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Summary

The scenario of fire development in a mechanically ventilated enclosure is relevant to a

large number of facilities, e.g. , passive houses and Nuclear Power Plants (NPPs). More
particularly, the work presented here has been undertaken in the context of fire safety in
NPPs where well-tight enclosures are interconnected by a mechanical ventilation network.

In a series of tests carried out in the framework of an international project called PRISME
2, an interesting fire dynamics phenomenon has been uncovered at large-scale. It consists
of combustion instabilities that are leading to oscillatory fire behaviour. The oscillatory
fire behaviour is defined as the coupling in terms of frequency between the mass loss rate

of the fuel, pressure and the volume flow rate of the injected and extracted gases. Oscilla-

tions are observed as well in the temperature of the gas and concentration of species. This
phenomenon is produced by the interaction between the fire source and the ventilation
system.

The similar low frequency recorded for these profiles demonstrates the strong coupling
between the mentioned parameters. As the fire grows, the room pressure increases and
causes a reduction in oxygen supply, which weakens the flame and reduces the fuel mass

loss rate. The subsequent pressure drop promotes the supply of fresh air, which revitalizes
the flame, before the onset of another cycle. This behavior has also been observed later
at reduced-scale in the NYX facility at the University of Marseille.

The onset of the combustion instabilities depends on several parameters, mainly (1) viti-
ated conditions (causing near-extinction), (2) high temperatures (which is important for
re-ignition), and (3) the fuel phase (i.e. , liquid or solid, but not gas) must be responsive to

the changes in the gas phase. It indicates that a coupling between the fire source and the
enclosure is necessary to trigger the oscillations. The possible influence of the phenomenon
on the level of safety in nuclear power plants is unknown. The oscillations of the pressure
could enhance the transport of combustion products and radioactive materials outside the
enclosure. Another possible risk is the accumulation of unburned gases. The production
of this combustion material is enhanced due to the vitiation and high temperatures.

Studying experimentally the oscillatory fire behaviour is expensive. A possible alternative
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is the use of numerical codes to perform faster and cheaper calculations. Then, the main
(first) objective of the thesis is to provide a detailed analysis and assessment of the cur-

rent computational capabilities to predict the oscillatory fire dynamics. This evaluation
must be based on a deep understanding of the fire phenomenon in mechanically ventilated
compartments obtained by means of experimental data. The numerical and empirical ob-

servations could be used later to illustrate aspects to measure in future experiments.

Two types of numerical techniques are extensively used in this research: Computational
Fluid Dynamics (CFD) and zone model. The CFD calculations are performed with the
code ISIS which is developed at IRSN . The variety of physical and numerical models
involved in the CFD simulations of the scenario(s) of interest hinders a complete and rig-

orous assessment in the time frame of the PhD. Therefore, the focus has been mainly put

on few selected aspects: (1) liquid evaporation modelling, (2) thermal properties of the
walls, (3) characterization of the resistance of the ventilation system and (4) numerical
and turbulence modelling aspects.

Liquid evaporation has been considered as a priority because experimental evidence shows
that oscillations occur only for condensed phase fuels, highlighting the importance of the
heat feedback to the fuel surface. The numerical model shows that an advanced evapora-

tion model (as opposed to the engineering Peatross and Belyer correlation), for example
using the film theory, is necessary to be able to predict the oscillations. The film theory
approach takes into account a wide range of variables to calculate the mass loss rate of
the fuel. In the present research the influence of several parameters is extensively studied.
A sensitivity analysis on the thermal conductivity of the walls shows the importance of
this parameter (more specifically when it is low enough to be representative of insulated
conditions) in yielding sufficiently high gas temperatures to cause local re-ignition of fuel
pockets in the vicinity or remote locations from the liquid pan.

The modelling of the resistance of the ventilation branch in ISIS takes into account the
conditions prior to ignition. A new method is implemented and tested in this research. In
this method the resistance of the ventilation system is calculated based on the conditions
during the fire. Then, the calculated resistance is more representative of the period of
intereste. Besides, a concentration of oxygen in a specific range seems one of the key
factor to trigger the oscillations. Then, the modelling of the ventilation system must be
accurate.

Regarding turbulence modelling, both RANS (Reynolds-Averaged-Navier-Stokes) and LES
(Large Eddy Simulation) approaches have been tested in this work. There is currently
no strong evidence on the necessity to use LES. Nevertheless, the latter appears to be
the most promising option, especially, in conjunction with the film theory modelling for



evaporation. Furthermore, the thesis shows that the effect of the numerical schemes can

be as important as the physical sub-models used in the modelling of the scenario(s) of
interest.
As mentioned, besides CFD, a one zone model (using the well-stirred reactor approach)
has been developed in order to explore the possibility to predict oscillations with a simple
engineering tool, which can be used in the design phase of fire safety solutions. Unfortu-

nately, by the end of the thesis, the oscillatory behavior has not been predicted. This is
believed to be partially due to (1) the use of the Peatross and Beyler boundary condition,

and (2) the absence of the modelling of oxygen transport (and the subsequent delay time)
from the air intake to the liquid pan.

In a nutshell, the thesis demonstrates that the current numerical tools, especially CFD,

have the potential to predict the combustion instabilities in well-confined and mechanically
ventilated enclosures. In the future, the overall picture described in the PhD work needs
to be further refined by undertaking a complete and rigorous assessment (and, eventually,

further development) of the physical models (e.g., evaporation, liquid-heat up and extinc-

tion), using for instance a step-wise approach and less complex fire scenarios.





Samenvatting

Het scenario van brandontwikkeling in een mechanisch geventileerde gesloten ruimte is rel-
evant voor een groot aantal faciliteiten, zoals passiefhuizen en nucleaire energie-installaties
(Nuclear Power Plant - NPP). Meer in het bijzonder is het werk zoals hier gepresenteerd,
uitgevoerd in de context van brandveiligheid in NPPs, waar luchtdichte gesloten ruimtes
onderling verbonden zijn met een netwerk van mechanische ventilatie.
In een serie van proeven, uitgevoerd in het framework van een internationaal project,
genaamd PRISME 2, werd een interessant fenomeen op vlak van branddynamica bloot-
gelegd op grote schaal. Het bestaat uit instabiliteiten op gebied van verbranding, die
leiden tot oscillatorische profielen. Het oscillerende brandgedrag wordt gedefinieerd als de
koppeling in termen van frequentie tussen het massaverlies van de brandstof, de druk en

de volumestroomsnelheid van de genjecteerde en gextraheerde gassen. Ook in de tem-

peratuur van het gas en de concentratie van stoffen worden oscillaties waargenomen. Dit
fenomeen wordt veroorzaakt door de interactie tussen de vuurbron en het ventilatiesys-

teem.

De gelijkaardige lage frequentie, opgenomen voor deze profielen, toont de sterke koppel-
ing tussen de vermelde parameters aan. Naarmate de brand groeit, neemt de druk in de
ruimte toe, hetgeen een daling in de toevoer van zuurstof veroorzaakt. Dit verzwakt de
vlam en vermindert de massaverliessnelheid van de brandstof. De daaropvolgende druk-

val stimuleert de toevoer van verse lucht, hetgeen de vlam laat heropleven, alvorens een

nieuwe cyclus start. Dit gedrag is later ook waargenomen op gereduceerde schaal in de
NYX-faciliteit aan de Universiteit van Marseille. De start van de instabiliteiten op ge-

bied van verbranding hangt van verscheidene parameters af, voornamelijk (1) verzwakte
(vitiated) omstandighden (die bijna uitdoving veroorzaken), (2) hoge temperaturen (het-
geen belangrijk is voor herontsteking), en (3) de brandstoffase (d.w.z. vloeibaar of vast,

maar geen gas) moet reageren op de veranderingen in de gasfase. Het geeft aan dat een

koppeling tussen de vuurbron en de ruimte nodig is om de oscillaties te activeren. De
mogelijke invloed van het fenomeen op het veiligheidsniveau in kerncentrales is onbekend.

De drukschommelingen kunnen het transport van verbrandingsproducten en radioactieve
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materialen buiten de ruimte verhogen. Een ander mogelijk risico is de ophoping van on-

verbrande gassen. De productie van dit verbrandingsmateriaal wordt versterkt door de
uitstraling en hoge temperaturen.

Het experimenteel bestuderen van het oscillerende brandgedrag is duur. Een mogelijk
alternatief is het gebruik van numerieke codes om snellere en goedkopere berekeningen
uit te voeren. Het belangrijkste (eerste) doel van het proefschrift is dan ook om een

gedetailleerde analyse en beoordeling te geven van de huidige rekenmogelijkheden om de
oscillerende branddynamiek te voorspellen. Deze evaluatie moet gebaseerd zijn op een

diep begrip van het brandfenomeen in mechanisch geventileerde compartimenten verkre-

gen door middel van experimentele gegevens. De numerieke en empirische observaties
kunnen later worden gebruikt om aspecten te illustreren die in toekomstige experimenten
moeten worden gemeten.
Twee soorten numerieke technieken worden uitgebreid gebruikt in dit onderzoek: Compu-

tational Fluid Dynamics (CFD) en zonemodel. De CFD-berekeningen worden uitgevoerd
met de code ISIS die is ontwikkeld bij IRSN. De verscheidenheid aan fysische en numerieke
modellen in de CFD-simulaties van de relevante scenarios, bemoeilijkt een volledige en

rigoureuze beoordeling van alie aspecten binnen het tijdsbestek van het doctoraat. Daarom
werd de focus voornamelijk gelegd op een aantal uitgekozen aspecten: (1) het modelleren
van de verdamping van de vloeistof, (2) thermische eigenschappen van de wanden, (3)
karakterisering van de resistentie van het ventilatiesysteem en (4) aspecten van numerieke
en turbulentiemodellering.

De verdamping van de vloeistof werd als een prioriteit beschouwd omdat experimenteel be-

wijs aantoont dat de oscillaties enkel optreden bij vaste of vloeibare brandstoffen, hetgeen
het belang van de wamtefeedback naar het brandstofoppervlak in de kijker plaatst. Het
numerieke model toont dat een geavanceerd verdampingsmodel (in tegenstelling tot de
ingenieurscorrelatie van Peatross en Belyer), bijvoorbeeld door middel van het gebruik van

de filmtheorie, noodzakelijk is om de oscillaties te voorspellen. De filmtheorie benadering
houdt rekening met een uitgebreide reeks variabelen om het massaverlies van de brandstof
te berekenen. In het huidige onderzoek werd de invloed van verschillende parameters uit-
gebreid bestudeerd.

Een gevoeligheidsanalyse van de warmtegeleidingscofficint van de wanden toont het belang
aan van deze parameter (meer specifiek wanneer die voldoende laag is om gesoleerde om-

standigheden weer te geven) om voldoende hoge gastemperaturen te bereiken om lokale
herontsteking van brandstofpakketten waar te nemen in de nabijheid van de pan met

vloeibare brandstof, of op plaatsen die er verder van verwijderd zijn.

De modeliering van de resistentie van de ventilatietak in ISIS houdt rekening met de



omstandigheden voor de ontsteking. In dit onderzoek werd een nieuwe methode gemple-

menteerd en getest . In deze methode wordt de resistentie van het ventilatiesysteem berek-

end op basis van de omstandigheden tijdens het branden. Zo is de berekende resistentie
meer representatief voor de periode die van belang is. Daarnaast lijkt een concentratie van

zuurstof binnen een specifiek bereik een van de sleutelfactoren om oscillaties te veroorza-
ken. Daarom moet de modellering van het ventilatiesysteem accuraat zijn.
Wat betreft turbulentiemodellering zijn zowel de RANS (Reynolds-Averaged-Navier-Stokes)
als de LES (Large Eddy Simulation) benadering getest in dit werk. Er is momenteel geen
sterk bewijs dat het gebruik van LES noodzakelijk is. Desalniettemin lijkt deze laatste
optie het meest beloftevol, voornamelijk in combinatie met een verdampingsmodel dat
gebaseerd is op de filmtheorie. Bovendien toont het proefschrift aan dat het effect van de
numerieke schemas even belangrijk kan zijn als de gebruikte fysische sub-modellen voor

de beschouwde scenarios.

Zoals reeds vermeld werd als alternatief voor CFD een 1-zone model ontwikkeld, gebruik-

makend van de goed gemengde reactor aanpak, om de mogelijkheid te verkennen om de
oscillaties te voorspellen met een eenvoudige ingenieurstool die kan worden gebruikt in
de ontwerpfase van brandveiligheidsoplossingen. Jammer genoeg werd het oscillatorische
gedrag niet voorspeld op het moment van afronding van het proefschrift. We geloven dat
dit deels te wijten is aan (1) het gebruik van de Peatross-Beyler randvoorwaarde, en (2)
de afwezigheid van het modelleren van het transport van zuurstof (en de ermee gepaard
gaande vertragingstijd) van de inlaat van de lucht tot de pan met de vloeibare brandstof.
In een notendop kan gesteld worden dat het proefschrift aantoont dat numerieke tools, in
het bijzonder CFD, het potentieel hebben om verbrandingsinstabiliteiten te voorspellen in
goed afgesloten ruimtes met mechanische ventilatie. In de toekomst dient het algemene
verhaal zoals beschreven in het doctoraatsproefschrift verder te worden verfijnd door een

volledige en rigoureuze beoordeling uit te voeren van de fysische modellen (bv. , verdamp-

ing, opwarming van de vloeistof en uitdoving van vlammen), uiteindelijk gevolgd door
verdere ontwikkeling hiervan. Een stapsgewijze aanpak, met minder complexe brandsce-

narios, is hiertoe aangewezen.





Chapter 1

Introduction and objectives

1.1 Fire dynamics in mechanically ventilated compart-

ments
A compartment fire is described as 'a fire which is confined within a room or similar
enclosure within a building’ [14], The compartment can be isolated or connected to the
atmosphere via natural or mechanical ventilation. This type of configuration can be found
for instance in boats, submarines, passive houses, planes or nuclear facilities. In this
configuration the fire regime can be ventilation-controlled or fuel-controlled, also named
under-ventilated or well-ventilated conditions, respectively. In the fuel-controlled regime
the mass of oxygen available to react with the evaporated or pyrolysed fuel is in excess [36 ] .
On the contrary, in the ventilation-controlled regime the mass burning rate (m/,) is limited
by the rate at which air feeds the fire [14]. The fire condition (i.e., under-ventilated or

well-ventilated) can be approximately predicted in mechanically ventilated enclosures using
the Global Equivalence Ratio (GER) [36, 53 ] , It is defined as ' the ratio of the amount of
oxygen required for the burning of the fire source in open atmosphere to the amount of
oxygen blown by the ventilation before ignition ' [53] . Global Equivalence Ratios < 1 and

> 1 correspond to ’fuel-controlled’ and ’ventilation-controlled’ conditions, respectively. It
is calculated as [|53|:

SWlf ^open (i.i)GER
YO2 L̂

where s is the stoichiometric ratio of mass of oxygen to mass of fuel, Yo2 is mass fraction
of O2 in air (0.232 kg / kg ), fh®

in is the mass flow rate of air provided by the ventilation
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Chapter 1. Introduction and objectives2

before ignition and rhf\open is the mass loss rate of the fuel ( i n/ ) in open conditions for
the same fire source used in the enclosure.
The Global Equivalence Ratio must be considered as an approximation. The amount of air
that is actually available for the reaction depends on several factors such as the geometry

of the enclosure, location of the fire source or changes in the rate of the injected and
extracted gases during the fire.

Outlet Outlet

A

(a) (b)

Figure 1.1: 2D sketch of a compartment fire in a) fuel-controlled and b)
ventilation-controlled conditions. The blue and grey surfaces rep-

resent air and combustion products respectively.

