds can vaagd this has not been accounted for or specifibeé. HRR
uncertainty can be demonstrateyl examining the @consumption curveTest withthe

same estimated HRRroducedifferent oxygen consumption curvé€Bigure 41). This
means that the HRR idsa different in each test. The effects aeen in the pressure
variations in the testslTest 21 and 13 have the same HRR curve and the same opening
diameter of 0.20 m. The setup in Test 21 also has an exhaust ventilation connected that
provides an additional path of pressure release. Yet the experimental pressure insTest 21
greater than the pressure in TestTi3e same argument could be made for the other tests
which have a mechanical exhaust or supply sysfeneason fothis could beahatthelris
damperopening was smaller than the other tests therestyicting theflow of hot air.

Comparison of 02 consumption rate

Test 11
Test12 | -
Test 31

6 L 1 1 1 1 1 1 L L
0 50 100 150 200 250 300 350 400 450
Time, s

Figure 41. Comparison of O2 consumption curves

The above argument brings us tther aspect of uncertainty in the experimavtighis
thedamper position in the ventilation networks. Iris dampers were usedtil thanitial
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volume flow in the exhaust ducts to 25 lbst the exact details of the dampers are not
known.The dampes wae also notuned to25 L/s inall the experimentand this affects

the pressure rise in the rooirherefore, the losses useadthis study are estimatesing

the specified volume flow of 25 L/s abdsed on the damper pressure loss charts available.
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Figure 42: Volume flows at different loss values in the HVAC ducts F1, F2

Figure 42 demonstates the sensitivity of the volume flow predictionson the loss
coefficientsthrough the ducts F1, F2 from the Test 22 of the FOA stlilg. duct F1
connects the fire room and F2 contsetothe ambientLoss 1 corresponds to a loss of 18.0
and Loss 2 corresponds to a loss oirdthe duct F1With a smaller loss the volume flows
through the ducts are over predictddpeak pressure but tivetial volume flow (25 L/s)
that is specifiedn the experiment description is achiev&dith a lossof 40, theinitial
volume flows rates are not 25 L/s initially but peak flow rates ma#uohengineer trying
to simulate a similar situation shouttlereforetry to acquire necessary information
regarding the damper position to get the accurate loss.

The mint to be noted here is that teact F2 is connected to a fictive compartment in the
experiment.This means that the reverse flow indicates smoke spread into adjacent
compartments due to pressure rig®S prediction of the smoke spread into other
compatments and smoke extracted by the fawuld match exactly to thexperimental
results ifthe volume flow in the experiments was maintained exactly at 25 In'sa
practical situationaccurate information about the HVAC networksght predict the
smoke belviour more accuratelyigure43 showsthe pressure loss values for an Iris 80
damperSimilar charts would be available for various other dampersaetigineer trying

to simulate a similar situation should try to acquire nemgsinformation regarding the
damper position to get the accurate loss.
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Figure 43: Selection diagram of pressure loss for Zest Iris 80 damper

The Aalto experimentprovide us information about the performance of an actual
apartnent under fireHere the uncertainties regarding the &re probablysmalker than in
FOA, but the uncertaintiesregarding theexperimental configurations and details are
greater

The HRRwasnot measured directly in these experimegiteer, but the fué masswas
measuredising a load cell. This can be correlated to HRR using the heat of combustion.
The uncertainty of the HRR induced from the polynomial fitting used to find the MLR.

The seconduncertainty isrelated tothe ventilation system layoutf the apartmentThe

exact specificationef the ventilation system, such lesmgths and diametersf the ducts,

duct components etaverenot available. Also, the roof fan characteristics were unknown.
This introduces aignificant uncertainty in the Jalation studiesA related aspect of
experimental uncertainty were the sewers, which were sealed in the experiments to avoid
uncontrolled leakages. In real fires, the water locks could be emptied by the increasing gas
pressure, thus providing an additibpath of leakage. However, this phenomenon was
investigated by carrying out an additional simulation of the fire in normal ventilation
conditions, and by adding a corresponding leakages at 500 Pa overpressure. The effect of
sewers was found to be negligb

The third aspect ofuncertaintycomes fromthe thickness and material properties of the
walls. Thisdo not, howeverhavea great influence on the pressures indpartment.

