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Summary/Abstract

The primary objective of the present studyis to evaluate the effect of the fire source elevation on
the main fire parameters, by implementing laboratory experiments. In modern Fire Safety Engineering
practice, it is often assumed that fire always commences at the floorlevel. However, itis not always the
case. For instance, many residential fires were initiated by the ignition of ovens and stoves leading to the
fire base to be raised above the floor by at least a meter. A series of tests with fire source located at
different heights were conducted in the 1/3 scale of the ISO standard fire room. Heat Release Rate, Mass
Loss Rate, temperaturesinsidethe enclosure and radiative heat flux at the floor were measured. Results
showed that when fires are elevated so that the flame is completely inside the smoke layer, they yield
higherheatreleaserate, mass loss rate and heat flux than fires nearthe floor. At the same time, if the fire
source is elevated to a level, where no considerable interaction with the smoke layer takes place, it will
resultina less hazardous fire, as conditions critical to life safety develops slower than for the floor fire.

The secondary objective is to establish whether the existing modelling software and analytical
models are sufficient for simulating elevated fires. This is studied by comparison of the experimental
results with simulation performed in FDS and hand calculations. Three simulations reproducing the
experimental tests were performed using the FDS tool supplemented with an environmental feedback
model. Simultaneously, hand calculations of HRR, MLR, HGL temperature and height were conducted by
applying fire dynamics principles. FDS outputs and theoretical results were compared with the
experimental ones. From the comparison it was learnt that current hand calculations and FDS models
cannot sufficiently predict the impact of the source elevation on the development of fire parameters. The
study provides speculations on factors that can be responsible for changes caused by the fire elevation. It
also reasons why analytical and numerical models cannot account for these changes. However, no
practical solution is provided in this work.

B 300a4u Hacmoswe2o uccnedosaHus 8xoo0um, 80-MepebiX, OUEHUMb 10 OCHOBHbLIM 11apaMempam,
npumeHsemblM 071 QHAAU3A MOHAPOB8, PAKMOP 8bICOMbI, HA KOMOopol HAxo0umcsa UCMOYHUK
80320pAHUSA, Mymem ocyujecmeseHus 1abopamopHbIX 3KcrepumeHmos. B cospemeHHoU npakmuke
UHMCeHepHOoU npomusonoxapHoli6e30nacHoCmMuU NPUHAMO cHUMame, Ymo 80320paHUE HAYUHAemcs Ha
yposHe nosa. OOHAKo amo He 8ce20a 8epHoO. Tak, yacmol npuYuHol NoXapos, B0O3HUKUWIUX 8 HUsbIX
omeuw,eHUsAX, CmaHo8aAMCA 371eKmporeyu, pasmeuséHHble o MmeHouiell Mmepe 8 Mempe om rnosepxHocmu
nona. Hamu 6bin nposedéH pAa0 3KCepuUMeHmMo8 C UCMOYHUKAMU 80320PpAHUSA, PA3MEWEHHbIMU HA
PA3HbIX 86ICOMAX OMHOCUMESBLHO YPOBHA 104. Micciedo8aHUA Mposodusnucs 8 1a60paMOpPHbIX yCno8usx
Ha 6a3e modenu KomHamel ISO 1/3. Bblnu NpoaHanu3uposaHsl CKOPOCMb 8bICBOBOHOEHUA Mera,
KoaghhuyueHm nomepu Maccel, memrepamypbl 8Hympu 3aKpPblMo20 npocmpaHcmaa u paduayuoHHo20
mers108020 MOMOKA HA ypOoB8He noAa. Pe3ysibmamel Uccedo8aHUA NOKA34U, YMO MOX AP bl, BO3HUKWIUE
HQ ypo8He hopMupoB8aHUA ObIMOBO20 C/104, Xapakmepu3sytomcs 6os1ee 8bICOKO U CKOPOCMbo 8bl0esneHus
mernaa, 60see 8bICOKOU CKOPOCMbIO MOMepPU MACCbl U Mernsa08020 MOMOKA, YeM MOXAPbl, 803HUKWIUE
861u3U nosaa. B mo xce apems, pasmeljeHue UCMOYHUKA 80320PAHUSA HA 8biIcOMe, 20€ He Mpoucxooum
3H@4YUMenbHO20 83aUMO0elicmeus ¢ 0bIMOBbIM C/I0EM, 8bi3bi8aem MeHee OMacCHbLIU 020Hb, MAK KaK
nposeseHuUe KpUMUYEeCKUX 0158 HU3HU Napamempoe rnpomueornoxcapHoli 6esonacHocmu 3ameodnsaemcs.



Bo-emopeoix, 014 HAc 6bi10 B8AMCHLIM YCMAHOBUMb, HACKO/ILKO 3(hheKmuaHsbl cyuecmayrouee
npozpammHoe obecrnieyeHue U aHanaumuveckue mooesnu 078 NPO2HO3UPOBAHUA PA38UMUA CUMyayuu.
Ymo demoHcmpupyemca nocpedcmeom cornocmassaeHus pesysnbmamos pacyemos, 8binoAHeHHbIX C
npumeHeHuem FDS moodenu, u OaHHbIX, PACYUMAHHbLIX 8pYyYHYI0. B npouecce ucciedosaHus Hamu bbin
nposedéH pAd 3KCrepuMeHmMos, MOOeaAUPYIOWUX CUMYauUIo MoXapa, 8 PamMKax Komopoz2o bbiiu
npumeHeHol FDS memoOuKu, 0onosnHeHHble MoOesiblo omeemHol peakyuu oKpyxcarouseli cpedsl.
OO0HoBpemeHHO b6binu npoeedeHbl pacyémel BPYYHYHO MAKux nokasamenel, kak CBT, KIM,
memnepamypesl U 8bICOMbl ObIMOBO20 C/10A, TymMem rnpuMeHeHUa MPUHUUNo8 OUHAMUKU noxcapos. FDS
pesynsemamel U pe3ynbmamsl  meopemuyeckux — pacyémos  bbiau  corlocmasseHsl €
aKCrepuUMeHmMasnbHbIMU OaHHbLIMU, Mocse Ye2o bbl0 yCMAaHOB/EHO, YMO KAK pacdemsi C MPUMeHEHUEM
FDS modenuposaHusa, mak u pacyemsl, nosay4eHHole 8py4YHyro, He Moaym 8 0ocmamoyYHoli cmeneHu
Mpo2HO3UPOBAMSb 8aAUAHUE (hAKMOPA 8bICOMbI PA3MEWEeHUA UCMOYHUKA 80320pAHUA HO OUHAMUKY
napamempos noxapa. MiccnedosaHue codepxcum pao npednosnoxeHull o hpakmopax, enusoUUX Ha
OUHAMUKY oXapa 8 3a8UCUMOCMU OM 8bICOMbI PACHOMAOHEHUA UCMOYHUKO8 80320PAHUA, A MAKHeE
U3/10MCEeHUe MPUYUH, N0 KOMOPbLIM aHaaumuveckue moodenu U FDS mexHonozauu He sAs8aaomMA
00cmamoyYHo 3hheKmusHbIMU 0018 peweHUs NnocmassneHHbIx 3a0a4. Tem He MeHee, HUKOKO20
npakmu4veckoeo peweHus npobsaemsl He OaHHOe ucciedosaHue He npednosaazaem.
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1.1

Introduction & Objectives

Introduction

In modern Fire Safety Engineering practice, the horizontal position of the fire in the roomis presumed
to be a critical factor. Several fire parameters’ equations were adjusted for the firesthat are located in
the corner or along the wall. [1] The impact of these configurations have been accepted by fire safety
engineering society for many years and have been broadly applied to fire design and fire investigation
methods. Surprisingly, not much attention is paid to a vertical position of the fire. This parameteris simply
almost never mentionedin mostimportantfire engineering books of our time, such as SFPE. [2] Most of
the experimental studies on fire behavior, such as fire plume correlations [2] have been carried out with
the fire source placed near the floorlevel orin the way that avoids any interactions between the smoke
layerand the actual fire.It might bethoughtthat the fire elevation has no significance on the development
of the fire orthat such fire scenario occurs hardly ever. The latteris hardly to be the reason, asin real life
situation the fire can occur at some heightabove the floor. Forinstance, in many cases of residential fires
the place of origin started by the stove or similar cooking equipment. According to NFPA [3] between 2009
and 2013 in USA 45% of all residential fires were caused by cooking equipment. The number of fires
initiated by forgotten stove, in Sweden between years 1996 and 2009, made up 9.8% of all residential
fires. [4] For industrial fires the problem is also not uncommon, as fires are often initiated in faulty
equipment orwires positioned onthe walls ordue tothe leakage in pipes transporting flammable liquids
and gases. Between the years 2006 and 2010 13% of USA industrial fires were caused by piping
transporting flammable or combustible liquids and gases and 7% of industrial fires were initiated by
electrical wires and cable insulation. [5] There is no precise statistic on how many of these fires were
elevated, but this possibility cannot be excluded.

Several previous studies have been conducted with respect to the effect of the fire elevation, on its
development and parameters. However, the existing studies are generally focused only on a specific
phenomenon (e.g. ghosting fires [6]) or a particular compartment type. For instance, by use of the
analytical model, Zukoski in his work on smoke filling in a compartment with the floor leakage [7],
estimated thatif the fire was elevated, the smoke filled up the room slower,compared to the case witha
fire nearthe floor. Mounaud [8] carried outaset of testsin compartmentswith verticalopeningsin order
to investigate the species generation and transport from compartment fires with source being elevated
at three different heights. He thoroughlyexamined the effect of ceilingimpingement on heat transferand
plume characteristics, thus, he did notanswer how this changed the combustion efficiency. Backovsky [9]
studied how the fire elevation affected behavior of underventilated fires if the airinlet was located high,
by examination of the temperature profiles. Zhang et al [10] were concerned about ship fires, so they
have studied the effect of elevation on pool fire behaviorin a closed compartment that represented a
ship cabin. They have found out that if the fire was elevated high enough to reach the ceiling, the mass
loss rate was much greater than for the fire in the open air. Moreover, they have discovered that the
combusting efficiency got smaller with the elevation and it got even smaller if the flamesimpinged the
ceiling. Zhang et al concluded that during the early stage, the fires that impinged the ceiling were more
dangerous as they yield greater heatrelease rate. Zhang et al [11] were also interested in elevated fires
in ship compartments, underground structures and nuclear power plants with only horizontal vents.
Therefore, Zhang et al performed another experimental study on elevated fires, but this time in a ceiling
vented compartment. The results revealed that forthe fires that were elevated higherthe overall oxygen
concentration was higher, the fuel loss rate and light extinction coefficient were smaller, the gas
temperature was lower and the smoke descending was slower. Basing on these results Zhang and
colleagues concluded that the elevated fires in ceiling vented compartments were less hazardous than
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1.2

1)

2)

3)

fires at the floor level. [11] Jie Wang et al [12] made a physical model, that as nearly as possible,
represented aircraft cargo compartmentin order to study how fire elevation can affect activation of
smoke detectors. Thus, he was mainly concerned with the earliest stage of the fire development, which
made this work differfromthe studies performed by others. [12] The results of the cargo compartment
study showed that the ceiling temperaturerise and conce ntration of 0,/CO/CO, inside the compartment
depended on the elevation of the fuel.

Most of the existing papers are concentrated on the fully-developed stage, thus, they cannot be
appliedforthe early stage whenevacuation normally takes place. Onlyseveral experimental studies used
compartments with vertical openings, which is the most common case in residential and industrial
buildings. Only a few scientists looked at how MLR, HRR and combustion efficiency is affected by the
elevation of the fire. Though, these parameters are of great importance for the fire development and for
the conditions duringthe pre-flashover stage when life safetyisan issue. As the safety of the occupants
oftenis the primary objective of the fire safety engineering, itis of a great importance to determine
whether the elevated fires cause more danger to the life of occupants than the fires at the floor.
Therefore, in this work a number of tests are performed in a single enclosure with a vertical opening in
one of its walls. The attention is mainly drawn to the fire parameters such as MLR and HRR and conditions
critical for the life safety - temperature in the enclosure and heat flux received at the floor.

Objectives

The first objective of this thesis is to study the influence of the fire source elevation on
development of conditions hazardous for life safety in a compartment. The second objective is to
investigate if the elevation can be accounted for in simple hand-calculation methods used in fire safety
engineering or with numerical tools.

The main research questions (RQ) to be answered in this work are:
How will the heat release rate be affected by the elevation of the fire source?
The Heat Release Rate is the principle fire parameter usedin fire safety engineering to characterize fire
behavior. HRRis presentin the keycalculations of the fire dynamics, such as plume correlations, duration

of combustion, temperature inside the enclosure etc.

What s the effect of the fire elevation on hot gas layer properties (such as temperature and hot gas layer
height)?

Properties of the hot gas layerare vital for the safety of the occupants of a burningbuilding. The rate at
which the smoke layer descends and its temperature determine the time available for the safe escape
from the building. When the smoke reaches the level of the occupants’ height, the threat of suffocation
by smoke is critical.

How will radiative heat flux to the floor be affected by the elevation of the fire source?
Heat flux received atthe floorlevelis anotherimportant factorforlife safety objectives. The heat flux of

2.5kW is considered to be untenable for people, therefore, itis of great importance to know if the
elevation of the fire source can lead to higher values of this parameter. [13]

10



4)

5)

6)

1.3

Does elevation of the fire source influence the speed of the growth of the fire parameters (HRR, HGL
Temperature and height, heat flux etc.)?

As it was said, when designing the safe evacuation, the time available until the untenable conditionsare
reached, is the central factor. For this reason it is important to study whether the fire elevation can
accelerate the development of the hazardous conditions.

Is it possible to account for the elevation of the fire source in existing fire modelling software?

In the modern fire safety engineering practice, FSE design is often performed with the assistance of the
modelling softwares based on Computational Fluid Dynamics (CFD) methods. However, the ability of the
common simulation tools to account for the effects of fire elevation was never previously studied.

Is it possible to account for the elevation of the fire source using existing hand-calculations methods for
fire safety engineering?

Even if the fire simulation tools get more and more powerful, theoretical calculations methods still
continue to be the dominating FSE approach. As it was discussed in the Introduction, most of the
experimental studies, that gave rise to the common estimating methods, were carried out with the fire
source nearor at the floorlevel. Thus,itis essentialto know whetherthese methods are suitable even for
the raised fire source.

The way how these questionswillbe answeredand discussed in detailin the chapter “Methodology”.

Limitations

Most of the limitations of this study are caused by the availability and condition of the fire lab
equipment. The gas analyser was not working properly and could not calculate the volume concentration
of the carbon monoxidein the exhaust air, because of that, the estimation of HRR was uncertain. Several
significant fire parameters could not be studied since there were no suitable equipment. Those
parameters are: concentration of CO/CO,/0, at different elevations inside the enclosure and light
extinction coefficient to determine the smoke density.

The largestfire testingroom available was the 1/3 scale of the standard ISO fire enclosure. As this
room was not of actual size, achieved results would have to be scaledin order to apply for the real size
situation and this might lead to certain errors. Findings might not be applicable for the rooms with
dissimilargeometry to the one of the test enclosure. Moreover, available enclosure had only one opening,
whichis notrepresentableforactual compartments. Furthermore, as only onesingle enclosure was used,
the results cannot characterize fires in multiple room compartments.

Another factor limiting the application of the findings is the duration of the implemented tests.
For the tests, a relatively small amount of fuel was used that restricted fire developing from overpassing
its growth stage. For this reason, obtained results will not be relevantforthe firesin the steady state or
in decay stage. Additionally, the phenomena of flashover was not covered by this study.
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2.1

2.2

Methodology

In previous chapter, the objectivesof this work and the mainresearch questions (RQ) were stated.
In order to answer the first four questions the fire parameters of the elevated fires can be compared to
the corresponding parameters of fires at floor level. Therefore, the fire parameters mentioned inthe RQ
1-4 will be found for elevated enclosure fires and for fires at floor level experimentally and by use of the
CFD models. The fire parameters discussed in the RQ 1-3 will also be found analytically. To answer RQ6
analytical and experimental results willbe compared. By comparing experimental results with results from
simulation,itis possible to conclude whetherthe chosen modelling softwareis able to represent the effect

of the elevation, thus answering RQ5.
The three research methods that are used in this work are:

Experiments
CFD Modelling
Application of analytical methods

How the different research methods are applied in order to answer the six research questions are
presented in Table 1.

