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ABSTRACT (EN)

The aim of this thesis is to test the ability ofree correlative models such as Alpert
correlations on 1972 and re-examined on 2011, theestigation of Heskestad and
Delichatsios in 1978, the correlations producedCopper in 1982, to define both dynamic
and thermal characteristics of a fire induced egtjet flow. The flow occurs when the fire
plume impinges the ceiling and develops in the aladiirection of the fire axis. Both
temperature and velocity predictions are decisioe dprinklers positioning, fire alarms
positions, detectors (heat, smoke) positions antivadion times and back-layering
predictions. These correlative models will be coragdawith a 3D numerical simulation
software CFAST. For the results comparison of teaipee and velocity near the ceiling.
These results are also compared with a Computtidn@ Dynamics (CFD) analysis, using
ANSYS FLUENT.

Key words

Fire, CFAST, Correlative models, ANSYS FLUENT, Qajl jet



This page was intentionally left in blank



ABSTRACT (PT)

O objetivo desta tese € testar a capacidade dasalgodelos de correlacéo, tais como
o modelo de Alpert definido em 1972 e redefinido 2011, a investigacdo de Heskestad e
Delichatsios em 1978 e as correlagbes produzidasCpoper em 1982, para definir as
caracteristicas dindmicas e térmicas de um fluxgases tipo jato produzido junto ao teto
induzido por fogo. O fluxo ocorre quando a chamdaog® atinge o teto e se desenvolve na
direcéo radial em relacdo ao eixo do fogo. Ambaprasgisdes de temperatura e velocidade
sao decisivas para posicionamento de “sprinklgrgsjcionamento de detetores de incéndio,
posicionamento de detetores de calor e fumo, terdpastivacdo de alarmes e previsbes de
estratificacdo de camadas de escoamento. Estedanaderelativos serdo comparados com
um modelo 3D de um programa de simulacdo numeérfeAST, para a comparacao dos
resultados de temperatura e da velocidade pertaetto Estes resultados sao ainda
comparados uma andlise de dindmica de fluidos ctaujpmal CFD, utilizando ANSYS
FLUENT.

Palavras chave

Incéndio, CFAST, Modelos correlativos, ANSYS FLUENEScoamento de jato no teto
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1- INTRODUCTION

One of the most interesting issues in fire engingeand fire safety is the rapidity of
detecting fire using fire detection systems whiglerate in function of the hot gases and
smoke. Our study case is fire induced the ceilatg |

The velocity and temperature of the hot gasesthaefire in compartment are two
major values that we must take in consideratiothenstudies of fire, the main goal of this
work is doing different numerical simulations usitwyo commercial software, which are
CFAST( Consolidated Model of Fire and Smoke Tranm3pan advanced calculation method
based on the two zone models: and CFD ( Computdtithnid dynamics). Also simple
calculation methods, based on the correlative nsodeloted to fire plumes and ceiling jets
were used to compare results of temperature andcitael near the ceiling which is
considering unconfined in six radial positions oflagalized fire. Five car categories in
different fire scenarios of burning car in open parking were considered for analysis.

After the different numerical simulation and caétion there are a set of results which
are discussed in this work, showing in which regabriargets positions the results correlate
and are in agreement between them, or exist aveldifference.

These kind of results give us more information wbtihe activation time of fire
detectors which can be sprinklers or heat alarnysthizs way the fire will be sufficiently

small and easily controlled.

1.1- State of the art

This work presents the analysis of a fire induceitirgy jet and a comparison between
correlative models and two zone models. The majeatibe is to compare the temperature
and velocity of the gas near the ceiling for diéfar ratio parameter (r/H). The radial
coordinate of plumes and ceiling jets (r ) andibight if the compartment (H).

On May 18th, 1972 in Philadelphia, at the 76th Aadndeeting of the National Fire
Protection Association there was a presentatiorutabe calculation of response time of
Ceiling-Mounted Fire Detectors [1]. Measurementgad temperature have been made with a
burning fuel during the fire tests in order to detme how gas temperature T, varies with the
vertical distance Z, below the ceiling at seveaalial positions, from the plume axis. In each
case outside of fire plume the maximum gas temperabccurs just near the ceiling.

Experiments show that gas temperature decreasks/artical distance Z, below the ceiling.



however the value of,,,,, refers to maximum temperature in the jet flow cltséhe ceiling.
Therefore at all radial positions, especially clts¢he fire plume gas temperature decreases
as the ceiling height increases. Measurements ©vgkcity have been made in similar fire
tests, using different radial positions, includitige fire plume. The gas velocity is nearly
constant in the fire plume but decreases shargly sadial distance beyond the fire plume.

In 1979, at the Seventeenth Symposium (Internabiayra Combustion, the Factory
Mutual Research Corporation, Norwood, Massachugettsented an investigation about the
initial convective flow in fire [2]. This study caerns physical modelling of the initial fire
environment generated by fire in an enclosure. &periments were conducted in a large test
building located in West Glocester. With two fldor-ceiling. The substructure within the
building volume contains office space, observatmoms, shop areas, stairways, and special-
purpose rooms. All apertures communicating with té& volume (windows, doors) were
closed during the experiments, and there was nmedowrentilation. The compartment was
equipped with sprinkler piping mounted below cgjlitevel. The fire source (wood-crib)
rested on a load table, and centred on a squard pladorm on the side. The platform either
rested on the floor or was mounted on an eleclyicabwered elevating device which
accurately positioned the platform. Ceiling instemtation was mounted at stations along
from the geometric fire axis. Each station incogted two types of anemometers (pressure-
differential type and hot wire), one thermocouplee optical density meter and five types of
fire detectors. The sensing level of all instrunsewis below ceiling level sections of the
sprinkler piping, that were temporarily removed fine experiments. The building was
cleared of smoke between experiments. As resuta these experiments, the recorded gas
velocities varied in magnitude from a fraction efeg[m/s] near the ignition time, caused by
normal drafts in the test building, to several [nk$e in an experimental fire and close to the
fire axis. Velocity data were accepted from eadtrument station at the earliest time that the
recorded signal showed systematic change dueet@diivity. The flow axis of the fire plume
was well centred on the geometric fire axis and fthe temperature measurements were
averaged into a single value to represent the sadhar fires growing with the second power
of time, explicit relations have been determined fmn-dimensional temperatures and
velocities in the hottest layer under large flailicgs. The local gas velocity in the hottest
layer under flat ceilings can be related directtythe local temperature rise and ceiling
clearance, regardless of time from ignition, firexgth rate and, possibly, fire-growth

behaviour [2].



In 1981, the National Bureau of Standards CentreFice Research completed an
investigation about the structure and heat tranpfeperties of fire and fire plumes in
horizontal ceiling [3]. The experiment used natwas as fire source with a specific diameter,
and emphasized two different heating release rdtes.profiles of the average velocity and
temperature were defined and compared with predistof differential and integral results.
The integral model provides good results for averagjocity, temperature and composition
in both combustion and non-combusting plumes, fds@nalysing plume properties, which
could be extended to treat the properties of thkngejet. Some compromises were also
dictated by the need to ultimately extend the apghnao the ceiling-jet region. Estimates of
radiative heat fluxes, however, were less satisfgctMeasurements reported by Alpert,
Zukoski and co-workers were evaluated and presemgdstigation for a reasonable
prediction of both flow properties and ceiling h#iakes. There have been numerous attempts
to model the properties of natural fires, integraldels are typified by Wilcox and Taminini.
Alpert has developed a comprehensive model desgrithiis flow, and also provides some
data on the ceiling of heat transfer rate and teatpee and velocity. The previous work
about flame impingement on a ceiling, measuremehtle structure of the flow have been
very limited. Predicting radiation in turbulent cbuostion flows represents a significant
theoretical problem in its own right, even whenfibev structure is known [3].

In 1984, on Twentieth Symposium International Costlaun, the National Bureau of
Standards Washington, DC, U.S.A. done a researchtabbuoyant source in the lower of
two, homogeneous, stably stratified layers [4]. &np source of buoyancy is located at a
specified elevation within the lower of two, homageus, stably stratified layers. Fire
scenario was presented by Cooper. The concept &haended upper layer equivalent point
source" is combined with the unconfined ceilinglgsia of Cooper. The plume dynamics in
the upper layer is described as being generatedgmynt source fire of strength Q', located a
distance H' below the ceiling, and in an infiniribient” environment of temperatufig,,.
The values Q' and H’ are computed by invoking ax@ple of continuity which conserves
plume mass and enthalpy flux across the upper layerface. With Q' and H' in hand, the
unconfined ceiling solution of Cooper is used tedict heat transfer to the ceiling. This
method gave analytic results which were compareduiably to experimental data reported
by Zukoski and Kubota. Set of model equations tecdbe the plume dynamics in enclosure
fire scenarios was defined. Although the model &goa and their solutions are remarkably
simple, they were found to provide useful predigsido plume centreline temperatures, and to
convective ceiling heat transfer fire scenarios [4]



In January 1986, a master thesis submitted to tbec&gter Polytechnic Institute in
Fire Protection Engineering shows how to use tieediume theory in the design and analysis
of fire detector and sprinkler [5]. The correlasdior t fires were developed using data from
a series of wood crib burn tests. In their updgteger, Heskestad and Delichatsios also
provided correlations for ceiling jet temperature aelocity from t? fires, based only on the
convective heat release rate. The test fires hacbravective heat release fraction of
approximately 75%. Modelling fuels having differexmnvective fractions will produce some
degree of error. This thesis demonstrates how éeponse of fire detection and automatic
sprinkler systems can be designed or analysed.omdtiBureau of Standards furniture
calorimeter test data is compared to heat relestes predicted by a power-law fire growth
model. The test was a burning tray with alcohotated in the centre of a test room, with
presence of sprinkler devices located on the cgilina square array. Other tests were done at
the West Glocester facility to measure the effettseiling height and fire growth rate on the
response of fire detectors. These tests includég apen flaming fires and no smouldering
fires. All tests were conducted under a large, diiting with no walls. Three ceiling heights
were selected for the tests. The height of thengedbove the fuel surface changed with each
different fuel configuration. Fire growth rate wearied by using three different wood crib
configurations. This gives nine possible combinagiof fire growth rate and ceiling height.
Several of the tests were repeated to help deterthenrepeatability of the testing procedures.
As result, equations were presented to calculae das temperatures and velocities. The
equations were proposed by Heskestad and Deliokatsimodel temperatures and velocities
along a flat ceiling with no walls [5].

On July 1991, the U.S. Department of Commerce thed National Institute for
Standards and Technology Building and Fire Resebattoratory, published a report about
the characterization of the confined ceiling jetthe presence of an upper layer in transient
and Steady-State Conditions [6]. This report isrémult of the analysis of data collected by
Motevalli for confined smooth ceiling jets in tramst and steady-state conditions.
Comparison with the unconfined study by Motevatidaviarks (1990) is also made. The data
collected for the unconfined case is extensive @gtdiled. A more limited set of data were
collected for the confined case, however, a goadparison can be made between the data
collected for the two cases. The same apparatususessto test both cases, but modified for
the second case to create a confined ceiling byngdal one half meter curtain wall to the
perimeter of the ceiling. Examination and comparisé the two cases helped to define the

confined ceiling jet characteristics and the effeicthe developing upper layer. The results



can be used to aid in the development and veiidicadf compartment fire models and to
improve the design and placement of heat deteatagssprinklers. Results from the steady-
state unconfined ceiling jet have been used toigrdte ceiling jet characteristics for
confined ceiling jets at early times in the fireheTbasis for comparison is the fact that the
unconfined ceiling jet has been studied extensivdging the unconfined ceiling jet allowed
the study of the jet characteristics alone withany interference from the developing upper
layer. The unconfined ceiling jet simulates a ctodiwhere the walls are much further from
the plume centrelings].

In 1991, the Centre for Fire Safety Studies andhidaaal Engineering Department at
the Worcester Polytechnic Institute and MechaniEalgineering Department from the
University of Maryland completed the reassessmdéitut characterizing the unconfined
ceiling jet under steady-state conditions [7]. Methvelocity and temperature measurements
using cross-correlation velocimetry were obtained dnconfined ceiling jets under ceiling
transient and steady-state conditions. Small firese produced with a premixed methane-air
burner. These measurements represent one of thedetaded studies of unconfined ceiling
jets to date and seem to be in general agreeméhtlavge-scale data. Wall-jet studies of
Glauert and Poreh, et. al. have established tHmggeét to be a boundary-layer type flow.
The ceiling jet is characterized using detailedgerature and velocity measurements as a
function of respective maximum values, verticaltalige from the ceiling (Z), and radial
distance from the plume impingement point (r). Rres studies from Alpert, Veldman et al,
You and Faeth and Heskestad and Delichatsios hadriged correlations for the ceiling jet
maximum velocity and temperature. Alpert assumé&hassian behaviour for the velocity
and temperature profiles and has developed an raltegodel for the boundary layer
thickness. Beyler has also compiled and compardidt aof ceiling jet correlations. The
comparisons demonstrate that the agreement betiheeempirical models presented is not
always as good as desired and no correlationsidgfthe velocity and temperature profiles
exist. Furthermore, very limited ceiling jet velgcmeasurements have been obtained. The
experimental apparatus considers a ceiling, buth thick fibore board material, and the back
face of the ceiling was insulated. The surfacehef ¢eiling was painted and the emissivity
was measured. A premixed methane-air burner wildéndiameter was used. Small steady
fires in the range were produced using this burfieis ensured a blue, short flame producing
a nearly pure buoyant plume. The burner mouth wased flush with an artificial floor
whose distance to the ceiling could be modifiedider to vary the floor to ceiling height.

Fire strengths were used and measurements wereforase heights at r/H locations due to



the limited number of thermocouple pairs and tlgstribution, each experiment was
repeated 3 to 4 times. Each time, the probe wasigrued at a different distance from the
ceiling. This provided enough data to complete eiyoand temperature profiles. By default,
this procedure also demonstrated the high degrespeftability obtained. It is concluded that
there is a general agreement between the diffe@nelative models. Poreh et al used model
that agrees well with Heskestad and Delichatsiosora of the radial position, but
overestimates the data by 30% and 50% when r/khaler than 0.7. Cooper's model predicts
an unreasonably high,,., at small r/H values and probably is not accurat¢hat range
(r/H<0.4). Alpert's data were obtained using a \Wwoe probe while Heskestad's
measurements were made employing a bidirectiorddgprThe empirical equation from this
work seems to closely agree with that of Alpernis general agreement with Heskestad and
Delichatsios's correlation, both of which are farge-scale experiments. The velocity
measurements by the authors are also much morgedetaan those by other investigators.
You and Faeth concluded that Alpert's integral rhge@eerally underestimates the measured
maximum temperature, Heskestad and Delichatsias stt®w lower temperature in their
large-scale experimental results. In addition, esteu determination of the location of
maximum temperature requires very detailed measemenj7].