The fourth andone of the most critical uncertainty is the increase in ¢akdge of the
apartment under high pressure. In the FOA stuthesleak was a controlled aspect of the
study and this makes it easier to model. In an actual bujlttiedeak paths are unknown
and the increase of leakage is hard to estimaie leakagealue at 50 Pa does not exactly
represent the leakage that would occuiratpressure.
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6.2 Modelling Uncertainties

The limitations of the FDS modeglust also beinderstood and considerathenusing the
results.The pressure in FDS is divided into a backgrd pressuteobtained from the
equation of stateand aperturbation pressurhat drives the momentum equation and is
used to obtain correct velocity fieldBhe pressurdield of the HVAC systemis solved
separately. The coupling between the CFD and\B\solverscan cause fluctuatiordue

to the use of separate tinmegration schemeandit can be hard to differentiate between
physical and numerical pressure peakscording to the results, FD&verprediced the
pressuregpeaksespecially in the Sergel tests when the AlWas utilized. Therefore the
Series 1 test werfnally simulatedwithout an AIT or ignitorlt is also difficult to model
the fire ignition exactly as happens in experiments. This daad to delayed or as in the
case of the FOAXx@eriments, faster pressure peaks. It is not particularly beneficial to try
to match the time stamps @ particular fire behavioyrsuch as pressure peaks
compartment fire scenarios.

For the Aalto experiments, it was observed that compartment peess@ either under
predicted or over predicted depending on the leakage modelling method. This is properly
observed in the tests where the ventilation ducts were closed. Bulk leakage method tends
to over predict compartment pressures whereas HVAC anditeddeakage method

tends to under predict pressure. The Bulk leakage or HVAC leakage method would be more
suitable options for modelling compartment fire scenarios as localized leakage is used for
known leaks such as door cracks.the FOA tests, the &&age was modelled using a
HVAC duct, but the localized leakage model was also used to check for sensitivity. For the
FOA tests, no variation was seen in pressure with leakage model.

In ventilation controlledfires of the FOA campaigrielatively large negtive pressure
wereobserved in the experimerasthe time of fire extinctiomheseunderpressurswere

not predictedaccuratelyby thedefault FDS modelThisfurtherlead to undeprediction of

the velocity inflow through the leak hole. The ung®essure prediction for the Aalto
experiments was closer to the experimental value without the use of AIT. This is because
the fireswerenot undefventilated in the Aalt&Experiments.

In FDS the local flame extinction depends on #pecified critical flamaemperature
(CFT) value. CFT refers to the flame temperature at lower flammability limit i.e. lowest
concentration fuel required in air for ignition. If a mixture of fuel and air in a cell does not
yield the CFT specified then the combustion is suppredde@rattan et gl2015(b), pp.

42). It was observed that minima of FDS oxygen consumption curve does not match the
experimental minima. Reducing the CFT yields a better oxygen consumption curve.

It wasalsoobserved that the FO8edictiors of carbon maoxide productiomn ventilation
controlled situatiorcan be very erroneoudecause the CO yielchn changsignificantly

as the fire transitions from well ventilated phase to under ventilated phase. This dynamic
aspect of CO production cannot be captuaedurately using the default FDS simple
chemistry model.

TheFDSHVAC module does not take into account the heat transfer that occurs to the duct
walls. McGrattan et al, 2015 (p)lt was observed in tHeOA simulations that FDS tends
to over predicthe outlet temperatui@igure44). In some other scenarios where ducts are
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exposed to high temperatures from outside this might lead to lower prediction of exhaust
gas temperatures.