Table 1.Presentation of how different methods are associated with the different research questions (RQs).

Method RQ1 RQ 2 RQ 3 RQ 4 RQ 5 RQ 6
Experiments X X X X X X
Modeling X
Analytical X
methods

Experiments

The first component of the practical part of this work is a performance of the experimentsin the fire
laboratory. A 1/3 scale of the ISO fire room model is used forthe tests. Three scenarios are tested:

Fire at floor of the enclosure;
Fire elevated to 1/3 of the height of the enclosure;
Fire elevated to 2/3 of the height of the enclosure.

When all necessary datais collected, the analysis of the obtained results can be performed to
answerthe firstfour questions of the study. A full description of the expe rimental setup and the results
are presentedin chapter 3.

Modelling

Once the experimental partis completed, the experimental set-upis modelledin FDSand all
scenariostestedinthe laboratory are simulated. The results achieved by computersimulation are
compared to experimentalonesin orderto validate the capacity of FDSto represent elevated fires. A
full description of the setupinthe numerical model and the resultsis presented in the chapter4.
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2.3 Analytical methods
As the final stage of the work, fire parameters of interest will be analytically estimated using
methods discovered duringthe literature study. This will be followed by comparison of theoretical results
with ones obtained in the experimental tests.

2.3.1 Two-zone model concept
A two-zone model was chosen forthe analysis as the leading theoretical concept. This conceptis
widely applied in the FSE practice and it assumes that in pre-flashover compartment fires two distinct
layersform: an upperlayer consisting of hot gasesand lowerlayerconsisting of coolerair. It isassumed
that each layerhas a uniform temperature, addressed in this paperas: hot gas layer (HGL) temperature —

Tg, and lower layer cool temperature — Ta. The interface between these two zones is located at the height
— Hp. In literature such an enclosure model is also known as a stratified case.

Onthe figure belowa schematicstratified case and typical for this case pressure profileis depicted
(Figure 1).

Pe Tg H

¢ My, u Hy
D
Pa Ta |

Figure 1. A schematic of the stratified case [14].
InFigure 1 Ho represents the heightof the opening, Hn—is the height of the neutral planeand Hp

—is the height of the hot gas layer. For the stratified case the room istypically divided into two zonesin
accordance to the position of the characteristic heights (Ho, Hn and Hp). [15]
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3.1

3.1.1

3.1.2

3.1.3

Experiments

Experimental Setup
The experimental setupis described in the following sections.

Room dimensions

Experiments were conducted in a 1/3 scale of the standard ISO 9705 fire room with inner
dimensions of 120cm (L) x 80cm (W) x 80cm (H). This enclosure had a single vertical opening with
dimensions of 65cm (H) x 28.5cm (W) located in the front wall. Position of the vent is presented on the
Figure 2. The enclosure was placed underthe hood used forextraction of exhaust gases coming from the
room through the opening (Figure 2).

Enclosure materials

The enclosure was built with 10 mm thick calcium silicate boards, assembled togetherinto a box
by means of metal brackets. These boards had following properties:

Table 2. Property of the material the enclosure is made of.

Material Densityp, | Conductivityk, | Specific kpc, Thermal Thickness
kg/m?3 W/mK heatc, W3s/m?K? | diffusivitya, 6 m
J/kgK m?/s
Calcium 870 0.175 1130 1.7-10° 1.8-107 0.01
silicate
board
Measurements

The temperature in the enclosure was measured by means of 8 type K thermocouples with
diameters of 0.51mm. A thermocouple tree was placed at the right corner behind the pool fire ( Figure 2).
The uppermost thermocouple was located 65mm below the ceiling of the enclosure, the lowest
thermocouple was at 35mm above the floor (Figure 3). The spacing betweenall thermocoupleswas nearly
equal to 100mm. A Servomex 4110 Gas Purity Analyser was used to measure the volume concentration of
oxygen and carbon dioxide in the exhaust air in the duct. These parameters are important for HRR
calculations. A water cooled heat flux meter SBGO1 was installed at the centre of the floorto measure the
incident radiative heat flux. The fuel mass loss rate was measured by means of electronicload cell with an
accuracy of 0.001kg, placed underthe fire source. The schematicdepiction of the set-up and the detailed
equipment position can be seen in the Figure 2 and Figure 3.
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Figure 2.Schematic set-up of the experiment.
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Figure 3.Position of the thermocouples on the thermocouple tree.

15




3.14

3.1.5

Fire source

Heptane was chosen as the fuel for testing. This choice was based on the soot production
property of this fuel, which makesits combustion to resemble the actual compartment fire. The size of
the pan was chosen to ensure that there was no chance of flashoverto occur, as the purpose of this work
was to study the developing phase and, possibly, the steady state stages of the fire. [t was decided to use
pan with a diameter that gives a HRR of around 5 kW. It was guessed that a pool of 10cm in diameter
should produce a fire with the desired HRR.

Performance

To represent elevation, the fuel pan was placed on stacked bricks. To measure mass loss of fuel
during combustion, a load cell was placed between bricks and the fuel pan. To protect the load cell from
heat, athinlayerof thermalinsulationwas placed between the pan and the load cell. Each brick was 65mm
high, the scales with thermal insulation were 80mm high. Three scenarios were tested: fire at the floor
level, fireat 1/3 of the room heightandfire at 2/3 of the room height. Forthe firstscenario, the fuelpan
was placed on the scales that were set directly on the floor of the room, for the second scenariothe scales
were placed ontopof the stackof three bricks and forthelast scenario 7 bricks were used under the scales.
In this way, elevation in the first scenariois 80mm, in the second — 275mm (3:65+80) and inthe last one —
535mm (7-65+80). In each test, the pan was placed at 85cm (horizontally) from the opening. For each test
200ml of heptane was used. The configuration of each scenario is presented below (Figure 4).

For each tested scenario four experimental tests were performed. Additionally, three tests of the
free burning of heptane pool were conductedin orderto record the openair MLR, HRR and combustion
efficiency. To minimize therisk of systematicerror, the tests order was alternated so that two similar tests
were never performed one afterthe other. The total number of tests conductedis 15. It was insured that
the highest temperature inside the enclosure prior to the beginning of the experiment was not higher
than 30°C. Apart from the fuel, 30ml of water was added to the pan each time to prevent heating of the
fuel through the bottom of the pan. The duration of the testsvaried between 12 and 20 min, the higher
the fuel pan was elevated, the faster the fuel was consumed.
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Figure 4. Photos made duing the éxperiment; from left to right: Scenario 1, _éce;)ari‘o 2, Scenario 3.

3.2

3.2.1

Experimental Results and Analysis

To minimize the magnitude of error, multiple tests were conducted for each scenario. Further, a
mean value equal to the average of all tests was estimated to represent each scenario. In this way, 3
values of every measured parameter were prepared for further comparison: average value of the
parameterforscenario 1, scenario 2and scenario 3. Additional average value of the free burning scenario
isavailable for MLR and volume fraction of 02/CO, in the duct. The time of ignition was determined from
the output results as the time when the measurements by the thermocouples began to show a slight
temperature raise. Because of the delay of the gas analyser measurements, different t=0 had to be
determined for Oxygen measurements. This was also done manually in the output file, by finding the
moment of time when the concentration of O, began to notably drop down. Clearly, 4 repetitions of the
same tested scenario had different durations due to variable initial conditions and environmental
conditions during the test performance. The end of the test was chosen as the time when 2 repetitions
out of 4 had completely burnt out. The complete burn out was determined according to the
measurementsof the load cell. To avoid noisy resultsand simplifyfurtheranalysis it was decided to reduce
the outputs, leaving averaged values corresponding to every second minute only for all measured or
computed parameters. To do so, the averaged values of measurements taken 20 seconds before and 20
seconds after the time point were used.

MLR

In the outputfile the measured mass of the sample at each second can be found. Mass loss rate
can be estimated as the difference of sample mass at subsequent time steps. For simplifications, mass
loss rate corresponding to every 2 minutes of the test were taken and plotted for each scenario ( Figure
5).
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Figure 5. Variation of MLR over time for 3 different elevation scenariosand free burning.

From Figure 5 it can be noticed that the mass loss rate during the free burning of Heptane is
smallerthan during enclosurefires. That was expected as when the fire isinside the enclosure, it receives
radiation fromthe heated up boundaries and hot gas layer. This radiation leads to additional loss of mass
due to release of volatiles, in accordance with the equation below [16] (Eq.(3.1)):

m = — (3.1)

Where for this case

m” — additional mass flux or mass burning rate per unit area, kg/(m?s);

q"— net heat flux from the boundaries and smoke layer, kW/m?;
AH, — the heat of gasification (evaporation) of the fuel (Heptane), ki/kg.

Clearly the closerfuel surface to the smokelayer, the greateris the magnitude of the net heat flux
g”.That iswhythe MLR for the highest elevation scenario (2/3 of the room height)is considerably greater
than for all other tested configurations. Yet, the variation of MLR over the time for elevation scenario 2
(fuelisat1/3 of the height of the room) is below the one forscenario 1 (fuel nearthe floor),even though
itis positioned closerto the source of radiation. There are several factors contrib uting to such result. First

of all, the netheatfluxis notlinearly dependent on distance to the target, but itis inversely proportional
to the distance in power of two [2] (Eq.(3.2)):

o1

ND_z (3.2)
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3.2.2

Where D —is distance from the radiation source to the target.

Because of thisrelation (Eqg.(3.2)) itis likely that the radiation received by the fire base during the
scenario 2 is not significant, and comparable tothe scenario 1. Anotherfactor that affects the mass loss
rate, is the availability of the oxygen around the fuel bed. The higher the fire source, the lesser oxygen
concentration around it, due to limited air flow movement. When the fire is near the floor, it gets the
maximum amount of available oxygen,but when itis elevated to 1/3 of the room’s height, the combustion
is limited by the supply of oxygen. This can be the reasonthat the measured MLR of scenario 1 is higher
that one of the scenario 2. Italso can be seen that forall 4 tests, at some pointintime notlongbefore the
complete burnout, asudden raise of MLR occurred (after 10 minutes forscenario 3,and after 15minutes
for others) (Figure 5). This is likely to happen due to the fact that the metal pan containing the fuel, got
heated up and thisadditional heat contributed to the rate of fuel combustion, increasing the total MLR of
Heptane.

To sum up, two factors influence the measured differences in rate of mass loss: availability of
oxygen and radiation from the smoke layer and boundaries. When the fire is sufficiently close to the
ceiling, the second factor dominates, leading to the higher MLR and shorter duration of burning.

HRR

Rate of heat released was not measured directly, however, there are two ways to calculate HRR
using experiment’s output: by oxygen consumption and by mass loss rate of fuel. The second method
involvesthe use of combustion efficiency, but this parameteris unknown and is likely to change with
elevation due to change of available for combustion oxygen. Thus, the Oxygen Depletion method was
applied. Thismethodis based onthe observationthat, foralmost all fuels, areasonably constant amount
of energy isreleased perunit mass of oxygen consumed during combustion.This amount was found to be
around 13100 kJ per kilogram of consumed oxygen. [16] This method is well-defined by Janssens [17]. The
steps described in his paper were followed in order to determine heat released during the performed
experiments. Detailed calculations can be found in Appendix A. Plotted results are presented in the
following Figure (Figure 6):
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Figure 6. Variation of HRR over time for three elevated scenarios and free burning
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3.23

During the first minutes of the burning, the heat released by lower positioned fires are greater
than by fire elevated closest to the ceiling. Itis possible that when the fire located that high the amount
of oxygen available for combustion limits the rate of released energy. However, just 5 minutes after
ignition, the HRR of the fire that is located near the ceiling surpasses the HRR of all other scenarios and
continues rapidlyincreasing to its peak of 9kW after just 12 minutes. Evidently, the elevation of the fire
source at some pointstarts to significantly affect the heatreleased rate. The re-radiation from the ceiling
and upper parts of the walls enhances the rate of mass being consumed, whichis directly related to heat
release rate. Itis obviousthatthe closer the fire source is positioned to the source of radiation the higher
the impact, this is due to a bigger value of the view factor.

The rates at which energyisreleased duringthe combustion of the fuel in the open air, of the fuel
positioned on the floorand of the fuel elevated to 1/3 of the height of the enclosure are quite similar.In
these scenarios, rate of heat released reached a peak of about 7.1-7.5kW with the average of 5.5kW.
Though, the heatrelease rate when the fuel burned outside of the enclosure is slightly lower. This is again
explained by thefactthat when fire burnsinthe open air, allheat thatis released is lost to the surrounding
air, and no re-radiation is received in the fire bed.

In general, variations of HRR for all 4 scenarios follow similar trends for the corresponding
variations of MLR. Although, the difference between MLR of scenario 3 and others is more striking than
their differences in HRR.

Combustion Efficiency

According to Babrauskas [18], in case of the well-ventilated fire, the HRR is supposed to be
proportional to the MLR, this is shown by the equation that he has developed Eq.(3.3)):

Q =1 AH,py (3.3)
where
m - mass loss rate, kg/s;

AHeff— effective heat of combustion, kl/kg.

Yet, comparing Mass Loss Rate variations over time (Figure 5) with the graphs of HRR (Figure 6)
one can notice that general trends are not absolutely similar. Figure 5demonstrates stronger dependency
on the elevation than Figure 6. MLR corresponding to the scenario 2/3H is much greater comparing to
other scenarios, while the difference of HRR relating to different elevations is not so remarkable.
Evidently, the effective heat of combustion, AHeff, must be also dependent on the source elevation.

Heat of combustion representsthe energy releasedinthe form of heat when the fuel undergoes
combustion. Complete heat of combustion (AH.) can be measured if the fuel undergoes complete
combustion and no char or residues are left. This parameter can be measuredin abomb calorimeter, and
values for many fuels are known and can be found in the related literature. Yet, complete combustion
rarely occurs, so it is not representative for real fires, therefore, the parameter effective heat of
combustion has been introduced. Generally, effective heat of combustion constitutes 70-80% of the
complete heat of combustion. Therefore, effective heat of combustion can be found by multiplying
complete one by a coefficient, known as combustion efficiency (Xrr)(Eq.(3.4)):
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thus,
Q =m-AHppp = m-AH. " Xopy (3.5)

Complete Heat of Combustion is not expected to change if the fire position changes, asit is a
constantvalue measuredinthe open air. Therefore, it must be the global combustion efficiency that gets
affected by the fire elevation. The global combustion efficiency depends on the type of fueland, also, the
environment surrounding the fuel, more particularly the oxygen availability [16]. An enclosure restricts
the amount of oxygen available for the combustion. The further raise of the fuelsource limits theamount
of oxygen even more, by decreasing the distance between the fuel bed and the ceiling, the amount of
oxygen around the fuel bed becomes lowerand also air entrainment gets reduced. Because of that, fires
at different elevations can burn with different efficiency, specifically, the higher elevation, the lesser
amount of oxygen and smaller the global combustion efficiency.

To find the values of the global combustion efficiency for each elevation, the equation (3.5) can
be modified (Eq.(3.6)):

Xeff = Q/(m ' AHC) (3.6)
HRR and MLR have been found and plotted earlier (Figure 5 and Figure 6), complete heat of
combustion of Heptane is assumed to be 44.6 ki/kg. Thus, if the equation (3.6) is substituted in the

spreadsheet, the combustion efficiency versus time dependency can be plotted foreach scenario (Figure
7.)
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Figure 7. Variation of combustion efficiency over time for three elevation scenarios.