To illustrate the evolution of a fire in a ventilation-controlled or fuel-controlled regime
and the capability of the GER to predict the fire condition in Figure [1711two compartment

fires are sketched. The same fire source in terms of shape, area and type of fuel is
considered in both enclosures. The ventilation is forced in inlet and outlet and the location
of the opening is the same in both configurations. The volume flow rates are assumed
as constant and equal in inlet and outlet. The difference between the scenarios is the
location of the fire source, which has no influence on the calculation of the GER. The
conditions prior to ignition in both configurations are the same, as is the GER. In the
well-ventilated scenario (see Fig.1.1(a) ) the fire source is located in the lower part of the
enclosure and in the proximity of the inlet. After ignition, the combustion products tend to

rise due to buoyancy and are extracted through the outlet vent located in the ceiling of the
compartment. This configuration provides a continuous flow of air and a low concentration
of combustion products near the fire. In the ventilation-controlled case (see Fig.|l.l(b)l)
the fire source is positioned at a higher location than in the first case (see Figjl.l(a)|). A
similar flow pattern than in the previous case is developed. Nevertheless, the fire source is
located in a region where a lower concentration of O2 is expected due to the accumulation
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of combustion products. Thus, the burning rate is limited by the mass of oxygen available
for the combustion. The fire evolves differently in both scenarios, despite the identical
value of the GER.
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Figure 1.2: Evolution of my in fuel-controlled (green line), ventilation-controlled
(red line) and enhanced rhf (orange and grey lines) scenarios.

Figure [T2|sketches the evolution of my in the two described cases (see green and red
lines for fuel-controlled and ventilation-controlled scenarios, respectively) . During the early
stages of a compartment fire the evolution of the fuel mass loss rate (MLR) is similar to

the MLR in open conditions. Later, the evolution of my depends on the amount of oxygen
available for the combustion. In well-ventilated conditions my (see green line in Fig.|1.2|)
increases towards the same value as rhfopen Ultimately, the fire is extinguished due to

lack of fuel. On the contrary, in the ventilation-controlled scenario my is reduced due to

the vitiation near the fire (see red line in Fig.|1.2|). In this condition the extinction can be
reached by lack of fuel or oxygen. The lack of fuel is observed in a ventilation-controlled
scenario when the local conditions near the fire source are rich enough in O2 and last long
enough to consume the entire mass of fuel. However, a change in the conditions could lead
to a reduction of the oxygen available for combustion and thus extinction. For instance,

an increase of the pressure (P) within the enclosure would reduce the rate of injected air.
A third scenario can be developed in which my is enhanced due to the thermal feedback
from the walls of the enclosure and/or the accumulated combustion products (see black
arrows in Fig.|1.2|). For instance, the mass loss rate of the fuel could reach a higher value
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than thf open (see the yellow line in Figure 1.2) due to the mentioned thermal radiation
emitted by the surroundings and a concentration of oxygen similar to the expected value
in open conditions. An example of this scenario is found in [74| where the fuel mass

loss rate measured in a heptane pool fire located in an enclosure with dimensions such
as 40x40x40cm3 is 8 times higher than the rate observed in open conditions. A similar
increasing of my can be observed when strong vitiated conditions and high temperatures

are reached in the proximity of the fire source. In this situation the mass loss rate of
the fuel would be above the expected my for a certain level of vitiation (see grey line in
Fig0.

Qout

Outlet

<lw

qf

Inlet
*<7in

/ s
\/
\/ \/ \/ \

/ .qr/
/ \/ s/ \

/ \Qc/ \
N/ i \

i
rhf (cp(Tv — Ta) 4- AHv )

Figure 1.3: Energy rates around the enclosure and the pan.

The evolution of my in mechanically ventilated enclosures can be analysed more quan-

titatively by means of an energy balance around the gas phase contained in the enclosure
(see FigjL3|):

(1.2)Qiri <?/ — out -f- qw “I-q +qsaccu

where qin and qout are, respectively, the energy rate contained in the gases injected and
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extracted through inlet and outlet, respectively, qw is the heat transfer between the gas
phase and the walls of the enclosure due to radiation and convection, qaccu is the rate of
accumulated energy in the gas phase, qj is the rate of energy released due to combustion
of the fuel and qs represents the energy rates absorbed by the fuel phase (see bottom part

of Fig.1.3]). It is described by means of the following energy balance at the surface of the
fuel:

qs — qc +q_ r — rhf [ cp [ Tv Tcl ) + AHy ) (1.3)

where qc and qr are the convective and radiative energy rates from the gas phase to the
liquid surface, AHy is the latent heat of vaporization, cp is the specific heat capacity of
the liquid, Tv is the temperature of vaporization and Ta is the bulk fluid temperature at

ambient conditions. Note that the present energy balance is a simplified approach. The
re-radiated and reflected energy from the surface of the fuel and the heat transfer due to

conduction from the pan to the liquid phase are not taken into account. They are assumed
smaller than the contributions presented in Equation (|1.3|) . A more complete description
of the energy balance around a pool fire is found in [17, 19 ],
The convective and radiative heat rates in an enclosure are calculated as [17, 19|:

qc = hcAf (Tf - Ts ) (1.4)

q,= F,aAf (Ti -T^d - e-^i +q (1.5)ext

where hc is the convective heat transfer coefficient, Af is the surface of the fuel, Ff is the
view factor between the flame and the surface of the fuel, Tf is the temperature of the
flame, Ts is the temperature of the fuel surface, a is the Stefan-Boltzmann constant (5.67
• 10~8 W/rrr /K4), JC/3 is an empirical extinction constant, D is the diameter of the pool
fire and qext refers to the radiative heat rate from the enclosure to the fuel phase.

A certain level of thermal feedback is usually observed from the enclosure to the surface
of the fuel in mechanically ventilated enclosure (i.e., qext ) . However, when the thermal
influence of the enclosure does not change significantly the evolution of the mass loss rate

of the fuel rhf can be assessed by means of the concentration of oxygen available for the
combustion. On the contrary, in scenario 3 the concentration of Oi and heat transfer from
the environment must be taken into account. The radiative heat rate from the enclosure
(see qext in Eq.(|1.5|)) is emitted from the walls and the accumulated combustion products.
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The amount of energy emitted depends on the temperature of the walls and combustion
products and the area of the emitter surfaces.

The temperature of the layer of combustion products depends on the amount of heat ac-

cumulated in the gas phase (see qaccu in Eq.(1.2)). It is essentially the result of subtracting
qout and qw from qf (see Eq.(0)).

(1.6)qaccu — qf qout qw

The amount of heat extracted through the outlet branch depends mostly on the configu-
ration of the ventilation system. When increasing the volume rate of the extracted gases
the amount of removed heat increases as well. For the heat transfer through the walls,

the energy is received by the solid surfaces due to convection and radiation as at the liquid
surfaces. However, in these surfaces Ts is the temperature of the wall (Tw ) which depends
on the heat transfer into the solid (qwjnt ) modelled by means of the Fourier heat transfer
equation [36 ] :

(1.7)XVTAWqw.int

where A is the thermal conductivity and VT is the local spatial gradient. Note that Equa-

tion (|1.7|) is a vector expression with three spatial components.

The heat transfer through the walls depends on the heat rate received by the surface from
the gas phase and A. By modifying the latter, the fire evolution can change drastically.
For instance, when using insulation, as calcium silicate, with a low thermal conductivity
more heat accumulates, increasing thus the temperature of the accumulated gases. Con-

sequently, the fuel mass loss rate is enhanced. On the contrary, the use of more conductive
materials, as steel, increases qwfnt and the thermal influence of the enclosure on rhf is
reduced.

Besides, another relevant aspect that influences rhf is the view factor between the walls
and the combustion products layer and the fire source. The view factor is the fraction
(between 0 to 1) of the emitted energy that reaches the target, in this case the fuel sur-

face (36). The value of the view factor depends on the distance and location of the emitter
surface. In the case at hand, the combustion products tend to accumulate in the upper
region by reducing progressively the distance with the fuel surface. The rate at which the
gases accumulate depend on the difference between the injected and extracted volumes
of gases. These volume flow rates are defined by the set-up of the ventilation system.
Finally, it is noteworthy to mention that qw , qout and qext interact between them. For
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instance, by increasing the heat transfer through the walls the pressure in the enclosure
reduces [52] , It can alter the mass and energy rate of extracted gases and the view factor
of the combustion products layer to the fuel surface.

In conclusion, the evolution of the fuel mass loss rate in a mechanically ventilated enclo-

sure depends on the amount of air available for the combustion and the heat fluxes from
the surrounding to the surface of the fuel. Ultimately, they are defined by the set-up of
the ventilation system and the thermal characteristics of the walls.
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Figure 1.4: Sketch of the oscillatory fire behaviour in a) rhf , b) P c) Vm and d)
Vout

1.2 The oscillatory fire behaviour
The oscillatory fire behaviour in enclosures is the coupling in terms of frequency (/)
between the fuel mass loss rate, pressure (P) and volume flow rate in the ventilation
(V) (34],[35],[53) . Oscillations are observed as well in the temperature (T ) of the gas and
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molar fraction of species (X) j34], 35, 53]. The phenomenon is illustrated in Figure p~4|by
assuming that a pool fire is located in an enclosure connected to the outside by means

of an inlet and outlet. The mass loss rate of the fuel (see Fig.|1.4(aj[), pressure (see

Fig.1.4(bJ), volume flow rate in the inlet (see Fig.1.4(c) ) and in outlet (see Fig.1.4(d))
are represented in the following.

The oscillatory fire behaviour is explained as follows. Due to the pressure build-up in
the closed compartment induced by the expansion of hot combustion products during
the initial period, the volume flow rate of fresh air delivered by the fan at the inlet duct
decreases. The lack of air changes the regime in the enclosure from fuel-controlled to

ventilation-controlled. Thus, the flame becomes weak to the level of near-extinction.

Partial quenching, in conjunction with heat losses to the walls, induces a pressure drop
and subsequently an increased supply of fresh air delivered by the inlet fan. This fresh
air revitalises the flame and the phenomenon becomes self-sustained. The oscillatory
fire behaviour has been reported using liquid fuels [22, [35], 53[ [68] [69],[74] in reduced-scale
[22, 35, [68], [69], 74] and large-scale [53 ] enclosures using natural [22, 68] [69] and forced
[ 35, 53 ] ventilation. Besides oscillatory fire behaviour has been reported using a solid
fuel, specifically cables, in [79 ]. The present research focus on tests where the fuel is
in liquid state because this scenario is better characterized. A complete description of
the phenomenon using liquid fuels including all the profiles of rhf , P and V is reported
in [34,[35],[531.

In [22,53,74] it is shown that the oscillatory fire behaviour is triggered in a specific range of
vitiated conditions and high gas temperature within the enclosure. This high temperature

enhances rhf as in scenario 3 for vitiated conditions (see red line in Fig.l)2[) . In this
condition two regimes can be observed in compartments depending on the mass of oxygen
available for the combustion: the unstable combustion region and the stable combustion
region. In the unstable combustion region the fire reaches extinction due to vitiation.
On the contrary, the available fuel is consumed totally in the stable combustion region
(see Fig.|1.5|). The boundary between both regimes is the stable combustion limit. It is
the minimum rhf required to sustain a stable combustion until the burn out of the entire
mass of the fuel (see red line in Fig.[T5). The stable combustion limit is shown with a

red dashed line in Figure [T5j The limit values in terms of mass loss rate of the fuel and
mass of oxygen available for the combustion are difficult to define beforehand for a specific
configuration. The following regions and limits between regions described below have the
same uncertainty. Figure [T5] must be considered as a qualitative reference.
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Figure 1.5: Diagram of the fire regimes based on the fuel mass loss rate and the
mass of air available for the combustion. The black line represents
the average mass loss rate of the fuel. The figure is based on Fig.4
found in [22],

The stable and unstable combustion regions are divided in two regimes. They are rapid
extinction and unstable oscillatory combustion for the unstable combustion region and
stable oscillatory combustion and fully developed fire for the stable combustion region (see

Fig.|1.5|) . In the rapid extinction region (see white area in Fig.|1.5|) the combustion products
fill the compartment rapidly leading to extinction due to vitiation. The unstable oscillatory
region (see area with yellow lines in Fig.|1.5|) is characterized by a higher concentration of
oxygen near the fuel than in the previous region. This regime is named in [221 as ’unstable’

because the fire could be extinguished due to vitiation. Oscillatory fire behaviour with a

low frequency (in comparison to the pool fire frequency in open conditions) could be
observed in this region [53] . The oscillation of the fuel mass loss rate is limited between
values ranging from the minimum self-sustained combustion to near extinction limit. In
the near extinction limit a very slight decrease in oxygen concentration or temperature

near the fire source could lead to the extinction of the fire.
In well-ventilated conditions combustion takes place over the fuel surface and a large
fraction of the thermal radiation emitted by the flame reaches the surface of the liquid
(see Fig|T~6(T)j) keeping a high value of my. In the unstable oscillatory combustion region
(see Fig.|1.5|) the flame can be located above the fire source (see case 1 in Fig.1.6(b)) or
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can be observed in a different position due to the ghosting flame phenomenon (see case

2 in Fig.1.6(b)). A ghosting flame is ' a flame that lifts off the liquid fuel surface and
floats somewhat aimlessly away from the surface’ [74], In vitiated and high temperature
conditions partial extinction of the flame can be reached due to the low concentration
of oxygen. However, the evaporation process continues due to the high temperature.

The evaporated fuel diffuses from the vicinity of the pan until it reaches a region with a

concentration of oxygen and temperature high enough to react. The distance between the
flame and the fuel surface is higher than in the case depicted in Figure 1.6(a)| reducing the
view factor and, thus, the fraction of thermal radiation that reaches the liquid surface. The
observation of ghosting flame indicates the presence of combustible gases (e.g., vaporized
fuel, CO, unburned hydrocarbons) within the enclosure far from the fire source.

(a) (b)

Figure 1.6: Positions of the flame in a) relatively well-ventilated conditions and
b) under-ventilated conditions.

In the stable oscillatory combustion region [22 ] (see area with green lines in Fig.|1.5|)
oscillatory fire behaviour with a higher frequency than in the unstable combustion region
is reported. In [22] the difference in terms of frequency between the unstable and stable
oscillation combustion is extensively studied for what the gas temperature is concerned.
Four methanol pool fires with sizes such as 7.5x7.5 cm2, 15x15 cm2, 7.9x28.8 cm2 and
27.8x28.8 cm2 are located in a cubic enclosure with dimensions of 0.3x0.3x0.3 m3. The
enclosure is connected to the outside via a single door. The width of the opening is 15 cm

and the height is variable, which allows to modify the ventilation factor (AVH!/2, where

Av and H are the area and the height of the ventilation opening) between 0.001 m5/2

to 0.024 m5/2, approximately. In the unsteady oscillatory region the period of the signal
of the temperature is between 45 s to 4 s for a ventilation factor between 0.002 and
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0.007 m5/2, respectively. This period is much shorter (1.5 s approximately) in the stable
oscillatory region.
The influence of the mass rate of air transported into the enclosure on rhf and the fire
regime (see Fig.13]) in mechanically ventilated enclosures is described in [53, 71, 74). More
specifically, in [53] , the mass loss rate of heptane and dodecane pool fires with areas of 0.3
m2 and 0.4 m2 are measured by modifying the GER. The range of studied GER is between
0.35 and 1.05. These experiments are performed in the framework of the PRISME 2
Vertical Smoke Propagation campaign. This experimental campaign is described in detail
later in this thesis.