Outlet Temperature
250 T T T T

T T

Experiment
FDS

200

150

Temperature, C

100
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-200 -100 0 100 200 300 400 500

Figure 44: Comparson of outlet temperatur¢$est 11)

Also, slight over predictionin room gas temperatur@gere observed especially in fast
growing fires. This could be due to excess radiation to the thermocouples or due to

conductivity values attributed to the concrewalls. The properties of the boundary
materialwerenot known accurately.
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7 Conclusion

This thesis deals with the fire induced pressure and its consequences in compartment fires.
Thesubject was studied througlimerical simulationasing he CFD code Fire Dynamics
Simulator The practical objectives were to validate the capability of the Fire Dynamics
Simulator code to predict the fire induced pressures and ventilation flows, and to create
instructions for fire safety engineers carrying suth simulations. The validation was
based on two sets of experimental data: First set consists of the FOA experiments, where
liquid pool fires were burned in a closed room with different variations of ventilation
conditions. The second set consists dadraipent fire experiments that were carried out
during this work in Kurikka. The thesis includes an overview of the HVAC modelling
capabilities of the FDS code, descriptions of the experiments, results of the simulations,
and a discussion about the findings

Fire pressure asfound tobe a dangerous aspect of compartment fires with regards to life
and property safety. In the FOA experiments the fire pressure ranges from 100 Pa to 1200
Padepending on the ventilation conditicausd fire growth rateThe firepressure range of

400 Pato 1600 Pa was observed during the Aalto experiments depending on the ventilation
conditions aloneCompartment fire pressuveas seen to depend on tineat release rate of
thefire along withthe lkeakageate of the structurandthe ventilation of the compartment

The pressure was also sensitive to the room of fire origin as the closet fire caused the
highest pressure of 1600 Pa.

The simulatiorof the FOA compartment fires with ventilation system in FDS shows the
sensitivity of HYAC moduleto the loss values specified to the exhaust dActentilation

system in FDS is created using a set of node and ducts placed according to the ventilation
layout. This work provides guidelines for engineers to model HVAC sysdeohfor
determinng theductparameters for the ventilation system.

Leakage ofthe compartment boundariegas found to beanothercritical parameter
affecting the pressure riseExperimental determination of the leakage area can be
challenging because the leakage flowira situation can be quite different than during the
standardized leakage measurement, due to the order of magnitude higher pressures in fires.
Here, the éakage area wasalculated using therifice equation The simulation®f the

Aalto experimentsighlightedthe performance ahe three different leakage modelling
methods in FDSFor instance, theeight andhearea of the leakage vent in HYAC model

was found to affect the temperatures in the compartment. Bulk leakage model tends to over
predict thepressure in all cases.

The prediction®f anumerical modedrealwaysaccompanied withincertainty The model
bias factor for gas tenspatures from the simulationgas estimated to b&09 for cases
without ventilation, 1.@ for the cases withatural ventilation and 119 for the cases with
forced ventilation. Other bias factos include: compartment ovepressure0.97, oxygen
volume fraction 0.96, leak and duct velocity 1.88d duct volume flow 1.14&ensitivity
studies made for the constant pool cdS®A Test 15) show that when the fire is well
specified, the uncertainties in FDS predictions are very low.

The methods used in thisesis workko simulate the compartment fire scenario can be used
to predict fire pressures with reasonable accurbdgrmation regarding the envelope
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leakage, ventilation layout of the building and possible fire loads would be needed to make
a good assessment of fire pressiiee Dynamics Simulator can be reliably used in
building fire pressure predictions

The issue ofpressure rise in modern buildgbas to be investigated to understand the
sensitivity of fire pressure air tight buildings.Realistic fire scenarmwith solid fuels
should be studied to gain insight into the actual pressure that could be encotened.
investigation into the performance of the HVAC module with various duct components
such as dampers and aircoils need to be perfoasetell Sensitivity studieshouldbe
performed by changing the default FDS parameters to analyse FDS capahilitiely.