In 1995 the Society for Fire Protection Engine&BHE) update the Handbook of Fire
Protection Engineering. Chapter 4, contains a rekeabout ceiling jet flows [8]. Early
studies at the Fire Research Station in Great iByiend more recently at Factory Mutual
Research Corporation, the National Institute ofn8&mds and Technology (NIST), and at
other research laboratories, have sought to qyaht gas temperatures and velocities in the
hottest portion of the flow produced by steadyditeneath smooth, unconfined horizontal
ceilings. Gas temperatures, and the depth of stéeshgriven ceiling jet flows has been
developed by Alpert. This work involved the usesef/eral idealizations in the construction
of the theoretical model, but results are likelypimvide reasonable estimates over radial
distances of one or two ceiling heights from theénpof fire plume impingement on the
ceiling. His work quantified the maximum gas tengpere and velocity at a given position in
a ceiling jet flow produced by a steady fire. Tloerelations apply only during times after fire
ignition when the ceiling flow may be considereccomfined. Experiments have shown that,
unless great care is taken to ensure that thepkreheter is in contact with the wall surfaces,
the method of reflection used to estimate the &ffef the walls on ceiling jet temperature
will be inaccurate. Generally, the results of Hes&d and Delichatsios predict larger

temperature rises and gas velocities than Alpeessilts. These predictive methods apply to



guantifying the maximum temperature and maximunoai&f at a given position in the
ceiling jet flow and apply to situations where ft@v can be considered unconfined. These
methods are the basis for acceptable design [8].

In March 2002, National Institute of Standards arethnology (NIST) and U.S.
Department of Commerce and Technology Administratemmpleted a research about
Comparison of CFAST and FDS for Fire Simulationhatihe two tests [9]. This work uses
three methods: hand calculations, a zone model (C8AST), and a computational fluid
dynamics code (FDS) [10], to examine both two fests. The two tests used different fuels,
propane gas and a hydrocarbon solvent, and occimrtee quite different locations. CFAST
has both a user's manual describing how to rurctke and a theory manual describing the
internal workings and theory behind the code, axlesion about this tests. The first tool
examined was the application of simple hand calmra to the two fire tests. Hand
calculations cannot be expected to yield precif@nmation on a fire investigation. However,
one can expect that a hand calculation yields gefft information regarding a fire to
determine whether or not a more detailed analgsieeded. This work has clearly shown that
CFAST is in need of significant improvements ifsito be used in a performance-based code
regime for analysing entire compartments. Far-figldss flows, temperature changes, and
propagation of gas species are not well predicte@€BAST. Even near-field predictions of
temperatures and mass flows can be in substantal €DS, as well as other Computational
Fluid Dynamics (CFD) methods in general, is a redéahewcomer to fire protection. CFD
models such as FDS are not easy to use. Furtherrtt@® computational requirements
greatly limit their applicability [9].

In 2006, the Department of Fire Protection Engimggof the University of Maryland
presented a thesis about the characterizationrefifiduced flow transport along ceilings
using salt-water modelling [11]. In these studissif-water modelling measurements were
compared to following correlations recommended hykaski and al. Once the plume
impinges on a ceiling, it turns to form a radiadlypanding ceiling jet. Alpert performed an
analytical and experimental study developing theotir and associated scaling laws for fire
induced ceiling jets. His analysis successfully dped the maximum temperature
distributions in the ceiling jets and is widely dga hazard analysis. Based on his analysis, he
provided relationships for dimensionless ceilingelathickness, velocity, and temperature,
which compares favourably with measurements. Hgestgd that credible small-scale fire
experiments could be conducted at ceiling heigliandto 0.6 m. Motevalli and Marks

conducted small-scale experiments of ceiling jedtheansfer, which generally compared



favourably with other ceiling jet data and analysiBhe velocity and temperature
measurements were obtained for unconfined ceiktg jinder ceiling transient and steady-
state conditions. These experimental and matheatatiodelling studies have provided the
necessary understanding to predict some of therglemmansport behaviour in fires based on
empirical correlations. The results of these ingasions have advanced the understanding of
fire phenomena and improved the design of fire qutidns systems. However, detailed
measurements in well controlled experiments areuireq for model development. In
particular, characterizations of the velocity fidghd fire plume configurations are notably
absent [11].

In 2010 on The fifth Fire Seat Event, Alpert prasena research about the fire-
induced ceiling-jet (revisited) [12]. Data on neaaximum gas velocity and excess
temperature in the ceiling jet induced by largdeséiees that were used to obtain well-known
ceiling-jet formulas published in 1972 have beemxamined in light of knowledge on the
virtual plume origin and the convective componefnthe fire heat release rate. Although the
original formulas were presented without any expental evidence, these relations seemed
to be accepted as fact by many fire protectiontgi@cers and even some researchers. One
reason for this acceptance was an internal technégeort that had already been widely
distributed to fire researchers in the USA andrimagonally in 1971. This report described
the ceiling jet model, a few data points from d-fdale fire test and sample data from small-
scale (yet mostly turbulent) laboratory experimer@absequent to this report, the author
examined available data from a variety of full-ectie tests, with the resultant correlations of
these data, inspired by the ceiling jet model, éaxcess gas temperature and velocity,
respectively. Gas temperatures and velocities werasured by thermocouples and hot-wire
anemometers, respectively, at several radial losatand at a few distances below the ceiling
to be able to estimate maximum values. Most of suelasurements were finally made at
about 150 mm or less below the ceiling. The hel@ase rate used in the ordinates was the
product of measured mass loss rate from a loatbptat(or heptanes flow rate in the case of
the nozzle array) and an estimate of the actualevidr heat of combustion during a typical
fire, what is often now called the chemical heatambustion. The length scale used for the
correlation was the ceiling height above the togase of the fuel, which for the heptanes
sprays, was the height above the plane of the sprayles. Measurements were made in a
very large test building facility in order to minime the effects of ambient drafts and the
accumulation of combustion products in a descensiingke layer. It can be seen that, except

for the power of r/H in the gas velocity correlatiohe new regression fit is nearly identical to



the original. The original power of r/H may haveebeselected with some degree of
arbitrariness to obtain the rational number. Acoagly, a re-examination of data underlying
the 1972 ceiling jet formulas has produced newessgjon fits that should be more reliable
than the original formulas. Such algebraic formwas useful for predicting detection and
activation times of ceiling mounted devices, digg, sprinklers. To determine what mass flux
of agent droplets from these activated sprinklenses at the fire source [12].

In 2013, during the thirteenth international intemi conference, a paper about simple
ceiling jet correlation derived from numerical silaion was presented [13]. Numerical
simulations were used in this paper for two purposerstly, an evaluation of previously
derived correlations for ceiling jet excess tempees and velocities was performed.
Secondly the numerical simulations were used toaetnate how computer simulations
could be used as a complement to actual fire exygerts in fire science research. Correlations
to estimate temperatures and velocities in theghses beneath a ceiling in a fire are cited.
These types of correlations are often used instifety engineering in order to get an estimate
of sprinkler or heat detector activation in enclesfires. Alpert assumed an axisymmetric and
unconfined fire induced flow beneath a flat, honitad ceiling, the ceiling jet divided into two
regions. Thus two sets of correlations were defifldte maximum excess temperature and
maximum velocity were defined in the turning regwhere the plume impinges the ceiling
and these formulas are independent of the radsanlie of the plume. The second set of
correlations is valid in the far field and is degent on the radial distance from the plume
centre line. A total of 90 numerical simulationsvé@deen carried out in order to gather data.
The numerical simulations were performed with tl&Gnodel from FDS software. The heat
release rate, room height and ceiling surface ptiegewere varied in the numerical
simulations. The heat release per unit area was daystant but the fuel area varied which
created 12 different constant heat release ratesrddiation fraction was kept constant in all
the simulations. Seven different room heights vel#ned. The unobstructed and unconfined
ceiling surface was either inert (a non-reactindidsdooundary whose temperature is
constantly fixed at initial ambient temperatureadrabatic non-reacting solid boundary with a
calculated wall temperature). The domain of the iompartment was sufficient large to
avoid any board effect from this dimensions. Alitieal sides of the domain were modelled
as open to the surroundings. Two different propertif ceiling were used, inert or adiabatic,
in the numerical simulations. The predicted temppeeais presented in order to compare
these two boundary conditions. A comparison oftédmeperature calculated with equation for

maximum temperature of Alpert and the maximum awmdrage temperature in FDS is



presented for two ratio parameters (r/H=0.5 and 0dn the plume centreline. The average
temperature is derived as the mean of the temperatuhe four cells just below the ceiling.
The temperature gradient in the ceiling jet is asalysed. The maximum temperature in
FDS is roughly 30-50% higher than predicted witluaepn for maximum temperature of
Alpert. The difference is a bit less for the inesse. The maximum temperature was almost
always located in the cell closest to the ceilifiyis is regarded reasonable in regard to
previous research on the location of the maximumptrature, because the cell closest to the
ceiling covers 1-2%, depending on simulation, o tdeiling height. A comparison of the
velocity calculated equation for maximum velocifyAdpert and the maximum and average
velocity in FDS is presented for two ratio parametistances (r/H=0.5 and 0.9) from the
plume centre line. The average velocity is derisedhe mean of the velocity in the four cells
just below the ceiling. The velocity gradient iretbeiling jet is also analysed. The maximum
velocity in FDS is roughly 70-80% higher than padd with equation for maximum velocity
of Alpert. There is a negligible difference betweha inert and adiabatic case. Close to the
plume there is a reasonable correspondence ofahe&eajocities. However, further way from
the plume the average gas velocity was calculati¢él MDS roughly 10-25% higher than
predicted with Alpert correlations [13].

In 2015, the SP Technical Research Institute add®m completed a report about fire-
induced ceiling jet characteristics in tunnels undédferent ventilation conditions [14].
Theoretical analyses and experiments were condutbednvestigate the ceiling jet
characteristics in tunnel fires. A series of fiests was carried out in two model tunnels with a
scaling ratio, with varying heat release rates,tiladion velocities, fire source heights and
tunnel geometries. Tests were carried out in twal@htunnels to investigate the ceiling jet
characteristics in SP’s large fire hall. The maeinel is constructed using thick Promptest
L, with the exception of the lower part (50 %) ofeoside of the tunnel which is covered with
a fire resistant window glaze, mounted in steeinffra. The material is chosen according to
the scaling theory proposed by Li and Hertzbergsitaulate concrete and rock used in
tunnels (or a mixture of dense and medium denseret®). A long tunnel section with grids
was used as static box to smooth the flows. Theoétiie tunnel was set below a smoke hood
through which the smoke was exhausted to the deextzaust cleaning system. The fire
sources were placed in the centre of the modeletsnthe corresponding fire could be a car
fire or a bus fire. An axial fan is attached to #rel of the tunnel to produce a longitudinal
flow in tests with longitudinal ventilation. Forghests with natural ventilation, the fan was

removed. To investigate the fire spread to neighbgwbjects or vehicles, wood and plastic
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bricks were placed in the tunnel on the floor, dmmocouple and one heat flux meter were
placed as targets on the floor. General conclusimut the results of this test and comparison
between these results and some equations abouelihwty and temperature near the ceiling
are presented, being the equation proposed by &li wtry good to define gas velocities and

temperatures for the test [14].

1.2- Ceiling jet fires

The studies about fire plume and ceiling jet areyvenportant for improving fire
detection system designs and practices, such adesigns of activation devices for heat
alarm and many types of smoke and fire detectors.

The ceiling jet is created when there is an impinget between a buoyant plume and
flat unobstructed ceiling where the hot gases sisreadially under the ceiling. Or it is the
rapid flow of gas in a surface layer below theingilsurface that is driven by the buoyancy of
hot combustion products. Ceiling jet is formed whia plume (hot gas) touch the ceiling.
When these hot gases rise vertically from a fird antrain the surrounding air to form a
plume, reaching underneath the ceiling, the plwmestsideways and forms a ceiling jet. The
ceiling jet grows in thickness as the temperaturé eelocity decrease. The characteristic
parameters of ceiling jets are based on are flamgths, ceiling jet velocity, ceiling jet mass
flow rate, gas temperatures, radiation and fireagrdistance from the plume centreline axis
to the point at which the ceiling jet propertieg &0 be examined (r). Fire detectors and
activators (sprinklers...) are placed near therggifurfaces, see Figure 1 The magnitude of
the horizontal gas velocity and temperature indéiing jet determine if fire detectors and
sprinklers can be actuated. The major factors obimg a ceiling jet are: the momentum, the
buoyancy forces, the rate of entrainment, and heet transfer to the ceiling [15]. The fire
plume is formed when a mass of hot gases surroubgleal cold gas or when buoyancy
happens. The difference in density will rise thédroand less dense mass upward. There is an
outline of ceiling jets and ceiling flames whicleanodels tested for unconfined fire plume.
The most commonly unconfined plume used in fireetyafengineering, is buoyant
axisymmetric plume which is the result of flamefukion formed above the burning fuel, this
plume contain three zones which are respectivebyiticuous flame or persistent flame,

intermittent flame, than buoyant plume, as showhigure 2.
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Figure 2- The three zones of the axisymmetric bnbplume[16]

1.2.1- Fire plume characteristics

Hot products caused by buoyancy are generatedfine & rise to the ceiling while

mixing with room air to form a fire plume, which $i¢he following properties : virtual origin,

denotedZ, depends on the diameter of the fire source (D)thadotal energy releaseq)(

WhenZ, lie beneath the fuel source, it is negative andmadhat the area of the fuel source

is large compared to the energy being releasedthaearea. On the other hafdg,is positive

when located above the fuel source. So, the fueases high energy over a small atgas

given by:

L2
Zo, = 0.083Qs — 1.02D

The main parameter of the plume is the velocitye blygest velocity is located at the

centreline of the plume, denoted Uy, and changes with height [16]. Then the plume
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temperature is the other main parameter which cd@mewae the highest value near the
centreline of the plume and is denoted Tyy The third parameter is plume mass flow rate
(m'p). The plume mass flow increases steadily with hHeigimce ambient air is continually
entrained over the plume height [17]. The last petar is the plume radius (r) that
corresponds approximately to the point where thetreBne temperature decreases to

0.5T, [16] and the centreline velocity has decreased300
1.2.2- Examples of ceiling jet fires

This section is going to present some examplestdies in unconfined ceiling jet.
One famous example is the fire induced ceilinginetunnels. A buoyant smoke layer in a
tunnel can be summarized into four phases or regjdr], the ceiling is impinging by the
plume, then after impingement smoke under therge#ipread radially which happening in
the second region, on the third phase there ignieeaction with side walls, and then the
transition to the fourth phase which is one-dimenal spreading. In fire tunnels the smoke
flow should be in two opposite directions. The céempheat transfer, including convective
and radiative heat loss to the boundaries, whemake flow travels along the tunnel, there
would be a boundary layer contacting the tunndingei The smoke flow temperature would
decrease along the tunnel primarily due to the hesst to the tunnel ceilings through this
boundary layer [17].