In order to illustrate the influence of Vjn on the fire regime in Figure [Tj] the time-average
normalized Mass Loss Rate Per Unit Area (MLRPUA, kg/m2/s) of the fuel shown in [53]
are presented. Black and green points represent the experimental results obtained using
heptane as fuel. The dodecane test is represented by a red point. Note that in [53| the
available experimental measurement is the mass loss rate of the fuel. These values are

corrected by taking into account the area of the fuel surface (MLRPUA). In addition,
the experimental MLRPUA value is divided by the expected MLRPUA in open condition
(see dashed line in Fig. 1.7) for each pool fire. This approach allows to compare the
experimental results obtained with the two pool fire areas (i.e., 0.3 m2 and 0.4 m2) and
the two fuels (i.e., heptane and dodecane).
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Figure 1.7: Experimental normalized MLRPUA shown in [53] . The data have
been extracted manually from [53 ] .

The strongest under-ventilation is reached by prescribing a GER of 1.05 (see green
point in Figure 1.7). The normalized MLRPUA for the test is 0.7 which is significantly
higher than the measured values with GER of 0.7. It is explained because when imposing
GER=1.05 the fire reaches extinction rapidly due to vitiation (see Fig.|1.5|). Thus, the
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measured value is taken in the beginning of the fire when the MLRPUA is similar to the
expected in open conditions (see Fig.|1.2|). Oscillations are not observed in this test . This
result is shown for the sake of completeness. When increasing the GER a clear linear
relation between the mass of oxygen provided by the ventilation system and the MLRPUA
is observed (see black and red points in Figure [T7]) . For heptane, the normalized MLRPUA
increases from 0.49 to 0.9 for GER values of 0.7 and 0.35, respectively.

When prescribing a GER between 0.55 and 0.7 oscillatory fire behaviour at low frequency
and ghosting flame phenomena are observed for both fuels. Then, the fire condition is
the unstable oscillatory combustion region (see Fig. T5[). By imposing a GER of 0.35
the normalized MLRPUA is 0.9. The under-ventilation is less severe than in the case

previously described. In this test, after the initial period (see Fig.|1.2|) a steady-state

condition is reached. In this phase, initially the signal of the mass loss rate of the fuel is
nervous and oscillates at high frequency. Later, the condition changes in the enclosure and
the signal evolves to a low frequency oscillation similar to the observed one when imposing
a GER between 0.55 and 0.7. Thus, the fire condition changes from stable to unstable
oscillatory combustion. This result shows how the system can evolve despite the constant

boundaries and illustrates the importance to analyse the changes in the gas phase.

The temperature of the gas phase is the second key variable to trigger the oscillatory fire
behaviour. In [53, 74], it is described that high temperatures of the gas are required to

sustain the combustion near the extinction limit. Besides, the high temperature enhances
the evaporation rate, increasing the mass of fuel vaporized available for the reaction, as

described before. In [53 ] the experimental oxygen concentration near the pan and the
average temperature in the enclosure are approximately 12% and between 22CPC and 320

°C during the unstable oscillatory period. In these conditions the minimal reached rhf is,

approximately, 5 g/s. However, based on the Peatross Beyler correlation [43, 44, 56 , 73|
which is an empirical correlation to calculate rhf in vitiated conditions, the expected mass

loss rate of the fuel with the same level of vitiation (i.e., 12 %) and ambient temperature is
2.2 g/s, approximately. Therefore, the high temperature increases by 127 % the expected

mf .

1.3 Relevance of the oscillatory fire behaviour
The low frequency oscillatory fire behaviour in a mechanically ventilated enclosure can

develop in Nuclear Power Plants (NPPs) and fuel reprocessing and nuclear fuel fabrica-

tion plants. These facilities are usually composed of low leakage enclosures connected by
mechanical ventilation. The ventilation system is qualified in nuclear facilities as a safety
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system. It keeps the pressure inside the compartment lower than in the outside, preventing
the spread of radioactive material to the outside. A fire event could reduce the capabilities
of the ventilation system to maintain the confinement due to the pressure rise. More
specifically related with the oscillatory fire behaviour, the amplitude of the pressure signal
in the enclosure could affect the dynamic confinement [53] , In this scenario combustion
products and radiative materials could be released at each cycle of oscillation due to the
peaks of high pressure. The released radioisotopes could be transported to the outside
and affect the public.
Another possible risk related with the phenomenon is the reduction of the effectiveness
of two fundamental approaches in nuclear safety: defence in depth and fire compartment.

It is stated in [2 ] that 'The concept of defence in depth incorporates multiple levels of
protection which are subject to layers of overlapping provisions and should be extended
to all safety activities, whether organizational, behavioural or equipment related. These
levels of protection are intended to compensate for human errors or plant failures, and
should encompass radiation protection and the prevention and mitigation of accidents' .
More specifically, for fire scenarios, it is stated in [2] that 'One of the principal aims of
defence in depth related with the fire is preventing the spread of those fires which have not

been extinguished, thus minimizing their effect on essential plant functions’. To reduce
the risk of fire spread it is stated in [3] that the nuclear facility must be divided in fire
compartments, which is 'a building or part of a building that is completely surrounded by
fire resisting barriers’. Fire compartimentation intends to: 'prevent the spread of fire and
its effects (e.g. , smoke and heat) from one fire compartment to another ’ [3].
The conditions in the enclosure developed during the oscillatory fire behaviour could jeop-
ardized the defence in depth and the fire compartment approaches. As mentioned, the
production of unburned fuel and intermediate products (e.g. , CO, unburnt hydrocarbons)
is favoured during the oscillatory period. After extinction, the nominal volume flow rates

in the ventilation could be recovered and the combustion products and unburned fuel are

extracted through to ensure the low pressure within the enclosure. A secondary fire could
be initiated when the extracted gas reaches an area with a high concentration of oxygen.
In J27], 30] the possibility of the ignition of a mixture of hot combustion products, un-

burned fuel and fresh air in the ventilation branches connected to mechanically ventilated
enclosure is studied. In [27] the volume of the enclosure is approximately 4 m3. The
fire sources are heptane and dodecane pool fires with diameters of 23 and 30 cm. The
maximum reported molar fraction of CO and unburned fuel is 1.5 % and 4 %. In |30|
the fire behaviour is studied in a cubic mechanically ventilated enclosure (2mx2mx2m)
made of concrete. The fire source is a dodecane pool fire with a diameter of 40 cm.
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The influence of the renewal rate (i.e., Rr , calculated as the volumetric mechanical flow
rate of the inlet prior to ignition divided by the volume of the room (R,
the use of a wall insulation material (i .e. , calcium silicate) is evaluated. Four tests are

performed. Two of them using thermal insulation and renewal rates of 3 h-1 and 5 h_1.
The other two experiments are completed without insulation and by imposing the same

Rr (i.e., 3 h-1 and 5 h_ 1). Strong under-ventilation is observed in the four tests. The use

of insulation enhances significantly the gas temperature and the evaporation of the fuel.
It increases as well the concentration of hydrocarbons, CO and hydrogen in the gas phase
and in the ventilation system. The maximum reported molar fractions are 3 %, 8 %, and
3 % for hydrocarbons, CO and hydrogen, respectively. Autoignition of theses gases in the
ventilation branch is reported for the insulated tests and when prescribing a R, of 5 h
without insulation. In the described tests [27, 30] oscillatory fire behaviour is not reported
but similar conditions of vitiation and high temperatures of the gas phase are observed.

Hence, the observed oscillations in the pressure signal and the possible accumulation and
spread of combustible gases could reduce the level of safety. Consequently, the oscillatory
fire behaviour must be studied to enhance the understanding of this scenario.
Studying experimentally the oscillatory fire behaviour and the interaction with a ventila-

tion system is expensive and difficult. The use of numerical tools, such as Computational
Fluid Dynamics (CFD) or zone models, is, potentially, a suitable option to analyse the
phenomenon with a relatively low cost in terms of money and time. However, the numer-

ical study of the phenomenon is very challenging from a numerical point of view. The
codes must simulate accurately the boundary conditions and the gas phase. The most

relevant aspects of the boundary conditions in a mechanically ventilated compartment are

the interaction of the enclosure with the ventilation system, the heat transfer through the
walls and the prediction of the mass loss rate of the fuel. The simulation of the gas phase
in a fire scenario depends on the modelling of the combustion and flow dynamics. It is
important to note that these difficult aspects are found in other fire transient phenomena
such as fire growth and extinction and the related changes in pressure in these phases.
However, the complexity of the oscillatory fire behaviour could be significantly high. By
simulating the phenomenon the confidence in the numerical tools to model fire transient
scenarios in enclosure can be enhanced.

VP /Vmom ) and

-l

1.4 Objectives of the research
The main aim of the present research is to evaluate the numerical capabilities of com-

putational codes (i.e., zone model and CFD) to simulate the oscillatory fire behaviour in
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mechanically ventilated enclosures. In order to understand what are the most suitable
numerical approaches a deep understanding of the fire phenomenon in mechanically ven-

tilated compartments must be developed. Thus, the experimental observations obtained
in this configuration [[34], 35, 53, 57] are studied in detail. Later, the combination of the
experimental and numerical assessments can be used to suggest aspects to measure in
future experiments.
The present research intends to explore the possibility to simulate the oscillatory fire be-

haviour avoiding excessive computational cost and complexity of the models. First, a

simple zone model is considered. Second, CFD techniques are tested. When using the
latter the complexity of the models to predict the turbulence and the mass loss rate of the
fuel and the computational cost are increased progressively.

1.5 Structure of the thesis
The remainder of the thesis is structured as follows. In the second chapter (Experimental
tests), the tests used in the numerical simulations are described. Two types of experiments
are used herein: open heptane pool fires (diameters of 18 cm [34] and 30 cm

and pool fires in large-scale [10, 53, 57] and reduced-scale (34], 35 ] mechanically ventilated
enclosures. In the third chapter (Zone modelling tests and results) a zone model is pre-

sented and applied to simulate the fire behaviour in mechanically ventilated enclosures.
The description of the numerics used in the CFD calculation, boundary conditions and nu-

merical meshes are shown in chapter 4 (Description of the Computational Fluid Dynamics
approach). In chapter 5 (Computational Fluid Dynamics tests and results) the outcome

of the CFD simulations is described and analysed. In chapter 6 (Conclusions and future
work), the most relevant conclusions of the research are presented.
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Chapter 2

Experimental tests

2.1 Introduction
The experimental configurations and results used later in the CFD and zone model calcu-

lations are described in the present chapter. Two types of scenarios are discussed: open
pool fires and pool fires in mechanically ventilated enclosures.

2.2 Pool fires in open conditions
In the present section the set-up and relevant experimental data of two open pool fires are

presented. The shape of the pans is circular with diameters of 18 and 30 cm and the fuel is
heptane. The 18 cm diameter pool fire experiment has been performed by the Institut de
Radioprotection et de Surete Nucleaire (IRSN) and the University of Aix-Marseille (AMU).
A wider collection of data is described for the 30 cm diameter pool fire experiments [18, 211
performed by the National Institute of Standards and Technology (NIST).

The information described in the following is used to validate the capabilities of the CFD
code to calculate rhf and the characteristics of the gas phase.

2.2.1 18 cm heptane pool fire

Experimental set-up The test reported in [34, 35 ] has been performed by IRSN and
AMU to support the fire experiments in reduced-scale enclosure shown in [35], The fire
source is a 18 cm diameter heptane pool fire. The pan is made of steel with a height of
5 cm. The initial lip size is 7 mm. This distance increases due to the evaporation of the
fuel during the fire.

17
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Experimental data In Figure [271] the evolution of the Mass Loss Rate Per Unit Area
{ tn'f ) in the mentioned pool fire is shown. A clear steady state m'

f is not reached during
the experiment. However, from approximately 650 s up to 1550 s the value of m'j does
not change significantly (i.e., 18.6 g/m2/s).

0 500 1000
Time (s)

1500

Figure 2.1: Evolution of the Mass Loss Rate per Unit Area reported for a 18 cm
diameter heptane pool fire. The information is extracted manually
from g.

2.2.2 30 cm heptane pool fire

Experimental set-up The pan of the 30 cm heptane pool fire [18, 21] is made of
stainless steel with a thickness of 0.16 cm. The internal diameter and depth of the pan
are 0.3 m and 0.152 m respectively. The distance between the fuel surface and the border
of the pan is 5 mm. This lip distance is maintained constant during the test by delivering
the rate of evaporated fuel through the bottom of the pan. The experiment is conducted
in a compartment and mesh screens and/or plastic sheets are set up to ensure a quiescent
environment.

Experimental data The experimental data found in [21] and used in the present re-

search are the radial profiles of temperature at three heights (0.06 m, 0.45 m and 0.66
m from the liquid surface), the average mass loss rate per unit area (36.2 g/m2/s) and
the radial profiles of radiative heat flux at the liquid surface (iqr ) . The relative uncertainty
in the measurement of ihj- and qr is 5% and 15%, respectively. The uncertainty in the
measurements of the temperature are not reported in [211. In [18 ] , the local rhf is gauged
for a similar pool fire by dividing the surface of the pan in 4 concentric rings and measuring
the nir in each of them./
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2.3 Pool fires in mechanically ventilated enclosures
The experimental large-scale experiments described herein are the PRISME SOURCE
|4], |10, [57) and PRISME2 Vertical Smoke Propagation (VSP) projects [53|. (PRISME
is the French acronym for Propagation d'un Incendie pour des scenarios Multi-locaux
Elementaires. In English: Fire Propagation in Elementary Multi-room Scenarios). The
projects are a collaborative effort of several international organizations (e.g., Bel V,

TRACTEBEL, National Regulatory Commission (NRC)) in the framework of the Organi-
sation for Economic Co-operation and Development (OECD) and Nuclear Energy Agency
(NEA) and led by IRSN. The experiments 'dealt mainly with smoke and heat propaga-

tion in multi-compartment fire scenarios and with the consequences of fire on targets of
interest ’ Q. The reduced-scale experiments in the enclosure NYX |34|35 ] have been
performed by AMU and IRSN. These experiments focus on the characterization of the fire
oscillations in mechanically ventilated enclosures.

The available data set is very extensive. However, the present research focuses on rhf ,

P , Vin , Vout , X and T . These data are used in the present research to illustrate the fire
behaviour and oscillatory fire behaviour and to validate the numerical results.

2.3.1 PRISME SOURCE Large-scale campaign

The PRISME SOURCE experimental campaign [4, 10, 571 intends ‘to ascertain the fire
characteristics that were later used as the source term for the study of the propagation
mechanisms' [76]. Two test programs are performed in this campaign. First, the behaviour
of hydrogenated tetrapropylene (TPH, C^Hi^ ) pool fires in open conditions is studied.
This fuel is selected because it is extensively used in the Purex process [63| performed in
reprocessing nuclear facilities. In this process the fission products (e.g., technetium-99,

cerium-140 and Samarium-149) found in the wasted nuclear fuel are diluted in TPH. Then,

the unreacted uranium and plutonium can be extracted. These tests are not described here
in detail because they are not simulated in the present research. Second, eight tests are

performed in mechanically ventilated enclosure to analyse the influence of the ventilation
system on the fire phenomenon.