The performancef the complex chemistry model to predict CO production in ventilation
controlled fires andhe suppression model to predict the under presstwekl alsobe
analysed.
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Appendix AT Pressure loss in a ventilation network

For modelling aHVAC ventilation network in FDS, it is essential to know the pressure
loss caused by various components and friction in a ventilation duct. The total losses can
be calculated using a HVAC software such as TRNSYS or mantialyFDS

FDS-HVAC Governing equations (McGrattan et al, 201%yj)

The nodal conservation equatiof® mass, energy and momentum equatians as
follows:

B” 68 1 (1)
B”"060™Q n 2
"0 — 0 0 % Yo M@0 99 (3)

where” is the densityu is the duct velocityA is the cross sectional aresd the ducth is
enthalpy of fluid in the duc® is the pressure ariflis the loss coefficient of the duct. The
subscripts j indicates the ducts in the calculati@mdk indicate the nodes of the duct.

The

Below the procedure toalculate the losses in a ventilation network of fig 1 is described.
This is an exhaust ventilation network with round ducts.

1. First, we begin with enumerating the ducts as presented in the network diagram into
various ducts and nodes. A concept to besratrered, is that a node is placed when
there is a duct connects the computational domain or where there are components
or at Tee joints.

2. Also, it is essential to know the typical volume flow through the ducts to proceed
with any calculations. The volumbiv for this calculation is taken to be 25 I/s.

3. The duct friction loss chart (based on the shape of the duct) gives the pressure loss
values based on the volume flow and diameter of the duct. Velocity through the
duct can also be used to determine ths.[bise friction loss chart is plotted on the
log-log axes.

4. This value obtained from the Friction chart is multiplied with the length of the duct
as most of the charts give the pressure loss per meter.

5. And this value of friction loss is added with presslosses other components to
get the total loss for a duct.

6. The obtained pressure loss must be converted to thedinmnsional loss
coefficient,K. This loss coefficient is used in the FH{VAC inputs.

THEORY AND MATHEMATICAL BASIS

The pressure lossinhe HVAC ducts is calcul ated based
flow is incompressible.

— ® — — & — 0 4)
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"O = Head loss which is caused due to friction.

If the static pressure &vo points in the HVAC network is known then it is possible to
calculate the head loss. This is also the major loss in a ducting system.

The pressure Iasin a duct is caused due to fluid friction andmentum change due to
change in direction or velocigaused by components in the duct.
o W i 5)
The friction loss can be evaluated using the Darcy Weisbach equation:
Yoo — — (6)
Where f = friction factor and is a function of Reynolds numbéf) ” @D and the

relative surface roughness of the pipe. To calculate the Reynolds number haiscalam
duct, the hydraulic diameter can be us@l: —

WhereA is thecross sectional area of the dus, = wetted perimeter of the duct

The friction facor, f, can be calculated using the Colebrd@kite equation:

_ qaé"Q—; _8_ @)

The surface roughness of the duct depends on the material used. The most commonly used
HVAC duct material is Gl sheet with an absolutaglnessy = 0.00015 per meter.

In FDS the losses are a pair of numbers which specify the dimensionless loss coefficients.
The first number specifies the loss from the node 1 to node 2 i.e., the downstream pressure
loss and the second number specifiesstream pressure loss.

Also, the flow rate in FDS does not store mass in the HVAC networks. An advantage of
this is that two or more ducts with the same flowrate can be combined even if there are
bends, expansion fittings or any other components by asireffective loss coefficient for

the combined duct length with a representative effective Aegh (

0 BU — (8)
Where | is a fitting and As the area associated with the fitting loss.

If a rectangular duct is used instead of a circular duct, as is the usual case, then the
equivalent diameter needs to be caltedl. If the volumetric flowrate and frictional
pressure loss is same in the rectangular duct as in the circular duct then they are considered
equivalent. Using the equivalent diameter, one can find the frictional pressure drop in the
ducts from the Fig 2.

7y 8

D) "Z

0 p& % . ox ©)
For oval ducts, the equivalent diameter is:

, o 8

O p& b 8 (20)
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Where A=— @& ¢ andd “ O Ccd

a, bare the sides of the duct. It is always better to tlawaspect ratica(b) of the duct as
close to unity as possible.

MINOR LOSSES

Thecalculation of pressure loss dudtiation is quite straightforward but it the calculation
of minor loss coefficient of various fittings in the

Here tie minor losses arthe losses due to bends and various types of fittings (elbows,
enlargements, contractions, branches, dampersagéxcalculated based on the flowrate
through the ducfThis is the simplest way of calculation of minor losses.