Another typical case of ceiling jet fire can oceunen fire happens in open car park.
The basic characteristics of an open car park penidgs in external walls, limitation of the
distance between facades, limitation of floor args&, may keep the fire limited on the
ignition zone. In a fire event of a car it was atved that the flames extend out of the car,
mainly through the windscreen and the rear windblae hot gases in the flames and above
them move upward due to buoyancy, this flow of gas@responds to the fire plume. The
burning of a car is usually divided into two plumeiich are called as the front and the rear
fire plumes, and the summation of the heat releimsfsded in the two fire plumes is equal to
the heat release of the vehicle [19]. Several detdiout this case of ceiling jet fire will be

given in a dedicate section.
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1.3- Plan of thesis

Chapter one presents the state of the arte, cendéfierent experimental investigation
done by the researchers and comparison of thetsdsulthe temperature and velocity of the
gas near the ceiling for different parameters. Thigpter also includes an introduction about
ceiling jet fire.

Chapter two contains a definition of different fseenarios in open car parking, using
a localized fire for the event of a car fire. Difat car classes burning events will be
presented with the results of the Heat ReleasglHR&) for each class.

Chapter three provides a general definition of heatsfer with discussion of the
different modes of heat transfer which are inclustethis phenomenon.

Chapter four presents different correlative mod@lpert, Cooper, Heskestad and
Delichatsios) to estimate the maximum temperatace\eelocity near the ceiling. The results
are compared for different fire events and diffefée compartments.

Chapter five is dedicated to the numerical simatatising CFAST software. A brief
definition of CFAST will be presented followed bydiscussion of the results about the
maximum temperature and velocity between this st and results from the correlative
models.

Chapter six is dedicated to the computational fiydamics, where this fire event is
going to be simulated, based on specific solutarefjuations.

Chapter seven presents the conclusions and theefu#search about fire induced
ceiling jets.
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2- FIRE EVENTS AND DYNAMICS

In order to define some fire scenarios, a typual fire inside a compartment was
chosen. Different fire events were defined, takimg consideration the class of the car. The
compartment was fixed and will be explained in tbisapter. The ability to predict the
dynamics of the fire and protect the compartmesffire damage is of great importance.

2.1- Fire in open car park

A car park may be considered as open if for epanking level, the ventilation areas
in the walls are situated in at least two oppositades, equal at least 1/3 of the total surface
area of all the walls and correspond to at leastob¥he floor area of one parking level. The
burning car is divided into two plumes which ardezhas the front fire plume and the rear
fire plume [18]. Due to many causes of fire in park that will be discussed on the next
paragraph, the flames extend out of the car burimorg the windscreen and the rear window,
the hot gases move upward due to buoyancy andrénplfime impinges the ceiling of the car
park. The burning car is divided into two plumesewhthe heat release rate included is equal
to the heat release by the vehicle. See Figure 3.

2000

Figure 3- Front (F) and rear (R) fire plume [19]

The main causes of vehicle fire inside a car gark be related with the source of the
combustible materials in a vehicle. For examplthenpassenger cabin, the interior lining, the
rubber tires and the fuel, hot exhaust componawstheating of mechanical components,
careless use of smoking materials can be respenfibkhis behaviour. Other causes can be
related with electrical short circuit with the awadility of amount of oxygen in car parks, the
fire can be sustained. The fire spread betweenepavkhicles is dependent on the geometry
of the building, more the compartment effect oé fvan increase the likelihood of fire spread.
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2.2- Different fire scenarios in car parks

The fire scenario (position and number of the ekels) should represent the most
unfavourable situation for the elements in the cartipent (or substructure). The INERIS -
Institut National de I'Environnement Industriel dds Risques, considers that fire scenarios
with cars of class 3 should be used to evaluatestituetural stability of the car park under
fire. And the fire resistance of the structure $idae ensured during the entire fire scenario,
or at least, if allowed by National requirementp, to a certain resistance time R of the
elements defined as for the standard ISO (Inteynali Organization for Standardization)
curve. In addition, a scenario including a comnareiehicle (van containing 250 kg of
highly flammable material: E =19 500 MJ) correspoid an extreme situation and should
only be used to check the global behaviour of thecgire, assuming local collapse, without
progressive collapse [18]. There are basically &pproaches available when determining the
fire design for a given scenario. One is based oowkedge of the amount and type of

combustible materials in the compartment of firgjiot

2.2.1- Classification of cars (car classes)

The cars type used in fire scenario are classdisggending on their theoretical energy
of combustion (E). The different classes are preesem table one of annex A. According to
statistical studies of actual fires in car park8%9of the vehicles involved in a fire are
classified as class 1, 2 or 3 [19].

2.2.2- Fire scenarios

Scenario 1: assuming that one car burning at pahsinder the beam (corresponding
to the maximum bending moment position), it is afistic to have two cars improperly
parked in the same time which are burning bendw®lsteel beams and at mid-span assuming
that the source of heat is defined by the burnihgre car, see next figure. The relative
position between the fire source and the limitdshaf compartment are assumed to be 0.3m
above the ground floor and within an area equivalea circle with a diameter of 2m.

Scenario 2: involving two burning cars, one onheawe of the element of the
structure (column). This fire event was considdyenhg the most dangerous for the columns.

The time between the ignition of the first car ahd second car can be assumed equal to15
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minutes [18]. The heat release rate of this scercamn be determined by the envelope of both
fire events, considering the fire travelling time.

Scenario 3: may link seven class 3-cars, haviagtssibility of a commercial vehicle
in a special position of each fire evefihe heat release rate of this scenario can be
determined by the envelope of all fire events, @sring the fire travelling time.

Scenario 4: may involves four class 3-cars pafked to face, with the possibility to
have a commercial vehicle in each position. Forsaéinarios, the fire spread time from a
vehicle to another may be considered equal tol2ites) but the initial document by ECCS
(European Convention for Constructional Steelwedgommended a time delay equal to 15
minutes [19].

Scenario 5: involving three cars -class3, parked By side. The scenario of three cars
class 3 involved in a fire is an envelope scenafiaround 98.7% of all possible scenarios
[19]. The uses of fire scenarios is to define theve of the real heat release rate of burning
car. The five scenarios are represented in Figure 4
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Figure 4- Fire scenarios in open car park ( Dimamsigiven in m) [19]

2.2.3- Localized fires

By definition, localized fire is an event that otves only a limited area of the fire
load in the compartment [20]. The determinationtlod thermal action of localised fires
depends on the height of the flame close to tHengeiA localised fire can be defined for two
types of fire (small fires and large fires). Foesk two kinds of fire, two different correlative
models can be applied, with some conditions. Thet fcorrelative model allows the
calculation of the temperature of the flame, ane slecond correlative model allows the

calculation of the heat flux. This two types okfican be consider localised if the diameter of
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fire D is smaller or equal to 10 m and if the heslease rat@ is smaller or equal than 50
MW.

2.2.3.1- Small fires

From Figure 5, the highest temperature is locatetthe vertical flame axis, which is
called the plume centreline (plume zone). This terafre decreases from the source to the
edge of the flame in Z direction. It is roughly stemt in the continuous flame region and
represents the mean flame temperature. The ternperd¢creases sharply above the flames
as an increasing amount of ambient air is entrainemthe plume. The design formula to
calculate the temperature in the flame, for sn@dhlised fire, was proposed by Heskestad,
see Eurocode EN1992-1-2. Considering a localiseda shown in Figure 5, the flame height
L¢ is given by [20-21]:

L2
I = —1.02D + 0.0148Q® 2)

When the flame is not impacting the ceiling of anpartment (< H), or in case of fire in

open air, the temperaturg;, in [°C] in the plume along the symmetrical vertitame axis

is given by [21]:

. 5
Tiyy=20+0.28). " (Z — 7,) " <900 3)

where

Zo = —1.02 + 0.005240%/° (4)

And Q. is the convective part of the rate of heat rel§k®d, with Q.= 0,76Q by defaultZ,

is defined as the virtual origin of the fire.
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Figure 5- Schematic fire for small localised figd]

2.2.3.2- Large fires

In this case the fire plume impinges on the cgilaf the compartment(=H), the
flame turns and moves horizontally beneath theingpitlue to the ceiling surface. Using
design formulation based on fire model developeddagemi, which is a simple tool for the
calculation of the localised effect on horizont&neents located above the fire [21]. A
schematic diagram of localised fire when the flam@inges the ceiling is represented in
Figure 6, for the case of unconfined ceiling jéieTgas flows from the plume and continuous
moving radially outward, loosing heat to the coadene of the compartment and also to the
ceiling. The maximum temperature and maximum véjooccurs relatively close to the
ceiling. Whenl; >H, the horizontal flame lengitL;,) in [m] is given by the equation 5, using
formulas from [20] to determine the heat flux reeei by the surface area at the ceiling level,

but not for calculation the ceiling jet temperat{2#].
Lp = (29H(Qi***) — H ®)

WhereQy in [w] is non-dimensional hate release rate argiven by:

_ Q (6)
" 1.11 x 106 x H25

Qx

The virtual originZ,, of the axis is given by:
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Zo = —1.02D + 0.00524Q%/° (7)

When the flame is impacting the ceiliny 2H; see Figure 6) the heat fIL()h) in [w/m?]

received by the fire exposed unit surface areheatavel of the ceiling is given by [20]:

h = 100000 y<0.30 (8)
h = 136300 — 121000y 0.30<y<1.0 (9)
h =15000y~37 y>1.0 (10)

Where (y) is a parameter [-] given by:

r+H+Z' (11)

Y=L +H+Z

Where (r) is the horizontal distance [m] betweea Wertical axis of the fire and the point
along the ceiling where the thermal flux is calteth see Figure, 6Z") is the vertical position

of the virtual heat source [m] and is given by:

Qp<1.0 (12)

7' = 24D(Q}5 — Qp?)
2 Q5>1.0 (13)

Z' = 2.4D(1.0 — Q55)

WhereQy, is heat release coefficient related to the dianwdtéhe local fire

Qh = Q/(1.11 x 10° x D%5) (14)

The net heat fluxh,.;) [W/m?] received by the element exposed per surface atba &vel

of the ceiling, is given by:

Bpe = h— o X (T, — 20) — Tepero[(Ty + 273)% — (239)4] (15)

Hasemi’s method is a simple tool for the thermalwation of the localized effect of a fire on
horizontal elements located above the fire [19].
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Figure 6- Localised fire impacting on ceiling ofrgpartment [20]

Taking an example of a localised fire in open aak@nd assuming that fire scenario
number 1 was selected, see Figure 7, the main péeesnof the fire induce ceiling jet are
represented. For this case it is assumed thatfiteiss equivalent to a pool fire with a
diameter D=2 m, an elevation surface Hs equivaten0.3 m above the ground and a

remaining distance H up to the ceiling equals 2.7 m
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Figure 7- The geometry of the compartment for lized fire vehicle

2.3 - Definition of fire (HRR)

2.3.1- General definition of fire

Fire is a physical and chemical phenomenon thstrasmgly interactive by nature. The

interactions between the flame, the fuel, and theapartment can be nonlinear, and the

quantitative estimation of the processes involvedvery complex. The burning and the
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processes of interest in an enclosure fire maimyolve mass and heat fluxes. The
combustion and therefore the fire cannot happemowit meeting of the three elements
simultaneously: the presence of a fuel or flammaddeerial, which can be solid (wood, coal,
paper....), liquid (gasoline, alcohol ...) or gpsopane, butane), the presence of the oxidizer
(oxygen, air, peroxide) and also the ignition seukghich is necessary to start burning (spark,
flame). The study of fire or combustion includeswanber of disciplines such as: heat and
mass transport, fluid mechanics, and chemical kiset

A fire is as a source of heat which is released apecified rate. This heat may be
defined by the product of enthalpy (the converdamtor is the heat of combustion) and mass
loss rate (the conversion factor is the yield gpaaticular species) as it burns. A fire is
constrained if the enthalpy conversion dependshenoikygen concentration otherwise it is
unconstrained. Burning can take place in the portibthe plume in the lower layer (if any),
in the upper layer, or in a door jet. For an unt@mnsed fire, the burning will all take place
within the fire plume. For a constrained fire, bagwill take place where there is sufficient
oxygen. When insufficient oxygen is entrained inte fire plume, unburned fuel will
successively move into and burn in: the upper lay¢he fire compartment, the plume in the
doorway to the next compartment, the upper layghefnext compartment, the plume in the
doorway to the third compartment, and so forthluhtis consumed or gets to the outside
[22].

2.3.2- Definition of heat release rate (HRR)

The Heat Release Rate (HRR) is an important pasntet characterise a fire
compartment, called also energy release rate. Thairty of objects (cars, building....)
releases a certain quantity of energy per unit titnie measured in W, usually noted 1) (

Fire development is generally characterized in $eahHRR and time. Table 3 of annex A
indicates thafor many design purposes the design fire energyututould be in the range
100 kW to 50 MW [16]. The heat release rate dep@mdthe type, quantity, and orientation
of fuel. The driving force in terms of fire is tHeeat release rate which means that the
production of undesirable effects of fire and iteducts also elevates with increased HRR.
There is a relation between different types of iezards and heat release rate, which means

that smoke and toxic gases increase in parallél meat release rate.
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2.3.3- Convective heat release rate

The convective heat transfer to ceilings duringl@sure fires can be related to the
heat transfer to unconfined ceiling surfaces framyant plume-driven ceiling jets [23]. This
quantity is usually noted biQ).) and is also expressed in power units [kW]. Cotidgcan
energy balance of the combustion products, the HRIR be established from temperature
measurements. Two measurements are required: tbe fioav of combustion products and
the variation of temperature through the calorimélge ~ 0.76Q convective heat flux to the
member related to the difference between the arkperature of gas bordering the relevant

surface of the member and the temperature of thiédce [20].

2.3.4- Heat release rate from vehicles

To get results of the heat release rate (HRR) ftamburning in car parking, a set of
experiments were done. Car tests of VIT (TechnRasearch Centre of Finland Ltd) in
(1991) and by the Fire Research Station in UK aMNERIS (Institut national de
I'environnement industriel et des risques) in Fean& new series of tests performed at
CTICM (Centre Technique Industriel de la ConstmrctMeétallique) Maizieres-Les-Metz -
France within an European research project [24] wgmortant to record rate of heat release
by considering other parameters: new series of caas$ fire compartment which means real
configuration of cars in a park (the ceiling exiatsove the car which is near to the wall,
spread of fire from one car to another) with difer ventilation conditions involving one or
two cars burning in a single test. The experimetéaice is depicted up in Figure 8. The test
cars were placed on a weighing park. Some steelbmemvere placed in the calorimeter
hood, platform. The combustion products were ctdgédy a hood above the car [25]. All the
tested cars were in normal use conditions, with taek full at two-thirds. In the first seven
tests, the car was ignited by a tray of petrol gthander the left front seat. The left front
window was fully open, while the right front windowmas left half open. In the last two tests,
the ignition was started with 1 litre of fuel undée gear box, being this a test procedure

adopted by some car manufactures. The doors ofaeesclosed for all nine tests [25].
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Figure 8- Experience of Calorimeter hood [26]

Considering the experimental data collected by pibject, the report introduced an
HRR reference curve shown in Figure 9. A “wave diyewas also proposed in this report to
account for the fire spread between multiple velsich a closed car park. According to this
“wave” assumption, the cars will burn one aftertaeo, with a delay time of 12 minutes. By
examining the HRR reference curve, one can infat tie fire of first car will start to decay
when third car starts to ignite at around 24 misutewas also concluded that the fire can be
confined within single vehicle with the provisiom sprinklers or reliable detection system
combined with adequate fire-fighting equipment [25]

Ty
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Figure 9- HRR (MW) vs. time (min) of five car fitests and reference curve [26]
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When there is a burning car for each class, thrsibg contains two plume regions,
the front and the rear fire plumes, the total mebkgase rate of the vehicle is equal to the sum
of the heat releases included in the two fires glufrhe Table 1 shows the value of the total
heat release rate (HRR) in [kW] of car class 1sxl2, class3, classe4 and 5 getting from tests
of burning car in specific time which is in minutdhis classification was made in 1996 by
European manufacturers and divide them into fiveguaries.