Experimental set-up The experimental tests have been performed in room 2 (see

Fig.|2.3|) of the DIVA facility [10, 51, 53| (see Fig.|2.2|). The dimensions of room 2 are

5 m in length, 6 m in width and 4 m in height, with a total volume of 120 m3. The
compartment is connected to the outside via two ventilation lines, inlet and outlet. The
openings are placed in two square branches connected to the ceiling. Both openings have
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a cross section of 0.18 m2. Two inlet heights (/#) are analysed, at 1 m and 3.65 m from
the floor (see Fig. 2.3(a ) ). Note that the inlet and outlet openings are pointing towards the
west wall (see Fig.|2,3(b)]) and not directly to the fire source, which creates a complex flow
pattern that will be examined later using CFD. A circular pan filled with TPH is located
in the center of the room at a height of 0.4 m from the floor (see Fig.|2.3|). The fuel is
ignited by an electric arc and it burns until complete fuel consumption or extinction due
to lack of oxygen. The walls and floor are made of concrete and the ceiling is insulated by
two 30 mm rockwool panels (THERMIPAN). The thermal conductivity (A), emissivity (e),

specific heat (cp) and density (p) of the concrete and insulation material are presented in
TableO.

4 m

4 m

Figure 2.2: Diagram of the DIVA facility. Image copied from [10 ]

Table 2.1: Material properties for concrete and rockwool [57|

(J/kg/K) e p (kg/m3)A (W/m/K)Material cp

Concrete
Rockwool

1.500 736 0.70 2430
0.102 840 0.95 140

A wide range of data have been collected during the experiments. This research focuses
on the mass loss rate, pressure, volume flow rates in the ventilation branches, mole fraction
of O2 ( Xo2 ) and temperature profiles. The mass loss rate of the fuel has been measured
with a balance located under the pan. The difference of pressure between the compartment
and outside has been measured by means of an annubar element (i.e., an averaging Pitot
tube). The device is located inside the walls with the two ends inside the enclosure and on

the outside, respectively. The volume flow rates in the injection and extraction branches
have been gauged by using an annubar element. The temperature of the gas was gauged
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from 0.05 m to 3.9 m height with thermocouple trees. The positions of the thermocouple
trees are shown as black circles in Fig.2.3(b). The O2 concentrations have been measured
in the South East (SE) corner, at heights of 0.8 m and 3.3 m. These locations are named
’low’ and ’high’, respectively. Besides, another location named ’near the pan' is found at

a distance of 0.8 m from the pool center toward the north face at a height of 0.35 m.

These locations are represented with blue triangles in Figures |2.3(a)| and |2.3(b) .

6 m

JJO.75 m

0.6x0.3m
DA\3.35 m /4 m

3.3 m
A' I0'8 m] J.0.35 m0.4 m

(a)

6 m
East (3,-2.5)(-3,-2.5) :

NE (-1.5,-1.25) SE (1.5,-1.25)

©

INorth o 5 mSouth
Pan (-0.0,-0.8) «

SW (1.5,1.25)

West(-3,2.5)
'

(3,2.5)

(b)

Figure 2.3: Sketches of the room 2 j57) : a) lateral view from the west face and
b) top view. The circular orange surface in b) represents the surface
of the fuel. The blue triangles and black circles in b) mean gas
analyser and thermocouple tree, respectively. The green area in a)
is the opening of the inlet. The green and red arrows in b) mimic
the injected air and extracted gases. The images have been created
based on the description shown in [10, 511.

To analyse the interaction between the ventilation system and fire source, three pa-

rameters have been modified: 1) renewal rate of the ventilation system, (from 1.5 h-1
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to 8.4 h_1), 2) position of the inlet, (1 m or 3.65 m from the floor), and 3) pool fire
surface area (0.2 m2 and 0.4 m2). The experimental cases PRS-SI-D1, D2 and D6 are the
references considered here (see Table 272]) .

Table 2.2: Characteristics of the experimental tests considered and open condi-
tions test [10],[48, 57] . The area and diameter of the circular pool fire
are 0.4 m2 and 0.71 m, respectively. The time-average values of my,
P, Vin and Vout are calculated taking into account the data obtained
between 1000 s and 2000 s. The variables fhoo.in and GER refer to
conditions prior to ignition.

my (g/s) P (Pa) Vin (m3/h) Vout (m3/h) Rr (h !) IH (m) Y0lmQvin (g/s) GERTest

D1 62.4 462 683 3.65 42.6 1.124 4.7
D2 6 27.2 839 1380 8.4 3.65 76.6 0.62
D6 6.4 92.47 741 1 42.6 1.12454 4.7
Open 13.3

Experimental data The experimental data to be compared with the numerical results
my, (see Fig.2.4(b) ) , P, (see Fig.|2.5|) , V , (see Fig.|2.6[), vertical T profiles in the SE

corner measured from the floor to the ceiling, (see Fig.|2.7(a) ) and Xo2 in the locations
'low' and ’high’ (located in the SE corner) (see Fig.2,7(b)) . The complete set of data
is found in |48|, which is an internal report within the PRISME consortium. The data
depicted in the following Figures are extracted from the cited report |48]. The numerical
oxygen concentration and temperature are compared with the experimental data in the SE
corner because this is the only position where both data are available at the same location.

In addition, there is no significant difference between the outcome at this location and
the other locations. To perform the comparison between the numerical and experimental
outcome in the enclosure, the instantaneous values are averaged between 1000 s and
2000 s. The pool fire is assumed to be fully developed [38 ] in this time period. The
uncertainties in the experimental measurements are indicated in |64]. It is stated that the
relative experimental measurement uncertainties have been estimated to be 10 % for gas

temperature, 2 % for oxygen concentration, 10 % for admission flow rates and 30 % for
pressure. These uncertainties are considered during the analysis of the results.

The evolution of my differs in open conditions and in mechanically ventilated enclosures.
To illustrate the differences between the observed my in Dl, D2, D6 and open conditions
in Figure 2.4(a) the mass loss rate of the fuel in the four tests during the initial 500 s

is shown. After this time my can be assumed as steady-state in tests Dl, D2 and D6.

are
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In the first 120 s the mass loss rate of the fuel observed in open conditions and in the
enclosure is identical. In this period the compartment has no influence on rhf . From 120 s

approximately, the vitiation in the enclosure reduces rhf in comparison with the observed
value in the open pool fire.

p
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Figure 2.4: Experimental rhf in cases Dl, D2 and D6 and open conditions a)
during the initial 500 s and b) during the entire experiment [48 ] .

From this time the signal of rhf is similar in cases Dl and D2 where 3 periods with a

duration of 60 s each approximately are observed (see Fig.2.4(a)) . First, the mass loss rate

of the fuel reduces due to vitiation. Second, the mass loss rate of the fuel increases rapidly.

This sharp increase observed in case Dl and D2 produces a peak with a value equal (test

D2) or higher (test Dl) than the one observed in open conditions at the same time, with
maximum values of 12.2 g/s and 11.7 g/s in Dl and D2 at 242 s and 314 s, respectively.

Third, the mass loss rate of the fuel reduces again and reaches the steady-state value.

This behaviour is extensively described in |48) . Besides, the following 'Dynamic ' and
’chemical’ mechanisms are proposed [48] to explain the fire behaviour in the three peri-
ods. The 'dynamic' mechanism describes the relation between the progressive depletion of
the gas phase with the changes in shape and position of the flame. These changes modifies
the thermal heat flux that reaches the fuel surface and, thus, the mass loss rate of the
fuel. In the first period, when rhf reduces, the flame narrows and stretches and puffing
cycles are not observed. Consequently, the amount of air transported into the flame is
reduced. The reduction of the amount of air available for the combustion decreases the
heat release rate and the mass loss rate of the fuel. The second period, in which rhf
increases rapidly, begins when vitiated conditions are observed at the proximity of the pool
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fire. The puffing cycles are restarted and the flame moves horizontally towards areas with
higher concentration of oxygen. The entrainment of the air and rhf increase significantly.
In the third period the concentration of oxygen in the proximity of the pool fire and rhf
reach steady-state values. It is explained because the rate of production of combustion
products and injected air are balanced. The 'chemical ' mechanism is explained as follows:

the progressive oxygen depletion in the compartment increases the production of CO and
soot reducing the energy release rate and the mass loss rate of the fuel. This mechanism
operates during the three periods. The peaks of rhf differ in cases D1 and D2 in terms

of magnitude and time (see Fig.2.4(a) ) due to the prescribed values of the renewal rate

(4.7 h-1 and 8.4 h-1 in D1 and D2, respectively). In case D2 more air is injected in
the enclosure. Thus, the vitiation process takes longer and the peak of rhf is observed
later. Paradoxically, a higher rhf is observed in D1 than in D2, despite the lower renewal
rate prescribed in Dl. It is explained because the intensity of the 'dynamic ' mechanism
increases with stronger vitiated conditions |48j. In case D6 a significant rhf peak is not

observed (see Fig.2.4(a) ). The position of the inlet at 1m from the floor favours a higher
and more constant supply of oxygen than in case Dl and D2. Hence, a strong vitiated
condition is not reached and the 'dynamic' mechanism described in [48| is not triggered.

The mean rhf values observed in the steady-state phase for cases Dl, D2 and D6 and
open conditions are shown in Table |Z2| and Figure 2.4[b]. The presented value for open
conditions is the temporal average between 222 s and 1108 s. This specific period is
selected because in [1] , it is assumed that the rhf is representative of the steady-state

mass loss rate of the fuel in the period between 10 % and 90 % of the fuel consumption.

The comparison between the rhf in open conditions and in the enclosure shows the impor-
tance of the vitiation. The relative deviation (e = (x — xref ) / xref ) * 100) in terms of rhf
between open conditions and cases Dl, D2 and D6 are -70%, -55% and -52% , respectively
(see Table |Z2|). The renewal rate and GER in cases Dl and D6 are the same (4.7 h
and 1.12, respectively). It indicates that the expected fire regime is the same. However,

the mass loss rate of the fuel is 60 % higher in test D6 test than in Dl. It is explained
because in case D6 the distance between the opening of the inlet and the fire source is
shorter than in Dl (see Fig.2.3). Thus, the injected oxygen reaches the fire source in a

less diluted manner through the combustion products. In case D2 the higher renewal rate

(8.4 h~ { ) feeds the fire source with more oxygen. Thus, the reported rhf is 50% higher
than Dl. In test Dl extinction is reached due the lack of oxygen. On the contrary, in
tests D2 and D6 the entire mass of fuel is consumed.

-l
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Figure 2.5: Experimental pressure in cases a) Dl, b) D2 and c) D6 [48]

The pressure and volume flow rates in the ventilation branches in the reference cases

are shown in Figures|2~5|and|Z6[ respectively. The averaged values of these variable during
the period of interest are presented in Table |2.2[ The same renewal rate is imposed in
cases Dl and D6 (i.e. , 4.7 h-1) but the average pressure in case D6 is higher than in Dl
(92.47 Pa and 62.5 Pa, respectively). This difference is produced because rhf is larger in
D6 than in Dl (6.4 g/s and 4 g/s). The higher pressure in case D6 reduces Vjn slightly in
comparison with Dl (454 m3/h and 462 m3/h, respectively). This high pressure favours
the extraction of the gases (741 m3/h and 683 m3 /h, in D6 and Dl respectively) . The
renewal rate in case D2 is almost double (i.e., 8.4 h-1) than in Dl and D6. Consequently
the volume flow rates in the inlet and outlet are approximately double as well (see Table

0

i
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Figure 2.6: Experimental volume flow rates in inlet and outlet in case a) Dl, b)
D2 and c) D6 [48] .

The higher mass loss rate of the fuel observed in case D6 produces higher temperatures

inside the compartment (see Fig.2.7(a) ) . In particular, the temperature in D6 is higher
than in Dl in the upper part of the enclosure (220 °C vs 263 °C). A similar relation
between the mass loss rate of the fuel and the temperature of the gas phase is observed in
case D2 in comparison with case Dl. The low region of the compartment is richer in O2

in case D6 than in Dl (15.7% vs. 13.9%, respectively) because the proximity between the
inlet to the floor favours the accumulation of air in the bottom of the enclosure. However,
the maximum concentration of oxygen in this location is reported in case D2 due to the
higher renewal rate prescribed in this test (see Table 2.2).
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Figure 2.7: Experimental measurements [48] : a) Averaged temperature profiles
at location SE and b) Averaged CA concentrations at low and high
locations in cases Dl, D2 and D6.

2.3.2 PRISME 2 Vertical Smoke Propagation Large-scale cam-

paign

The aim of the Vertical Smoke Propagation (VSP) campaign [53 ] is to study the smoke
propagation through a horizontal opening and more specifically the competition between
buoyancy forces (induced by the fire) and inertia forces (induced by the mechanical ven-
tilation). The VSP campaign is composed of 10 tests [ 53] . The influence of Rr , type of
fuel, area of the fuel surface and surface of the insulated area of the walls on the fire is
studied. These tests are preliminary studies in a single room. Later, experiments have
been performed in two rooms positioned on top of each other and connected by an open
vent with a surface of 1 rrr.

Experimental set-up The VSP campaign (see Table|273[) has been performed in room

3 |53] (see Fig.|2.8|) of the DIVA facility (see Fig.|2.2|). The dimensions of room 3 and 2
are the same. It is 5 m in length, 6 m width and 4 m height. The walls are made of
concrete with a width of 0.3 m and partially insulated by THERMIPAN (see Table [2T]) .
Two ventilation lines acting as inlet and outlet connect the enclosure with the outside.

The inlet air is injected directly from to the ceiling of the room (see Fig.2.8(b)) as in the
PRISME SOURCE test. The outlet branch is connected to the East face of the enclosure
(see Fig.2.8(b) ) . The openings have an area of 0.16 m2 and are located at 3.65 m from
the floor. As in the PRISME SOURCE tests the blowing directions of the ventilation
system point out towards walls. In the case at hand, the blowing and extraction directions
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of the inlet and outlet are the East and West walls (see Fig.2.8(b) ), respectively. Note
that these directions are opposite than in the PRISME SOURCE tests (see Fig.|2.3[) . The
fire source (i.e., pool fire and gas burner) is located in the center of the enclosure at a

height of 0.4 m from the floor.
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Figure 2.8: Sketch of the room 3 of the DIVA facility based on the descriptions
found in [49, 53] : a) lateral view from the west face and b) top
view. The circular orange surface in b) imitates the fuel surface.
The blue triangles mean gas analyser and the black circles represent
thermocouple tree. The red surface in a) is the opening of the outlet.
The injected and extracted gases are represented as green and red
arrows, respectively, in b).

The data measured during the experiment and taken into account in the present re-

search are rhf (see Fig.2.9(a) ) , P (see Fig. 2.9(b)), V -m (see Fig. 2.9(c) ) and Vout (see

Fig.2.9(d) ) , instantaneous and averaged T (see Fig.2.11(b)] and Fig.2.11(a) ) and instan-
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taneous and average Xo2 (see Fig. 2.12(a) and Fig2.12(b) ) . These data have been recorded
each 1.25 s. Note that the signal of V,„ (see Fig. 2.9(c) ) is saturated at a value of 1650
m3/h, approximately. Hence, this measurement must be considered with caution. The
temperature of the gas at different heights from the floor of the compartment (i.e., 0.05
m, 0.55 m, 1.05 m, 1.55 m, 2.05 m, 2.55 m, 3.05 m, 3.55 m, 3.95 m) has been measured
in three corners of the room (i.e, SW, NW, NE) (see Fig.|2.8|) using thermocouple trees.

These positions are shown as circles in Figure |2.8[ The mole fractions of O2 , CO and
CO2 have been recorded at three different locations named as ’high’, ' low' and ' pan'. The
position of these locations is shown in Figure 2.8(b) with triangles.

Table 2.3: Experimental matrix of the VSP tests considered herein [53 ] . Tests
IT, S3 and S5 are repetitions of test 1 by modifying the ventilation
set-up.