Accordingto obtainedresults, combustion efficiency of the free burning fire on average is equal
t0 0.94. Accordingto SFPE [2] the combustion efficiency of Heptane is close to unity and estimated to be
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0.92. The found combustion efficiency is believed to be reasonably accurate, as the difference of 0.02 can
be caused by imprecision of the experiment or by assumption of the heat of combustion value. The
combustion efficiency of the free burning case is also higher than for enclosure fires (Scenario1, 2 and 3).
Whichis logical, asthere was no airrestriction forthis case. Forthe fire located on the floor the averaged
over time combustion efficiency is found to be 0.9. This value seems high, but still can be possible,
considering the large openingthat could provide sufficientamount of air. It can be seen from the graph
that whenthe fire gets elevated combustion process becomes less efficient. The difference is not striking
for the 2" elevation scenario (1/3H), and the achieved averaged value is 0.85. However, when the fire is
elevatedtothe 2/3of the room’s height, and the flameisforced to run overthe ceiling, lack of the oxygen
causes the drop of the global combustion efficiency below 45%.

Hot Gas Layer Temperature and Interface height

Temperatures atdifferent heights were measured by means of athermocoupletree.However, in
fire engineering practice,for compartmentfires, atwo-zone model conceptis used. This conceptassumes
that in pre-flashover compartment fires, two distinct layers developed: an upper layer consisting of hot
gases and lower layer consisting of cooler air (Two-zone model concept). For further analysis, HGL
temperature and interface height for the tested scenarios should be determined from thermocouples
measurements. There are several data reduction methods that allow to convert multiple temperature
measurements to a single HGL temperature. The chosen one-dimensional analytical method was
successfully used in many published papers. [19][20][21] The explanation of the method and the
calculation procedure can be found in Appendix B.

After performance of the calculating procedure (App.B), the variation over time of HGL
temperature and HGL height can be plotted (Figure 8 and Figure 9).
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Figure 8. Variation of the hot gas layer height over time for three elevated scenarios.

Figure 8 represents the hot gas layer height fluctuation over the time for three elevation
scenarios. For the first scenario the fire source was not exactly placed on the floor, but because of the
load cell, fire was slightly lifted by just 0.08 m over the floor. The height of the smoke layer during all
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burning periods was slightly fluctuating between 0.4m and 0.425m, raising in the beginning of the tests
and going down closerto the end. For the second scenariofire was elevated to 0.275m above the floor.
The smoke layer rapidly rose to 0.48m above the floor, and then slowly descendedby 3 cm to 0.45m. For
the last scenario, the fuel pool was placed 0.535m above the floor which was just 0.265m below the
ceiling. In this case the smoke was constantly descending throughout the experiment from 0.52m to
0.46m, and it was below the fuel pan already after 2 minutes.

It can be concluded that the vertical position of the fuel affects the position of the smoke layer.
The lowerthe fire, the lower the smoke can descend. Elevation of the fire source might affect temperature
gradient distribution inside the enclosure, which will influence the pressure profiles. Pressure profiles
across the room heightis acritical factorthat determines howthe hotairfrom the enclosure will flow out
of the room. Evidently, smoke will be prevented to descend below this height (in FSE known as neutral
plane) and will be pushed out instead. It is also possible that the higher elevated fires produce thinner
smoke. The closerthe fire bed istothe ceiling, the lesser the amount of air entrainment, whichleadsto a
smaller amount of produced smoke.
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Figure 9. Variation of the hot gas layer temperature over time for three elevation scenarios.

Looking at the experimental results of HGL temperatures (Figure 9) some differences can be
noticed with respect tothe source elevation. From Figure 9 it can be seenthatduringthe first5 minutes
of the experiment the highest HGL temperatures occurred for the fires positioned on the floor. This,
probably, is not caused by the differencesin vertical positions of the source, but simply by the fact that
initial temperatures inside the enclosure were higher during the tests with source at floor level, due to
the inaccuracy of the test performance. Therefore, itis aninaccuracy of the test performance and should
not be taken into consideration. 7 minutes after the ignition, the HGL temperature in the tests with the
fire placed under the ceiling, started to increase sharply, reaching its peak of 386K just after 12 minutes
and burning out afterwards. The HGL temperature in the other two scenarios reached this temperature
only 3-4 minutes later. The highest HGL temperature reached during all tests was 396 K and it
corresponded to the source being elevated to 27.5 cm above the floor.
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After observing results for three elevation scenarios, it is possible to conclude that temperature
of the hot gas layerincreases faster for the fire source at the highest position (scenario 2/3H). Several
possible explanations to this can be named. First of all, according to the energy conservation prindple,
some part of the energy released from the combustion getsspentforthetemperaturerise.Consequently,
the higher HRR produced by fire, the higher should be the raise of temperature. As it was said, the fire
elevated to 2/3 of the enclosure height yielded greater HRR than fires during other scenarios.

Moreover, the closer the fire base is to the ceiling, the lesser heat losses from the plume to the
surrounding cooler air and lesser the air entrainment into the plume that cools it down. Thus, smoke
produced by the highest elevated fire, looses less heat on its way to the ceiling, resulting in greater
temperature of the smoke layer. On the other hand, proximity to the ceilingleadsto greaterheat losses
through the ceiling from the hot gas layer to the outside air. It is not possible to confidently state which
losses: fromthe plume to surrounding or from the smoke layer/ceiling to the outside, are greater. Thus,
their combined influence on the HGL temperature is unidentified.

Also, it was visually noticed in course of the experiment that only the very top of the flame
sometimestouchedthe smoke layerwhenthe fire was set near the floor (scenario 1). At the same time,
if the fire was elevated to 1/3 of the room’s height, a more significant flame -smoke layerinteraction has
been observed. But, the highest elevated fire (scenario 3) was burning inside the hot gas layer. Below
photos made during the tests are presented (Figure 10). If the flame could touch the smoke layer that
impliesthatthe layerwas directlyheated by the flamethat was at least 1000°K [22]. It should be expected
that scenario 2 and 3 should yield higher HGL temperature than scenario 1, where just littl e interaction
between flame and smoke layer was noticed. Propagation of the flame caused by interaction with the
ceiling that was observed during tested scenario 3, possibly lead to the most intensive heat transfer
between the flame and the hot gas layer, resulting in such rapid increase of HGL temperature.

Figure 10. Photo made during the experiments depicting the flame — smoke layer interaction.

Overall, if the fireis elevated highenoughso thatits flamesimpinges the ceiling, the temperature
of the hot gas layerescalates fasterthan if the fire positioned at the elevation that preventits flames to
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directly interact with the smoke layer. However, the differences in the magnitude of reached
temperatures are not that significant — 15K maximum.

3.2.5 Radiative Heat flux

Data on the magnitude of the radiative heat flux received at the floorlevel can be found directly
in the tests output file (Figure 11).
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Figure 11. Variation of the received radiative heat flux to the floor over time for three elevation scenarios.

From Figure 11, it can be observed that during the first 5 minutes after ignition the highest
radiation registered by the flux-meter corresponded to the first scenario. It should be remembered that
theinitial temperature forall repetitions of this test was slightly greater. Also, the fire was located closer
to the flux-meter and radiation from the flame was greater than when fire source was elevated higher.
The total re-radiation from the boundaries and smoke layer was insignificant as the temperatures
considerably raised later. Also, coming back to the graphs representing HGLtemperatures ( Figure 9), one
can see that HGL temperature during this period of time was quite similar for all elevation scenarios.
However, after 5 minutes, the pattern has changedfor the last scenario. The value of received radiation
started to increase greatly 5 minutes afterthe ignition almost reaching 1.2 kW/m? only 12 minutes after
ignition. For comparison, the same value during the second scenario was reached only 2 minutes later.
Once again, the reason for such high measured values for the last elevation case can be explained by
radiation of the flame that impinged the ceiling occupying large area of it. When the fire was placed
0.275m above the floor, the radiation that reached the floor was the smallest, as at the same time, source

was remote from re-radiating surfaces (boundaries and smoke layer) and its flame was away from the flux
meter.
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4.1

Modelling

Grid Size

An attempt was made to simulate the performed experiment using a computational fluid dynamic
software. The Fire Dynamic Simulator, FDS was chosen for this purpose. The grid size selected for the
simulation has a big impact on the precision of results. The smaller the grid the closer results will be to
the reality. Tojustify the suitability of the grid size for the buoyant flamesthere isa method that can be
used, which suggests that, the more cells spanningthe fire the better the resolution of the calculations.
[23] Therefore, the non-dimensional expression (D*/dx), where D* is a characteristicfire diameter of the
modelledfireand dx - the selectedgrid size (dx), was introduced. The characteristicfire diameter, D*, can
be found by applying the equation below (Eq.(4.1)):

Qf' 2/5
br= (poocpooToo\/E) (4.1

Where pm,cpoo,T00 - are the density, specific heat and temperature of the ambient air
respectively, g is the acceleration due to gravity, m/s?.

According to the U.S. Nuclear Regulatory Commission, to yield reasonably accurate results, the
following should be true: [24]

Another range is used in Danish best practice to valid grid size resolution:

*

10 <—
“dx

The grid sized usedinthe simulation was 0.05m. The characteristicfire diameter, assuming HRR
of the fire to be equal to 7kW:

: 7
D* = < Qrire ) - ( ) = 0.14

PooCpooTon/ G 1.2-1-298-9.38
Then
D*—0'14—28<4- « 10
dx 005 ~T 7
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4.2

Apparently, the chosen grid size is unable to accurately resolve calculations for such small fire,
especially for the first minutes when the total HRR was even smaller than 7kW. Obtained results should
be considered approximate, and in order to get more precise value the grid size has to be reduced.
However, the smaller grid size will cause the increase of computational time, which was already quite
long. In any case, the main objective of the simulation is to determine whether the FDS is capable to
demonstrate the influence of the fire elevation and the enclosure, ratherthan to provide exact values of
different fire parameters.Consequently, it was decidedto keep the coarse mesh, but to consideritduring
the successive analysis.

Setup

The modelled enclosure had configuration and dimensions similar to the ones used in the
experiment (see chapter 3.1). However, due to the mesh used, all dimensions were rounded offto 5 cm.
The same is true for elevation distances, for the simulation the following values were used:

Scenario 1: Fire elevated by 0.1m;

Scenario 2: Fire elevated by 0.275m;

Scenario 3: Fire elevated by 0.535m.

The pan was changed from the circular to the square one 10x10cm. The fire wasintroduced by its
mass loss rate per unit area (MLRPUA), the values of which were found by dividing the MLR, measured

during the free burning tests (see Figure 5), by the area of the fuel pan (0.00785m?) (Table 3).

Table 3. MLR and MLRPUA used for the simulations

Time, min | 2 4 6 8 10 12 14 16 18 20
MLR, 10* | 0.89 1.11 1.11 1.11 1.11 1.11 1.11 1.33 1.56 | 1.42
kg/s

MLRPUA, |0.011 | 0.014 | 0.014 |0.014 |0.014 | 0014 |0.014 |0.017 |0.02 | 0.019
kg/(sm?)

To reproduce the developing fire, the time-based ramp function of the mass loss was used. The
similar values from the Table 3 were united to shorten the ramp (Table 4)

Table 4. Values and fraction of MLRPUA used for ramp function.

Time,s | MLPUA, kg/sm? | Fraction
0 0 0

120 0.011 0.6

240 0.014 0.7

960 0.017 0.85
1080 0.02 1.0

In order to recreate the experimental setup the following devices were used in FDS:
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4.3

Upper Layer Temperature —to provide the time history of the HGL temperature, assuming two-
zone model. In FDS the same data reduction principle is applied for the upper tem perature calculations
than the one used for processing experimental results (Appendix B. Hot Gas Layer Temperature and
Height, Reduction Method). Therefore, the following further comparison can be made directly without
accounting for any methodological differences.

Layer Height — this device allows calculations of the smoke layer position along the specified
vertical line at any moment of time. In order to reduce the calculation time, this line was appointed to
start 0.2m above the floorand finish 0.05m below the ceiling. FDS uses the same data reduction method
that was applied in this study (see section 3.2.4).

Radiometer —this device represents the measurements of the flux meter similar to one used in
the experiment, therefore, it was positioned in the centre of the modelled enclosure.

The most challenging part of this model is to represent the effect of the actual elevation. Itis
apparent that such function is not included into the existing version of FDS. However, J. Wahlqvist have
developed asimplified environmental feedback model that serves forthat purpose [25]. This sub-model
takes into account two important fire behaviour phenomenon: the reduction of the mass loss rate
resulting from the decrease of the oxygen concentration nearthe fire base (Eq.(4.2)) and the increase of
the mass loss rate due to the re-radiation from the heated boundaries and hot gas layer (Eq.(4.3)).

My = e, - (0.1+ 05[%] — 1.1) (4.2)
> — q;ad in,external_qlad out,fuel
mrad - Ahv,fuel (4'3)

Then, the total mass loss rate:

mZ)Z — m’;o . (01 . 02 [%] _ 11) + 9rad inexternal “9rad out,fuel (44)
Ahv,fuel

More detailed description of the development of this simplified sub-model can be found in the
referenced paper[25]. The model proposed by J.Wahlqvist has beenimplemented into FDS (version 6.1),
the inputs needed to use the model are mass loss rate per unit area (MLRPUA), total fuel mass, surface
temperature (f.e. boiling temperature of the liquid fuel) and heat of vaporization. One weakness of the
simplified environmental feedback model for this particular study is that it cannot reproduce the ceiling
impingement by flames, which might be a crucial factor for scenario 3.

Example of the FDS input file for scenario 1 can be found in Appendix E.

FDS Results

Three simulations representing the three scenarios testedin the fire laboratory were simulated
in FDS. The simulations provided results on HRR, Mass Loss Rate, HGL temperature and height and
radiative heat flux on the floor.
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4.3.1 Mass Loss Rate

Equal Mass Loss Rate per unit area was input for every simulated scenario. However, the total
mass loss rate calculated by the FDS was also influenced by Oxygen concentration and received radiation
from the boundaries and a smoke layer. The Figure 12 below shows the variation of the total mass loss
rate over the time for every elevated scenario.

MLR, FDS
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2
w
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0
0.00 500 Time.min 10.00 15.00
——FDSFLOOR ——FDS 1/3H FDS 2/3H

Figure 12. Total MLR calculated in FDS

It can be seenfromthe graph (Figure 12) that all three simulations give the same results for the
first 2 minutes of burning. It can be assumed that during this period of time the concentration of oxygen
near the fire source is stable, the temperature in the enclosure does not raise sufficiently high to
significantly heat up the walls and the smoke layer is still rather weak. However, after 2 minutes some
differences between simulations can be observed. Yet, forthe fire nearthe floorand the fire elevated by
(1/3H) overthe floor, the predicted total mass loss rate, by FDS, isalmost the same through all period of
burning. It can be guessed that fire near the floor has more oxygen available for combustion, while fire
elevated to 1/3H receives greater fraction of radiation from the walls and a smoke layer, overall this
results in quite similar total MLR for both elevations. It can be seen from the Figure 12 that the highest
source elevation (2/3H) leads to the highest MLR, most likely itiscaused by the proximity ofthe fire source
to the hotgas layerandto the hottest part of the boundaries. Thus, the amount of received radiation well
compensates for the lesser amount of oxygen, yielding greater burning rate.

To see how accurate the values are predicted by FDS, they are compared to the MLR that was
measured in course of the experiment (Figure 13).
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4.3.2

MLR Comparison, FDS vs Test
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Figure 13. Comparison of the MLR calculated in FDS and measured experimentally.