Table 1- HRR of different car classes

Time Time Class 1 Class 2 Class 3 Class 4 Class 5
Min Sec HRR [KW] HRR [KW] HRR[KW] HRR[KW] HRR[KW]
0 0 0 0 0 0 0
4 240 884 1105 1400 1768 1768
16 960 884 1105 1400 1768 1768
24 1440 3474 4342 5500 6947 6947
25 1500 5242 6553 8300 10484 10484
27 1620 2842 3553 4500 5684 5684
38 2280 632 789 1000 1263 1263
70 4200 0 0 0 0 0

As we can see from the results of cars burning testh car class 4 and 5 have the
same values of HRR. The heat release rate curvéiseodlifferent car classes for the new
generations is depicted Figure 10 and shows a cosopabetween these curves. During any
time dependent fire, such as a class 3 vehicleetieegy release rate (HRR) increases from
zero to a maximum value for time equal to 25 miawted decreases to zero at the end of the
event.
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Figure 10- Curves of HRR for car classes1,2,3,45nd
2.4- Definition of fire compartment

Space within a building, extending over one or savioors, which is enclosed by
separating elements such that fire spread beyomccdmpartment is prevented during the
relevant fire exposure [20]. Fire compartment isradume within a building which is
completely surrounded with fire-resistant consinrcelements, which can be integrated right
into the structure of the building. Fire compartitseare not absolutely fire proof. Fire can
work its way into or out of a fire compartmenttifis intense enough, poorly managed, or not
addressed quickly enough. Existing buildings camdiefitted to create fire compartments.
Movable barriers can be installed, or people camodel parts of a building to create a fire
compartment. Also known as a fire zone, a fire cartipent can also sometimes address the
potential of flood damage, as the same materialiehwkeep fire out can sometimes keep
water at bay as well. The fire compartments carsisbiof rooms or groups of rooms. When a
fire starts inside a compartment, the sealed natlitbe area can compartmentalize the fire,
preventing it from spreading to other areas. Thre ftompartment used in this study

represents a fire in open car park, being the dewas defined in the next sections.
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2.4.1- Phases of fires in compartment

The fire in compartment is characterized by foungpal phases. The first phase is
the fire development which is the evolution of Hiee of the fire from a small incipient fire.
If there is no action to stop the fire, it will lmthe maximum size. In this situation the fire
size will be controlled by the amount of existingelf or by the amount of ventilation, see
Figure 11.

The second phase is the flashover which is uswddlyious to the observer of fire
growth. When an object begins to burn in a compantmgives rise to the appearance of a
fire plume of hot gases and smoke. By natural cotmwe rises to the ceiling, where it begins
to spread horizontally, forming a layer. An uncoefil flame tends to follow the initial growth
period, a law in which the heat release rate ip@mional to the square of time. Thus the
layer next to the ceiling increases temperaturethintness because the plume continues to
transport mass and energy from the burning matéffs temperature increase of that layer
makes the emission of radiation, being primarilsedied downward, higher and higher. This
radiation focuses on the existing objects in thengartment is partially absorbed and
increases the temperature of these objects, wihuntintie to produce volatile combustibles.
When the upper layer reaches of 600°C order, thelent radiation is sufficient to ignite
these released volatile combustibles, bringing Eaneously all objects under fire. This
incident radiation has an estimation value of 20'kf\at ground level.

The third phase corresponds to the full developroéihe fire, which is affected by:
a) the size and shape of the enclosure, b) the @imdistribution and type of fuel in the
enclosure, ¢) the amount, distribution and fornvenitilation of the enclosure and d) the form
and type of construction materials comprising tbef r(or ceiling), walls and floor of the
enclosure [27].

The fourth phase corresponds to the cool dowreffire, and depends on the fire

brigade intervention or the limitation on fuel otygen.
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Figure 11- Phases of fire development [27]

2.4.2- Characteristics of fire compartment

The compartment in this study is named open cakinp and has the following

geometry characteristics: 10m width, 10m depthgttei 3m. Is characterized by the

existence of concrete slabs. The compartment dsrisisvo major walls, one ceiling and one

floor. This compartment uses six targets to deteenthe temperature near the ceiling and six

detectors to determine the velocity near the agilirhe heat flows through the ceiling, walls,

and floor of a compartment. The thermal propertésoncrete and steel are presented in

Table 2. Steel was considered to define the targderial and concrete was considered to

define the material of each element. Two zonesapected to define the fire compartment,

which are the lower layer zone and upper layer zdhe compartment has also two major

wall vents, with Om for sill, 3m for soffit and 10width.

Table 2- Thermal properties of Concrete and Steel

Thermal properties concrete

steel

Density 2200 kgm?
Thermal conductivity 0.002 kW/(m °C)
Specific heat 0.9 kJ/(kg °C)
Emissivity 0.7

7850 kgm3

0.053 kW/(1@)°

0.425 kJ/(kg °C)
0.7

As mentioned in previous section, the fire evdra gar may be consider represented

by a pool fire with a specific diameter and witthigh above the ground floor well defined.

When the flame is higher than H, the flame impakbts ceiling and the Hasemi method is

applied, see Figure 12.
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Figure 12- Localized fire of our case of study

2.5- Definition of different fire events

A "fire event” shall be defined as an occurrentevhich extinguishing media was
used to suppress fire. This may mean a portaldeshitinguisher, water from fire department
efforts, the activation of a kitchen vent hood,ulding's sprinkler system, or any other fire
suppression system within a building. On the rareasion when evidence of fire is present,
and the fire has self-extinguished, this will atsidentified as a fire event. In this study, the
fire even of a burning car was considered.

Many tests were done in previous years for caleulze heat release rate from car fire
events. The first tests carried out in opened ¢ordi were developed by Mangs and Keski-
Rahkonenin the 90’s [19]. Ten tests of burning caese done between 1995 and 1996,
involving 15 cars old series (70ies/80ies) andwa generation series. (90ies) for cars class 3,
with the performance of one car in five tests amd tars in the other five tests as shown in
Figure 13. The graph of the comparison betweerHRR of the two generation showed that
the energy released by a car made in 1995 was thateof a 1980’s car [26]. Some of the
HRR results can be found in Figure 14.
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Figure 14- Heat released from cars of class 3anttinew generation [24]

Newer cars (1995) were used to simulate a firsmenean open car park. Based on
these tests, reference curves of HRR for two 3asars (one car as fire source and another
one subject to the spread of fire with 12 minutededay) were defined. These curves allow
simulating multiple burning cars, Figure 15 presetihe references curves for three
consecutive burning class 3-cars, with maximum H&R8.3 MW, after 25 minutes. For
commercial vehicles, CTICM suggests a maximum vatié¢iRR equal to 18 MW. This
value is considered as a "safe value" for desigh this is not a measured value [19]. Fires
involving car are more severe with the current ¢has they were in the 70's and 80's due to

Figure 13- The burning of old and new cars in op&npark [24]
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the strong increase of combustible products.
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Figure 15- Curves of Rates of Heat Release frormiBgrof 3 Vehicles, Class 3 [19]

Four tests of pool fire under the vehicle wheraeedon crash tested vehicles to study
the spread of an under body fuel pool fire into plassenger compartment [26]. Using pool
fire source for burning the cars, the measured HKdRRe for each of these four tests is shown

in Figure 16.
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Figure 16- HRR vs time for car fires initiated uef pool fire [26]

2.6- Fire detection

Detection is based upon heat transfer to the ttetgdume and ceiling jet flow studies
are important for improving fire detection systefot gases rise vertically from a fire and the
surrounding air come in to form a plume. Upon ré@aghunderneath the ceiling, the plume
turns sideways and becomes a ceiling jet. The atnwfuair entrained to the fire plume will
give the smoke production rate. Also, the magnitofiehe horizontal gas velocities and
temperature in the ceiling jet would determine \lketfire detectors and sprinklers can be
actuated [28]. For prediction of fire and preverg tlamages caused by the fires whether be
material or human damage, it necessary to use gbneglifire systems or fire detectors or
smoke detectors in the compartment. For instanteere is a fire in a room with the presence
of the fire detectors, the fire will be sufficieptsmall to be easily controlled Sprinklers and
heat alarms represent the most significant aspédasfire management program, see Figure
17
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Figure 17- Fire detectors: heat alarm (left), dddrs (right) [29]

2.6.1- location of fire detectors systems in compimnent

Ceiling-mounted fire detectors should be locatdhat the transfer of heat (thermally
actuated) or mass (smoke actuated) to the detextmaximized in order to minimize the
response time. It is thus necessary to calculaé dred mass transfer rates induced by a fire.
Detector sensing elements are generally so snathared to either the fire plume diameter
or the total thickness of the near-ceiling flow 9adé the plume) that the heat transfer
coefficient to a given sensing element will be hearoportional to the square root of gas
velocity, V, and independent of temperature [1].

The warning of fire by the heat detectors (alarrasgtarting when the temperature in
the area around the smoke detector reaches ancétal. Concerning the case of study, a
burning car class 3 is considered in a compartmehich is consider an open car parking,
with dimensions of 3m height, 10m for both of widthd depth. The diameter of the fire is
assume to be (2m). The distance between the fire source of theaoar the floor il =
0.3m). Six heat alarm positions were defined, correspantb a ratio between radial position
and height of r/H=0, 0.37, 0.74, 1.11, 1.48 an®%.1.8

2.6.2- Rules for the perfect work of fire detectors

The location of fire detectors should be define@ aertical distance below the ceiling
of no more than six percent of the ceiling heidtdr optimum response time, fire detectors
should be spaced at intervals of a quarter of thiéing height. The fire design of a
compartment should include the response time afirthlly actuated fire detectors, under
known conditions of ceiling height, detector spgciand fire intensity (HRR). Detectors are

ceiling-mounted, and ceilings should be smoothtizarlength of obstructions less than one
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percent of ceiling height) The minimum wall to wdiktance is 2 to 4 ceiling heights [1].
With the advantages of early fire detection, theetiof warning the fire department is
anticipated, the resolution of the fire event Wi effective, and the fire control will be easier.
This conditions will contribute to reduce the hunsard financial loss due to fire. Sprinklers
in open car parking and the activation of thesedaets system, in case of vehicle fire, will
prevent the fire to spread between the neighbouviebicles and protect the building

structure.
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3- HEAT TRANSFER

The most important thing for any fire hazard assesd is the ability to numerically
estimate the quantity of heat transfer and fireega®ming from the fuel bed, and the surfaces
in an enclosure. The heat transfer into the boyndarface of a compartment occurs by
convection and radiation, and then flows throughdtwtion to the walls. These three majors
of heat transfer are the principal mechanisms bichvheat is transferred between the gas
layers and the enclosing compartment walls. Tentperaand the flow of heat are the basic
principles of heat transfer. The amount of thermiaérgy available is determined by the
temperature, and the heat flow represents moveaienérmal energy.

3.1- Convection

Convection is set of movement$ groups or aggregates of molecules witfiinds
which can be gas, liquid through advection or tigtodiffusion or as a combination of both
of them. The phenomenon of convection does not éxithe solid body. Fluid movement
during convection can be invisibly slow, or it da@ rapid. Convection is also a major mode
of mass transfer in fluids or gas and can be qgedlibs natural convection or forced
convection. The gases emitted during combustionharte they tend to rise and expand
especially if they encounter a horizontal barriéthen a temperature is in highest value, the
hot gases that are prevalent or at higher levelstlter adjacent spaces may, in turn, ignite
combustible materials. The convective heat transfdire with direct flame contact could
convectively ignite objects. But we will see thiad radiative component in turbulent fires and
in fully developed compartment fires can be muchrenmnportant, and can drown the
convective contribution. For that reason, convectieat transfer is not a principal factor in
fire heat transfer, but its presence cannot belovked. Convective heat transfer can be the
dominating mechanism for the heating up of smaliaks such as detectors and temperature
measuring devices. This mode of heat transfersis iahportant for heat transfer from a flame
or hot gases impinging on a surface [16]. Mostatural fire and flows associated with fire
are in the domain of natural convection which iastdered one of important factor for fires

for example forest fires.

35



3.2- Conduction

Known as diffusion heat transfer, the heat trangfgrconduction is the flow or
movement of thermal energy, represented by cofissiof atoms and molecules and their
immediate neighbours within solids and non-flowifhgds. The process of heat conduction

depends on the cross-section of the material anghlgsical material properties.

3.3- Radiation

It is a phenomenon of transmission of energy enftnm of waves or particles through
space or through a material medium. Thermal raahais the energy transfer between two
bodies via electromagnetic waves. This form of gpdransfer is exhibit by all bodies, and
requires no medium for the heat to be transfertechn even be seen to occur in a vacuum.
The amount of energy that can be radiated by acaiis given by the Stefen-Boltzmann law.

When a fire started by meeting oxidant medium,ual fand a source of heat,
combustion produces heat, gas and smoke and fids t® spread. Heat, often considerable,
given off by the fire, fire can communicate withyafuel which is near; being spread by
radiation. Flame shape and thickness, respectivellyy a key role in these burning
orientations [16]. Radiation heat transfer is veoynplex and depends on the temperature and

soot distribution for fundamental computations.
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4- CORRELATIVE MODELS

4 .1- Definition of correlative models

The correlative models is a set of formulas tineste temperatures and velocities of
hot gases which are formed and diffused just bénaatunconfined ceiling the fire. These
types of correlations are often used in fire safatgineering in order to get an estimate of
sprinkler or heat detector activation, presentedugd-breaking correlations for flow
velocities and excess temperatures for steady andnfined ceiling jets, which are widely
used because of its easy uses [26]. These equateansde used for the estimations of
damages on a ceiling material, to predict if theéamal ignite or to evaluate if the structural
behaviour will be affected. The correlative modais implemented in different software such
as CFAST. Many investigators have studied the fimduced ceiling jet. Detailed
measurements of velocity and temperature were peztjisuch as Alpert correlations in 1972
and re-examined in2011, the investigation of Heskbsand Delichatsios in 1978, and the

correlations produced by Cooper in1982.