Af (m2) Rr (h 1) Aim (m2) GERTest name Fuel

SI Propane
Dodecane
Heptane
Heptane
Heptane
Heptane
Heptane
Heptane
Heptane
Heptane

12 84 0.27
IQ 0.4 12 84 0.7
1 0.4 12 84 0.7
IT 0.4 12 84 0.7
S3 0.4 12 84 0.7
S5 0.4 12 84 0.7
S6 0.4 15 84 0.55
S7 0.4 8 84 1.05
S8 0.4 12 37.5 0.7
1A 0.3 17 37.5 0.35

In the VSP campaign the influence of the renewal rate of the ventilation system, the
type of fuel, the area of the surface of the fuel and the area of the insulated area of the
walls on the fire behaviour has been studied (see Table |Z3|). The range of renewal rates

. The tested fuels are propane, heptane and dodecane.

When using propane and dodecane as fuel the prescribed GER values are 0.27 and 0.7,

respectively. A wider range of GER values, between 0.35 and 1.05, is tested using heptane
as fuel. The propane is in gas state at the experimental conditions (test SI). Thus, it
is injected into the enclosure by means of a gas burner with a constant mass rate of 8
g/s. The use of a gas burner makes the characterization of the fire source by means of

Af meaningless (see Table [Z3[). Heptane (tests 1, IT, S3, S5, S6, S7, S8 and 1A) and

-1 -1studied is between 8 h and 17 h
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dodecane (test IQ) are liquids at the experimental conditions. These fuels are located in
a circular pool fire with a diameter and area of the fuel surface of 0.71 m and 0.4 m2 in
tests IQ, 1, IT, S3, S5, S6 and S7, S8. In test 1A a smaller pan with Afuej of 0.3 m2 is
used. The insulated area (Ajns ) is 84 m2 in tests SI, IQ, 1, IT, S3, S5, S6 and S7 . The
insulated surfaces are the ceiling and the upper part of the walls (from 2 m to the ceiling).

The ceiling is insulated with a double 30mm-layer of THERMIPAN and a single layer of
30 mm is used at the walls. In addition, the entire height of the NW corner is covered as

well with a single layer of 30 mm. The surface of the insulated area in tests 1A and S8 is
37.5 m2. In these tests the ceiling is protected by two 30 mm layers of THERMIPAN and
the upper part (from 2 m to the ceiling) of the north face with one layer of 30 mm.

Sensitivity analysis of the Oscillatory Fire Behaviour As mentioned, the VSP cam-

paign focuses on the influence of the 1) type of fuel, 2) renewal rate of the ventilation,

3) surface of the fuel and 4) extension of the insulated surface on the fire behaviour (see

Table|Z3|). The changes in these variables have a significant impact on the oscillatory fire
behaviour.
Oscillatory fire behaviour is detected when using liquid fuels (i.e., dodecane and heptane)
indicating that the coupling between the evaporation process and ventilation conditions is
necessary to trigger the phenomenon. Besides, as mentioned the phenomenon is reported
using solid fuels in [79 ]. The evaporation rate in this case depends as well on the interac-

tion between the gas phase and the fuel. In contrast, in test SI where propane is used as

fuel rhf is fixed as 8 g/s and oscillation is not observed. Note that oscillatory fire behaviour
defined as the coupling in terms of frequency of rhf , P and V cannot be triggered using
a constant mass flow of gas fuel. Differences in the fire behaviour are observed when
using heptane and dodecane as fuel in cases 1 and IQ (see Table |23[). The experimental
results show that the frequency of the rhf is similar in both tests (0.008 Hz, approx.).

However, the signal is more nervous when using heptane as fuel. This difference can be
explained due to the fact that the boiling temperature and heat of evaporation are lower
for heptane than for dodecane (98.45"C Vs. 217.85"C and 317 kJ/kg Vs. 358 kJ/kg,

respectively). Thus, the liquid heptane is more responsive to changes in the gas phase.

This phenomenon is not reported in [53 ] . However, it is mentioned that the frequency of
the pressure signal is much lower for dodecane [53 ] .
The main change concerns the frequencies of pressure fluctuations during the ghost-
ing flame period which are much lower for Dodecane fuel. Being lighter than Dode-

cane,heptane fuel leads to more instability during the ghosting flame period
The influence of the renewal rate is studied by imposing values between 8 h-l and 17
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-l and using heptane as fuel. The GER values of these experiments are 1.05 and 0.35,

respectively. Then, the studied scenarios are between well-ventilated to slightly under-
ventilated conditions. In test S7 a renewal rate of 8 h-1 (GER=1.05) is prescribed. The
fire reaches extinction 400 s after ignition due to vitiation and oscillations are not observed.
By increasing the renewal rate to 12 h-1 (GER=0.69) oscillatory fire behaviour with a

frequency of 0.0078 Hz is observed in case 1. A possible explanation of the oscillatory
fire behaviour proposed and discussed in|53j is the propagation of pressure waves in the
network pipes. Thus, test 1 is repeated by modifying the configurations of the pipes and

IT, S3 and S5 (see Table |2.3|). It is shown
in [53] that the modifications of the configuration of the ventilation system did not affect
the frequency and amplitude of the oscillations. Therefore, the oscillatory fire behaviour in
the case at hand is not produced due to pressure waves in the ventilation system. In test

S6 a Rr with a higher value of 15 h-1 (GER=0.55) is tested. Oscillations are observed
initially. Later , a clear dominant frequency is lost and the signal becomes nervous. In test

1A (/?,=17 h-1 and GER=0.34) oscillatory fire behaviour is observed. However, this case

is difficult to compare with the other tests. The insulated area of the walls and the surface
of the fuel are different from the other tests.
The influence of the insulated area on the fire behaviour is analysed in test S8 by reducing

from 84 m2 to 37.5 m2. The frequency of the signal is not significantly affected by
the reduction of the insulated area. However, the duration of the fire is longer in case S8.
This phenomenon is studied with detail later in the present chapter.

These results prove that the oscillatory fire behaviour is triggered in certain specific con-
ditions. First, the fuel must be in liquid or solid state. Second, the mass of air injected
must be low enough to reach under-ventilated conditions. Third, a sufficient amount of
heat must accumulated in the compartment in order to prevent extinction due to vitiated
conditions.

h

valves and keeping a R, of 12 h in tests

A,-ins

Experimental data The case VSP 1 is used as reference herein because the oscilla-

tory fire behaviour is clearly observed and has been extensively studied experimentally
and numerically [53]. In addition, during the campaign the phenomenon is observed as

well in cases IQ, 1, IT, S3, S6, S8 and 1A (see Table |2.3|). The comparison between
the experimental and numerical data focuses on rhf (see Fig.|2.9(a) ) , P (see Fig.2.9(b) ) ,

Vi,, (see Fig. 2.9(c) ), Vout Fig.2.9(d) ) and (see Fig.2.11(a) ) and the average Xo2 at the
locations ' low' , 'high' and 'pan' (see Fig.2.12(b)). The complete set of data of the VSP
1 test is shown in [49] . It is an internal report within the PRISME consortium. The
information found in this document is shown graphically in the following figures. The level
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of uncertainty assumed in the VSP tests is the same as that in the PRISME SOURCE
campaign: 10 % for gas temperature, 2 % for oxygen concentration, 10 % for admission
and extraction flow rates and 30 % for pressure |64].
In Figure [Z9 oscillatory fire behaviour is observed in rhf (see Fig.2.9(a) ) , P (see Fig. 2.9(b) ) ,

Vin (see Fig.2.9(c)|) and Vout (see Fig.2.9(d) ) in a period between 300 s and 1400 s, ap-

proximately. The average value of these variables (i.e., r h f , P , V,„ and Vout ) in the period
between 400 s and 1300 s (assumed as oscillatory period) are presented with a red line.

The presence of oscillations could make difficult to identify visually the average value. For
the sake of clarity, the values are displayed in Table |2~4j
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Figure 2.9: Experimental measurements in VSP 1 test of [53 ]: a) rhf , b) P c)
Vin and d) Vout [49||53|.
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Table 2.4: Amplitude and time average of my , P and V observed in the case
VSP 1 during the oscillatory period.

Average <S>

m (g/s)
P (Pa)
Vin (m3/h)
Vout (m3 /h) 2312.9

11.1 4.2
81.43 Pa 179 Pa
1042.2 297

233

After ignition the fuel mass loss rate increases during the initial 100 s. Later, the
vitiation in the compartment reduces my progressively until extinction is almost reached
at 250 s, approximately. The decrease of the fuel mass loss rate reduces the pressure
to a minimum value of -400 Pa at 300 s, approximately. The low pressure favours the
injection of air by the ventilation system, triggering the oscillatory fire behaviour. The
phenomenon is self-sustained until 1400 s, approximately. From this time onward the
signal is nervous and extinction is reached at 1500 s, approximately, due to vitiation. The
initial and consumed mass of fuel are 27 kg and 20 kg. Thus, a mass of 7 kg of heptane
remains unburned. During the oscillatory period ghosting flames towards the NW corner

have been observed. The velocity, position and intensity of the combustion of the ghosting
flame are not described in the case at hand.
In order to prove that the observed oscillations in my, P , V /M and Vout are connected, Fast
Fourier Transform (FFT) analysis of the mentioned signals has been performed. The 512
data measured between 550 s and 1188 s are taken into account. The number of data
that can be used in a FFT analysis must be equal to 2", where n is a whole positive
number (2"=2,4,8,..,256,512,1024). In case that the number of available data is smaller
than 2" the signal can be completed with zeros. This technique is named zero padding.

By applying zero padding in the present research the calculation of the amplitude of the
signals has been affected. This deviation could be solved. However, the amount of data
available in the present research is lager than 2" . Thus, zero padding is not necessary. In
VSP 1 a dominant frequency of 7.8 • 10-3 Hz (period of 128 s) is observed for the four
variables (see Fig.2.10). Thus, the four variables are connected in terms of frequency. In
addition, the amplitudes (<E>) of the signal are displayed in Table |Z4[ This analysis was

shown in [53] .
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Figure 2.10: Fast Fourier Transform analysis of a) rhf , b) P , c) Vjn and d) V(

measured in case VSP 1
out

A possible well-known explanation of the oscillatory fire behaviour would connect this
phenomenon with the puffing cycle of the flame. In [11] , the following expression is
proposed to calculate the frequency of the puffing cycle { /puffing ) in open atmosphere
conditions.

/puffing ~ l -5\/D (2.1)

In the case at hand the diameter of the pool fire (i.e., D) is 0.71 m and, thus, /puffing

is 1.26 Hz. This value is several orders of magnitude higher than the value of 7.8 mHz
reported in Table [2~4[ Hence, the observed oscillatory fire behaviour is independent of the
puffing cycles of the flame.
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Figure 2.11: Experimental a) time average (from 400 s to 1300 s) temperatures
at the location NE, NW and SW and b) instantaneous temperature
at the location NE [ 49, 53 ].

In Figure [2711(a) the temperatures averaged during the oscillatory period at locations
NE, NW and SW are shown. The temperature increases progressively from the floor to

the ceiling between 180"C and 400"C, respectively. Significant differences between the
profiles are not found. The instantaneous gas temperatures measured at location NE at

0.05 m, 1.05 m, 3.05 m and 3.9 m are shown in Figure 2,ll(b)[ The evolution of the
gas temperature in NE is representative as well of the measurement at locations NW and
SW. Oscillatory fire behaviour is observed at the different heights at the same frequency
(0.078 Hz) as for rhf , P and V . However, the amplitude of the signal is reduced from
60 °C to 25 °C at 3.9 m and 0.05 m from the floor , respectively. The oscillation in the
temperature of the gas is directly produced by the energy released by the combustion of
the fuel. The difference in terms of amplitude at different heights is produced because
the fire plume affects more directly the upper region of the compartment. The maximum
temperature reached during the oscillatory period in the upper part of the compartment

is approximately constant and equal to 530 °C. On the contrary, the temperature in the
lower part (i.e., 0.05 m) increases progressively because combustion products are filling in
the compartment.

The oscillatory fire behaviour at low frequency (i.e., 0.078 Hz) is observed in the measure-

ment of Xo^ near the pan in Figure 2.12(a) The oxygen concentration at this position
is relevant due to its proximity with the pool fire. It is thus representative of the level
of vitiation in the vicinity the fire. The measured concentrations of oxygen are 14 %
and 11 %, approximately, at 500 s and 1500 s, respectively. The decrease in the oxygen
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concentration is directly related to the accumulation of combustion products as indicated
by the temperature at a height of 0.05 m. The hot combustion products are not entirely
removed by the ventilation system. Thus, the combustion products are filling the enclosure
until they reach the lower part of the compartment. The influence of this phenomenon
on the oscillatory fire behaviour and extinction of the fire is studied in the following. In
Figure 2.12(b) the time average Xo2 at locations 'low' , 'high' and 'near the pan’ during
the oscillatory period (i.e., 13.7 %, 11.4 % and 12.8 %, respectively) are shown.
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Figure 2.12: Experimental a) instantaneous oxygen concentration at location
near the pan and b) time average (from 400 s to 1300 s oxygen
concentration at locations low, high and near the pan |49[ 53|.

Extinction in test VSP 1 As mentioned, extinction takes place in VSP 1 due to vitia-

tion. A mass of 7 kg of fuel remains unburned. In the following a novel possible description,

relating the stopping of the oscillatory fire behaviour and the extinction phenomena, is
presented.

The accumulation of combustion products stops the oscillatory fire behaviour at 1400 s and
leads to extinction at 1500 s, approximately. To illustrate the evolution of the combustion
products along the height of the compartment, in Figure |2.13| the molar fraction of CO2

at locations 'low' , 'high' and 'near the pan’ are shown. The average concentration of COo
at the 'high' location (3.23 m from the floor) remains approximately constant, around 6.5
%, during the oscillatory period. On the contrary, the concentrations at locations ' low'

and 'near the pan’ (0.95 m and 0.38 m from the floor, respectively) increase from 3.5 %
to 5 % and 6.5 % , approximately, in the same period. This accumulation produces the
increase in temperature described earlier (see Fig.2.12(a) ) .
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Time (s)

Figure 2.13: Instantaneous molar fraction of CO2 at locations low, high and near
the pan [49, 53|.
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Figure 2.14: Cycles observed in the oscillatory and extinction periods in a) rhf
b) P , c) Vin and d) Vout .
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The oscillatory period observed in my, P , Vout and V/n is divided into 7 oscillatory
cycles (see red lines in Fig.2.14) to study the influence of the accumulation of combustion
products on the phenomenon. It is shown that the amplitude of the signals is reduced with
time. To illustrate numerically this observation, FFT analyses of the signals (i.e., my, P

Vin and\out ) 'n four periods of 320 s (i.e.,320s-640s, 640s-960s, 960s-1280s and 1280s-

1600s) have been performed (see Fig. |2.15|). The last of the intervals (320 s) covers

the duration of approximately two cycles. Herein, the use of FFT techniques to study
the evolution of the oscillatory fire behaviour is used for first time. This is an important
technique that can help to illustrate how the conditions in the enclosure have an influence
on the oscillations.
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Figure 2.15: FFT analysis of a) my, b) P , c) Vjn and d) Vout in four periods
between 320-640 s, 640-960 s, 960-1280 s and 1280-1600 s

The signals show that the dominant frequency (7.8T0 3 Hz) is the same for the four
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variables (i.e., rhf , P , Vjn and Vout) in the interval between 320 s to 1240 s. However, the
amplitude of the signals is significantly reduced in each period. To illustrate this behaviour
in Table|2T5] the amplitudes of the signal in the periods between 320s-640s and 920s-1240s

are reported. Later, in the period between 1240s-1600s the signal becomes more nervous

and no clear dominant frequency is observed.