The interesting observations can be made fromthe graphs (Figure 13), MLR calculated by FDS for
the two lowest elevations are greater than the experimentally measured ones, while the MLR for the
scenario 3 is much lower than the measured one. The high values of MLR for scenarios 1 and 2 can be
explained by inaccuracy of the input parameters. In section 4.2 the process of specifying MLR per unit
area wasdescribed. Asit was said, the experimental MLR for free burning case was divided by actual area
of the pan of 0.0078m2. It was overlooked, that due to the square grid, the Heptane pool in simulation
has a rectangular shape with area 0.1x0.1=0.01m?, and not 0.00785m?2. Because of that oversight, the
total MLR calculated by FDS should be greater than the experimental by 27%:

However, the input mistake does not explain why FDS underestimated the MLR for the scenario
3 (2/3H). Perhaps, FDS does not consider all sources of external radiation or underestimates them. But
most likely, such difference with experimental resultsiscaused by thefact thatin the test, forthescenario
3, the ceiling impingement by flames occurred and FDS is not capable to account for that. The flames,
extended across the ceiling, is a critical component of the total radiative heat flux received by the fuel
surface, ignorance of which leads to gross underestimates.

HRR

Rate of heatreleased by fire was calculated using the specified mass loss rate per unitarea of the
fuel. Because of that, the overall pattern of HRR variation over time plotted on the Figure 14 is quite
similarto the pattern of MLR variation on Figure 12. All three simulations behave identically for the first
2 minutes of the simulation, then the two lowest fires keep producing similar results, while thefire closest
to the ceiling releases energy with greater rate.
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Figure 14. HRR calculated during the FDS simulation

Comparingtothe experimental results (Figure 15), it can be noticed that the rate of energy
released calculated by FDS for all three simulations is higher than HRR found from the experimental
results. The first reason for that, is certainly, the higher MLR calculated by FDS due to inaccurate inputs.
Another reason, is that the global combustion efficiency, as appeared, has to be specified for FDS
simulations. This was deliberately not done to test the assumptions of the calculations involved in the
Environmentalfeedback model of J.Wahlqvist [25]. It turned out that only chemical combustion efficiency
was applied by FDS, equal for all simulated scenarios. Because of that, there is no differencein HRR
calculated for scenarios 1 and 2.

HRR Comparison, FDS vs Test
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Figure 15.Comparison of the HRR calculated in FDS and measured experimentally.
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4.3.3 HGL Temperature and Height

According to results calculated by FDS, the higher the elevation of the fire the greater is the
temperature of the hot gas layer (Figure 16) and the lesserthe smoke layer can descend (Figure 17). Yet,
the predicted raise of temperature is not linear to the raise of the fire position. The difference between
the firstand the second elevation,and the second and the third is about 260mm, while the differences in
HGL temperatures between these pairs of scenarios are far from being equal (Figure 16). This can be
explained by the fact that the radiation is proportional to the distance in power of 2, which has been
earlier discussed in the section 3.2.4. Thus, the fire located closer to the ceiling is supposed to receive
heat flux in power of 2 of the heat flux received by the fire at 1/3 of the room’s height.

HGL Temperature, FDS

500

450
s 400 —
g
=3
E 350
[+4]
o
5 300
'_

250

0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00
Time, min
——FDS FLOOR =——FDS 1/3H FDS 2/3H

Figure 16. HGL Temperature calculated by FDS

Onthe figuresrepresenting the position of the smoke layer (Figure 17), additionallines indicating
fire position are plotted, soit could be seenthat FDS does not allow the descending of the smoke below
the fire source. Also, the position of the HGL stays constant trough all burning time.
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HGL Height, FDS
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Figure 17. HGL Height calculated by FDS

The two figures below (Figure 18 and Figure 19) present the comparison of HGL properties
calculated by FDS and found from experimental measurements by using data reduction method.
Temperatures calculated by FDS for the fires raised above the floor, appeared to be higher than
experimental ones (Figure 18). Obviously, the higher values of HRR and MLR could cause this. It is also
possible that FDS does not account for all heat losses from the system or entrainment of cooler air.

HGL Temperature Comparison, FDS vs Test
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Figure 18. Comparison of the HGL Temperatures calculated in FDS and measured experimentally.

FDS assumption that smoke layer cannot reach the fuel baseis not supported by the experimental
results, where smoke layerin test of the scenario 3 descended at least 10cm lower than the fuel pan
(Figure 19). Moreover, through the duration of the tests, the smoke layer was gradually lowering and
slightly fluctuating, but not staying constant.
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HGL Height Comparisson, FDS vs Test
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Figure 19. Comparison of the HGL Height calculated in FDS and measured experimentally.

Heat Flux

In the graph below, the calculated heat flux received at the centre of the flooris plotted ( Figure
20). From thisimage one can see thatthe closerfire is positioned to the flux meterthe higherheat flux it
detects. Thus, the flame by itself is the main source of radiation that reaches the floor, at leastin the
beginning of the room burning. The fire located near the floor resulted in the greatest heat flux. The
second highestvalue forthe first 11 minutes, wasyield by fire elevated to 1/3 of the room’s height. But
after 11 minutes the fire near the ceiling produced greater heat flux than the one below it. If the fire of
scenario 3 did not burn out so rapidly, it could reach the values of heat flux yielded by fire near the floor.
Therefore, if the fire is positioned high enough, the boundaries and smoke layer can reach such
temperatures that the total radiation (from flame, layer and surfaces) surpasses the radiation from the
less elevated fire.
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Figure 20. Radiative Heat Flux at floor calculated by FDS
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The Figure 210 and Figure 201 gives anidea of how far the FDS results are from the experimental
measurements, asit can be seenthe heat flux calculated by FDS is nearly twice as high as the measured
one, exceptforthe scenario 3, where the difference is less striking. Though, itis not entirely appropriate
to compare these two methods. As the dissimilarity between experimental HRR and HRR calculated by
FDS make it impossible to justify weather the difference in heat flux measurements are caused by FDS
assumptions or by HRR values.

Heat Flux Comparisson, FDS vs Test
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Figure 21. Comparison of the Heat flux calculated in FDS and measured experimentally.

Overall, the accuracy of the calculations of FDS or any other simulation tool is ensured by the
precision of the input parameters. Attention should be paid when introducing these parameters, how the
model will implement computations is should also be taken into consideration.
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5.11

Analytical Methods

In this part of the work, parameters of interest are goingto be estimated analytically using methods
and equations found in the available literature.

MLR

After performingalarge number of free burning experiments withfuel poolsof various diameters
the following equation for the mass loss rate perunitarea was arrived at (Eq.(5.1)). This equation implies
that mass loss rate isinfluenced by the diameter of the pool and, also, by two empirical constants, kand
B, that depends on the fuel type. k —is the extinction-absorption coefficient of the flame and B —is the
mean beam length corrector. These parameters present a function of radiative heat flux from the flame
toward the fuel.

m" = 1, (1— e kAD) (5.1)

It is possible to find in available literature data for different fuels. [16] For the Heptane found
values are:

1, = 0.101
kB = 1.1.

Itisimportantto rememberthatequation 5.1and experimental data are valid for fuel pools with
the diameter of 0.2m and larger. Yet, in thiswork a pan with diameter of 0.1m was used, this means, itis
not absolutely correct to apply equation 5.1, however, there is no other alternative.

Then, for D=0.1m;
m" =1y (1— e *FP) = 0.101(1 — e~11'01) = 0.01052kg /m?s

In order to compare an analytical value with experimental ones, the calculated value has to be
multiplied by the area of the pool to obtain the same units as the measured mass loss rates have.

=1 A (52)
Where m —mass loss rate of the fuel, kg/s;

' — mass loss rate of fuel per unit area, kg/m?s;

A;—area of the pool, m?;

for the round pan: A; =ntD?/4 = 0.00785m?.

Finally,

1 =m"- A; = 0.01052 - 0.00785 = 8,3 10~%kg/s.
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It should be highlighted that the applied analytical method is valid for the pools with diameters
larger than 0.2m, using these equations for the smaller pool size does not provide with realistic results.
The average value of experimentally found MLR of the free burning case is 1.18: 10~*kg/s. Thisvalueis
biggerthan analytical one by 40%. MLR of enclosure fires are greaterthat of free fire, consequently, the

difference with analytical value is also higher.

5.1.2 HRR

Asit has beendiscussed earlier, in case of fuel controlled fires only, for many materials arelation
exists between rate of heat released and mass loss rate [18] (Eqg.(5.3)):

Q = mXAH, (5.3)

Where m —mass loss rate of the fuel, it was previously estimated as 8.3*%10° kg/s;

X — combustion efficiency, generally assumed 0.7 for compartment fires [16];

AH, — complete heat of combustion, for heptane AH. = 44.6Ml/kg.

Therefore,

Q = mXAH.=83-10"5:0.7-44.6 - 103 = 2.6kW

The obtained valueis likely to be underestimated due to the improper value of the mass loss rate
used for the calculations. It was decided to repeat these calculations using MLR values measured in the
course of the experiment for every 2 minutes time-step forall three scenarios and the free burning case
(Figure 5).

Resulting values of HRR are presented in the graph below (Figure 22).
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Figure 22. Variation of analytically found HRR over time for three elevation scenarios.

According to the tendency of graphs presented on the figure (Figure 22), for the assumed
combustion efficiency of 0.7 and experimentally measured mass loss rate, the rate of energy released
during the fires at floor and half-elevated (scenarios 1 and 2) is lower that the HRR of the free burning.
Thus, the HRR of the maximum elevated fire is extremely greaterthan energy released for all other tests,
nearly 3 times greater at its peak. To assess the error that one might expect when implementing
calculations of HRR using measured MLR and assumed efficiency of 0.7, the graphs of analytically

estimated HRR were plotted against experimentally found HRR (Figure 23).
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Figure 23.Comparison of the HRR calculated analytically and measured experimentally.

From the collation of the two sets of graphs (Figure 23), it can be noticed that the analytical
method underestimates HRR for low positioned fires, but greatly overestimates HRR of the fire elevated
to 2/3 of the room’s height. To assess the quantative error analytical values can be divided by
experimental one.This calculation was performed forevery scenario and every time step. The found eror
was then averaged over time, final result is presented below:

Scenario 1 (floor): Qg1 = 0.81Q,1;

Scenario2 (1/3H): Qa,z = 0-77Qe,zi

Scenario3 (2/3H): Qg3 = 1.57Q,3

Indexes a and e denote “analytical” and “experimental” respectively.

Allinall, performed analytical calculations results in error of about 20% when applied tofirstand
second scenarios. Forthe highest elevated firethe analytical value is overestimated by more than 50%.

38



5.1.3 HGL Temperature and Interface Position

5131

Two methods different in their approach have been chosen for estimating hot gas layer
temperature. In this study these methods are addressed as Method 1 and Method 2. The Method 1 is
knowninfire safety engineering as the MQH Method, because of the scientist who worked on developing
this approach: McCaffrey, Quintiere and. [26] Method 2 is based on the simplified energy balance. Both
methods assume that fire compartment can be represented as two-zone model. Detailed description of
each method and following calculations suitable for the studied case can be found in Appendix C
(Method1) and Appendix D (Method 2). Below the results only are presented

Method 1
The MQH formula for temperature increase is given below (Eq.(5.4)):

L \1/3
¢ ) (5.4)

AT = 6.85 <m

After performance of all calculations described in Appendix C, the temperature of the hot gas
layerwas found for each configuration scenario. Results are gatheredand depicted on the Figure 24. First
two minutes of fire were deliberately ignored as the used method is valid only when a smoke layer of
sufficient depth has been formed so mass flow out of the enclosure is possible.

HGL Temperature (Method 1)
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Figure 24. Hot gas layer temperature estimated using Method 1 for every elevation scenario.

From the graph above it can be seen that during the first 4 minutes of the burning the highest
temperatures of hot gas layerare reached when the fire is positioned on the floor (Figure 24). Yet, after4
minutes the temperatures corresponding to the scenario 3 (2/3H) sharply increases reaching 466K. The
lowest temperatures relate to the scenario 2, fire at 1/3 of the room’s height, though, the scenario 2
values do notsignificantly differ from those of the floor case. It should be noticed that the general pattem
of the HGL temperature graphs resemble a lot the pattern of the HRR graphs presented in the Section
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3.2.2, Figure 6. This is not unexpected as experimentally obtained HRR was a key input parameter for
MQH calculations.

Method 1 vs Experiment; HGL Temperature
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Figure 25. Comparison of the HGL Temperatures calculated from Method 1 and measured experimentally.

Comparing temperatures calculated with Method 1 with temperatures obtained from

experiments, itis clearthat Method 1 generally overestimates temperatures of hot gas layer (Figure 25).
The quantative difference was found to be:

Scenario 1 (floor): Tyy11 = 1.12T, 4;
Scenario2 (1/3H): Ty, = 1.11T, ,;
Scenario3 (2/3H): Ty13 = 1.17T, 3;

Indexes M1 and e denote “Method 1” and “experiment” respectively.

Interesting observations can be made if HGL temperatures based on the experimental

measurements are compared to HGL Temperature estimated in accordance to Method 1, but with the
use of HRR values measured in the free burning test (Figure 26).
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51.3.2

Method 1 (Free burn) vs Experiment
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Figure 26. Comparison of the HGL Temperatures calculated from Method 1 using HRR of free burning Heptane with measured
experimentally.

Inthis case only one singletime dependent value of HGLtemperature can be found usingMethod
1. The differences between this value and temperatures based on tests for every elevations are:

Scenario 1 (floor): Ty free = 1.039T.;

Scenario 2 (1/3H): Ty free = 1.042T;. ;
Scenario 3 (2/3H): Ty free = 1.036T;. 3;

Overall, if the experimentally measured HRR of each elevation are used as an input for MQH
method of HGL temperature estimation, the errorfor the low positioned fires should be expected to be
justabove 10%, and for highly raised fires —of about 15%. However, if the HRR from the free burning test
is used, the error for each elevation is about 4% only.

Method 2

The equationforthe hot gas layer temperature that came out of the energy balance principleis
found in the Appendix D to be (Eq.(5.5)):

Q

T, =T, AT =T, —_
g amb+ amb+(mgcp+hAt)

(5.5)

The HGL temperature wasfound for each time step, though, allvalues prior to the first 2 minutes
are ignored due to the absence of the mass flow out. Visual presentation of the results can be found in
the Figure 27.
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HGL Temperature (Method 2)
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Figure 27. Hot gas layer temperature estimated using Method 2 for every elevation scenario.

Graphsthatare presentedabove (Figure 27) are again very similarin theirtrendsto the HRR variation
over time found experimentally and used as the input parameter. The highest overall temperature

corresponds to the scenario 3. And temperatures found for scenarios 1 and 2 are very similar in their
magnitude.

Method 2 vs Experiment; HGL Temperature
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Figure 28. Comparison of the HGL Temperatures calculated from Method 2 and measured experimentally.

Again comparing the values of temperature estimated with analytical method (2) with values
found through the data reduction, following relations were estimated:
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Scenario 1 (floor): Ty, = 1.03T;4;

Scenario 2 (1/3H): Tz, = 1.08T; 5;
Scenario3 (2/3H): Tyz3 = 1.27T, 3;

Indexes M2 and r denote “Method 2” and “reduction” respectively.

Instead of using HRR values from tests with elevations, only HRR from the free burning test can
be used for Method 2 calculations. The differences between analytical values and experimentally based
temperatures take following form (Figure 29):
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Figure 29. Comparison of the HGL Temperatures calculated from Method 2 using HRR of free burning Heptane with measured
experimentally.

Numerically the difference between an analytical value and experimental can be expressed as:
Scenario 1 (floor): Ty free = 0.99T,.1;
Scenario2 (1/3H): Ty free = 1.01T; »;
Scenario 3 (2/3H): Ty free = 0.99T.3;

From the expressions above, it can be concluded that using HRR, measured in free burn test,

providesresults with an error of just 1% forevery elevation, whileusing HRR from elevated tests leadsto
the increase of the error.

In general, Method 2 allows for more accurate estimates of HGL Temperature than Method 1.
Relatively accurate results can be achieved only if the HRR obtained from the free burn test is used.
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Anotherparameterthat was estimated applying Method 2is the height of the smoke layer (Figure
30). It can be seenthat estimated height of the smoke layerisdirectly related to the elevation of the fire
source, meaning that the higher the location of fire, the lesser is the descent of the smoke.