4.2- Alpert correlations

Alpert has developed an integral model and alseiges some data on ceiling heat
transfer rates and temperature and velocity lewrelthe ceiling-jet region. Assuming an
axisymmetric fire induced flow beneath a flat, ontal ceiling that was unobstructed by
walls and the ceiling jet was divided into two @gs. Thus two sets of correlations were
proposed, each one is valid for specific limits tlog maximum excess of temperat(fg,,x )
and maximum velocity¥,,.x).- The measurements of velocity and temperatures wene
under various conditions of heat release rate ref dnd ceiling height. The suggestions of
Alpert were based on fire experiments and conductedlifferent ceiling heights. The
correlations developed by Alpert are easy to usk ame widely used in hazard analysis
calculations. They have been employed by otherarebers (Evans and Stroup) in the
development of a generalized program for predictibrheat detector response [30]. The
experiments were done with fuel arrays of wood pladtic pallets, cardboard boxes, plastic
materials in cardboard boxes, and liquid fuels \emiergy release rates ranging from 668 kW
to 98 MW under ceiling, with heights between 4.8%5 m. The correlations to quantify the

maximum gas temperature and velocity are providsovi
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IF r/H >0,18 5,38 x (O} (16)
Tmax =T, + Tr

L2
IF r/H<0,18 16,9 x O3 (7)
Tmax =T, + - 5
Hs
IF r/H>0.15 Q1/3H1/2 18
Vimax = 0.197 x e (18)
F r/H<0,15 : (19)

Q
Vinax = 0.69 X (ﬁ)l/3

Tmax represents the maximum temperature given in [FGJis ambient temperature
equal to 20°C, H is the ceiling height [m], and $ radial position given in
[M], Vhax represents the maximum velocity in [m/s].

These correlations are divided into two zones, pad applies to the region of
impingement where the upward flow of gas in ther@uurns to flow out beneath the ceiling
horizontally. Equations 17 and 19 are independéradius and are actually corresponding to
axial plume flow temperatures and velocities, clali@d at the ceiling height above the fire
source. The other correlations apply outside of thrning region as the flow moves away
from the impingement area [16]. Alpert correlati@ans valid after fire ignition and the ceiling
must be considered unconfined and smooth. Theselatons apply to a fire source located
at least 1.8 H distant from walls. The thicknessaifing jetd is found to be within a range of
approximately 5 to 12% of the ceiling height H. thermore, peaks of temperature and
velocity occur within 1% of H measured from theliog.. Alpert assumed a Gaussian
behaviour for the velocity and temperature proféesl has developed an integral model for
the boundary layer thickness. This layer posit®nléfined from the ceiling at a distance of

0.01H.
4.2.1- Maximum Velocity and Temperature during thefire event

The results of the maximum velocity and tempersngar the ceiling depends on the
fire event (car class). The following conditionsres@ssumed in the compartment (open car
parking):T,,=20°C, H=2.7m, D2m. The maximum velocity and temperature was caledlat
for six target and sensors on the ceiling, corradpw to the radial position r/H=0, 0.37,
0.74,1.11, 1.48 and 1.85, see Figure 18 and Fitfure
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Figure 18- Velocity near the ceiling from Alpertroglations
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Figure 19- Temperature near the ceiling from Alpertrelations
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4.2.2- Maximum Temperature and Velocity for different ratio r/H

From the results of velocity and temperature im ltlot zone layer, calculated by the

correlations developed by Alpert, the maximum dyitaoharacteristic were extracted from

the event for time equal to 25 minutes (1500s). Theves of maximum velocity and

temperature are shown in Figure 20 and Figure Zpedtively versus r/H in different

positions for car class 1, 2 ,3 and 4, 5.
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Figure 20- Vmax of all car classes calculated bye#f correlations
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Figure 21- Tmax of all car classes calculated e correlations

Both maximum temperature and velocity decreasé wie ratio r/H, as expected.

These values also increase with the class of teefient.

4.3- Cooper correlations

The investigations of Cooper were done in detaduala ceiling jet in a region r/H >
0.2, measured horizontally from the centre axighaf plume to the wall. Correlations for
velocity and temperature have been derived [15indJsteady-state and time varying heat
release rates in full-scale multi-room fire sceosiio generate an experimental data base to
use in mathematical fire simulation models. Thestéscused on smoke filling and selected
measurements of the increasing temperatures awer[23]. Cooper developed correlations
for the maximum temperature and velocity with lenithich are dependent on the ratio r/H,

and defined in the following equations.

0<r/H<0.75 Trmax = 28.1EXP(=1.77 X =) X Q?/3xH™5/3+T,, (20)

If 0.75<r/H<4.0 Toax =5.77>(%)—0.88 % Q% x H_g +T, (21)

If 0.2<r/H<4.0 Vipax = 0.26 X (i)—1.1 x Q13 x H™1/3 (22)
H
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4.3.1- Maximum Velocity and Temperature during thefire event

The same calculation was done using Cooper carrelatodel, using the same data,
the same dimensions of event, and the same pasifiwriargets and sensors. Figure 22 and
Figure 23 present the results for the velocity #reltemperature of the hot gases, near the

ceiling in a location expected to have maximum galu
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Figure 22- Velocity near the ceiling from Cooperretations
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Figure 23- Temperature near the ceiling from Coaperelations

4.3.2- Maximum Temperature and Velocity for different ratio r/H

The values of velocity and temperature of the gamar the ceiling are considered as
maximum when the time is equal to 25 min. The veammaof the maximum values during the

event is plotted against the ratio r/H, dependinte fire class in Figure 24 and Figure 25.
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Figure 25- Tmax of all car classes calculated bgp@o correlations
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Both maximum temperature and velocity decrease withratio r/H, as expected.
These values also increase with the class of tieeefrent. This conclusion is in agreement

with the results obtained by Alpert correlative rabd

4 .4- Heskestad and Delichatsios correlations

Hekestad and Delicatsios made a sets of experim@ntests with three different
ceiling heights under an extensive flat ceiling ototal of nine experimental configurations.
Their results are now beginning used extensively geedicting gas temperatures and
velocities over growing fire [31]. These authorsveleped some work concerning the
physical modelling of the initial fire environmegeénerated by fire in an enclosure. This event
persists up to that time in a fire when recircalatof combustion products begins to influence
the further yield of products. Three wood-crib $iref different fire-growth rates were
combined with three different ceiling heights undiemge fiat ceilings for a total of nine
experimental configurations [3]. Heskestad assum@aint source and introduced a virtual
origin at heightZ,, see Figure 1 and Figure 2 and see equationalcount the fact that some
plume properties depend on the convective enertpase rateQ.. Heskestad examined
experimental data and found that the plume radiesjreline temperature, and centreline

velocity in the plume zone obey the following reas, valid above the flame height.

_ q 2
Vmax_l'o(m__czo))m (23)
. 2/5 (24)
Tonax = 2.56155)%/3

Where(Q,) is the convective energy release rate in [KiMjs the height in [m], (Q) is the

total heat release rate HRR in [KWY,, ) is the virtual origin given in equation 1.

O<r/H<8 Vinax=0.179%" /1) 702 x (0.188 + 0.313 x I'/;)~2/3xQ/3H~/3 (25)
O<r/H<8 Tmax = 2.75 X (0.188 + 0.313 X r / H)™*/3xQ?/3H~%/3 + T, (26)
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4.4.1- Maximum Velocity and Temperature during thefire event

The results of the maximum velocity and temperatob¢éained from the simple

correlative models of Heskestad and Delichatsiesdapicted in Figure 26 and Figure 27.

Results agree with previous conclusions used foother correlative models.
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Figure 26- Velocity near the ceiling from Heskestad Delichatsios correlations
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Figure 27- Temperature near the ceiling from Hetsiceand Delichatsios correlations

4.4.2- Maximum Temperature and Velocity for different ratio r/H

The maximum values of temperature and velocityhef hot gases near the ceiling
were calculated from Heskestad and Delichatsioselations, using the same time as
reference (=25 minutes). Figure 28 and Figure &%gnt the variation of each dynamic

parameter.
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4.5- Comparison of results

Temperature and velocity are two major quantities should be calculated in order to
decide about any sensor position or activationesygsprinklers, heat alarm), during any time
dependent fire. In all classes of vehicles, theg@neeslease rate (HRR) increases from zero to
a maximum value and decreases to zero at the eth@ dfe. The correlative models (Alpert,
Cooper, Heskestad and Delichatsios) are used tpa@rthe velocity and temperature near
the ceiling for six target positions, corresponding/H=0, 0.37, 0.74, 1.11, 1.48 and 1.85,
based on an integration process over the volumeach layer (lower and upper). The
ordinary differential equations for the conservatmf mass and energy, are solved in each

layer.

4.5.1- Maximum temperature comparison for class 1

Figure 30 represents the comparison between diffecorrelative models. The
maximum temperature decreases with the increatteeafatio r/H, being the results obtained
from Heskestad and Delichatios positioned betwéenother correlative models. After the
ratio value of r/H=0.74, this correlative model me&imates the maximum temperature in

comparison to Alpert and Cooper models.
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Figure 30- Comparison of the value®f,, from the correlative models for class 1
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Cooper 's model seems to correlate well with Alpertelations for r/H greater than
1.1, with difference between them belows.5The results of the maximum temperature
obtained from Heskestad and Delichatsios do noteagvith Alpert, being these results
approaching together when r/H is greater than 1F8%.this ratio the relative difference is
8.8%. Cooper's model seems to underestimate the maxireomperature, in comparison to
Heskestad and Delichatsios results for ratio r/éatgr than 0.5.

The following trend lines are based on the coreatesults which are the Cooper
approximation fofT,,.x (Eq 27), the Heskestad and Delichatsios approxamdor T,,., (EQ
28), and Alpert's approximation fa,., (EQ 29).

Tmax= -429.9(%)3+1849(%)2- 2721% + 1638 (27)
R2=0.999

Trmax= 293.95)* - 1490 1)?+2869(;;)+1491 (28)
R2=0.999

Tmax= - 172.2(%)3 + 789.1(%)2 - 1286% +994.8 (29)
R2=0.999

The approximation fits well the variation 8f,,, with respect to r/H. The curve fitting

was developed with the? coefficient being always greater than 0.999.
4.5.2-Maximum temperature comparison for class 2
Figure 31 represents the evolution of the maxintemperature for a class 2 fire
event. The maximum temperature decreases withritwease of the ratio r/H, being the

relative results obtained by all the correlativedeloin agreement with previous fire event

class car. The maximum temperature increases kgtlslass of the fire event.
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Figure 31- Comparison of the value®f,, from the correlative models for class 2

Cooper model's correlate very well with Alpert mb(ee are taking Alpert results as
reference) when the ratio of r/H is greater thah With relative deference between them
below 5%. There is a good approximation between Ahlgert and Cooper model when
r/H>0.74 with relative difference smaller than 14.5

An approximation is noticed between the correlativedels of Heskestad and
Delichatsios, and Cooper at the region when th® ndH approaches 0.5. A best fitted
approximation to the simulated results was done, ach correlation. The following
equations are based on the correlative resultshndrie the Cooper approximation B,
(Eq 30), the Heskestad and Delichatsios approxamafor T,,.x (Eq 31), and Alpert's
approximation fofl,,,,x (Eq 32).

Tmax= - 489.95)%+ 2145)2- 31575) + 1898 (30)
R2=0.999

Toax= 341(%)4- 17915)3+ 333 %)2- 318](%) +1727 (31)
R2=0.999

Trmax= -199.85)°+ 915.75)%- 1492) + 1151 (32)
R2=0.999

4.5.3- Maximum temperature comparison for class 3

Figure 32 represents the evolution of the maxintemperature for a class 3 fire

event. The maximum temperature decreases withrtwease of the ratio r/H, being the
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relative results obtained by all the correlativedeloin agreement with previous fire event
class car. The maximum temperature increases hatklass of the fire event.

Tmax [2C] OAlpert < Cooper OHeskestad & Delichatsios
2500

2000 [

1500

1000

500

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
r/H

Figure 32- Comparison of the value®f,, from the correlative models for class 3

The maximum temperature decreases with the ratioag previous mentioned for the
other fire class events. The same approximation deagloped, using trend lines with very
good approximation coefficieit? ~ 1. The following equations are proposed, based en th
correlative results, which are the Cooper approsionafor T, (Eq 33), the Heskestad and

Delichatsios approximation fdk, ., (Eq 34), and Alpert's approximation fBy,.x (Eq 35).

Trmax= - 584.12)% + 2512 ()? - 3696(;) + 2218 (33)
R%= 0.999

Trmax = 399.25)* - 20242)% +3898)2- 3724;) + 2018 (34)
R%= 0.999

Trnax= - 23)® + 10720)% - 17475) + 1344 (35)
R%= 0.999

4.5.4- Maximum temperature comparison for class 4rad 5
Figure 33 represents the evolution of the maximampterature for the fire event of

class 4 and class 5. Higher values are expectedube the HRR used for these fire events is
higher. Once again the maximum temperature desegsie the ratio r/H.
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Figure 33- Comparison of the value®f,, from the correlative models for class 4,5

The results of Alpert and Cooper are close togdtreratio r/H greater than 0.74. The
following equations are based on the correlatigeilts, which are the Cooper approximation
for Thax (Eq 36), the Heskestad and Delichatsios approxamafor T,., (Eq 37), and
Alpert's approximation fof,,., (EQ 38).

Trmax= -682.5:)%+ 2935)? - 4319) + 2589 (36)
R?= 0.999

Timax= 466.55)* - 2366)*+ 4555.)% - 435.25)+ 2355 (37)
R?= 0.999

Trmax= - 273.35)%+ 1252)2 - 20425) + 1567 (38)
R?= 0.999

We conclude that the maximum temperature on @ngejiet decreases with the ratio
r/H and the values also increase with the energhefire event. A table of comparison with

the differences between the values is presentadnex B.
4.5.5- Maximum velocity comparison for class 1
Figure 34 represents the variation of the maximetoaity with respect to the ratio of

the radial position r/H. The maximum velocity dexges with the radial position, being the

intermediate results achieved with Cooper cornadatnodel.
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Figure 34- Comparison of the value &,,,, from the correlative models for class 1

Taking Alpert's model as reference, the maximunoaigl near the ceiling decreases
with the ratio between the radial position andhbaght of the ceiling. The correlative models
of Heskestad and Delichatsios and Alpert agree feelt/H equal to 0.0 (the plume zone)
with relative difference between them equal to?0.5he Cooper correlative model for the
plume is not presented. There is a good approximdtetween the model of Alpert and
Cooper at r/H greater than 1.85, with relativeat#hce between them below%d.2The best
fitted approximation was calculated R ~ 1 coefficient. The following expressions are
based on the correlative results which are the €oapproximation fov,,., (Eq 39), the
Heskestad and Delichatsios approximationVigs, (Eq 40), and Alpert's approximation for
Vinax (EQ 41).

Vinax= 4.831%)4 - 26.73%)3 + 55.74%)2 - 53.81%) +23.24 (39)
R2=1
Vinax = -2.999(%)4 + 11.04%)3 - 9.641%)2 - 5.65:{%) +12.05 (40)
R2=0.998
Viax = 2.3(%)4 - 12.51(%)3 + 25.71%)2 - 25.02{%) +11.97 (41)
R2=1

4.5.6- Maximum velocity comparison for class 2

Figure 35 represents the variation of the maximetoaity with respect to the ratio of

the radial position r/H. The maximum velocity fbeetplume zone does not agree between the
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results of Alpert and Heskestad and Delichatsissgported in the previous fire event class.

The correlative model of Cooper presents interntedisults.