Table 2.5: Amplitudes of my, P, Vjn and Vout signals in the first and third periods
(i.e., 320-640 s and 920-1240 s).

320s-640s O 920 s-1240 s

mf (g/s)
P (Pa)
Vin (m3/s)
Vout (m3 /s)

6.6 3.0
263 113
463 161.64

167.4335.6

The reduction of the amplitude in the signals is explained as follows. The amplitude
of the fuel mass loss rate at the dominant frequency depends on the maximum and
minimum evaporation rate observed at this frequency. The instantaneous rhf shows that
the reduction of the amplitude is produced by the increase of the minimum value of rhf
reached during each oscillation (see Fig.2.14(a) ) . The increase of the minimum value
of ihf is produced by the accumulation of the combustion products described before.

The combustion products, when reaching the proximity of the pool fire, increase the
temperature in the area. Thus, the heat transfer from the gas phase to the fuel increases
as well. This phenomenon has a more a significant impact on the minimum rhf than on the
maximum rhf . The latter is produced by the heat fluxes from the flame. The reduction of
the amplitude of the mass loss rate of the fuel has a significant impact on the amplitude
of the signal of P. For instance, the amplitudes of rhf and P are 6.6 g/s and 3.3 g/s and
263 Pa and 113 Pa, respectively, in the periods between 320 s-640 s and 920 s-1240 s.

The reduction of the amplitude in the signal of the pressure is caused as well by increasing
the lower pressure because a more constant mass rate of combustion products is released
from the reaction. The highest velocities of the injected air are reached when the lowest
pressure are observed in the compartment. With high velocity in the inlet the injected air
can penetrate deeper in the combustion products layer, with less dilution. Consequently,

air can reach the pool fire and sustains the combustion. On the contrary, the mentioned
changes in the pressure signal make the velocity of the injected air lower, increasing the
mixing of the air with the combustion products. In addition, the larger the volume filled
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with combustion products, the more diluted the injected air would reach the fire source.
This factor is specially relevant in the present case where the inlet is located in the upper
zone and oxygen must be transported near the fire (see Fig.2,8(a ) ) .

In order to illustrate the interaction between the configuration of the enclosure and the
extinction due to vitiation after an oscillatory period, two scenarios can be assessed:
1) increasing the extraction of the gases through the outlet or 2) enhancing the heat
transfer through the walls. In the first scenario the layer of combustion products would
become thinner. As described before, the accumulation of combustion products favours
the increase of the temperature at the proximity of the pool fire. Thus, by keeping a

thinner layer of combustion products the accumulation process would have less impact
on the evaporation rate because the temperature at the proximity of the pool fire would
remain more constant. The second scenario favours lower temperature and pressure in
the enclosure due to the higher heat transfer through the walls. The lower pressure in
the compartment allows the inlet branch to inject more air in the compartment keeping
the fire for a longer period of time. For instance, in case S8 (see Table |Z3|) the insulated
surface of the walls is 37.5 rrr. The influence of the insulated area on the conditions in the
compartment is illustrated by comparing the results of the cases VSP 1 and VSP S8 (see

Fig.2.16|). In case S8 the oscillatory period extends from 300 s to 2000 s (see Fig.2.16(a)
and 2.16(b) ) , approximately, which is a significantly longer period than in case VSP 1.
The reduced insulated area favours lower pressure (see Fig.2.16(b)) and a higher volume
flow rate in the inlet. The average pressure and volume flow rate in the inlet during
the oscillatory period in case S8 are 44.9 Pa and 1135 m3/h, respectively. The relative
difference between these values and VSP 1 for pressure and volume flow rate in the inlet
are -44.9 % and 8.2 % (see Table |2~

4|) , respectively. In addition, the temperature of the
gas is significantly affected by the area of the insulated surface. In Figure 2.16(c) the
gas temperatures at 0.05 m from the floor at location NE measured in cases VSP 1 and
S8 are shown. The temperature at this location is almost constant in case S8 with a

value between 50 °C and 60 °C, approximately. However, in case VSP 1 the temperature

increases from 150°C to 250°C between 500 s to 1500 s. The deviation observed between
cases is produced by the different rate of accumulation of the combustion products. To
illustrate this phenomenon the concentration of oxygen measured in both cases at location
'near the pan’ is shown in Figure 2.16(d) The measured molar fraction of the oxygen at

300 s in VSP 1 and S8 is approximately the same (14%). This value is reduced rapidly to

11%, approximately, in case VSP 1. On the contrary, Xo2 remains almost constant until
extinction at 2000s in case S8.
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Figure 2.16: Comparison between the cases VSP 1 and VSP S8 in terms of a)
rhf , b) P c) T at 0.05 m from the floor at location NE and d) Xo,
in the location near the pan [49, [53|.

It is important to note that the presented findings are not in contradiction with the
assessment made in [53 ] . There, it is stated that 'the change in the level of thermal
insulation does not significantly influence the occurrence of oscillations and low frequency
oscillation of the MLR remains. From these fire tests, the effect of the thermal losses on

the oscillation has not been demonstrated' J53|/. The change in the area of the insulated
surface in tests VSP 1 and S8 does not alter the frequency of the signal or the triggering
of the phenomenon, which are evaluated in [53|. The present research tries to complement
the mentioned assessment taking into account the duration of the phenomenon and how
it is affected by the local conditions. Note that in [53] the thermal characteristics (e.g.
A ) of the insulation are not modified. Later (see section 5.3.3) , numerical results will be

i
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shown where significant changes in the properties of the insulation materials are performed.
These simulations will illustrate the possible influence of the thermal boundaries on the
frequency and amplitude of the oscillatory fire behaviour.

2.3.3 NYX Reduced-scale tests

The reduced-scale tests in the NYX enclosure [34, 351 have been undertaken in the context

of a collaborative research program between AMU and IRSN. The program aims to study
the oscillatory fire behaviour as a support to the PRISME2 VSP experiments. The reduced-

scale model NYX constructed at the IRSN offers the possibility to perform more tests (at

a reduced cost) with the objective of characterizing combustion instabilities in terms of
(1) likelihood of occurrence with respect to the ventilation conditions, (2) amplitude and
(3) frequency of oscillations.

Experimental set-up The NYX compartment (see Fig.|2.17|) [34, 35, 59] is a scaled
reproduction in a geometric scale factor 1:4 of room 2 of the DIVA facility [10, 35[ |57, 59 [ .
The dimensions of NYX are 1.5 m in length, 1.25 m in width and 1 m in height. The
compartment is connected to the outside via mechanical ventilation in the outlet and
natural ventilation in the inlet. The openings of the ventilation have dimensions of 6 cm x

12 cm. They are placed at 0.8 m from the floor (see Fig.2.17(a)) in the lateral sides of two

ventilation branches (see Fig.2.17(b)]) . The inlet and outlet openings point respectively
towards the Front (F) and Back (B) walls of the enclosure (see Fig.2.17(b)) and not

directly to the fire source. The inlet and outlet openings are connected to an external
pipe. The section of both ducts is circular with dimensions such as 1 m in length and
0.04 m of diameter, approximately. The walls in the NYX enclosure are interchangeable.

This feature allows to study the influence of the thermal properties of the walls on the
conditions inside the compartment. In the present case, the West wall (W) (see the blue
surface Fig. 2.17(a)) is made of glass in order to visualize the movement of the flame
during the experiment. Each of the remaining walls (i.e., Back, East and Front), ceiling
and floor is made of steel insulated with calcium silicate. The thicknesses of the steel
and the calcium silicate layers are 0.2 cm and 4.5 cm, respectively (see Fig.2.18) . The
fire source is an 18 cm diameter heptane pool fire located at the center of the floor (see

the orange surface in Fig.2.17(b) ) . The height of the pan and the initial liquid level are

respectively 5 cm and 4.3 cm with a mass of heptane prior to ignition of 0.75 kg. In [35|
the effect of R, (from 8 h-1 to 20 h-1) on the fire behaviour is studied. The present

paper focuses on the case with /?,-=15 h-1 because the oscillatory fire behaviour is clearly
observed in this experiment.
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Figure 2.17: Sketch of the NYX compartment a) front view and b) top view.
The injected air and extracted gases are represented as green and
red arrows, respectively, in b). The fuel of the surface is shown as a
orange circle in b). The figures are made based on the descriptions
found in 134, 35]
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Figure 2.18: Sketch of the layers of the Back, Front and East walls, ceiling and
floor [34, 35 ].
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Figure 2.19: Location of BW, FW, FE, BE, CN and GA1 to GA5 in the com-

partment NYX (top view). The information shown in this figure is
extracted from [ 34, 35 ]

The variables measured are my, P , V)n, Vout , T , species concentration (i.e., O2 , CO,

CO2 ) and density of the injected and extracted gases. For the measurement of gas tem-

perature, vertical thermocouple trees are positioned in the four corners of the room (i.e.,

FE, FW, BW and BE) (see Fig.2.19) which thermocouples heights are between 0.05 m and
0.95 m from the floor. The molar concentration of Oo , CO2 and CO have been measured
near the pan (Gas Analyser 1(GA1)), in the corner FE (GA2) at 0.42 m from the floor and
in the exhaust branch (GA3). Two additional measurements of Xo^ are made in the corner

BW (GA5) at 0.42 m from the floor and in the corner FE (GA4) at 0.83 m from the floor
(see Fig.2.19). Two McCaffrey probes have been positioned in the ventilation ducts and
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connected to membrane pressure transducers in order to determine the mass flow rate in
the inlet and outlet (min and mout , respectively) . A thermocouple has been placed in each
branch to monitor the variations in gas density due to temperature changes. A pressure
transmitter measures the difference between the pressure inside the compartment and the
exterior. Finally, in order to to visualize the displacement of the flame through the glass
wall, a video camera is set-up outside the compartment. All measurements have been
recorded at a rate of 1 Hz.
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Figure 2.20: Experimental a) rhf , b) P , c) Vjn and d) Vout measured in the NYX
enclosure by prescribing Rr= 15 h-1 [34, 35 ] .

Experimental data In Fig.|2.20|the signals of my (see Fig.2.20(a) ) , P (see Fig.2.20(b) ),
Vj„ (see Fig. 2.20(c) ) and Vout (see Fig.2.20(d)) are shown. The information depicted in
the mentioned plots is available in [34, 35 ] . An oscillatory period extends from 220 s

approximately, to 497 s. The fuel mass loss rate increases during the initial 70 s as in an
i
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open pool fire until a value of 0.27 g/s is reached. This value decreases slightly from 70 s

to 200 s due to the progressive vitiation in the enclosure. Later, the accumulation of the
combustion products near the pan drives the fire to strong under-ventilated conditions and

rhf decreases sharply. From 220 s, approximately, oscillatory fire behaviour is triggered.
The fire extinguishes at 497 s due to vitiation. At this time the mass loss rate of the fuel
decreases abruptly. It has an immediate impact on P which drops due to the action of the
ventilation system. The mass of consumed heptane during the fire is 0.11 kg and a mass

of 0.64 kg of fuel remains unburned. The average values of the four variables during the
oscillatory period are reported in Table [Z6|and shown with a red line in Figure |2720l The
period of time defined as oscillatory period in the present experiment is between 242 s to

497 s. This specific range of time is selected to assess in the FFT analysis the period when
the oscillatory fire behaviour is more clear. For the sake of comparison the calculation of
the average data is performed in the same period.

Changes in the flame shape (see Fig.|2.21) and a ghosting flame have been reported in the
present case, as in case VSP 1 [34, 35, 53], In test VSP 1the displacement of the flame is
towards NE corner (see Fig.2.8(b)]), i.e . , towards the area where the injected air reaches
the lateral wall of the enclosure. However, in the reduced-scale tests the ghosting flame
is observed towards the FE direction (see Fig.2.17( G)) .

Figure 2.21: Flame snapshots at 307 s

0|3§.
328 s, 358 s, and 380 s after ignition

In Figure |Z22] the direction of the ghosting flames observed in both tests is shown.

Note that the blowing and extraction directions of inlet and outlet differ in both tests.
For the sake of clarity the VSP 1 information is adapted. The different position of the
ghosting flame indicates that the oxygen tends to be transported towards different regions
in both configurations and the flow dynamics are different. As for the VSP tests the exact

velocity, position and intensity of the combustion of the ghosting flame are not reported.
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Outlet
4

4

NYX

Figure 2.22: Zones where the ghosting flames have been reported in tests VSP
1 (yellow arrow) and NYX (red arrow).

The oscillations observed in the four variables (i.e., rhf , P , Vjn and Vout ) have been
studied through a FFT analysis using the data measured during the oscillatory period (see

Fig.2.20). The sample frequency is 1 Hz and 256 data are taken into account to analyse
the period between 242 s and 497 s. A dominant frequency of 0.0197 Hz (period of 51 s)
is observed for the four signals (i.e., rhf , P , V/„ and Vout) (see Fig.2.23). This dominant
frequency has been reported in [34,[35) . As for the VSP 1 case, the observed and expected
frequency due to the puffing cycles are compared. The expected value of the puffing cycle
is 0.63 Hz, which is significantly higher than the observed value of 0.0197 Hz. Then, as for
VSP 1, the observed oscillation is independent of the puffing phenomenon. The amplitude
of the signal of Vout is one order of magnitude smaller than V-in (i.e., 2.1 • 10-4 m3 /s and
2.6 • 10-3 m3 /s, respectively) . Then, the changes of pressure inside the enclosure has
a smaller impact on the outlet than on the inlet. It is explained from the fact that the
resistance in the outlet branch is higher than in the inlet branch (the resistance values are

calculated later).
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Figure 2.23: FFT analysis of the experimental a) rhf , b) P, c) V,'n ar|d d) Vout .

Table 2.6: Time average and amplitude of the dominant frequency (i.e., 0.0197
Hz) of ihf , P , Vjn and Vout during the period between 242 s and 497
s. The presented values have been calculated from the experimental
data.

Variable Average Amplitude
l 3.4 • 10~2rhf (g/s)

P (Pa)
Vin (m3 /s)
Vout (m3/s) 9.9 • 10-3

1.63 • 10“

-73.7
7.4 10"3

49.7
2.6 10“3

2.1 • 10~4
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Figure 2.24: Average period of ihj observed in NYX when modifying Rr . The
data have been manually extracted from [35 ] ,

As shown in [22] , the period of the oscillations reduces when increasing the mass rate of
air injected into the enclosure. The same trend is observed in the NYX enclosure [34]35|. In
order to illustrate this connection, in Figure [27241 the dominant frequencies of my observed

are shown. For instance,-l -lin NYX by imposing renewal rates between 10 h
the periods are 57 s and 39 s for renewal rates of 10 h

and 18 h
-l -l respectively. Later,

a possible explanation of the phenomenon is provided based on CFD numerical results.

The gas temperature profiles averaged during the oscillatory period at locations BE, BW,

FE and FW are shown in Fig.2,25(a][ The temperature profiles at BE, BW and FE are very
similar. The temperatures at bottom and close to the ceiling are respectively 60 °C and
150 °C, approximately, at all three locations. The average temperature profile measured
at FW is 10 °C higher than in the other profiles at 0.15 m from the floor. FW is located
in the blowing direction of the inlet branch (see Fig.2.17(a) ). The higher temperature in
this position could be explained by the fact that the injected air pushes the combustion
products accumulated in the upper region of the enclosure towards the bottom of the
compartment. To confirm this explanation the composition of the gas phase at FW and
0.15 m from the floor should be known. The instantaneous temperatures observed at

location FE at heights of 0.05 m and 0.85 m (see Fig.2.25(b)) show a similar behaviour to

the large-scale enclosure. Oscillatory fire behaviour with the same frequency (i.e., 0.0197
Hz) as in my, P and Vjn is observed in the upper region. The oscillations of my affect the
rate of produced combustion products which are transported due to buoyancy towards the
upper region. The transport of hot combustion products affects the temperature in the
upper region. Thus, the frequency of evaporation process links with the frequency observed
in the temperature signal. A similar mechanism is not observed in the lower part of the
enclosure and oscillation are not reported there. Temperatures do not increase during the

and 18 h
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oscillatory period. It indicates that the mass of the combustion products accumulated
within the enclosure remains approximately constant.