In turbulent flows, the dyamic loss is proportional to the square of the velocity.
Yo o — (11)
Where K is the dynamic loss coefficient.

Elbows: The bends generally used in ventilation networks are 90 degree elbows. The
pressure drop across a bend is a fonadf W/H which is the width and height of the bend
exit/entrance cross section and the iraret outer radius at the bend.

Yo, 6 — (12)

whereCy is the loss coefficient of the bernthe values o€, or 3can be found fnm graphs
or tables.

Enlargements/Contraction: Sudden enlargement/contraction also leads to loss of
pressure and this can be calculated using the Borda Carnot equation:

EnlargementY0 5 "OIC p — (13)
Contraction¥0 , "X p — ="QX — p (14)

whereo is the area of the vena contracta ands the contraction coefficient
The value of) , depends o0 ando , calculated by Weisbach is/gn in the table below:
Table6: Contraction coefficient

Ao/A1 Cc
0.1 0.624
0.5 0.681
0.8 0.813
1.0 1.0

Pressure loss due to contraction is the more difficult one to accurately calculate as a number
of factors influence it ahone might not always have all the required information about the
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duct network. In our calculation we assume a sudden contraction as no information is
available about the networks.

Miscellaneous: Dampers, heating coils and other miscellaneous fittinge liferent
losses and are dependent on the manufacturer. Usually the losses are specified by the
manufacturer.

C_MNode 5 >

1.7m

0.685m

Figure 1: Exhaust ventilation network
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Figure2: Duct friction loss chart (round ducts). Source: ASHRAE Handbook
Fundamentals

The roughess values for various types of ducts are also given in the ASHRAE Handbook

Fundamentals.

The pressure loss of a fire damper depends on the specifioftypmper used in the ducts.

Usually, the pressure loss values of the dampers are given by thexotarerf The damper

loss values used here is assumed and does not pertain to the actual value of the damper

used in the experiment.

An example loss calculation for the exhaust networligure 2: Exhaust ventilation
network 1lis given below.

PRESSURE LOSS CALCULATIONS

Duct 1. LENGTH=1.75m, DIAMETER:0.1m, AREA=0.007854 ,Volume flow, Vf=25
I/s, rounded bentb) and expansiofexp)+ Damper

1. From experiments it is known that théduct has a volume flowf 25 L/s.
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2. From the frction chart (Figurel) the value of friction loss can be obtained to be
around 1.61.8 Pa/m based on the duct diameter and volume flow rate. This is then
multiplied with the length of the duct to give the actual loss.

Ky=1.7*0.65 = 1.105 Pa
Loss, k=17*1.75=2.975 Pa
3. For minor losses, the velocity through the duct is needed.
V1= 4*Vi/ (pi*d"2), Vf = volume flow in m/s
= 4*0.025/ (3.1416*0,1"2) = 3.183 m/s

Kn=Y0 6 — =0.5%0.5*1.27*3.183= 1.01 Pa

Kexp=p 070 2z2"w 1¢
Al = (3.1416*0.1°2)/4 = 0.007854°m
A2 = (3.1416*0.125"2)/4 = 0.01227°’m
Kexp = 0.5*1.27*3.183*(1(0.007854/0.01227))"2 = 0.2618

4. Adding up thdosses from friction and the duct components gives us the pressure
loss of the duct.

Kitota= 2.975+ 1.01 + 0.2618 + 3 = 7.2468 Pa

5. The pressure loss has to be converted tedumensional loss coefficienKj. The
pressure loss equals the last terneauation 3.
T®U " O H =7.2468 Pa

The velocity and the density are known and can be used to find the v&lue of
K=1.16

Similarly, the loss coefficients for the other ducts can also be determined. A sample
pressure loss calculation for other ttuare also given below.