Vmax [m/s] OAlpert <© Cooper OHeskestad & Delichatsios
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Figure 35- Comparison of the value @f,, from the correlative models for class 2

The results show that there is a divergence betwbenresults of Alpert and

Heskestad and Delichatsios with %.4f relative difference between them in the plurnaez

(r/H=0). There is a big difference between the tresults (Alpert and Heskestad and

Delichatsios ) for ratios r/H greater than 0.37thwnore than 68 of relative difference. The

Cooper's model seems to approach the correlatiperd model for ratio r/H greater than

1.85, with relative difference between them bel@#1

The following equations are based on the result¥,gf, of car class two from

correlative models and fit well the value of thexmaum velocity with respect to r/H

calculated by th&? ~ 1 coefficient which are: Cooper approximation ., (Eg42), the

Heskestad and Delichatsios approximationViqg, (Eq 43), and Alpert's approximation for

Vmax (EQ 44).

Vinax = 5.6305)" - 31.16:)° + 64.96:)° - 62.795) + 27.09

R?=1
r\4 ry3 ry2 r
Vimax = -2.043)" + 6.288:)° - 0.944:)7 - 13.03;) + 15.35
R2=0.999
Vinax= 2.6815)" - 14.595)° + 30.045)% - 29.23:) + 13.95
R?=1
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4.5.7- Maximum velocity comparison for class 3

Figure 36 depicts the variation of the maximunoedl with respect to the ratio of the
radial position r/H. The maximum velocity decreasgth the ratio r/H and the results from

Cooper model agree with Alpert model for the higbedues of r/H.
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Figure 36- Comparison of the value @f,, from the correlative models for class 3

The relative difference between results from Hesslceand Delichatsios correlations
and Alpert correlations reaches 8.¢or the ratio r/H=0.0 (plume zone ). For the othatial
positions, results are similar to the previous @évent car classes. An approximation based on
the of fourth order polynomial is proposed to thaximum velocity using the best curve that
fits well of the results for the maximum velocityitiv respect to r/H. The expressions are:
Cooper approximation foV,,.x (Eg45), the Heskestad and Delichatsios approxanafdr
Vihax (EQ 46), and Alpert's approximation 1y, (Eq 47).

Vinax =5.630)" - 31.16:)° + 64.96:)% - 62.79) + 27.09 (45)
R2=1
Vinax= -2.043)* + 6.288)° - 0.944)% - 13.03 ) + 15.35 (46)
R2 = 0.999
Vo= 2_681(%)4 - 14.59(%)3 + 30.04%)2 - 29.23&) +13.95 (47)
R2=1
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4.5.8- Maximum velocity comparison for class 4 an8.

Figure 37 represents the variation of the maximetocity relative to the radial
position, for a fire event of class 4 and 5. Simdanclusion regarding the correlative models

can be made for this fire event.
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Figure 37- Comparison of the value @f ., from the correlative models for class 4,5

The results are similar to the previous fire casses. Higher difference was detected
for the plume zone between the correlative modati@dkestad and Delichatsios and Alpert
correlative model. The relative difference achiet@d%.

The best fitted approximation to the proposed.g@o@pproximation fov,,., (Eq48),
the Heskestad and Delichatsios approximationvigy, (Eq 49), and Alpert's approximation
for V.« (EQ 50)

Vinax-= 6.0865)" - 33.682)° + 70.225)7 - 67.87;) +29.28 (48)
R?=1
Vinax-= -0.956)" + 1.124:)° + 7.8535)° - 19.64:) + 17.72 (49)
R2=0.999
Vinax-=2.8982)" - 15.77:)° + 32.475)7 - 31.595) + 15.08 (50)
R?=1
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5- CFAST MODEL

Computer-based solutions to fire models are afeed because of the complexity of
fire phenomena and the cost a associated with exeets. Analytical models for predicting
fire behaviour have been evolving since the 19@Mi%erent models divide the building into
different numbers of control volumes, dependingtioa desired level of detail. The most
common fire model, known as the zone model, gelyerses two control volumes to
describe a compartment: an upper layer and a |tayer [33]. A fairly realistic simulation

can be done by a zone model under most conditions.

5.1- Definition of CFAST

CFAST is a computer program which helps engindeesinvestigators, architects and
builders, safety officials to do a simulation oétimpact of past or potential fires and smoke
in a specific building environment, and the caltola of the evolving distribution of smoke,
fire gases and temperature throughout compartnmanésbuilding during a fire. CFAST is
one of fire codes known as zone model codes. dtlismped-parameter code in which each
room is divided into two lumped-parameter volunmas,upper layer and a lower layer, being
the temperature within each layer consider unifoBRAST can model a fire as either a
source of heat or with a simple combustion modgl\hich was developed by the National
Institute of Standards and Technology (NIST). Thenez model starts to solve the
conservation of mass, the conservation of energytlam ideal gas law. CFAST is a two-zone
fire model that can accommodate 30 compartmenth wmitltiple openings between the
compartments. This two zone fire model has the @gpaf predicting the environment in a
multi-compartment structure subjected to a firegmehthe transport of smoke and heat from
zone to zone is dictated by empirical correlatif@®]. The basic features of the software
CFAST are the following: Simulation of the enviroant, Thermal properties, compartments,
Wall vents, Ceiling/Floor vents, Mechanical vertda, Definition of the fire, Detection /

Suppression systems, Surface connections, angpmstssing of results.

5.2- The model

The model under analysis is the same that was tmethe correlative models.

Different fire events (car classes) were definedetermine temperature and velocity near the
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ceiling of a fire induced ceiling jet. Differentefts for doing this simulation are presented
below with the specification of all data for eaolput parameter. The fire event of a class 3 is

presented as an example.

5.2.1- Simulation environment

The initial conditions for the simulation of a fievent in CFAST are going to be
presented. The simulation times was set to 420€laglkihe text output interval time defined
to 50s, and spreadsheet output interval definetD& The time defined for the smoke view
output interval was set to 10s. The maximum tine@ stas set to default. The initial ambient
temperature was defined to 20°C and the initiabeslfor ambient atmospheric pressure
inside and outside the compartment was definedetddil325 Pa. The humidity inside the
compartment was considered equal to 50%.

5.2.2- Thermal properties

Two materials were defined for the compartment,ciwhare steel and concrete. Steel
material was used for the definition of the targed concrete for the definition of the slab and
walls. The thermal properties for both of these twaterials are presented above (see Table
2). In this part we have some critical notes alOEAST considering the properties of the
materials used. In CFAST the specific heat of stkeaksuming to be constai)y but in reality
the specific heat depends on temperature. The sabservation about the thermal
conductivityA for steel can be done.

About the second material using for the slab (oetey we have also some critical
notes about the use of its properties in CFAST. Thermal conductivity of concrete is not
constant, as is assuming in CFABT0.002 [kW/(m °C)].

5.2.3- Compartments
The compartment name that we proposed is OPEN__ OARKING, the geometry
was assumed that the width (X) =10m with absolatsitn equal to Om and the depth(Y)=

10m with absolute Y coordinate equal to Om andhbght (Z)= 3m with absolute Floor

Height equal to Om, using concrete for the ceilamgl walls and floor. In this simulation we

59



assume that conditions in the compartment likeflthe characteristics are normal (two zone
model), see Figure 38

15 T ™ 7 7R D¢ [ D6
Vimax Tipax
Tmax

A
&

Figure 38- The geometry of our case of fire conparit

5.2.4- Wall vents

The wall vents are defined using the definitiontwb more external compartments.
The geometry of the vents were defined to be cderdi to the dimensions of the left and
right surfaces of the main compartment, usinglalsitension equal to Om, a soffit dimension
equal to 3m and a width corresponding to 10m. Tdr@s/were considered fully open during
the simulation. No Ceiling/Floor Vents and Mechahi¥entilation were considered in the

model.
5.2.5- Fires
The fire source of the event is located in thetreenf the compartment, above the
ground in 0.3m. The time of ignition (Ignition Gton) was considered equal to 0s, without
ignition target. The total simulation time was $et4200s. The values of the HRR were
defined for each car class, see Table 1.

5.2.6- Defining targets

Six targets were define (OPEN_ CAR_ PARKING ) fettong the local temperature

of the hot gases in the plume zone and ceilinglje¢se targets were made of steel, using thin
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plate shape (high section factor), with the norweadtor corresponding to X direction. Table
15 of annex C presents the different parametersdoh target and their positions.

5.2.7- Defining the fire detectors

Six detectors were defined on the ceiling of tbmpartment, defined as heat alarms.
The activation temperature was defined to be 100He. radial positions of the detectors are

defined in table 15 of annex C.

5.2.8- Output results

The compartment was divided into a grid. The zdhe grid was tested before
simulation to decide the number of divisions. Téosivergence test was done and the number
of divisions was defined to be 50 (16 grids for Hw layer and 34 grids for the cold layer)
(see Figure 39). Different simulation were donetfa five car classes (1, 2, 3, 4, 5) and the
results of each car class are presented in thexa@ne form of tables. The graphical results
of the different CFAST simulations for the temparat and the velocity versus time are
plotted in Figure 40 and Figure 41. The temperatunc velocity of hot gases near the ceiling
have the highest values when time equals to 25 Tla.results forT,,,, and V., depend on

the ratio r/H and are represented by Figure 42)reig3 and Figure 44, Figure 45.
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Figure 39- Grid size of the compartment
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Figure 40- Results of temperature from CFAST sitiotea
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Figure 41-Results of velocity from CFAST simulation
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Figure 42- Results of,,,, from CFAST simulation
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Figure 43- CFAST simulation fof,,,
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Figure 44- Results o¥,,,,, from CFAST simulation
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Figure 45- CFAST simulation foV,, .«
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5.3- Comparison of results

A comparison of the maximum temperature and vejlobitween the correlative
models and numerical simulation from CFAST is pnése for all car classes. The difference

between results is presented in table 17 of annex C
5.3.1- Maximum temperature comparison for class 1
Figure 46 represents the comparison between ctveelmodels and two zone model.
The maximum temperature calculated by CFAST agnedbswith the Alpert results for the

plume zone, but is in general agreement with theetaiive model from Heskestad and

Delichatsios for the other radial positions.

Tmax [2C] OAlpert < Cooper OHeskestad & Delichatsios ACFAST
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Figure 46- Comparison df,,,, for class one

The maximum temperature decreases with the ratip fidr both types of results
(correlative and CFAST). There is a good agreerbetiveen CFAST results and Alpert's
model when the ratio r/H equals to 0 with relatiiéerence of 5.9%. The difference between
CFAST and Cooper’'s model for r/H is greater tha®i7Gs 7.36. In general the correlative
models under predict th&,,,.
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5.3.2- Maximum temperature comparison for class 2

Figure 47 represents the comparison between ctveelmodels and two zone model
for class two. It seems that there is a relativiedince of 18.4% between the Alpert's model
and CFAST results in the plume zone unlike theltesaf class one with. There is always a
good approximation between CFAST results and thieeladive model from Heskestad and

Delichatsios for the other radial positions.
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Figure 47- Comparison df,,,, for class two

Also it is important to note that the relativefdrence between CFAST and Cooper is
higher for the radial r/H=0.37 when compared tovjmes class one. In general there is
always an approximation between results from theetative models and CFAST simulation

when the ratio r/H is greater than 0.74.
5.3.3- Maximum temperature comparison for class 3
Figure 48 represents the comparison between ctveelmodels and two zone model

for class three. The maximum temperature calculaje@FAST agrees well with the Alpert
results when the ratio r/H equals to 0.37 withtreéadeference between them 0.3%.
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Figure 48- Comparison df,,,,, for class three

There is a better agreement between results frommkdd$éad and Delichatsios

correlation and CTAST results for r/H greater thah with a maximum relative difference of

11%. The correlative models results approximate wéthwesults from CFAST simulation,

when the ratio of r/H is greater than 0.74, asptleious cases.

5.3.4- Maximum temperature comparison for class 4rad 5

Figure 49 represents the comparison between ctveelmodels and two zone model

for vehicle class four and five. The relative diffiece between Alpert's model and CFAST

results is 14.5%when the ratio r/H is equal to 0.37. The best negidere all correlative

models agree well with CFAST results is on theoraft greater than 0.74.
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Figure 49- Comparison df,,, for class 4,5

There is a good agreement between results fronkedesd and Delichatsios models
and CFAST simulation when the ratio r/H is equalltt with relative difference between
them equal to 19. There is a very big difference between the catinet models and CFAST
on the plume zone.

As general observation from the comparison betvikerresults from the correlative
models and CFAST results for the maximum tempeeanear the ceiling for all the car
categories is that: when the ratio r/H is gredtant0.74 the correlations and CFAST results
agree very well. The maximum temperature decreagthsthe ratio r/H, for both types of
results (correlative and CFAST). The differencenaein results is presented in tables 21, 22,
23 and 24 of annex C.

5.3.5- Maximum velocity comparison for all car clases
Figure 50 represents the comparison results forimax velocity between CFAST
and the correlative models. The difference betwibese results is qualitatively similar for all

car classes. The maximum velocity decreases withatio of r/H for both results (correlative

and numerical).
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Figure 50- Comparison oW, for all car classes

There is a good agreement between the results thentorrelative models and the

numerical simulation of CFAST when the ratio of riel greater than 1.1. A good

approximation was also achieved between Alpert nsoded CFAST results for the plume
zone. Cooper’'s model and CFAST results agree wedinn0.5r/H<1.0. The Heskestad and

Delichatsios models agree with CAFST numerical ltedor the ratio r/H greater than 1.48.

The difference between results is presented ir$adb, 26, 27 and 28 of annex C.
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6- FLUENT MODEL

ANSYS is an US Computer-aided engineering softwANSYS Fluent is one of two
types of software to simulate fires. FDS softwaiee( Dynamic Simulator) which is specially
prepared for modelling and simulation of fire, a@#D software (Computational Fluid
Dynamic) which may be adapted to any fluid mechapimblem. ANSYS Fluent is a CFD
software used by engineers for design and anallgstee most-powerful computational fluid
dynamics (CFD) software tool available with the dmophysical modelling capabilities

needed to model flow, turbulence, heat transfat,cdr@mical reactions.
6.1- Equations to be solved

A set of equations which are incorporated intoirat& Element method for solving

fluid flow problems, are presented on the following
6.1.1- Continuity equation

In any closed system the conservation of mass meidatisfied. Mass must not be
created or destroyed. The equation governing thisciple is known as the continuity

equation [34] and is shown below in equation 52.

% 4 v.(v) =0 (52)
Ot

wherep id the density, t is the time aidis Del operatot aii +aij +aik, then V is the
X y 4

vector of velocity= V,i + Vyj + V, k. This equation can be expanded.

%, OV OoVy Ve _ (53)

3, o, o, o

6.1.2- Navier-stokes equation

The Navier-Stokes equations are a collection ef3hdimensional momentum equations for
any Newtonian fluid. In fluid dynamics, a Newtoniéiid is one in which the stresses at each paint i

the fluid are linearly proportional to the straates at that point. These equations ensure thatyn
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system, the momentum is conserved. This meansthibatotal force generated by the momentum
transfer in each direction must be balanced bydteof change of momentum in each direction. The

Navier-Stokes equation is provided below [34] fug Z component. The other directions in space also

apply.