Gas Temperature at BE
Gas Temperature at BW
Gas Temperature at FE

‘ G a s Temperature at FW
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Figure 2.25: a) Time average temperatures during the oscillatory period at lo-

cations BE, BW, FE and FW and b) instantaneous temperatures
at location FE at a height of 0.05 m and 0.85 m [34, 35 ].
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Figure 2.26: a) Evolution of the concentration of O2 and CO2 at GA1 and b)
detail of the evolution of the concentration of O2 during the oscil-
latory period |34], 35] .

The instantaneous molar fraction of O2 and CO2 at location GA1 are shown in
Fig.|2.26(a) The concentration of both species during the oscillatory period (see Ta-

ble |2.7|) remains practically constant. GA1 is placed at 5 cm from the edge of the pan
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(see Fig.|2.19p. Hence, Xo2 at GA1 is representative of the amount of O2 available for the
combustion process. In Fig.2.26(b) the evolution of Xo2 during the oscillatory period is
shown. A certain oscillation is observed in this signal. However, the FFT analysis does
not reveal a dominant frequency. Note that the gas analysers are located outside of the
compartment and the measurement of the instantaneous concentration could be affected
by the transport of the extracted gases from the enclosure. For the sake of completeness
in Table [2T7] the concentrations of the species at the other locations (i.e., GA2. GA3, GA4
and GA5) are reported.

Table 2.7: Average molar fraction of O2 , CO2 and CO measured in the period
between 242 s and 497 s at locations GA1, GA2, GA3, GA4 and GA5
(see Fig^T9|) 0|3g.

AO2 (%) XCo2 (%) Aco (%)

GA1 15.4
GA2 16.0
GA3 15.1
GA4 15.1
GA5 15.7

3.6 0.027
0.009
0.014

2.8
3.8
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Figure 2.27: a) Evolution of a) amplitudes and frequency of the rhf signal and
b) mass loss rate of the fuel in the period between 242-497s.

Extinction in the NYX test Extinction is reached in NYX due to vitiation just after
the oscillatory behaviour is interrupted at 497 s. The evolution of the rhf signal is analysed
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by means of FFT analysis (see Fig.2.27(a) ) as for VSP 1. The oscillatory phase (242s-

497s) is divided into four periods (i.e., 242-305 s, 306-369 s, 370-433 s and 433-497 s).

The number of samples taken into account in each period is 64. The observed dominant
frequency is 0.0197 Hz at the four periods (see Fig.2.27(a) ) . However, the amplitude of the
signal is not constant. At the first period (242s-305s), the amplitude of the signal is small
(i.e., 0.018 g/s, approximately) and the dominant frequency is less clearly observed than
later. The oscillations in the initial period are weak. However, during the second period
(306-369s) the highest amplitude of the signal is observed (i.e., 0.049 g/s, approximately) .

From this time, at the third (370-433s) and fourth (434-497s) periods the amplitude of
the signal is reduced.

The described reduction in amplitude of rhf prior to extinction is observed in VSP 1 (see

Fig.2.15(a)) as well. The existence of the same phenomenon in both tests could indicate
that a minimum amplitude on rhf is necessary to sustain the oscillatory conditions. The
reduction of the amplitude of the mass loss rate of the fuel signal is observed in the raw

signal of rhf (see Fig.2.27(b) ). The maximum rhf value reached in the last peak at 480
s, approximately, is the lowest reported at the entire oscillatory period (see red point in
Fig.2.27(b)). From 480 s, approximately, the mass loss rate of the fuel drops abruptly
indicating that the conditions change rapidly, leading the fire to extinction. However,
the assessment of the temperature (see Fig.2.25(b)) does not show an increase of the
values of T at different locations of the enclosure as in VSP 1 (see Fig. 2.11(b)). In
addition, the concentration of oxygen at GA1 is not reduced during the oscillatory phase
(see Fig.2.27(b)) . On the contrary, at the fourth period of the oscillation (i.e., 434-

497s) Xor, is increased. Thus, the changes in the gas or liquid phase that lead the fire
to extinction are difficult to define in the light of the experimental results. It is possible
that this modification is not detected because it is relatively small. Thus, the oscillatory
behaviour observed in NYX would be an unstable scenario very near extinction. The higher
instability of NYX in comparison with VSP 1 is shown as well by the fact that in VSP 1
after the oscillatory phase a nervous rhf period extents for 200 s (see Fig.2.14(a) ) . This
phenomenon is not observed in NYX. A possible explanation of the differences between
the two scenarios could be the size of the pool fire. In VSP 1the higher mass of fuel (i.e.,
27 kg Vs. 0.75 kg for VSP 1 and NYX, respectively, prior to ignition) could store more

thermal energy that would be released progressively, keeping the evaporation process for
a longer time. However, this is merely a hypothesis.

The available information does not allow a deeper description of the extinction process in
NYX. A more detailed characterization of the temperature and oxygen field in the very

proximity of the fuel surface and the conditions inside the liquid must be provided.
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2.4 Conclusions
Two novel aspects are described in the present chapter. First, possible mechanisms to

explain the extinction process in VSP 1 and NYX tests are defined. These assessments

are based on the study of the local conditions in the proximity of the fire source and the
evolution of thf , P and V signals using FFT.
Second, the influence of the area of the insulated surface on the evolution of the fire in
tests VSP 1 and S8 (84 rrr and 37.5 m2, respectively) is studied. In test S8, the heat
transfer through the walls is higher, favouring a lower P in the enclosure and a higher Vjn.
Then, the duration of the fire in S8 extends during 2000 s while extinction is reached in
VSP 1 at 1500 s, approximately.

Besides, the fire conditions in a mechanically ventilated enclosure are usually evaluated
using the Global Equivalence Ratio. However, the experimental results prove that the
concentration of oxygen and the temperature at the proximity of the pan source are very
relevant factors to predict the fire behaviour. These features are not fully captured by the
GER approach. It indicates that the evolution of the fire must be assessed taking into
account more factors as, for instance, the thermal characterization of the walls.

The experimental results show the conditions to trigger the oscillatory fire behaviour. The
evaporation process of the fuel must be coupled with the gas phase. Thus, the fuel must

be in liquid [35, 53] or solid [79 ] state. Besides, strong vitiation and high temperature

must be reached in the proximity of the fire source. The specific T and Xo2 in which the
phenomenon is started is not known beforehand. Illustratively, the temperature and molar
fraction of oxygen reported for VSP tests are 14 % and above 220°C [53], approximately.

In NYX the concentration of oxygen is similar but the reported temperature is lower (i.e . ,

60°C, approximately) |34j[35j. Thus, a clear criterion of the range of T and Xo2 , in which
the phenomenon starts, is difficult to define without more experimental data.





Chapter 3

Zone modelling tests and results

3.1 Introduction
The time evolution of the conditions in a mechanically ventilated enclosure and the volume
flow rates in the ventilation system can be calculated using simple zone models (e.g., [7]).
In [7] , the mass loss rate of the fuel in tests PRISME SOURCE Dl, D2 (see section 2.3.1D ,
D3, D5 and D5a are calculated. The main advantage of the code presented in [7| is the
reduced computational cost, in the order of seconds, with an acceptable level of deviation
from the experimental data. For example, the relative deviation in the predicted mass

loss rate of the fuel between the experimental and numerical results is -10 % for test Dl
and D2 [7], However, the oscillatory fire behaviour is not observed in the experimental
tests simulated in [7] , Thus, the capability of the presented zone model to capture the
phenomenon has not been evaluated.

Herein, the code presented in [7] is modified and applied to assess its ability to predict the
oscillatory fire behaviour in a mechanically ventilated enclosure. The differences between
both implementations are the following:

(i) In [7], the volume flow rates of the ventilation system are calculated by imposing
the experimental curves that relate the pressure inside the enclosure with V . In
the present implementation the pipe-junction boundary condition [10, 57 ] is applied.

The predicted V by this boundary condition is based on the density, pressure and
aeraulic resistance measured in the ventilation system prior to ignition and, hence,

is a more predictive tool. In the present section two versions of the pipe-junction
boundary condition are tested, namely the stationary and unstationary pipe-junction
boundary condition. The latter takes into account the delay between the changes
in the pool fire and in the ventilation system.

55
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(ii) In [7] the entire area of the walls is assumed as concrete. Here, a more detailed
description of the surfaces is applied taking into account the area of the walls covered
by rockwool.

(iii) In the present simulations the temperature is calculated using the complete ideal
gas law. A simpler equation is implemented in [7] ,

In addition, a new approach to combine the low computational cost of the zone model
with the capability of CFD to model the local conditions in the gas phase is explored
herein.

The tests PRISME SOURCE Dl, D2, D6 and PRISME2 VSP 1 are simulated first to

assess the implemented code. In these simulations, the concentration of oxygen available
for combustion is the average O2 concentration calculated within the enclosure, as in [7 ] ,
The PRISME2 VSP 1 experiment is simulated to assess the capability of the code to

capture the oscillatory fire behaviour. Finally, in this scenario the importance of the delay
between the changes in the mass loss rate of the fuel and the ventilation system is studied
by applying the unstationary pipe-junction boundary condition.

3.2 Numerical set-up

3.2.1 Conservation equations

Three conservation equations are solved in the zone model: mass, energy and mass fraction
of oxygen. They are used to calculate the density, pressure and concentration of oxygen
within the enclosure. They read respectively:

clp _ thf + min — mout (3.1)
dt V,room

WlfCpjuel (Tb Tomb ) AHy -\- qf qwp^airTamb^in C wTmdP c outp.air(7- 1)
dt V,room

(3.2)

ItY()2 ,ambdlin YQ2 [nl7louxd { pY0l ) AH,02 (3.3)dt V,room
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where t is the time, 7 is a constant heat capacity ratio (assumed as 1.4), cP:Clir is the
specific heat of air (assumed as 1.0 kJ / kg / K ) , T is the temperature in the enclosure,

Cp juei is the specific heat of the liquid fuel, Tb is the boiling temperature, amb refers to

ambient conditions, YQ2 is the mass fraction of oxygen in the enclosure, Yamb is the mass

fraction of oxygen in the atmosphere (assumed as 0.232 kg/kg) and AHQ2 is the heat of
combustion of the fuel per unit mass of oxygen (assumed as 13100 kj/kg).

The conservation equations (see Eqs.(3.1) , (3.2) and (3.3 )) are solved here by means of
an explicit implementation. For instance, the mass conservation equation is solved as

following:

• n— 1 • n— 1 • n— 1+m.m — mf ou tn — 1 i np" = p (3.4)T At
V,room

where At is the time step and n and n — 1 refer to the iteration in which the calculation
is made and the previous iteration, respectively.

In the present implementation the energy lost through the walls is calculated as:

( hc l +hx l ) XAW (T - Tamb) (3.5)Qw

where Aw is the surface of the walls of the compartment, hc is the convective heat trans-

fer coefficient assumed as 10.0 W/nrr /K and hx is the conductive transfer coefficient
calculated by assuming that the walls are thermally thick [7|:

1/2Apep (3.6)hx t

The thermally thick assumption implies that the depth of the thermal penetration ( L tb ) is
lower than the thickness of the material. The thermal penetration is calculated as [36|:

L fh ( '\ ( X ! (3.7)

where C is a constant with a value 4 and a is the thermal diffusivity of the material.
The suitability of this approach in the case at hand is verified later.
The temperature in the enclosure is calculated using the ideal gas equation:

PMair (3.8)T
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where Mair is the molecular weight of the air (assumed as 28.96 g/mol) and 91 is the
universal gas constant (8.314 J / (niolK ) ).
The procedure used in the present implementation differs from the approach applied in [7]
where T is calculated as:

353PambTomb (3.9)T
P P

In this approach the influence of P on the temperature is not taken into account.
In case of reverse flow, gases are extracted through the inlet or injected from the outlet, the
energy and oxygen balance are adapted replacing Tamp by T and vice versa, and replacing
Y(h.amh by YQ2 and vice versa.

3.2.2 Boundary conditions

Peatross and Beyler boundary condition

The Peatross-Beyler correlation (P&B) relates concentrations of oxygen in vitiated condi
tions in a point or region with ihf [43]:

ihf ihf 0pen (10XQ2 1-1) (3.10)

The concentration of oxygen used to calculate the mass loss rate of the fuel is the calculated
value for the entire volume. The mass loss rate of fuel per unit of area in open conditions
{ inf open ) 's calculated using the Babrauskas correlation [6 ] :

(3.11)mf ,open

where is the maximum expected ihf per unit area, D is the diameter of the pan and
fc/3 is an empirical extinction constant.
The data for the P&B correlation have been obtained from three experimental tests|44j
56, 73]. The first experiment j44j was performed in a compartment made of steel (see

Figs.|3.1(a~J .3.1(b) and 3.1(c)|). The compartment dimensions are 3.3 m width, 3.4 m

length and 3.05 m height. Diesel pool fires with diameters of 0.62 m and 0.84 m were

tested. The pool fire was located in a square 2 m x 2 m fuel cradle, suspended by a cable
in the center of the compartment at a height of 0.3 m from the floor. During the first
experiment the tests were performed with natural and forced ventilation, but only the data
for forced ventilation has been used in the correlation.



3.2. Numerical set-up 59

3.4 m

INLET
INLET

OUTLET
2 m 3.3 m

3.05 m

2 m
0.8 m

0.35 m
OUTLET3.3 m

(a) (b)

FIRST DEVICE: 0.17 m

SECOND DEVICE: 0.76 m

FIRST DEVICE:0.61m

SECOND DEVICE: 1.9 m
3.4 m

3.05 m

AIR +
OXYGEN or
NITROGEN

0.4 m
2 m0.3 m

(c) (d)

Figure 3.1: Experimental set-up [43, 44]: For the first experiment perspectives a)
isometric, b) from top and c) lateral and d) diagram of the devices
used in second and third experiments. The present figure is made
based on the description found in [43, 44] ,

For the natural ventilation tests the compartment was connected to the outside with
a vertical opening. The tested opening sizes were 1.8 m2, 0.45 m2 and 0.72 m2. These
openings represent an open door, a quarter door and a window, respectively. The openings
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were located at the floor level in the 3.4 m long wall. For the forced ventilation test a 0.3
m2 inlet was located in the ceiling and an outlet was positioned at the same location as

the opening described for the natural ventilation tests (see Fig.3.1(a) )) . The Rr values
and 87.37 h-1. The outlet ventilation-l -limposed were respectively 34.24 h

was natural. The calculated GER values for the first experimental tests are shown in Table
53.13 h

cm
Table 3.1: Calculated GER of the first experimental test cases used in the P&B

correlation [44] ,

Diameter (m) (rhopen) (g/s) Oxygen injected (g/s) GER

0.62 12 67 0.62
0.62 12 104 0.40
0.62 12 171 0.24
0.84 25 67 1.30
0.84 25 104 0.84
0.84 25 171 0.51

The oxygen concentration values used in Equation (3.10) have been measured in the
forced ventilated experiments at 1.6 m from the center of the pool in the first experiment.
The gauge was located at the level of the flame base (see Fig.3.1(b) and 3.1(c) . The
measurement point is represented in Figs.|3.1(b)[ and |3.1(c)| as a red point.
The measured oxygen value in the point was assumed to be representative of the average
O2 value inside the compartment. It was assumed that in forced ventilated conditions
the ventilation system increases the mixing of the gases. This is based on [43 ] where it is
stated that: 'The oxygen concentration profiles are nearly constant in all tests, indicating a

well-mixed environment. In some tests, such as the 84 cm diameter pan tests, the oxygen
concentration may vary by as much as 2 % by volume at different locations'. Due to the
high Rr , this regime is expected. In the second and third experiments |56|[73j riif was

measured in vitiated atmospheres for several fire sources in two devices (see Figj3.1(d)).
The first device was a quartz tube of 0.17 m of diameter and 0.61 m of length. The second
one was a water-cooled steel chamber with a diameter of 0.76 m and a length of 1.9 m.