HGL Height (Method 2)
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Figure 30. Hot gas layer height estimated using Method 2 for every elevation scenario.

Comparing analytical results to the ones obtained by data reduction (Figure 31), it can be seen
that Method 2 predicted position of the smoke layer that are higherthan the experimentally found ones.

Method 2 vs Experiment; HGL Height
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Figure 31. Comparison of the HGL Height calculated from Method 2 and measured experimentally.
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This method overestimated HGLheight by 14% forthe Scenario 1, by 20% for the scenario 2 and

by 31% for the Scenario 3. Consequently, the higher the elevation, the greater the error produced by
Method 2.

Scenario 1 (floor): Zyp, = 1.14Z, 4;
Scenario2 (1/3H): Zyp, = 1.20Z, ;
Scenario 3 (2/3H): Zy3 = 1.31Z, 3

Figure 32 compares experimentally based values of HGL height to the analytical one found using
Method 2 and applying HRR for free burning case.

Method 2 (free burn) vs Experiment; HGL Height
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Figure 32. Comparison of the HGL heights calculated from Method 2 using HRR of free burning Heptane with experimentally
measured ones.

Scenario 1 (floor): Zyy free = 1.06Z, 1;
Scenario 2 (1/3H): Zyyfreez = 0.94Z5;
Scenario3 (2/3H): Zyz free = 0.90Z,.3;
One can notice that the analytical value is higher than HGL height during Scenario 1, but lower

than HGL height for elevated Scenarios 2 and 3. But the difference between this analytical result and

experimental ones is smaller when using HRR from free burn test, than HRR from enclosure tests with
elevations.

Altogether, both methods used could not provide results that accurately resemble experimental
findings. The reasons of that could be approximations and assumptions applied to develop analytical
models, and, also, the fact that both models were derived from the experimental studies with the fire
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located near the floor. Nevertheless, the distinction between analytical and experimental results is
relatively small, especially ifthe HRR from the free burn testis usedas the input parameter. Thus, Method
1 and Method 2 can serve to provide anidea of the values that can be reache d in real fire with uncertainty

of about 10%. Still, like for any other analytical method, accuracy of the results predicted by Method 1
and Method 2 greatly depends on the precision of the inputs.

46



Discussions

In this chapter the answers for the research questions listed in the chapter 1.2 will be analysed
and discussed. Different scientific methods are applied in orderto analyse the different questions (Table
1). Only data from the experimental study is used to analyse and discuss the first four questions, while
experimental datatogetherwith FDS simulations and analytical calculations will be used to analyse RQ5
and RQ6, respectively. The main assumption of this study is that the results obtained during the
experiments (measurements and processed data) reasonably well represent reality.

To assess the influence of the fire elevation on development of a certain parameter, this
parameter will be plotted against the height of the elevation. As the firein this study isinits growthphase,
all parameters are time dependent, thus, the separate graph for every time step should be analysed. The
lasttime stepis chosento be t=12 minutes, due tothe fact that fires elevated by 2/3 of the room’s height,
completely burnt out, shortly after 13 minutes from the ignition.

In order to provide a quantative impact on the change of the certain parameter caused by the
source elevation, the mean values of this parameter corresponding to the elevated case (scenario 2 and
3) will be divided by the mean value for scenario 1 (floor). These simple calculations will clearly
demonstrate by how much the fire parameterwill be changed inthe studied setup, if elevated by 1/3 or
2/3 of the room’s height. The calculation willbe doneforevery timestepto provide the range of expected
differences. The maximum and minimum values will be used for comparison with results provided by
other methods, applied in this study.

RQ1. How will the heat release rate be affected by the elevation of the fire source?

To answer this question the HRR can be plotted against the height of elevation (Figure 1).
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Figure 33. Relations between HRR and fire elevation.

Exceptfirst 2 minutes, the highest elevated fire released greatest amount of energy, and the fire
elevated to 1/3H — the lowest. The only exception is the first 2 minutes, when the HRR was inversely
proportional toincreased elevation of the fire. This can be explained by the availability of oxygen be also
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inverselyproportional to the elevation. During all the period of burning, the HRR of scenario 2 (1/3H) was
smallerthan HRR of scenario 1 by 5-16%. The difference was greater duringthe first minutesafterignition.
When the HRR of scenario 3 is compared with HRR of scenario 1, the dissimilaritybetween two values was
alsogrowingintime, andif 4 minutes afterignition the HRR of scenario 3 was greater by 17%, just before
the burn out this number changed to over 60%.

Auxiliarygraphs were plottedto demonstrate the influence of elevation on the MLR of fuel (Figure
34).
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Figure 34. Relations between MLR and fire elevation.

The distinction of MLR between Scenarios 1and 2 was 10-20%. However, the fire elevated to 2/3H
yielded MLR that was 1.4-3.5 times higher than the MLR of the scenario 1.

From the plotted graphs (Figure 33 and Figure 34) it can be seen that mass loss rate is more
sensitive to the elevation than heat release rate. On average, the elevation to 1/3 of the room’s height
caused decrease in Mass loss rate by 14%, but HRR lowered just by 8%. The elevation to the 2/3 of the
height led to the vast increase of the MLR as for the scenario 3 itis 2.5 times greater than for the floor
case (average). Whileon average the HRR grew just by 30% when it got elevated to that height. Moderate
raise in HRR with elevation can be explained by the global combustion efficiency that gets lower if the fire
lifted higher. The summary of changes caused by fire elevation can be foundinthe table below (Table5).

Table 5. Extreme values of differences in values of HRR and MLR between Scenario 1 and Scenarios 2 and 3.

Parameter | Difference with 1/3H | Difference with 2/3H

min max min max
MLR -20% -10% +35% +246%
HRR -16% -5% -17% +63%

48



RQ2. How will hot gas layer properties (such as temperature and hot gas layer height) be affected by the

elevation of the fire source?

The Figure 35 and Figure 36 show the dependency of hot gas layer properties on the fire source
elevation. Forthe first4 minutes of fire, the highesttemperatures of the hot gas layer correspond to the
case with fire near the floor (Figure 35). It was mentioned earlierin the text, that initial temperatures in
the enclosure were slightly greater for tests of scenario 1. From the HRR graph (Figure 6) it was also
observedthatfire placed close tothe floorreleased greateramount of energy during the first minutes of
the combustion.
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Figure 35. Relations between HGL Temperature and fire elevation.

Over the burning period the difference between HGL Temperatures reached during the test of
scenario 1l and scenario 2 was neverover3%. The same is true when likeningscenario 1 and scenario 3.
Thus, the Temperatures reached when the fire was elevated to 1/3H are smallerthan those for fire near
the floor, and the temperatures corresponding to elevation of 2/3H are higher. The summary of changes
in the HGL temperature values caused by the elevation can be found in Table 6.

Table 6. Extreme values of differences in values of HGL Temperatures between Scenario 1 and Scenarios 2 and 3.

Parameter Difference with 1/3H | Difference with 2/3H
min max min max
HGL Temperature -2% <-1% -2% +3%

Observing the graphs for HGL height (Figure 36), it can be seen that during the first minutes of
fire, the smoke was thin and unstable, therefore, the graphs corresponding to t=2 min and t=4 min look
somehow differentfrom later ones. It was expected that the higherthe fire is elevated the lesser smoke
it can produce due to reduced amount of air entrainment into the plume. Thus, the smoke layer height
should be greaterforthe higher positionedfires. While the smoke layer from the elevated fires (1/3H and
2/3H) was indeed never as deep as smoke produced by floor fire, the smoke from the scenario 3 in the
end of the burning, descended lower than smoke from the scenario 2. There can be several possible
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reasons of why the smoke of the scenario 3 could get that low. First of all, when fire was elevated right
under the ceiling, its flames occupied the space where hot gas layer usually forms, driving smoke away
from the centre closer to the walls. Moreover, the height of the opening and formed pressure profile
across the enclosure due to increased temperatures, could also force the smoke to go lower.
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Figure 36. Relations between HGL Height and fire elevation.

Comparing actual heights of the hog gas layer position, it can be said that if the fire is elevated to
1/3H of the room, its smoke is 9-14% higher than smoke from the floor fire. The hot gas layer from the
2/3H elevated fire is 10-30% higher than the smoke corresponding to the floor case. From these
observations one can conclude that the effect of elevation on temperature of hot gas layer can be
neglected forthis experimental setup, as the average difference between values for different scenarios is
about 1%. Yet, the elevationis asubstantial factorfor the smoke layer position, the significant difference
can be expectedforthe lifted up fire. The summary of changesinthe HGL temperature values caused by
the elevation can be found in Table 7.

Table 7. Extreme values of differences in values of HGL height between Scenario 1 and Scenarios 2 and 3.

Parameter | Difference with 1/3H | Difference with 2/3H
min max min max
HGL Height +9% +14% +10% +28%

RQ3. How will radiative heat flux to the floor be affected by the elevation of the fire source?

The graphs, representing effect of elevation on heat flux measured on the floor (Figure 37),
demonstrate similar trend to all previous graphs: the second scenario yields lower value than the floor
one (by 7-50% of scenario 1), but the values corresponding to scenario 3 become the greatest after 4
minutes of burning (by 10-65% of scenario 1).
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Received Radiation vs Elevation
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Figure 37. Relations between Heat fluxes received at floor and fire elevation.

Consequently, fire elevated to 1/3 of the room’s height contributes tolesseramount of radiation
than the fire on the floor, and fire closest to the ceiling results in the raise of the heat flux reaching the
floor. It should be remembered, thatthe longerthe highly raised fire burns, the bigger the difference from
the floor case is, the increase by 65% can be possible (Table 8).

Table 8. Extreme values of differences in values of received heat flux between Scenario 1 and Scenarios 2 and 3.

Parameter | Difference with 1/3H | Difference with 2/3H
min max min max
Heat Flux -50% -7% -50% +65%

RQ4. Does elevation of the fire source influences the speed of the growth of the fire parameters (HRR, HGL
Temperature and height, heat flux etc.)
The time to reach a certain reference value for each parameter and elevation is determined, in
order to provide an answerto this question. AHRR of 7kW, HGL temperature of 380K and heatflux of 1
kW/m? were selected as reference values as these values were reached in every test. The time to arrive
to these values was found for every elevation by application of the interpolation method. The time to
reach reference points versus fire elevation was plotted and can be found below (Figure 38).
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Rate of fire growth vs Elevation
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Figure 38. Relations between fire growth and fire elevation.

The graphs indicate that reference points are reached faster if the fire is in the proximity to the
ceiling, butlowerifit is elevated to 1/3 of the room’s height (Figure 38). The correlations describing the
change intime to reach certain values of HRR, HGL temperature and heat flux, depending on fire position
are presented below:

t7*W = 1.1t = 0.5¢7%W (6.6)
t%%% = 1.09¢3%%% = 0.8t3%°¢ (6.7)
£ M2 = 156 W™ = 0,94, W/™ (6.8)

For the fires at 1/3 of the height, a delay of 10% is expected to reach both certain values of HRR
and HGL T, and 50% to reach a heatflux of 1 kW/m?, which makes this case to be less hazardousin terms
of occupants’ safety. On the otherhand, if the fire is elevated as high as 2/3 of the room height, the HRR
of 7kW is reached in half of the time compared to the fire nearthe floor. Also,a HGL temperature of 380K
isreached 20% faster. The 6% difference intime to 1kw/m?2heat flux is relativelysmalland can be ignored,
although, it should be remembered thatif the duration of fire is prolonged, the difference can get bigger.
Overall, while the effect of the elevation to 1/3H can be ignored, the fire elevated to 2/3 of the room’s
height grew much fasterthan the fire near the floor, so it is a much bigger threat for occupants’ safety.

Summary: Experimental results

To sumup first fourresearch questions, all studiedfire parametersdemonstrated dependence on
the vertical position of the fire. Some, like MLR and HRR, are considerably affected by elevation of the
fire, thus, ignoring the fire position and assuming thatitis located near the floor, will likely to lead to gross
underestimates of these parameters. Then again, HGL temperature changes so little with the source
elevationthat it can be easily ignored. Other parameters, heat flux to the floor and HGL height, tend to
fluctuate moderatelywiththe source elevation. The found dependency on elevation height are not simply
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linear, for all parameters it was noticed, that elevation to 1/3 of the room height produces slightly less
hazardous conditions compared to when the fire is on the floor. However, the 2/3H scenario causes a
more rapid growth of the fire. Forthisreason, itis believed that more than one factor must contribute to
changes of fire parameters when elevation varies.

The factor responsible forthe delay of fire developmentin scenario 2 islikely to be the decrease
in the oxygen concentration around the fire base. Oxygen concentration is directly related to the mass
loss rate, which in its turn contributes to HRR and HGL properties. The lower the quantity of available
oxygen, the slower the development of the fire parameters. The factor thatis mostlikely causing the more
intense fireinscenario 3 isthe radiation fromthe heated surfaces and smoke layerto the fire base. Asit
was discussed earlier, this factor contributes to additional rate of mass loss, resultingin highertotal MLR,
HRR, HGL temperature and heat flux to the floor.

The least obvious butstill essential factors that also contribute to the conditionsin the room, are
the heat losses, air entrainment, combustion efficiency, flame-smoke and flame-ceiling interactions. In
the scenario when the fire is placed on the floor the smoke needs to travel a longer distance before it
reaches the smoke layer.Onits way part of the heat will be lostto the surrounding coolerair. At the same
time, if the fire located closer to the ceiling, so little heat is lost during the smoke transportation, it still
will getlostbut through the ceiling directly outside. The greater the distance between fire base and smoke
layer, the more air can entrain the smoke, which through the mixing will cool down the smoke, but
contribute to the larger production of it. When fire is in proximity to the ceiling, practically no fresh air
entrainmentis possible, consequently, smoke production will be limited. The oxygen deficiency asit was
shown earlier, results in decrease of the combustion efficiency. Less efficient fires produce more unbumt
particles. These particles cause denser smoke, additionally, they radiate greaterthan smaller particles. If
the flames interact with the smoke layer, the last will increase its temperature more rapid. Ceiling
impingement by the flame resultsin that the flame propagates horizontally underneath the ceiling. This
results in a high temperature underneath the ceiling that heats the smoke layer and the ceiling, which
causes the greater heat flux being emitted.

As itnow can be seen, there are many differentfactors contributing to the outcomes of elevated
firesfor this particularset-up. That makes the problem quite complex, so no simple recommendation of
the safety factor or correction coefficient that can account for the elevation of the source, can be made
at this point. More tests of different elevation positions are required to assess the importance of each
factor independently. Still, one interesting observation was made, turned out that the elevation of the
fire does not cause essential changesin fire development, unless the fire is elevated to such point, where
flame penetrates the smoke layer, impinging the ceiling. Therefore, not the actual physical elevation
should be considered, but more fire size —enclosure size ratio and flame-smoke interactions.

RQ5. Is it possible to account for the elevation of the fires source in existing fire modelling softwares?

To analyze and discuss this question, results of FDS simulations will be plotted versus elevation
and differences in values with respect to different elevations will be computed. Than these findings can
be compared to experimental ones found in the answers to RQ1-RQ3.

MaAss Loss RATE AND HEAT RELEASE RATE

53



MLR and HRR in FDS calculations assumed to be directly dependent, therefore, both parameters
follow the same trend. Because of that, they are put in the same discussion section. FDS predicted MLR
and HRR were plotted against the height of elevation over the floor (Figure 39 and Figure 40).
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Figure 40. Relations between HRR calculated in FDS and fire elevation.

As it can be seen from graphs (Figure 39 and Figure 40) that according to FDS principles and
assumptions, HRRand MLR both depend on the source elevationin the similar manner. These parameters
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do not change at all if they are lifted from the floorto the 1/3 of the room’s height. Yet, the further raise
to the 2/3 of the room’s height causes increase in MLR and HRR, and this increase gets bigger with the
time. In this way, in the beginning of the combustion there is no difference, but just 12 minutes after
ignition, MLR/HRR of 2/3H scenario is greater than same parameters of the floor case by 33%.