.V, 0 d d
prz (PVXVz) (pVyVZ) (PVsz)
o "o, 9, | o (54)

_ (’)P+R+6( (’)VZ)+6 av, +6( (’)VZ)+T
- ng aZ Z aX l”le ax ay l”le ay aZ l”le aZ Z

Where g, is components of acceleration due to gravity éxasts only in this directior®, is
distributed resistance, is the effective viscosity of the fluid, refers to viscous loss terms.

The final form of the Navier-Stokes equations &r incompressible flow without
gravity acting in the y direction and with no distrted resistances is given in equation 55
[34].

3.V, o 9 9
p'z (pVxVy) (pVYVZ) (pVzVy7)
o o, 8, o Eq 55

_ 9P 3V, D, 0V, . 3V,
- az+ax(l"le ax)+ay(|"le ay)+az(|"le az)

6.1.3- Energy equation

The first law of thermodynamics requires that émergy of a system be conserved.

The three-dimensional energy equation for fluidvfis provided below [34].

d d 0 d
a—t (pCpT) + a—x (pVXCpT) + 6_y (pVprT) + a—z (pVZCpT) Eq 56

_a(K 6T>+6 LA W
_ax XX aX ay YYay az( 7Z az) QV

Wherep is density, Cp is specific hed,y., refers to the velocity in x, y, z directions and T
represents the temperatukg,.,y.,, is thermal conductivity in x, y, z directior@y is the

volumetric heat source, if exists.
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6.2- The model

The model represents the fire compartment withd8rheight and 10m of depth and
10m of width. The fire event is located in the nieaf this compartment, considering a
burning car with an equivalent pool fire with armieter of 2m.

Figure 51 shows the mesh of a fire event withas<ll car vehicle, burning in the
centre of a fire compartment with the overall disien of 10x10x3m3. This compartment
assumes the use of symmetry boundary conditiolmsyialy to model only one quarter of the
full compartment. This compartment has two openingsthe left side and right side, a
concrete slab on the bottom and top floor and @rede wall in the front and rear facade. The
Thermal load is defined by the Heat Released Rdee types of boundary conditions were
applied (fixed wall with thermal conduction throughickness, pressure out let and
symmetry). The solution method monitors the redeldar all variables and assumes the
convergence of the solution for continuity (residless than 0.01), velocity components
(residual less than 0.001), energy (residual less 0.00001), turbulence parameters (residual

less than 0.001) and radiation parameters (residssithan 0.000001).

0.000 1.500 3,000 {rm)

0.750 2.250

Figure 51- Mesh of the model



6.2.1- Material models

Two different materials models are defined. Thedflzone materialise defined by air
and the solid material is represented by concrébe thermal properties of the air are
presented in . All the material properties wereirgef by piecewise linear approximation
from a set of data points.
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Figure 52- Properties of the Air

The specific density of concrete was specifiedabyDF (User Defined Function),
being the other two material properties definecplacewise linear approximation from a set
of data points. Table 3 represents the thermalgitigs of the concrete based on the data

points.
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Table 3- Properties of concrete based on datagoint

Temperature  TemperatureCp(dry,u=3.0%)  Density Diffusivity

Points °C K J/kgK kg/m3 m2/s
1 20 293 900 2300 9.4E-07
2 100 373 900 2300 8.5E-07
3 101 374 2020 2300 3.8E-07
4 115 388 2020 2300 3.7E-07
5 200 473 1000 2254 6.9E-07
6 300 573 1050 2220 5.8E-07
7 400 673 1100 2185 5.0E-07
8 500 773 1100 2165 4.4E-07
9 600 873 1100 2145 3.9E-07
10 700 973 1100 2125 3.5E-07
11 800 1073 1100 2105 3.1E-07
12 900 1173 1100 2084 2.9E-07
13 1000 1273 1100 2064 2.7E-07
14 1100 1373 1100 2044 2.7E-07
15 1200 1473 1100 2024 2.7E-07

The specific heatp(0) of concrete considers moisture content of 3,0f%omcrete
weight [35].

6.2.2- Boundary condition

A symmetry boundary condition in X negative anch&gative was assumed. It was
also considered that there is a stationary wallndaty condition, an opening with zero
pressure was consider for the pressure out letdaynassumind,, = 20°C and radiation
e=1. The concrete material was modelled by statpmaall (wall thermal conductivity) and
slabs, both with thickness of 0.3m. The thermat p&this boundary considered convection

a=9[w/m?3K] of a surface not directly exposes to the fire, With= 20°C.

6.2.3- Heat flux

The heat flux is equal to the ratio of HRR/ Sueffw/m?]. The heat flux was applied
in the top surface representing the car and wasateby User Defined Function (UDF) for
car class 1. An adiabatic lateral surface was ddfion the cylindrical zone. The surface of
car is equal to 3.14159&?], corresponding to the diameter of 2m. The numkviakies of

the heat flux for car class lused in our simulaticmpresented in Table 4
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Table 4- HRR and heat flux of class 1

class 1 class 1
Time Time Heat flux HRR

min S W/m? W

0 0 0 0

4 240 281386 884000

16 960 281386 884000

24 1440 1105809 3474000

25 1500 1668580 5242000

27 1620 904637 2842000

38 2280 201172 632000

70 4200 0 0

6.3- Discussion of results

6.3.1- Velocity results from ANSYS fluent simulatio

Figure 53 shows the graphical results of veloaityplitude for car class 1 depending

of the targets positions.
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Figure 53- Results of velocity from ANSYS flueningilation of car class 1

The results of velocity show that the highest galis when the ratio r/H is equal to
zero (plume zone). The second target presentsemeafiults, probably due to mesh definition
or due to the fact to be included in the transitzame between plume and ceiling jet. The

numerical results fov,,,, for all car classes are presented in table 30 &aD.
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6.3.2-Temperature results from ANSYS fluent simulabn

Figure 54 represents the results of temperatuma fite numerical simulation using
ANSYS fluent. This graphs show the time evolutidntte temperature for different radial
targets.
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Figure 54- Results of temperature from ANSYS flugimulation of car class 1
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Figure 55 shows the results of the CFD simulatidrenvt=25 minutes(1500s),

also represents the model and the grid size.

- -
E— o —

a) The model

e gy
177862000

13330000
88880001
!

- 444e-001

0.080e+000
{m 1]

S e ik

Vector total velocity for t=1500 s

ANSYS
ner

Amplitude total Vei'bcity for t=1500 s

nnnnnn

b) Grid size

ANSYS
B167

Tempefatufé fet500 s

ANSYS
ez

Turbulehceriéitic energy for t=1500 s

Figure 55- Model and results of CFD simulationtfe?5 min

and

The Fluent model is running without solving theiagpn for species, even though the
results are qualitatively in accordance to expematThe low level of temperature and
velocity is related to the boundary condition tive¢ére defined. The residuals for the
continuity equation was not achieved (0.01) andntiass flow rate did not converge. Higher

flow rate should be expected, and consequentlyenighlues for temperature and velocity

would also be expected on the hot layer.
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7- CONCLUSIONS

This work presented a study about the thermaldyméamic characteristics of a fire-
induced ceiling-jet in open car parks.

A burning car is localised in compartment with anftned ceiling jet using a specific
dimensions of the car and of the fire, using sbgegs on the ceiling to get results for the
maximum temperature and velocity of the hot gasear rthe ceiling. This results were
calculated with simple correlative models (Alp&toper, Heskestad and Delichatsios ), and
with two numerical models: zone model (CFAST) dmel $oftware ANSYS fluent.

The comparison of the results between the coivelahodels, CFAST and ANSYS
fluent showed an agreement between these resulspenific radial positions, taking on
consideration that each one of the software hasffareht way of doing calculations.
Correlative results are usually define from expenmal results and the numerical models are
based on different equations.

The confrontation between correlative, two zond @D models can improve the
knowledge state on the ceiling-jets and probablpshé¢he fire engineers to enhance the
performance of the fire protection devices.

For technical purposes regarding fire engineeriingpuld be interesting to perform a
Computational Fluid Dynamics (CFD) calculation, wdéurbulent Navier-Stokes equations
are solved using either RANS or LES approaches.eHboth dynamic and thermal
characteristics of the flow in the beneath of te#irg can be predicted with respect to heat

release rate (HRR) amil mass sources.
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Annex A: Information about fire scenarios

Tablel- Definition of car categories (classes)

Type Categoryl Category 2 Category 3 Category 4 edoay 5
Peugeot 106 306 406 605 806
Renault Twingo-Clio Mégane Laguna Safrane Espace
Citroén Saxo ZX Xantia XM Evasion

Ford Fiesta Escort Mondeo Scorpion Galaxy

Opel Corsa Astra Vectra Omega Frontera

Fiat Punto Bravo Tempra Croma Ulysse
Volkswagen Polo Golf Passat /l Sharan

Table 2- Car mass, mass of combustible materta®retical energy of combustion

Class Car mass [kg] Mass of combustible theoretical energy of
materials [kg] combustion
1 850 200 6000
2 1000 250 7500
3 1250 320 9500
4 1400 400 12000
5 1400 400 12000

Table3- Rough Measure of Energy Released or Gestefiadm Various Sources[15]

BURNING OF OBJECTS HRR
A burning cigarette 5w
A typical light bulb 60W
A human being at normal exertion 60W
A burning wastepaper basket 100 kW
A burning1m?pool of gasoline 2.5 MW
Burning wood pallets, stacked to the height of 3 m 7 MW
Burning polystyrene jars, in cartorssm?, 4.9 m high 30-40 MW
Output from a typical reactor at a Nuclear PowanPI 500-1000 MW
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Annex B: Results from correlative models

The numerical values of the maximum temperatuck\atocity of the gases near the
ceiling getting from the correlative models of bham car (all classes) with data bf and
Z, are shown below

1- Alpert's results

Table 4-T,,,, and;, ., getting form Alpert's correlations

Class 1 Class 2 Class3 Class4 Classb
L¢[m] Zo[m] L¢[m] Zo[m] Lg[m] Zo[m] Le[m] Zo[m] L¢[m] Zo[m]
5.2 0.51 5.86 0.75 6.64 1.03 7.49 1.33 7.49 1.33

o m o m o m o m o m
r/H Tmax [ C] Vmax [?] Tmax [ C] Vmax [?] Tmax [ C] Vmax [?] Tmax [ C] Vmax [?] Tmax [ C] Vmax [_]

0.00 994 11.98 1150 12.90 1343 13.96 1566 15.09 6156 15.09

0.37 621 5.62 718 6.06 837 6.55 974 7.08 974 7.08
0.74 399 3.16 460 3.40 535 3.68 621 3.98 621 3.98
1.11 309 2.25 355 2.42 413 2.62 479 2.84 479 2.84
1.48 259 1.77 297 1.91 344 2.06 399 2.23 399 2.23
1.85 226 1.47 259 1.58 299 1.71 346 1.85 346 1.85

2- Cooper's results

Table5-T .., andV,,,, getting form Cooper's correlations

Class 1 Class 2 Class3 Class4 Classb
Lg[m] Zo[m] Lg[m] Zo[m] Lg[m] Zo[m] L¢[m] Zo[m] L¢[m] Zo[m]
5.2 0.51 5.86 0.75 6.64 1.03 7.49 1.33 7.49 1.33

° m o m o m o m o m
r/H Tmax [ C] Vmax [?] Tmax [ C] Vmax [?] Tmax [ C] Vmax [?] Tmax [ C] Vmax [?] Tmax [ C] Vmax [?]

0.00 1640 0.00 1900 0.00 2220 0.00 2591 0.00 2591 .00 O
0.37 861 9.67 996 10.42 1162 11.27 1355 12.19 135512.19
0.74 457 451 527 4.86 613 5.26 713 5.69 713 5.69
111 323 2.89 372 3.11 432 3.37 501 3.64 501 3.64
1.48 255 2.11 293 2.27 340 2.45 394 2.65 394 2.65
1.85 213 1.65 244 1.77 283 1.92 327 2.07 327 2.07
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3- Heskestad and Delichatsios's results

Table6- T,,,, andl,,, getting form Heskestad and Delichatsios correfatio

Class 1 Class 2 Class3 Class4 Classb
L¢[m] Zo[m] L¢[m] Zo[m] L¢[m] Zo[m] L¢[m] Zo[m] L¢[m] Zo[m]
5.2 0.51 5.86 0.75 6.64 1.03 7.49 1.33 7.49 1.33
) m ) m o m o m o m

r/H Tmax[ C] Vmax [?] Tmax[ C] Vmax [?] Tmax[ C] Vmax [?] Tmax[ C] Vmax [?] Tmax[ C] Vmax [?]
0.00 1492 12.04 1728 13.47 2019 15.34 2356 17.71 5623 17.71
0.37 796 9.24 920 9.95 1074 10.76 1251 11.64 12511.641
0.74 524 5.97 605 6.43 705 6.96 820 7.52 820 7.52
1.11 384 4.62 443 4.98 515 5.39 598 5.82 598 5.82
1.48 301 3.86 346 4.15 401 4.49 465 4.86 465 4.86
1.85 246 3.35 282 3.61 326 3.91 378 4.22 378 4.22

4- Maximum temperature comparison between correlatie models

A percentages of error between the results ofntlagimum temperature from the

correlative models, taking the Alpert's resultsedsrence are presented in Tables below :

Table 7- Comparison between correlative model§fqy, of class 1

Alpert Cooper Error Heskestad Error
r/H Tmax [OC] Tmax [OC] [%] Tmax [OC] [%]

0 994 1640 |64.9] 1492 [50.1]
0.37 621 861 [38.6] 796 [28.1]
0.74 399 457 [14.5] 524 [31.4]
1.11 309 323 |4.6 384 |24.3|
1.48 259 255 [1.3] 301 [16.2]
1.85 226 213 |5.4] 246 |8.8|

Table 8- Comparison between correlative model§fq, of class 2

Alpert Cooper Error Heskestad Error

r’H Tmax[°C]  Tax[°C] [%] Tmax[°C] [%]

0 1150 1900 |65.1] 1728 |50.2|
0.37 718 996 [38.7] 920 |28.2]
0.74 460 527 |14.6| 605 [31.7]
1.11 355 372 [4.6] 443 [24.5|
1.48 297 293 [1.3] 346 [16.4|
1.85 259 244 [5.5] 282 |8.9]
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Table 9- Comparison between correlative model§ifpy, of class 3

Alpert Cooper Error Heskestad Error
r/H Tmax [OC] Tmax [OC] [%] Tmax [OC] [%]

0 1343 2220 |65.3] 2019 [50.3]
0.37 837 1162 [38.9] 1074 [28.3|
0.74 535 613 [14.7] 705 [31.9]
1.11 413 432 |4.6] 515 |24.8|
1.48 344 340 [1.3] 401 |16.5]
1.85 299 283 |5.6] 326 [9.0]

Table 10- Comparison between correlative model& gy, of class 4,5

Alpert Cooper Error Heskestad Error

r/H Tmax [OC] Tmax [OC] [%] Tmax [OC] [%]