Duct 2: L =1 m, d=0.125, Vf =50 I/s, expansion

Kz=2*1 =2 Pa

Kexp=p 070 z2"w ¢

V1 = 4*0.05/(3.1416*0,125"2) = 4.074 m/s

Al = (3.1416*0.125"2)/4 = 0.01227°m

A2 = (3.1416*0.165"2)/4 = 0.02138°m

Kexp =0.5%1.27*4.074*(% 0.01227/0.02138)"2 = 1.734 Pa
Katota= 3.734 Pa

Duct3: L =1 m, d=0.165, Vf=751/s
Kz=1.2*1 = 1.2 Pa = Kotal
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Duct 4:L =2.7 m, d=0.165, Vf =100 I/s
Kq=2.7*1 = 2.7 Pa = Kotal

Duct 5/6/7:L = 1.3 m, d=0.1, Vf = 25 I/s + Danep
Ks=1.7*1.3 = 2.21 Pa

Kstota= Damper + k=2.21+3=5.21 Pa
Ke=1.7*1.3 = 2.21 Pa

Ketotai= Damper + K=2.21 +3=5.21 Pa
K7=1.71.3 =2.21 Pa

K7tota= Damper + K=2.21 +3=5.21 Pa

Note:

1. This is not the accurate loss in thetwork. A few assumptions made as the
complete details of the ventilation network is not provided. In such a case, if the
FDS tests are being run to validate FB8AC capabilities then trial and error is
recommended.

2. The damper values used here do ngresent the actual damper values of the
system. The damper used in the system is an iris damper amctabie model
number is not known. The values used in the FDS input oozte adjusted
iteratively to yield theappropriatevzolume flows through the ducts

3. The duct 1 and 2 can be combined to form a single duct and the losses can be
specified as a single effective loss.
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Appendix BT Sensitivity Studies for Test 15

Sensitivity studies are usually a good way to test various possibilities and addresssconce
regarding performance of a code. The sensitivity studies, Test 15 from the FOA
experiments, were made to test the common queries engineers would have while simulating
various compartment fire scenarios. The aspects that can influence the fire dsticacter

are the auto ignition temperature, Critical flame temperature for better oxygen consumption
curves, carbon monoxide production rate for better prediction of under ventilated CO
production, the changef ambient temperature and using better insujatboncrete
properties. The sensitivity studies are:

a. Actualtesti AIT =223 C, CFT =default, CO_YIELD =0.01, Thermal conductivity
= 1.7, Ambient temperature =20 C
SS1:AIT = 250 C,other parameters remain the same.
SS2:CFT = 1100, AIT = 223 C, other maneters remain the same.
SS3:AIT = default (zero), CFT = default, other parameters remains the same.
SS4:AIT = 223 C, CFT = default, CO_YIELD =0.1, other parameters remain the
same.
SS5:Wall properties changed from the actual test. Thermal conductivity,of
medium dense cement used.

g. SS6: Different ambient{5 C) and room temperatures (20C). The other parameters

are same as in actual test.

The pressures are not results are not highly sensitive to the various changes in parameters
as it is mainly épendent on the HRR which remains the same. The results of the different
sensitivity study cases are displayed below:

Case a: Actual testAIT =223 C, CFT = default, CO_YIELD =0.01, Thermal conductivity
= 1.7, Ambient temperature = 20 C
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Case b: SS1 AIT = 250 C, CFT = default, CO_YIELD

1.7, Ambient temperature = 20 C.
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Case c: SS2AIT = 223 C, CFT = 1100CO_YIELD =0.01, Thermal conductivity = 1.7,

Ambient temperature = 20 C.
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Case e: SS4AIT = 223 C, CFT = default, CO_YIELD =0.1
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Case f: SS5AIT =223 C, CFT = default, CO_YIELD =0.01, Thermal conductivity = 0.7,
Ambient temperature =20 C
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Appendix C 1 FOA experiments validation plots

The FDS validation plots of the FOA tests 12, 14, 21, 23, 32 and 33 are presented here.
The pressure, temperature, O2 volume fraction and tleityelare the basic quantities.

The exhaust duct volume flows are presented for Test 21, 23, 32 and 33. Supply duct
volume flows are presented for Test 32 and 33 only.
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