To see if this corresponds to what was observed during the experiment, the minimum and
maximum differences between floor case and each elevation case computed from FDS are confronted to

those found from experiments (Table 5) in the Table 9 below.

Table 9.Comparison of the effect of elevation on HRR found experimentally and predicted by FDS.

Parameter Difference with 1/3H | Difference with 2/3H
min max min max
MLR | Experimental -20% -10% +35% +246%
FDS 0 0 0 +33%
HRR | Experimental -16% -5% -17% +63%
FDS 0 0 0 +33%
Signs “-“and “+” implies: smaller or bigger than the values found for the floor case (Scenario 1).

From the comparison in Table 9, one can see that FDS seems to be not able to account for the
lowering effect of the elevation to 1/3H on the HRR and MLR. Though, thisis not a seriousissue, as it will
lead to more conservative (safe) solution. Onthe other hand, FDS underestimates the impact of the high
elevation which might lead to inappropriate design. According to FDS results the maximum difference
between MLR (HRR) yielded by floor fire and highly elevated one is just 33%, while experiment showed
that this maximum differenceis 246% for MLR and 63% for HRR. It is possible that FDS does not consider
all sources of radiation that enhance the total MLR of the fuel.

HGL TEMPERATURE

Plotting HGL temperature against the elevation of the fire shows that FDS predicts nearly linear
dependency of these two parameters (Figure 41).
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HGL Temperature FDS vs Elevation
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Figure 41. Relations between HGL Temperature calculated in FDS and fire elevation.

The temperatures reached when the fire was lifted to 1/3H are in general 5% higher than
temperatures corresponding to the floor fire. The temperaturespredicted for 2/3H elevation scenario are
at least 10% higherthanthose forfloorfire inthe beginning of the simulation, but this values grows with
time, making up 22% after 12 minutes.

Comparing extreme differences from FDS outputs to the experimental ones (Table 6), it can be
spotted that FDS overrates the influence of elevationon HGL temperature, providing much higher change
in values that those measured experimentally (Table 10).

Table 10. Comparison of the effect of elevation on HGL temperature found experimentally and predicted by FDS.

HGL Temperature | Difference with 1/3H | Difference with 2/3H

min max min max
Experimental -2% <-1% -2% +3%
FDS +4% +5% +11% +23%

HGL HEIGHT

From the graphs of HGL height plotted against the fire elevation, aconclusion can be drown that
smoke layer positionis practicallylinear to the fire position, and does not change overthe burning period
(Figure 42). The smoke layer produced by the fire from scenario 2 is higher by 30% than the smoke from
the floor fire, and the smoke from the scenario 3is higher by 60%.
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HGL Height FDS vs Elevation
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Figure 42. Relations between HGL heights calculated in FDS and fire elevation.

The Table 11 summaries minimum and maximum differences in HGL height caused by fire
elevationpredicted by FDS and found experimentally (Table 7). Accordingto the datain the Table 11, FDS
calculations give higher HGL heights of elevated fires in relation to the floor case.

Table 11. Comparison of the effect of elevation on HGL height found experimentally and predicted by FDS.

HGL Height Difference with 1/3H | Difference with 2/3H

min max min max
Experimental +9% +14% +10% +28%
FDS +27% +30% +59% +61%

RADIATIVE HEAT FLUX

The graphs of the heat flux change with elevation (Figure 43) show evidence thatin FDS the closer
the fire to the flux meter, the higher the measurements it detects. Yet, this is true only for the first 10
minutes of fire, as atthe last time step, t=12min, the measured heat flux of scenario 3surpasses the heat
flux of scenario 2. This means that after sufficiently long period of time, the radiation from the smoke and
boundaries could exceed the radiation from the flame.
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Heat Flux FDS vs Elevation
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Figure 43. Relations between Heat Flux to the floor calculated in FDS and fire elevation.

By comparing the minimum and maximum differences between heat flux values caused by the
source elevation calculated by FDS and from experimental results (Table 8), one can note that generally,
values obtained from FDS outputs for elevation to 1/3H is similar to the extreme values found from
experimentalresults. However, the second set of values (for 2/3H) is absolutely incorrect. Experimentally
it was discovered that the fire at highest elevation yielded more intensive he at flux than the floor fire
(reaching 65%), while FDS predicted decrease of heat flux if the fire got raised to 2/3H (Table 12).

Table 12. Comparison of the effect of elevation on heat flux found experimentally and predicted by FDS.

Heat Flux Difference with 1/3H | Difference with 2/3H
min max min max

Experimental -50% -7% -50% +65%

FDS -30% -11% -5% -9%

Summary: FDS results

All in all, FDS even with the auxiliary environmental feedback model, is not a very effective tool
to use for the design of elevated fires. It was discovered that FDS calculations underestimate influence of
source elevation on the growth of the most critical fire parameters— MLR, HRR and heat flux. The under
prediction of these parameters is significant, which can lead to the false FSE design. Moreover, FDS
overrates the raise of HGL temperature with fire elevation, presumably, due to overlooking some heat
exchange processes inside the system. Lastly, the simulation tool applies several assumptions to its
computations thatlimitthe smoke layerdescent to the fire position, resultingin non-realistic position of
the hot gas layer.
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Some modifications of the FDS calculation methods are required to adapt the software for the
elevated fire problems. Additional computations accounting for the re-radiation from the boundaries,
smoke and large soot particles, heat losses through the ceiling, flame-smoke interaction, flame-ceiling
interaction, decrease of the global combustion efficiency due to the lack of oxygen, decrease of produced
smoke due to lesserairentrainmentinthe plume, pressure differentiation across the compartmentand
other factors that arise when fire is elevated should be supplemented in the FDS.

RQ6. Is it possible to account for the elevation of the fires source using existing hand -calculations methods
for fire safety engineering ?

To be able to judge how reliable existing analytical methods used in fire safety engineering are,
the analytically found parameters will be later plotted versus elevation and changes in values of these
parameters due to elevation will be computed in relation to the floor case. Then, these results can be
compared to experimental ones found in the answers to RQ1-RQ3.

Mass Loss RATE

In the equation used for calculating mass loss rate for the pool fires (Eq.(5.1)) the only variable
input parameterwas adiameter of the pool, which is obviouslyindependent of the vertical position of the
source. Consequently, the Equation 5.1 cannot account forthe elevation, and mostlikelyis valid only for
the case with the fire being nearthe floor. No conclusive comparison can be made with the experim ental
results, as thisequationis meantto be applied forthe pools with diameterof at least 0.2m, but the pan
used in the experiment was 0.1m in diameter. The estimated value for the Heptane pool of 0.1m in
diameterwasfoundto be 0.8:10*kg/s, while measuredfree burn mass loss rate was approximately 1.3-10
“kg/s andlargerfor the enclosed fires. Overall, equations Equation 5.1 gives a steady state value for pools
with diameter greater than 0.2m only, with no possibility to account for elevation.

HRR

The HRR rate was analytically found using Equation 5.3 for generally assumed combustion
efficiency of 0.7 and mass loss rate measured during the tests. Analytical HRR was plotted against the
height of elevation overthe floor (Figure 44) and changes of the HRR due to the elevation were foundtoo.
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Figure 44. Relations between analytically found HRR and fire elevation.

The found extreme differences due to the elevationto 1/3H and to 2/3H are confronted to those
that were found for experimental HRR in RQ1 (Table 5) in Table 13 below.

Table 13. Comparison of the effect of elevation on HRR found experimentally and predicted analytically.

HRR Difference with 1/3H | Difference with 2/3H
min max min max

Experimental -16% -5% -17% +63%

Analytical -20% -10% +35% +246%

As any other analytical calculations, the one for HRR mostly depends on the input parameters.
Uncertainty of one can essentially affect final results. In this case, the use of assumed combustion
efficiency of 0.7, led to the slight underestimates of HRR for scenario 2 and gross overestimates of HRR
for scenario 3. Therefore, when performing a Fire Safety Engineering design for fire thatis possible to be
elevated, attention should be paid to the choice of combustion efficiency value.

HoOT GAS LAYER TEMPERATURE

Two analytical methods have been used to calculate the hot gas layertemperature inthe room.
Method 1is known as the MQH Method as it was developed by McCaffrey, Quintiere and Harkleroad. [26]
Method 2 is based on the principal of energy balance and includes equation developed by N. Johansson
and P. van Hees [14] and by Heskestad [27].

To evaluate the capability of both models to account for the source elevation, provided by those

methods temperatures were plotted against the elevation (Figure 45 and Figure 46) and differences
between floor scenario and elevation scenarios were computed.
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Figure 45. Relations between HGL temperatures calculated using Method 1 and fire elevation.
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HGL Temperature (Meth 2) vs Elevation
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Figure 46. Relations between HGL temperatures calculated using Method 2 and fire elevation.

Method 1 predicts thatif the fireis elevatedfrom the floorto 1/3H, the temperature of the smoke
layerwill getlower by 1-2%. While Method 2 gives that such change of fire position will resultin the raise
of temperature by 1-4%. Both Methods forecast that the raise of the fire from the floorto the 2/3H of the
room will lead to the significant raise of the HGLtemperature. The Method 1 gives the maximum increase
of 11%, and Method 2 —of 39%.

Inthe Table 14the comparison of extreme changes predicted by analytical methods are compared
with experimentally found ones (Table 6).

Table 14.Comparison of the effect of elevation on HGL temperature found experimentally and predicted analytically by Methods
1and?2.

HGL Temperature | Difference with 1/3H | Difference with 2/3H

min max min max
Experimental -2% <-1% -2% +3%
Method 1 -2% -1% -3% +11%
Method 2 +1% +4% +3% +39%

Analytical Method 1 can account for the elevation reasonably well, as found differences are not
much differentfromthose found for experimental temperatures. However, the Method 2 overestimates
the effect of elevation. Nevertheless, one should keep in mind, that the magnitudes of temperatures
found analytically were not similar to the experimental ones, as it was early discussed in Section 5.1.3.
Moreover, analytical methods are critically dependent on the input parameters. In this case, the exact
values of HRRfrom every elevation test were used, because of that the effect of elevation was so close to
experimental findings. However, in real practice asingle HRR value from free burning test is usually used,
but this cannot provide any effects of fire elevation.
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HoT GAs LAYER HEIGHT

In the course of HGL temperature calculations in accordance with the Method 2, the vertical
position of the smoke layer was also found. To see if the mass and energy conservation method can be
used to estimate the influence of the elevation on the magnitude of the HGLheight, agraph of calculated
HGL versus elevation is presented (Figure 47).
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Figure 47. Relations between HGL heights calculated using Method 2 and fire elevation.

Fromthe Figure 47 itcan be seenthata position of the smoke layeris practically linear to the fire
position, and does not change over the burning period. The smoke layer produced by the fire from
scenario 2is higherby 19% than the smoke from the floor fire, and the smoke from the scenario 3is higher
by 35%.

To decide whetherthe Method can accountforelevation, found extreme differences are collated
to those found for experimental results (Table 7) in following Table 15:

Table 15. Comparison of the effect of elevation on HGL height found experimentally and predicted analytically by Methods 2.

HGL Height Difference with 1/3H | Difference with 2/3H

min max min max
Experimental +9% +14% +10% +28%
Method 2 +18% +19% +34% +35%

From the Table it can be seen, that the analytical method for estimating the smoke layer height,
slightly overestimates the impact of the source elevation. The higherthe elevation, the greaterthe error
of analytical prediction.
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Summary: analytical methods

Allin all, analysis of the analytical results showedthat reliability of the theoretical models depends
greatly on the input parameters used for calculations. Averaged value of combustion efficiency and
calculating using tabularvalues of MLR, will certainly leadto inability of predicting correct fire parameters
for the elevation cases. Use of the experimental values of HRR in HGL temperature calculations can
provide relatively accurate results and even account for the elevation of the source. However, if the
approximate value of HRR is used, the results are likely to contain a significant uncertainty. In order to
adjust existing calculation methods to be suitable for scenarios with elevated fire source, a database of
experimentallyobtained MLR and HRR for different elevations should be collected for most common fuels.
It is possible that new methods for estimating for combustion efficiency, MLR or HRR can come in the
future.

It can be finally concluded, that elevation of the source doesaffect the development of almost all
fire parameters. Ignorance of this phenomena most definitely will lead to the inappropriate fire safety
engineering design, endangering the occupants’ life. Existing analytical calculations methods and
simulation softwares are not capable of reliable prediction of the elevated fire effects, becausethere are
some phenomenainvolved that at the moment justcannot be modelled correctly. Most of the theoretical
methods used for hand or FDS calculations are based on HRR, until the way is found to predict HRR for
elevated fires, the existing analytical methods will not be of any use.
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7.1

Uncertainties and Validity of the Study

Uncertainties and Sources of Error

The performed earlier analysis and discussions assumed that results obtained during the
experiments (measurementsand processeddata) are by default trustworthy. Basing on this assumptions,
discussions were carried out to answer the research questions, and corresponding conclusions were
formed. Yet, thereare uncertainties associated with the experimentand the experimental measurements.
Numerous imprecisionswere allowed during the tests, therefore, thereis likelyto be anumber of possible
sources of error that could affect the experimental results orthe following analysis. Some of them could
considerably affect the results.

The first inaccuracy noticed was that the initial temperature in the enclosure was different for
every test. Higher temperature in the beginning of the experiment could lead to greater peak
temperature, higher magnitude of the computed hot gas layer temperature and also of the heat flux
measured by flux meter, as radiation is proportionalto the temperature in the power of four. Rate of heat
released and mass loss rate can also be slightly increased as gasification of the fuel occurs faster at higher
temperatures and heat fluxes.

The pool fire was placed 10 cm away in horizontal direction from the flux meter. It was meant
that only the radiation from the hot smoke layerand boundaries would get measured by the flux meter.
However, itis likely that radiation from the flame could also getin the range of flux meter. If it were true,
then heat flux measurement would be higherforthe first scenario withthe pool fire onthe floor, because
the flame was closer to the flux meter, so the view factor was greater.

Calibration of the gas analyser and supporting software was not done before every test or even
once a day; instead an earlier estimated approximate correction coefficients were applied to all
measurements. Thisis likely to cause imprecision of the results, as parameters that are important for HRR
measurements change throughoutaday. To have the precise results, calibration oughtto be done prior
each test, which would be time consuming, and that is why this was not implemented.

It was also not possible to measure the volumefraction of the carbon monoxidein the exhaust air
with the gas analyser. Consequently, without this parameterthe followed calculation of the HRR was less
precise. Still, inthe experimenta complete combustion took place; therefore, itis reasonable to assume
that CO products could be negligible.

As it was mentioned in a set-up description, a stack of bricks was used to recreate different
elevations. That means, that fordifferent scenarios uneven number of bricks was presentinthe room:Q,
3 or 7. Bricks, as a solid, were absorbing some amount of heatand, afterwards, they reradiate it back to
the room. Naturally, conditions in the room during the test were not similar for scenario for which no
bricks were needed, and scenarios with 3 or 7 stacked bricks placed under the fuel pan.

Some uncertainties could arise because of the human factor. For example, even though the
amount of the water and fuel for each test was tried to be carefully measured, some liquid was spilled
duringthe placing of the pan inside the room. Moreover, the position of the fuel pan was not absolutely
the same for each repeated test, asit was dark inside the enclosure, and not much could be seen,an error
of 1-2 cm is expected.
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To analyse experimental results, datafor each scenario was compared between each other from
ignitionto when the fire went out. Yet, the exact moment of the ignition was not easy to record. Instead
it was selected later by analysing output file, as the moment when certain parameter has started to
change. Clearly, such approach is user dependent, thus, unprecise. Each device used had a delay in
measurementsprocessing. It was expectedthat the difference ininitialtime forload celland gas analyser
should be around 45 seconds. However, this difference was later found to be dissimilar for every test,
fluctuating between 20and 70 seconds. Thus, the error of about 10-25 seconds is possibly to be expected.