0 1566 2591 |65.4| 2356 [50.4|
0.37 974 1355 [39.0] 1251 [28.4|
0.74 621 713 |14.8| 820 [32.0]
1.11 479 501 [4.7] 598 [24.9]
1.48 399 394 [1.3] 465 [16.7]
1.85 346 327 |5.6] 378 [9.1]

5- Maximum velocity comparison between correlativenodels

A percentages of error between the results of tteximum velocity from the

correlative models ,taking the Alpert's resultsedsrence are presented in Tables below :

Table 11- Comparison between correlative model¥fgr, of class 1

Alpert Cooper Error Heskestad Error
rH Vmax ™ Vimax ™ [%] Vinax [%]

0 11.98 12.04 [0.5]
0.37 5.62 9.67 [72.0| 9.24 |64.2]
0.74 3.16 451 |43.0| 5.97 189.1]
1.11 2.25 2.89 |28.3| 4.62 |105.4]
1.48 1.77 2.11 |18.8] 3.86 [117.7]
1.85 1.47 1.65 112.0] 3.35 [127.8]

Table 12- Comparison between correlative model¥fgr, of class 2

Alpert Cooper Error Heskestad Error
r/H Viax®  Vimax ™ [%] Vinax (24 (%]

0 12.90 13.47 |4.4|
0.37 6.06 10.42 [72.0| 9.95 164.2
0.74 3.40 4.86 143.0]| 6.43 189.1]
1.11 2.42 3.11 |28.3]| 4.98 |105.4]
1.48 1.91 2.27 |18.8] 4.15 [117.7]
1.85 1.58 1.77 112.0] 3.61 [127.8]
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Table 13- Comparison between correlative model¥fgr, of class 3

Alpert Cooper Heskestad

Error Error

r/H Viax®  Vimax ™ [%] Vinax (24 (%]

0 13.96 15.34 [9.9]
0.37 6.55 11.27 |72.0] 10.76 |64.2]
0.74 3.68 5.26 [43.0] 6.96 [89.1]
1.11 2.62 3.37 [28.3] 5.39 [105.4]
1.48 2.06 2.45 [18.8| 4.49 [117.7]
1.85 1.71 1.92 [12.0] 3.91 [127.8]

Table 14- Comparison between correlative model¥fqr, of class 4,5

Alpert Cooper Heskestad

Error Error

t/H Viax®  Vimax ™ [%] Vinax (24 [%]

0 15.09 17.71 [17.4]
0.37 7.08 12.19 |72.0] 11.64 |64.2]
0.74 3.98 5.69 [43.0] 7.52 [89.1]
1.11 2.84 3.64 [28.3] 5.82 [105.4]
1.48 2.23 2.65 [18.8| 4.86 [117.7]
1.85 1.85 2.07 [12.0] 4.22 [127.8|
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Annex C: Results from CFAST simulation

1- Positions of targets and heat alarm in CFAST simation

The following tables show the position of each afiesix targets and heat alarms
which are situated on the ceiling, from these pmss$t results of temperature and velocity

were calculated for each radial position.

Table 15- Data of the six targets in the compartmen

Target Number Compartment X position[m] Y positio[ Z position[m]
Targ 1 OPEN_ CAR_ PARKING 5 5 2.9
Targ 2 OPEN_ CAR_ PARKING 6 5 2.9
Targ 3 OPEN_ CAR_ PARKING 7 5 2.9
Targ 4 OPEN_ CAR_ PARKING 8 5 2.9
Targ 5 OPEN_ CAR_ PARKING 9 5 2.9
Targ 6 OPEN_ CAR_ PARKING 10 5 2.9

Table 16- Data of the six heat alarms in compartmen

N° of heat alarm Compartment Position X [m] Positho [m] Position Z [m]
Heat alarm 1 OPEN_ CAR_ PARKING 5 5 2.97
Heat alarm 2 OPEN_ CAR_ PARKING 4 5 2.97
Heat alarm 3 OPEN_ CAR_ PARKING 3 5 2.97
Heat alarm 4 OPEN_ CAR_ PARKING 2 5 2.97
Heat alarm 5 OPEN_ CAR_ PARKING 1 5 2.97
Heat alarm 6 OPEN_ CAR_PARKING 0 5 2.97

Another simulation was done using Copper for ttademal of targets and heat alarms

to verify if there was any difference in resultdjem compared to steel material. The results

with copper and steel agree well and are presentete following tables:

Tablel7- comparison between temperature of taggetsensors using Copper material

t Tar Tar Tar Tar Tar Tar Sen Sen Sen Sen Sen Sen E E E E E E

1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6
mn ‘C °C °C °C °C °C °C °C °C °C °C °C %% % % % %
0 20 20 20 20 20 20 20 20 20 20 20 200 0 0 0 O O
4 419 355 281 238 210 190 406 355 281 238 210 190 03 0O O O O
16 425 361 288 244 216 196 412 361 288 244 216 196 0 O O O O
24 940 832 657 553 486 439 940 832 657 553 486 4689 0 0O O O O
25 945 843 679 582 519 475 945 843 679 582 519 405 0 0O O O O
27 934 833 655 551 482 435 934 833 655 551 482 485 0 0O O O O
38 334 290 239 210 190 177 325 290 239 210 190 137 0 O O O O
70 32 32 32 32 32 32 32 32 32 32 32 32 0 0 0 0 O
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Table18- comparison between temperature of taggetsensors using Steel material

t Tar Tar Tar Tar Tar Tar Sen Sen Sen Sen Sen Sen E E E E E E
1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6

mn °C °C °C °C °C °C °C °C °C °C °C °C %% % % % %
0 20 20 20 20 20 20 20 20 20 20 20 20 0 0 0 0 0 O
4 417 354 281 238 210 191 404 354 281 238 210 19103 0 0O O O
16 427 354 290 247 219 199 413 354 290 247 219 139 0 0 O O O
24 949 841 666 563 496 449 949 841 666 563 49 @90 0O O O O
25 955 854 690 593 530 486 955 854 690 593 530 @6 0 O O O O
27 951 841 662 557 489 441 951 841 662 557 489 44410 0O O O O
38 315 271 220 191 171 158 306 271 220 191 171 138 0 O O O O
70 26 26 26 26 26 26 26 26 26 26 26 26 0 0 0 0O O O

Where t is the time in minutes, Tar is the abbrgwmafor the target, Sen the abbreviation for
the sensor, and E refers to the error calculateddss the surrounding gas temperature of the
sensor and the surrounding gas temperature oatpett

2- Maximum temperature from CFAST numerical simulation

for the maximum surrounding gas temperature derivech CFAST simulation for all car
classes are presented in next table.

Table 19 - results of CFAST simulation for maximtemperature

r’'H Class 1 Class 2 Class 3 Class 4 Class 5
Tmax [QC] Tmax [QC] Tmax [OC] Tmax [OC] Tmax [OC]

0 935.87 939.16 953.85 949.30 949.30
0.37 802.67 810.67 834.15 833.29 833.29
0.74 625.18 639.45 674.65 678.69 678.69
1.11 523.83 541.68 583.57 590.42 590.42
1.48 459.24 479.37 525.52 534.16 534.16
1.85 414.92 436.63 485.70 495.56 495.56

3- Maximum velocity from CFAST numerical simulation

In the following table the results of maximum &ty from CFAST simulation for all
car classes are presented
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Table 20- results of CFAST simulation for maximwemperature

r/H Class 1 Class 2 Class 3 Class 4 Class 5
Viax [M/s] Viax [M/s] Viax [M/S] Vinax [M/S] Vinax [M/S]

0 10.93 11.52 12.13 12.85 12.85
0.37 8.01 8.55 9.23 9.97 9.97
0.74 491 5.29 5.72 6.18 6.18
1.11 3.71 4.00 4.32 4.67 4.67
1.48 3.04 3.28 3.55 3.83 3.83
1.85 2.61 2.81 3.04 3.29 3.29

4- Maximum temperature comparison between the corrations and CFAST
A relative deference between results of each dmieeocorrelative models and CFAST
simulation for the maximum temperature in each afagiosition containing all vehicles

classes are shown in the tables below.

Table21- Comparison df,,.between correlative models and CFAST for class 1

CFAST Alpert Error Cooper Error Heskestad Error
r/H Tmax [OC] Tmax [OC] % Tmax [OC] % Tmax [OC] %

0 935.87 994 [5.9|% 1640 |75.2|1% 1492 [59.4]|%
0.37 802.67 621 [29.2]|% 861 |7.3|% 796 |0.9|%
0.74 625.18 399 |56.8]% 457 [27.0]% 524 |16.2|%
1.11 523.83 309 |69.5]|% 323 |38.3|% 384 |26.6|%
1.48 459.24 259 |77.6|% 255 |44.4|% 301 |34.6|%
1.85 414,92 226 |83.9|% 213 |48.6]|% 246 |40.8|%

Table22- Comparison df,,,.between correlative models and CFAST for class 2

CFAST Alpert Error Cooper Error Heskestad Error
r/H Tmax [OC] Tmax [OC] % Tmax [OC] % Tmax [OC] %

0 939.16 1150 [18.4|% 1900 [102.3|% 1728 [84.0]%
0.37 810.67 718 [12.9]% 996 |22.8|% 920 |13.5]%
0.74 639.45 460 [39.1|% 527 |17.7|% 605 [5.4]%
1.11 541.68 355 |52.4|% 372 [31.4|% 443 |18.3]%
1.48 479.37 297 |61.5|% 293 |38.9|% 346 |27.9|%
1.85 436.63 259 |68.8]% 244 |44.0|% 282 |35.5|%

Table23- Comparison df,,.between correlative models and CFAST for class 3

CFAST Alpert Error Cooper Error Heskestad Error
r/H Tmax [OC] Tmax [OC] % Tmax [OC] % Tmax [OC] %

0 953.85 1343 |40.8|% 2220 [132.8]|% 2019 [111.7]%
0.37 834.15 837 [0.3|% 1162 [39.3|% 1074 |28.7|%
0.74 674.65 535 |20.8]% 613 [9.1|% 705 |4.5|%
1.11 583.57 413 |29.3]|% 432 |26.0|% 515 |11.8|%
1.48 525.52 344 |34.5|% 340 [35.4|% 401 |23.7|%
1.85 485.70 299 |38.4|% 283 [41.8|% 326 |32.8|%
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Table24- Comparison df,,,between correlative models and CFAST for class 4,5

CFAST Alpert Error Cooper Error Heskestad Error

r/H Tmax [OC] Tmax [OC] % Tmax [OC] % Tmax [OC] %

0 949.30 1566 [39.4|% 2591 [173.0|% 2356 |148.2|%
0.37 833.29 974 |14.5|% 1355 |62.6]|% 1251 [50.2|%
0.74 678.69 621 [9.2|% 713 |5.1]% 820 [20.9|%
1.11 590.42 479 |23.3]|% 501 [15.1|% 598 [1.3|%
1.48 534.16 399 133.9|% 394 |26.3|% 465 |12.9|%
1.85 495.56 346 |43.0]% 327 |34.0]% 378 |23.7]%

5- Maximum velocity comparison between the correlabns and CFAST

A relative deference between results of each dmieeocorrelative models and CFAST
simulation for the maximum velocity in each radiakition containing all vehicles classes are

shown in the tables below:

Table25- Comparison &f,,,.between correlative models and CFAST for class 1

CFAST Alpert Error Cooper Error Heskestad Error
r/H Vinax[M/s]  Vimax[m/s] % Vinax[m/s] % Vimax[m/s] %

0 10.93 11.98 [9.5|% 12.04 |10.1]|%
0.37 8.01 5.62 [29.8]|% 9.67 [72.0|% 9.24 [15.3|%
0.74 491 3.16 [35.71% 4,51 |43.0|% 5.97 [21.6]%
111 3.71 2.25 [39.3|% 2.89 |28.3|% 4.62 |24.6]1%
1.48 3.04 1.77 |41.8|% 2.11 |18.8]|% 3.86 |26.8]%
1.85 2.61 1.47 |43.6]% 1.65 [12.0|% 3.35 |28.5|%

Table26- Comparison &, between correlative models and CFAST for class 2
CFAST Alpert Error Cooper Error Heskestad Error
rH Vinax[M/S]  Vinax[m/s] % Vinax[m/s] % Vinax[m/s] %

0 11.52 12.90 [12.0|% 13.47 [17.0]|%
0.37 8.55 6.06 [29.2|% 10.42 [21.8]|% 9.95 |16.3|%
0.74 5.29 3.40 [35.71% 4.86 |8.0|% 6.43 [21.6]|%
1.11 4.00 2.42 [39.3|% 3.11 [22.11% 4.98 |24.6]1%
1.48 3.28 191 |41.8|% 2.27 [30.8|% 4.15 |26.8]|%
1.85 2.81 1.58 |43.6]% 1.77 |36.8]|% 3.61 |28.5|%

Table27- Comparison &, between correlative models and CFAST for class 3
CFAST Alpert Error Cooper Error Heskestad Error
rH Vinax[M/S]  Vinax[m/s] % Vinax[m/s] % Vinax[m/s] %

0 12.13 13.96 [15.1|% 15.34 [26.5|%
0.37 9.23 6.55 [29.0|% 11.27 [22.2|% 10.76 [16.7|%
0.74 5.72 3.68 [35.71% 5.26 |8.0|% 6.96 [21.6|%
1.11 4.32 2.62 [39.3|% 3.37 [22.11% 5.39 |24.61%
1.48 3.55 2.06 |41.8|% 2.45 [30.8|% 4.49 |26.8]%
1.85 3.04 1.71 |43.6]% 1.92 |36.8]|% 3.91 |28.5|%
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Table28- Comparison &f,,,.between correlative models and CFAST for class 4,5

CFAST Alpert Error Cooper Error Heskestad Error

r’H Vinax[m/s] ~ Vipax[m/s] % Vinax[m/s] % Vinax[m/s] %

0 12.85 15.09 [17.4|% 17.71 [37.9|%
0.37 9.97 7.08 [29.0]|% 12.19 [22.2|% 11.64 |16.7|%
0.74 6.18 3.98 [35.7|% 5.69 18.0|% 7.52 [21.6]|%
1.11 4.67 2.84 [39.3|% 3.64 [22.1|% 5.82 |24.6|%
1.48 3.83 2.23 |41.8]|% 2.65 [30.8]|% 4.86 |26.8]|%
1.85 3.29 1.85 |43.6]% 2.07 |36.8]% 4.22 |28.5|%
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Annex D: Results from ANSYS fluent simulation

Table 29 represents the values of the maximum itglotcar class one from CFD simulation

and Table 30 represents the values of the maxinemmpérature near the ceiling of car class
one from CFD simulation.

Table 29- Maximum velocity from ANSYS fluent

Target position Vinax
r/'H [m/s]
0 0.131
0.37 0.050
0.74 0.052
1.11 0.043
1.48 0.089
1.85 0.090
0 0.131

Table 30- Maximum temperature from ANSYS fluent

Target position Tinax

r/H K]
0 392.90
0.37 396.56
0.74 396.34
111 397.99
1.48 393.21
1.85 354.85
0 392.90
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