As it was stated earlier, four repetitions were conducted for every scenario. Yet, only averaged
values were used forfurtheranalysis. If one or several repetitions were imprecise, the following averaging
of all outputs could lead to great divergence withtrue values. Usually, thisis avoided by executing a great
number of repetitions. The larger the number the lesser the expected random error. It can be guessed,
four repetitions are not a sufficient number, thus, expected random error should be great. To have an
idea of the actual extent of the error from the experimental performance, the variation of the extreme
values (maximum or minimum) from mean can be calculated.

The difference of the extreme from the mean is found by dividing minimum and maximum
measured value by the mean. This was done for every time step, and averaging over the time was
performed. The maximum values are selected as the representative of the expected error due to
averaging for every scenario (Table 16, Table 17 and Table 18). The spread in the values caused by the
multiple repetitions was found for HRR and MLR measurements and calculations.

Table 16.The variation of values due to averaging, scenario 1.

Scenario 1: fire on the floor

Measured Parameter | Max/Mean Min/Mean Maximum
Variation

HRR 0.072 0.067 7.2%

MLR 0.191 0.109 19.1%

Table 17.The variation of values due to averaging, scenario 2.

Scenario 2: 1/3H

Measured Parameter | Max/Mean Min/Mean Maximum

Variation
HRR 0.142 0.094 14.2%
MLR 0.068 0.056 6.8%
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7.2

Table 178.The variation of values due to averaging, scenario 3.

Scenario 3: 2/3H

Measured Parameter | Max/Mean Min/Mean Maximum

Variation
HRR 0.158 0.114 15.8%
MLR 0.12 0.152 14%

The Tables (16-18) above provide a visual comprehension of the accuracy and trustworthy of the
experimentally achieved results. For every tested scenario expected variation is greater than 5%, which
impliesthatthey cannotbe simply neglected. On the otherhand, the variations are less than 20%, which
in Fire Safety Engineering practice is sometimes considered to be not a critical error. In any case, the
obtained experimental resultsshouldbe carefullyused forthe analysis, and one shallalways keep in mind
the possibility of the significant inaccuracy.

Validity

In course of this study several observations were made that gave rise to some conclusions
regarding dependency of the fire parameters on the elevation of the fire source. However, the recently
discussed uncertainties of the performed experiments and limitations stated in the section 1.3 evidence
that achieved findings are likely to be limited and cannot be considered to be trustworthy and suitable for
any fire scenarios. In research practice two type of validity are recognized: internal validity and extemal
validity.

Internal validity implies the level of confidence in the achieved outcomes of the performed work.
It can be evaluated based on the significance of the sources of error presentinthe study. This was talked
overin the previous section (7.1) a definite number of the uncertainty is hard to give. Yet, a value of at
least 20% is expected. Internal validity of othertwo research methods used in the study: FDS simulations
and hand calculations should be also discussed.

Regarding the performance of FDS simulations, it can be stated that due to the inaccuracy of the
MLR per unitarea inputs, the results were compromised. Additionally, the chosen grid was too coarse to
implement precise calculations. While, the imprecision of the input data should not have an impact on
the prediction of the elevation effect on fire development, the course grid could cause averaging of some
parametersthat could reduce the display of the changes caused by fire elevation. Therefore, the validity
of the FDS outputs is disputable.

Internal validity of the hand-calculated resultsdepends on the choice of the input parameters and
initial conditions. Initial temperature was approximated, used HRR values were measured experimentally
and could differby 15%. The attemptto account for elevation in application of the Method 2 (Appendix
D. Method 2) was usedinthis work forthe firsttime, thus, thereis a chance that these calculationare not
appropriate. Furthermore, the used models include an uncertainty due to the assumptions made in the
process of their development. In their work N. Johansson et al [19] provides values of uncertainties for
the Method 1 and Method 2. Accordingto this study the model uncertainty of the Method 1is 8%, and of
the Method 2 —15%. All in all, the total uncertainty of the conducted calculations can exceed 20%.
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External validity isthe extent to which the resultsof a study can be generalized to other situations.
[28] Considering the experimental set up and other specifics of the study, some restrictions of the
application can be already defined. First of all, the findings are not applicable for the fires in under
ventilated conditions. Available oxygen and combustion efficiency were the key factors in performed
analysis, thus, any drasticchanges of these parameters are likelyto change the outputsentirely.Secondly,
due to the geometry of the fire room used, itis uncertain whetherresults can be appropriate for fires in
long corridors or extremely high enclosures. Moreover, a single Heptane pool fire might not be entirely
representative for the real room fire with multiple objects. Lastly, the fires during the test burned out
before the steady state was reached.

Altogether, accomplished study was limited by its configuration and choice of fuel. Due to
restricted time given for this work, the number of performed scenarios and their repetition was
insufficient. Substantial uncertainties are also presentin the outcomes. Forthese reasons, itisimpossible
to express obtained results in terms of absolute values that could be applied to any other situation.
Nevertheless, some general trends were observed that can give rise to the future work.
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Conclusions

The experimental study of elevatedfires in a single compartment was conducted to investigate
the influence of the fire source elevation on the development of conditions hazardous for life safety.
Additionally, Fire Safety Engineering analytical methods and fluid dynamics softwares were examined to
determine theirability to account foreffects of fire elevation. It was discovered that elevation of the fire
up tothe areaof the smoke layerformation, accelerates thefire growth, causinggreaterrisks than general
floorfires. Whilethe elevationof fuelto the height, where no significant smoke-flames interaction occurs,
resultsinthe retardation of the fire development and reduction of the hazardous risks. The analytical Fire
Safety Engineering methods and FDS simulations did not provide dependency of vertical fire position
similar to the experimental findings, yet, it gave relatively similar general trends. Therefore, it was
established thatthese means of Fire Safety Engineering design cannot exactly estimate the impact of the
fire elevation, but still can be used as a guidance.

This study was unable to provide any quantative solutions for design of elevated fires. Neither
could it suggest specific modifications that could be applied to analytical calculation methods and
simulation softwares. Yet, the study showed that the use of existing computational methods can provide
mostly good trends and values withuncertainties of no more than 25%. In orderto achieve better results,
sufficient to resolve this problem, the study has to be continued in the future, covering more fire
scenarios. Inthe futureitis advised to conduct more experiments for other elevation positions, different
type of fuels, multiple fuels, enclosures of diverse size and configuration and longer duration of fire.
Besides experimental studies, additional simulations in FDS with better grid resolutions and modified
configurations and inputs should be conducted. Deeper literature search and application of other
analytical models to the elevation fire problem can bring more comprehension of the issue.
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Appendices

Appendix A. HRR Calculations

Equation for HRR, taking into consideration O, consumption and CO, production can be seen
bellow (Eq.A.1):

3 ¢ . Moz 0 0 A°
Q=E1+¢(a_l)me 1= X o X)X, (A.1)

a
Where

Q - heat release rate;

E—amount of energy released by complete combustion per unit mass of oxygen consumed,;
o —expansion factor;

¢ —oxygen depletion factor;

m.— mass flow rate in the duct;

Mo, —molecular weight of O, (32kg/kmol)

M, —molecular weight of the incoming air

X ﬂzo - mole fraction of H,0 in the incoming air;

Xé’oz - mole fraction of CO, in the incoming air;

0

A . . . . .
on - measured mole fraction of O,in the incoming air

Asit can be noticed many components of Eq.(A.1) are unknown at the momentand thus, have to
be calculated.

a) Eand a calculations.
Stoichiometric equation for the combustion of heptane is:

C;Hie + 110, +41.4N, ->8H,0 + 7CO, +41.4N,

E=AH, — "

c

(A.2)

O,
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Where AHC - complete heat of combustion of heptane (44.6 MJ/kg);
M C,H,, - Molecular weight of heptane

Mey, =7-12+16-1=100 kg/kmol

M 0, - molecular weight of oxygen (32 kg/kmol)

M
E=AH, —e 446290 _1267M3 /kg
Mo, 11-32
n
g = Noows 8+ 7+414 4 00 (A.3)
N react 11+414
a) Oxygen depletion factor, ¢

As only O, and CO, were measured, the equation for oxygen depletion factor is:

X (1 x8) ~ X4, - x25)

0 (A.49)
(1 - ng - Xf:qoz)ng

?

Where

X(‘)“zo and X&“OOZ - measured molefraction of O, and CO, in the incomingair. Theycan be found from
the output file as the average value of O, and CO,mole fractions for the time before ignition.

X&“ozandX(‘)‘l2 - measured mole fraction of O, and CO, in the exhaust gases. Those values can be
founddirectlyinthe results document. Value of ¢ can be calculated using spread-sheet foreach second
of experiment.

b) Mass flow rate in the duct
Ak

m, = 26.54 £ A—P (A.5)
f(Re)\ T,

Where

A - cross-sectional area of the duct;

k.— velocity profile shape function (0.875);
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f(Re) —Reynolds number correction (1.08);
AP — pressure difference in the duct (given in output file);
T. — Temperature of the gasses in the duct (given in output file).

Area of the duct can be found knowing that diameter of the duct is 20cm.

2
A=§%—=QGM¢N

m, = 26,54 203140875 JAP _ 4 67 |AP
1.08 T, T,

Value /AT—P is known but changes with time, thus, it can be found in the output file.
e

c) Molecular weight of the incoming air, M,
0 0
M, :Mdry(l_XHZO)—l_MHZOXHZO (A.6)

Where My, — molecular weight of the dry air (29 kg/kmol);

Mu20 — molecular weight of H,0 (18 kg/kmol);

0 . . . . . . . .
XHZO - mole fraction of H,0 in the incoming air, which can be calculated using the equation
bellow:

0 :E ps(Ta)
"° 100 p,

(A.7)
Where RH —relative humidity (30%);

p.— air pressure at a temperature T,;

T, — temperature of air at time t=0s, changes for every test, can be foundinthe outputfile asan
average temperature inside the enclosure prior the ignition;

p<(T,) —saturation pressure of water vapour at T,, can be estimated using formula:
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In(p,) =232 - ———_
5 (T, —46) (A.8)
Lastly,
0 0 0 0

M, =My, (=X} 0)+ My o Xy 0 =291- X, 5) +18- Xy 6

d) Finally all components of the Eq.(A.1) have been found and it is possible to determine
HRR (Eq.(A.2)):

. M . o

Q=E 4 m o (1—X£’|ZO—XC"OZ)X(§2 =12670 ¢ m, 32 (1—X,220—X802)X(’§2

1+ga-1) ° M 1+ 4(1.076-1) ° M

a a

All unknown values can be calculated from the measured values found in the output +spread
sheet file. Graphical illustration of results are presented in the Section 3.2.2.
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Appendix B. Hot Gas Layer Temperature and Height, Reduction Method

The chosen method presents a temperature in the room as a continuous function that depends
on the height of the room. The Figure 48 could assistin understanding the development of this method.

A

H e o e e e

et e o e

£
p-i

Figure 48. Schematic depiction of two zone model concept.

From the two zone model concept and the conservation of mass the equations (Eq.(B.1) and
Eq.(B.2)) can be derived:

H
(H- Zint)Tup + Zint * Tiow = fo T(z)dz = I (B.1)
1 1 H 1
(H - Zint)a + Zingp— = o ﬁdz =1 (B.2)
Then,
Tyov (111, —H?
Zint — lowz( 142 ) (3.3)
I+1, TR, —2Tiow H
1 H
T,, = T(z)dz (B.4)

P H—zip  Zint
Here, T, — is taken as a temperature measured by the lowest thermocouple, K;
zi: — vertical position of the interface between two layers or HGL height, m;
Typ — HGL temperature, K;
H — vertical position of the highest thermocouple, m;
I, and |, can be calculated in a spread-sheet from the discrete data obtained during the

experiments. For the time saving reasons, HGL temperature and position of the interface between two
layers were found only for every second minute of the tests.
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Appendix C. Method 1

McCaffrey, Quintiere and Harkleroad independently had developed an expression that allowed to
estimate the temperature rise for known HRR and enclosure characteristics (Eq.(C.1)). [26]

02 )1/3
Agy/HohyAr

Where Q— is HRR of the fuel, kW;

AT = 6.85 ( (c.1)

H, — the opening height, 0.65 m;

A, —the opening area, m?;

A, =0.65-0.285 =0.18525 m?;

h,— effective heat conduction coefficient of the solid enclosure’s boundaries, kW/m?K;
A, — total internal surface area in the enclosure, m?

A;=(1.2:0.8+2:0.8-0.8) - 0.18525 = 2.0548 m?.

In orderto calculate the temperature rise, the conduction coefficient should be determined first.
McCaffrey and colleagues proposed following manner to do that (Eq.(C.2) and (C.3)).

kpc
For t < t,: hy, = ) (C.2)

Fort=>t,: hy, = g (C.3)

Where t, —is a thermal penetration time, s;

k - conductive of the compartment surface material, kW/mK;
p —density of the compartment surface material, kg/m3;

c —specific heat of the compartment surface material, kJ/kgK.
Thermal penetration time can be given as (Eq.(C.4)):

62
t, = o (C.4)

where 6 —is a thickness of the boundary, m;
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a =k/pc—thermal diffusivity of the compartment surface material, m?2/s.

Thermal properties of the boundaries’ material are: (Table 18)

Table 18. Properties of the boundaries’ material

Material Density p, | Conductivity | Specificheat | kpc, Thermal diffusivity | Thickness

kg/m?3 k, W/mK c, J/kgK W3s/m*K? | o, m?/s 6 m
Calcium silicate | 870 0.175 1130 1.7-10° 1.8-107 0.01
board

Than thermal penetration time:

LS00t
P 2a 4-18-10-7 9%

Thus, during the first 139 seconds, the Equation C.2 should be used to find effective conduction
coefficientforthe transient case. Asitisdependent onthe time,itis betterto compute this parameterin
excel spread sheet. After 139 seconds, the constant given by Equation C.3 should be used:

k075
k=5 001 - o W/m

The variation over time of the effective conduction coefficient is presented on the graph below
(Figure 49). In this study it was decided that for parameters that changes with time, the values
corresponding to every 2"¢ minute only should be considered, in order to simplify observations. In this
way, only for the first 2 minutes different conduction coefficient is found (0.0378 kW/m?K), as for later
time steps this parameter stays constant at 0.017 kW/m?K.

Effective Conduction Coefficient, hk

0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

0 200 400 600 800 1000 1200

Conduction Coefficient h, kW/m2K

Time, s

Figure 49. Variation of the effective conduction coefficient over time.
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The last unknown parameter for the Equation C.1 isthe heat release rate. The estimated HRR of
2.6kW is likely to be incorrect, therefore, it was decided to use rather the values of HRR obtained
experimentally for every scenario and for every two minutes of tests.

For the first elevation scenario (fire near the floor), the heat release rate after 2 minutes of
combustion was 3.1kW (Table 19). Therefore, the rise of hot temperature in the room:

Q-z 1/3 312 1/3
AT = 6.85 | ——— = 6.85 - = 64K
<A01/H0hkAt) <0.18525\/0.65 -0.0378 - 2.0548)

The initial temperature in the room prior each test was slightly different. The averaged value for
4 repetitions was found to be equal: T,,, = 27°C = 300°K.

Then, the hot gas layer temperature at 2 minutes after ignition was:

T,

The similar calculations were implemented in excel work sheet forevery time step and forevery
elevationscenario, by using HRR values (for every 2" minute) obtainedfrom the experimentally measured
Oxygen depletion. Results can be found in the Table 19, 17 and 18, graphical results are in the Section
5.1.3.1, Figure 24.

Table 19. Results of the Method 1 calculation for scenario 1

Scenario 1 (Floor)

Time, min | HRR (test 1), kW HGL Temperature, K
2 3.10 364.36
4 3.99 398.43
6 4.48 406.31
8 4.87 412.40
10 5.26 418.24
12 5.37 419.92
14 6.01 429.26
16 7.18 445.59
18 7.56 450.62

Table 20. Results of the Method 1 calculation for scenario 2

Scenario 2 (1/3H)

Time, min | HRR (test 2), kW HGL Temperature, K
2 2.62 357.54

4 3.72 393.92

6 4.29 403.31

8 4.41 405.23

10 4.85 412.11

12 5.06 415.28
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14 5.45 421.18
16 6.15 431.32
18 7.41 448.69
20 7.22 446.15

Table 21. Results of the Method 1 calculation for scenario 3.

Scenario 3 (2/3H)

Time, min | HRR (test 3), kW HGL Temperature, K
2 2.27 352.20

4 4.84 411.92

6 6.20 431.98

8 6.99 443.01

10 7.64 451.77

12 8.79 466.57

In real Fire Safety Engineering practice it seldom happens that HRR for particular scenario was
experimentally found prior the calculations. More often just HRR from the free burning experiment is
determined. Therefore, to assess the impact of this assumption, HGL temperature was computed using
HRR from the free burning test (Table).

Table 22. Results of the Method 1 calculation using HRR of free burn test for all elevation scenarios.

All Scenarios

Time, min | HRR (free burning), kW HGL Temperature, K
2 3.31 367.20
4 3.95 375.60
6 4.35 380.68
8 4.73 385.25
10 5.01 388.59
12 5.05 389.10
14 5.14 390.16
16 5.97 399.58
18 7.12 412.01
20 6.29 403.12
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Appendix D. Method 2

This method performs as asimple two-zone model. A simple energy balance for the pre-flashover
fire in the enclosure similarto the one on the figure below (Figure 50) is: energy released during the fire
isspendfor lossesdue toair flow out through the vents and for heatlosses to compartment boundaries.
Mathematically this can be expressed as (Eqg.(D.1)):

Q = myc, AT + hy ArAT, (D.1)

where Q —rate of heat released in the compartment, kW;

m,— airflow out through the vents, kg/s;

¢, — specific heat of gases, generally taken as 1.0 ki/kgK;

AT=T, — T,— temperature increase in the compartment, K;

h — effective conduction heat transfer coefficient for the boundaries, kW/m?K;

A;— total area of the boundaries, m2.

Figure 50. Schematic depiction of the stratified case.

Equation D.1 can be rewritten in terms of the temperature increase (Eq.(D.2)):

AT = <

_ - D.2

It should be pointed out, that the equation D.2 is valid only from the moment when hot gases
from the enclosure begin to flow out through the vent. Otherwise, the component m, cannot be
introduced.

The effective conduction heat transfer coefficient for this case can be found as:
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kpc
or = s: h= |—; .
Fort<t,=139s: h - (D.3)

k
ort=t,=139s: h=

5 (D.4)

The properties of the enclosure boundaries are given in the Table 18. The graph representing
variation of the effective heat transfer coefficient over the time can be found below (Figure 51):

Effective Conduction Coefficient, h
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Figure 51. Variation of the effective conduction coefficient over time.

Now, to solve the Equation D.2 and find temperature increase, and, then, hot gas layer
temperature, the outflow of hot gases through the vent (m,) has to be determined first.

N. Johansson and P. van Hees in their paper [14] proposed an equation for the outflow for

(zint/Ho) > 03
, = 0.684 \/_<1—@) (D.5)

Unfortunately, this equation (Eq.(D.5)) cannot be simply used as the height of the hot gas layer
(zine) is also unknown. More complicated approach has to be applied.

Heskestad [27] gives equation for entrainment below mean flame height, L;, for pool fires of
diameter 0.13m and 0.1m:

2
. . Z
Ment = MentL <L_ ) (D.6)
f
where z —the distance between fuel surface and smoke layer, m:
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Z = Zint = Hepey,

Heeo — elevation of the fire, m

Men: — air entrainment at the height z, kg/s;

Ment. — Air entrainment at mean flame height L, kg/s;

According to Heskestad [27] the equation for entrainment at mean flame height, L;, for pool fires
of any diameter, for normal atmospheric conditions takes form of:

Ment,, = 0.0058Q, (D.7)

Q. —convective part of the rate of energy release, generallyassumedto make up 70% of the total
HRR (0.7Q), kW;

Li— mean flame height, m.

To find the mean flame height the formula developed by Heskestad [27] can be applied (Eq.(D.7):
Ly = 0.235Q%/5 - 1.02D (D.8)

As it can be seen from the Equation D.8 the mean flame height depends on the rate of heat
released. Similar to the Method 1, it is chosen to use experimental values of HRR, which are time
dependent. Thus, the parameter L; will be also found for every time step. In this way, for the fire source
at floor level and t=2min, Q=3.1kW.

Then,

Ly = 0.23502%/5 — 1.02D = 0.235 - 3.22/5 — 1,02 0.1 = 0.27m.

Valuesforothertime steps and other scenarios can be foundin the tables that will follow (Table
23, 21 and 22)

From the conservation of mass law, at z = z;,::
ment = mg

Consequently,

2
. Zint — H, .
0.00580), <(”‘tL—f”e")> — 0.684,./H, (1 - %) (D.9)
o]

Solving Equation D.9 for z;,; gives a quadratic equation (Eg.(D.10)):
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<0.0058 07 - Q) , (0.0058 0.7-Q 2 Hyep /H, — 0.68 - AOL)%)
———— | Z{p — Zint
12 int 12,/H, "
<0.0058 0.7-Q-HZ,,— O.68AO,/HOL]%> .
+ =
LZ
¥

(D. 10)

Accordingto the Equation D.10 the height of the hot gas layeris dependent on two variable with
time parameters: HRR and mean flame height. Therefore, the position of the hot gas layer has to be found
for every time step. This has been done and can be found in the tables below. (Table 23, 21 and 22)

Now when z;,; is known, it is possible to find flow out of hot gases, m, for every time step. This
was done in a spread-sheet.

Finally, assuming that the initial room temperature was 300°K, the temperature of the hot gas
layer (Eq.(D.9)):

Z.
1y, = 0.684y/H, (1 - I;nt
o

Q

T, =T, AT =T, —_
g amp T amb T (Thgcp-l- hAt)

(D.11)

Table 23, Table 24 and Table 25 below demonstrate estimated results for every scenario.
Graphical visualizations can be found in the Section 5.1.3.2.

Table 23. Results of the Method 2 calculation for scenario 1.

Scenario 1 (Floor)

Time, min | HRR (test 1), kW Mean flame heightL;, m | HGL height Z;,, m | HGL Temp, K
2 3.10 0.27 0.47 348.78
4 3.99 0.31 0.48 363.09
6 4.48 0.33 0.48 370.94
8 4.87 0.34 0.48 377.18
10 5.26 0.35 0.48 383.33
12 5.37 0.36 0.48 385.12
14 6.01 0.38 0.48 395.32
16 7.18 0.42 0.48 413.97
18 7.56 0.43 0.48 419.91

Table 24. Results of the Method 2 calculation for scenario 2.

Scenario 2 (1/3H)

Time, min | HRR (test 2), kW Mean flame heightL;, m | HGL height Z;.,;, m | HGL Temp, K
2 2.62 0.24 0.56 352.68

4 3.72 0.30 0.56 375.01

6 4.29 0.32 0.56 386.61
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8 4.41 0.32 0.56 389.06
10 4.85 0.34 0.56 397.98
12 5.06 0.35 0.56 402.18
14 5.45 0.36 0.56 410.15
16 6.15 0.38 0.56 424.30
18 7.41 0.42 0.56 449.76
20 7.22 0.42 0.56 445.94

Table 25. Results of the Method 2 calculation for scenario 3.

Scenario 3 (2/3H)

Time, min | HRR (test 3), kW Mean flame heightL;, m | HGL height Z;,,, m | HGL Temp, K
2 2.27 0.22 0.64 360.37

4 4.84 0.34 0.64 428.64

6 6.20 0.39 0.64 465.40

8 6.99 0.41 0.64 486.64

10 7.64 0.43 0.64 503.98

12 8.79 0.46 0.64 534.21

In real situation fire safety engineer is likely to use values of HRR found from the free burning
tests. Thus, HGL temperatures were also calculated using HRR of free burning Heptane (Table 26).

Table 26. Results of the Method 2 calculation using HRR of free burn test for all elevation scenarios.

All Scenarios

Time, min | HRR (free burning), kW | Mean flame heightL;, m | HGL height Z;,, m | HGL Temp, K
2 3.31 0.28 0.44 347.73
4 3.95 0.31 0.44 357.15
6 4.35 0.32 0.44 363.10
8 4.73 0.34 0.44 368.60
10 5.01 0.35 0.44 372.71
12 5.05 0.35 0.44 373.35
14 5.14 0.35 0.44 374.67
16 5.97 0.38 0.44 386.76
18 7.12 0.41 0.44 403.52
20 6.29 0.39 0.44 391.44

85




Appendix E. FDS inputs for scenario 1.

&HEAD CHID='"FLOOR!/

&MESH ID="MESH',1JK=24,32,24,XB=0.0,1.2,-0.8,0.8,0.0,1.2/
&TIME T_END= 1200.0/

&MISC TMPA=25. /

&DUMP DT_DEVC=1/

&RADI RADIATION=.TRUE.,
RADIATIVE_FRACTION=0.35,
NUMBER_RADIATION_ANGLES=200,
EXTERNAL_RADIATION_MODEL=.TRUE./
&REAC FUEL = 'N-HEPTANE,,

C=7.0,

H=16.0,

0=0.0,

N=0.0,

SOOT_YIELD =0.015,

CO_YIELD =0.006,
HEAT_OF_COMBUSTION=44600.0,
IDEAL=.TRUE./

&SURF ID="FIRE',COLOR='RED’,
TMP_FRONT=98.0,
RAMP_T='FIRE_RAMP_T',
EMISSIVITY=1.0,

MLRPUA=0.02,
RAMP_Q='FIRE_RAMP_Q!,
HEAT_OF_VAPORIZATION=318.0,
PEATROSS_BEYLER=.TRUE.,

FUEL_MASS=0.135,/
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&RAMP ID="FIRE_RAMP_Q, T=0.0, F=0.0/
&RAMP ID="FIRE_RAMP_Q', T=120.0, F=0.6/
&RAMP ID="FIRE_RAMP_Q', T=240.0, F=0.7/
&RAMP ID="FIRE_RAMP_Q', T=960.0, F=0.85/
&RAMP ID="FIRE_RAMP_Q, T=1080.0, F=1.0/
&RAMP ID="FIRE_RAMP_T', T=0.0, F=0.0/
&RAMP ID="FIRE_RAMP_T', T=120.0, F=0.6/
&RAMP ID="FIRE_RAMP_T', T=240.0, F=0.7/
&RAMP ID="FIRE_RAMP_T', T=960.0, F=0.85/
&RAMP ID="FIRE_RAMP_T', T=1080.0, F=1.0/
&OBST XB=0.55,0.65,0.15,0.25,0.1,0.15, SURF_IDS='FIRE','INERT",'INERT'/ Fire

&DEVC ID='PB_02_FRAC',QUANTITY='"VOLUME FRACTION', SPEC_ID='OXYGEN', STATISTICS='"MEAN,
DRY=.TRUE., XB=0.45,0.75,0.05,0.35,0.05,0.15/

&DEVC ID='"PB_O2_TMP, QUANTITY='"TEMPERATURE', STATISTICS="MEAN,
XB=0.45,0.75,0.05,0.35,0.05,0.15/

&DEVC  ID='PB_EXT_RAD', QUANTITY='"EXTERNAL  RADIATION FUEL,  STATISTICS="MEAN;
XB=0.55,0.65,0.15,0.25,0.15,0.15,/

&MATL ID="CALCIUM_SELICATE_BOARD', CONDUCTIVITY=0.175, SPECIFIC_HEAT=1.13, DENSITY=870. /
&SURF ID='ROOM_BOUNDARY', MATL_ID="CALCIUM_SELICATE_BOARD', COLOR='RED', BACKING="VOID),
THICKNESS=0.10,TRANSPARENCY=0.1/

&OBST XB=0.15,0.2,-0.65,0.65,0.05,0.85, SURF_ID="ROOM_BOUNDARY' /

&OBST XB=1.0,1.05,-0.65,0.65,0.05,0.85, SURF_ID="ROOM_BOUNDARY' /

&OBST XB=0.2,1.0,-0.6,-0.65,0.05,0.85, SURF_ID='"ROOM_BOUNDARY" /

&OBST XB=0.2,1.0,0.6,0.65,0.05,0.85, SURF_ID="ROOM_BOUNDARY"'/

&OBST XB=0.15,1.05,-0.65,0.65,0.0,0.05, SURF_ID="ROOM_BOUNDARY' /

&OBST XB=0.15,1.05,-0.65,0.65,0.85,0.9, SURF_ID="ROOM_BOUNDARY' /

&HOLE XB=0.45,0.75,-0.6,-0.65,0.05,0.7/

&VENT XB=0.0,1.2,0.8,0.8,0.0,1.2, SURF_ID="OPEN'/

&VENT XB=0.0,1.2,-0.8,-0.8,0.0,1.2, SURF_ID='"OPEN'/

&VENT XB=0.0,0.0,-0.8,0.8,0.0,1.2, SURF_ID='"OPEN'/
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&VENT XB=1.2,1.2,-0.8,0.8,0.0,1.2, SURF_ID="OPEN'/

&PROP ID='BIG_TC',BEAD_DIAMETER=0.0005 /

&DEVC ID='TC_1',XYZ=0.95,0.55,0.1, QUANTITY="THERMOCOUPLE',PROP_ID='BIG_TC'/
&DEVC ID='TC_2',XYZ=0.95,0.55,0.2, QUANTITY="THERMOCOUPLE',PROP_ID="BIG_TC'/
&DEVC ID='TC_3',XYZ=0.95,0.55,0.3, QUANTITY="THERMOCOUPLE',PROP_ID="BIG_TC'/
&DEVC ID='TC_4',XYZ=0.95,0.55,0.4, QUANTITY="THERMOCOUPLE',PROP_ID='BIG_TC'/
&DEVC ID='TC_5',XYZ=0.95,0.55,0.5, QUANTITY="THERMOCOUPLE',PROP_ID='BIG_TC'/
&DEVC ID='TC_6',XYZ=0.95,0.55,0.6, QUANTITY="THERMOCOUPLE',PROP_ID='BIG_TC'/
&DEVC ID='TC_7',XYZ=0.95,0.55,0.7, QUANTITY="THERMOCOUPLE',PROP_ID='BIG_TC'/
&DEVC ID='TC_8',XYZ=0.95,0.55,0.8, QUANTITY="THERMOCOUPLE',PROP_ID='BIG_TC'/
&DEVC XB=0.6,0.6,-0.2,-0.2,0.2,0.8, QUANTITY='LAYER HEIGHT', ID="LAYER' /

&DEVC XB=0.6,0.6,-0.2,-0.2,0.2,0.8, QUANTITY="LOWER TEMPERATURE', ID="LOW_T' /
&DEVC XB=0.6,0.6,-0.2,-0.2,0.2,0.8, QUANTITY="UPPER TEMPERATURE', ID='"HGL_T' /
&DEVC ID="FLUX', XYZ=0.6, 0.0, 0.05, QUANTITY="RADIOMETER',IOR=3/

&SLCF PBY=0.0, QUANTITY="TEMPERATURE'/

&SLCF PBY=0.0, QUANTITY='"PRESSURE'/

&SLCF PBY=0.0, QUANTITY="TURBULENCE RESOLUTION'/

&SLCF PBY=0.0, QUANTITY='"VOLUME FRACTION', SPEC_ID='OXYGEN'/

&SLCF PBX=0.6, QUANTITY="TEMPERATURE'/

&SLCF PBX=0.6, QUANTITY="PRESSURE'/

&SLCF PBX=0.6, QUANTITY="TURBULENCE RESOLUTION'/

&SLCF PBX=0.6, QUANTITY="VOLUME FRACTION', SPEC_ID="OXYGEN'/

&BNDF QUANTITY='"RADIOMETER'/

&TAIL/
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