The two devices were operated according to the same principle. A fire source was located
within the device and the O2 concentration of the inlet air was depleted with nitrogen. The
fire sources were 0.3 m, 0.31 m and 0.29 m poly-methyl methacrylate (PMMA) diameter
pieces in horizontal configuration for the first apparatus, and a 0.1 m diameter heptane
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pool fire for the second device.
The experimental data, the P&B correlation and the experimental uncertainty are displayed
in Figure.[3721. The linear correlation shows a good agreement with the experimental data.

A maximum uncertainty of ±22% is calculated based on the largest differences between
the experimental and the calculated rhf . This deviation is measured for the 0.6 m2 diesel
pool fire with an CA concentration of 18 %.

• 0.8 m diesel
+ 0.6 m diesel

* 0.3 m PMMA
0.29 m PMMA
0.31 m PMMA

4 0.1 m heptane
— P&B correlation

- Exp. uncertainty

Oxygen concentration (%vol.)

Figure 3.2: Effect of oxygen concentration on normalized mass loss rate per unit
area. Data extracted from [44|,56, 73|.

The parameters to set up the Babrauskas correlation [6 ] used in the Peatross-Beyler
boundary condition (i.e., ml and /c/3 ) depend on the type of fuel. The prescribed values
of ml and Zc/3 for TPH are 0.048 kg/rrr /s and 1.8 m

_l [ 48] , respectively. For heptane the
values are 0.101 kg/m2/s and 1.1 m-1 for ml and /c/3 , respectively. In the initial stages of
the compartment fires the concentration of oxygen available for combustion is the same as

for open condition. In this scenario the rhf calculated by the Peatross-Beyler correlation
for the pool fires simulated herein is 21.9 g/s for heptane and 13.8 g/s for TPH. Note
that the experimental average rhf of the latter is 13.3 g/s (see Table [272]) .

Pipe-junction boundary condition

The interplay between the ventilation system and the compartment is simulated via the
pipe-junction boundary condition. This boundary condition solves a simplified Bernoulli
equation for each branch of the ventilation system [10, 57 ] , Two formulations of this
boundary condition are implemented: the stationary and the unstationary pipe-junction
methods.
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The expression to calculate volume flow rates of the ventilation in the stationary pipe-

junction boundary condition reads [10, 53, 57, 59, 64| :

AP
V = sign(y) (312)

pR

where AP is the difference of pressure between the compartment and at the end of the
ventilation branch (AP =P — Pext ) and R is the aeraulic resistance of the ventilation system.

The value of R prescribed for the entire simulation is calculated as.

AP
R = signiy) (3,13)

V 2 p

The average experimental values of p, AP and V measured prior to ignition are used to

calculate R (10|53,57j|9[^3-
The unstationary pipe-junction boundary condition takes into account the length and area

of the ventilation branch. This boundary condition has been implemented first in the CFD
code ISIS §[l0H53H57H59H6§fg. It reads:

• ( " M,K I2
sign [ mv )K —^

dmv S
dt L (3.14)P- P.ext

where niv is the mass flow rate of the ventilation and S and L are the section and length
of the pipe.

In [7] a different approach to calculate the volume flow rates was applied:

AP - AP
V = V" sign( AP, maxAP ) (3,15)max AP,max

where Vj® is the volume flow rate prior to ignition and AP,
fan placed at the inlet or exhaust duct.
The ventilation parameters (i.e., Pin , Rjn , Pt

is the stall pressure of themax

and Rout ) imposed in the stationary and
unstationary pipe-junction boundary condition for the tests (i.e., PRISME SOURCE Dl,
D2, D6 and PRISME2 VSP 1) are shown in Table T2} The density to calculate R,„ (1.17
kg/m3) is the expected to be the one for air at ambient temperature. However, in order
to determine Rout the density of the extracted gases must be known beforehand. Because
of this limitation the density used in the calculations of Rout is the same as the density
used for Rin (1.17 kg/m3) [10, 53, 57, 59, 64] ,

out
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Table 3.2: Parameters of the ventilation system used in tests PRISME SOURCE
Dl, D2, D6 and PRISME2 VSP 1.

Pin (Pa) Rj„ (m 4) Pout (Pa) Rout (m 4)Test

PRISME SOURCE Dl 101442.5 2877.5 100532.1 29067.0
PRISME SOURCE D2 101315.5 420.8 100548.2 7879.1
PRISME SOURCE D6 101435.3 4087.2 100618.1 24423.8
PRISME2 VSP 1 101646.0 1822.2 100607.1 3540.1

When using the unstationary pipe-junction boundary condition the model is fed with
values of the length and section of the pipes. Several tests have been performed and the
most relevant results are presented in the following. In these tests the imposed lengths
and section of the pipe are 20 m, 200 m and 2000 m and 0.001 rrr , respectively. Note
that a pipe with the mentioned section would have a diameter of 1.7 cm which is not

representative of the experimental configuration in hand.

Wall boundary condition

The walls in tests PRISME SOURCE Dl, D2 and D6 and PRISME 2 VSP 1 are made
of concrete and partially insulated with rockwool. The area and location of the insulated
surfaces differ in the PRISME SOURCE and PRISME VSP 1 tests. In the PRISME
SOURCE experiments only the ceiling is insulated (30 rrr ) with a 60 mm layer of rockwool
(see section |2.3.1). In the VSP 1 test the insulated surfaces are the ceiling (30 m2) and
the walls from 2 m height from the floor to the ceiling and the entire height of the north
corner (54 m2) (see section 2.3.2). In this test the ceiling is covered by 60 mm of rockwool,
as in the PRISME SOURCE experiments. A thinner insulation of 30 mm is applied to the
rest of the surfaces.

As mentioned, the expression used to calculate the conductive transfer coefficient (see

Eq.(|3.5|)) in the case at hand assumes that the walls are thermally thick. In order to

assess this assumption, Table |3.3| presents the time that the heat requires to change
significantly the temperature of the entire thickness of the material (tf /,). Note that the
thermal diffusivity for rockwool and concrete are 8.67 TO-7 m2/s and 8.34- 10
respectively [57] , The calculated ttj7 for concrete is 6745 s and the longest experiment
studied herein is PRISME SOURCE Dl (i.e., 3200 s, approximately). Then, the concrete

wall can be considered as thermally thick (Lf/;,2 < 0.3m , see Fig.3.3) . On the contrary,

the calculated values of ttk are 65 s and 260 s when the thickness of the rockwool are 30
mm and 60 mm, respectively (Lth,i > ArTO, where Axrw is the thickness of the rockwool).

m2/s-7
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Thus, the heat penetrates beyond the thickness of the rockwool and heats up the concrete.

Ax 0.3 mrw

Lth,1
* *1

Interior of the
compartment

Outside of the
compartment

Figure 3.3: Sketch of a section of the insulation material and concrete in
PRISME SOURCE and VSP 1. The concrete (grey area) is par-
tially insulated with the rockwool (blue surface). The covered and
uncovered surfaces are represented herein.

Table 3.3: Thickness of the materials and tth in PRISME SOURCE and VSP 1
tests.

Material Thickness (m) ttf , (s)

Rockwool
Rockwool
Concrete

0.03 65
0.06 260
0.3 6745

Thus, to correct this deviation of the model when t > ttf, Equation (|T6) is automatically
modified in the code. After tth the layer of insulation acts as thermal resistance. The
modified expression reads:

1/2A Apep (3.16)h Ax t tthrw

The surfaces are treated independently based on the thickness and type of material. For
instance, in case VSP 1 Equation (T5) is solved for concrete and rockwool independently.

When t > tth for the 30 mm and 60 mm layers (see Table |3.3|) , Equation (3.16) is applied
for the two surfaces. Then, after 260 s (see Table |3.3|) three equations are solved.



3.3. Exploratory analysis of the modelling of the transport of oxygen 65

3.3 Exploratory analysis of the modelling of the trans-

port of oxygen
As mentioned, the concentration of oxygen used to feed the P&B boundary condition
(see Eq.(3.10)) in the present zone model is the average value inside the enclosure. The
possibility to calculate the local value of the concentration of oxygen at the pool fire is
explored here. In Computational Fluid Dynamics the transport of a scalar (e.g. , tempera-

ture, oxygen mass fraction) is modelled in time and space by means of transport equations,

for instance using the well-known convection-diffusion equation [29 ] . For the oxygen mass

fraction (YQ2) the convection-diffusion equation reads:

DCV 2Y0,+ V - VFO, = 0 (3,17)dt

where v is the 3D velocity vector and Dc is the diffusion coefficient.
The use of a convection-diffusion equation for Yo2 in a zone model is based on the assump-

tion of the existence of a preferential path for the oxygen. It is defined as a continuous
region with high concentration of oxygen that connects the inlet of the ventilation with
the fire source. In this path the concentration of oxygen is not reduced due to the com-

bustion with the fuel because it is assumed that the fuel is found only at the end of the
path. Then, in Equation (3.17|) the reaction term is not considered. The air is transported
through the combustion products due to the momentum provided by the ventilation. A
lower velocity of the injected air would favour the diffusion of the oxygen and the dilution
from the preferential path. Then, the higher concentration of oxygen inside the preferen-

tial path should be linked with a high flow velocity.
The existence of this phenomenon has been shown numerically in [59| in the NYX com-

partment. In addition, preliminary CFD simulations performed in this research of test

VSP 1 using the numerical set-up described in|57j exhibits the preferential path as well.
The observed trajectory of the injected air in both configurations can be divided into two

sections: 1) from the opening of the inlet to the region of the closest corner (see blue line
in Fig.|3.4|) in the bottom part of the compartment and 2) between the mentioned corner

and the pool fire (see red line in Fig.3.4).
In the preliminary simulation of test VSP 1 the experimental mass loss rate of the fuel
(see Fig.2.9(aj) is prescribed. The preferential path is more clearly observed when the fire
is near extinction and the mass loss rate is minimum. The low pressure observed in this
period favours a higher momentum of the injected air. When the mass loss rate of the



Chapter 3. Zone modelling tests and results66

fuel increases, a more complex flow pattern is observed and it is more difficult to identify
the preferential path. To illustrate the preferential path in Figure |3~5| iso-contours of the
instantaneous velocity and oxygen mass fraction in two planes are shown. In addition, the
average vectors of the velocity are depicted to show the direction of the flow. Plane 1
(see green dashed line in Fig.3.5(a ) ) intends to show the first section of the preferential
path. Plane 2 (see orange dashed line in Figure 3.5(a ) ) is located at 5 cm from the liquid
surface to show the flow behaviour near section 2. In plane 1, it is observed that the
regions with higher velocities and oxygen concentration match (see Fig.3.5(b) and 3.5(c))
The air is transported from the inlet opening to the bottom of the enclosure. In plane 2
(see Fig.3.5(d) and 3.5(e)), the highest concentration of O2 and velocities are found in
the same region (see upper left corner in Fig.3.5(d) and 3.5(e) ). The velocity vectors

show that the average direction of the flow is from the regions with highest concentration
of O2 to the pan, as it is proposed in the preferential path. The oxygen observed out

of the preferential path is transported due to diffusion which is taken into account in the
present approach (see second term of the left hand side of Eq.(3.17|)).

North

Ventilation branchesadmission

Admission Extraction

2Q

B-
extract ion

Figure 3.4: Sketch of the preferential path in the geometry observed in the VSP
1 and NYX tests.

Based on the observed velocity and concentration of oxygen profiles it is estimated that
the lengths of the first and second section are 4.1 m and 3.7 m, respectively. The velocity
profile in these regions is averaged, taking into account the data calculated during 100 s

when the lowest rhf were prescribed. In Figure [3~6] the magnitude of the average velocity
along the entire preferential path is shown. In the first section the velocity reduces from
1.2 m/s in the inlet to 0.1 m/s, approximately, at 4.1 m. From this position the velocity
of the flow increases due to the entrainment near the flame.
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Figure 3.5: a) Isometric sketch of the compartment. Plane 1 (dashed green
line) and plane 2 (dashed orange line) are shown. Iso-contour of the
oxygen mass fraction at b) plane 1 and d) plane 2 predicted using
CFD. Iso-contour of the instantaneous velocity in c) plane 1 and e)
plane 2 calculated by means of CFD.
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Distance from the inlet (m)

Figure 3.6: Average profiles of velocity along the preferential path.

The velocity vector applied in the convection-diffusion equation cannot be directly
calculated in a zone-model. However , the averaged velocity vector calculated in CFD
could be used to feed the equation. This approach has been studied. However, major
issues arose:

(i) The modelling of Dc is complex. The boundary between the gases contained inside
the preferential path and in the enclosure is difficult to define. Besides, the exchange
of gases between the two regions depends on a local significant number of variables
such as temperature, pressure or composition of the gases. These values are not

calculated locally in zone models.

(") In order to apply the convection-diffusion equation in calculations, the length of the
preferential path must be discretized in a 3D space. Connecting the physics of the
diffusion process with the selected size to discretize the space is very complex. In
addition, preliminary tests were performed where the outcome proves to be strongly
affected by this distance.

(iii) The velocity profile must be sensitive to the changes of the mass of injected air.
It would allow to connect the changes in V and rhf . Then, the initially prescribed
velocity profile must be updated each iteration. Besides, the changes in the inlet
propagate progressively along the preferential path.

(iv) Finally, the most significant problem of the model is the necessity to perform nu-

merical simulations to average the conditions along the preferential path. The com-

putational cost required to feed the code is much higher than the computational
cost of the zone model. Experimental data that help to understand the transport of
the oxygen inside the enclosure could enhance the proposed approach.
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Based on these issues and preliminary results, the combination of the convection-diffusion
equation with zone models was unsatisfactory. However, the presented description of the
concept could perhaps be used in the future to develop the method.

3.4 Simulation test cases
The first numerical tests performed are the validation of the code by imposing the ex-

perimental mass loss rate of the fuel in case Dl. Later, the predictive capabilities of the
zone model are tested by comparing the numerical and experimental my, P, V,n and Vout
in tests PRISME SOURCE Dl, D2 and D6 (see Table |Z2|) and test PRISME2 VSP 1 (see

Table |Z4). In the latter, the capability of the code to simulate oscillatory fire behaviour
is assessed. Finally, the influence of the delay prescribed in the unstationary pipe-junction
boundary condition is evaluated in test VSP 1.

3.5 Results
In the present section the described models are applied. First, the pressure and volume
flow rates are predicted in test Dl by prescribing the mass loss rate of the fuel. Second,

the capability of the zone model, similar to [7] , to capture the average conditions and
the oscillatory fire behaviour is assessed. The assessment of the code is performed by
comparing the numerical and experimental outcomes of tests PRISME SOURCE Dl, D2
and D6 and PRISME2 VSP 1 (see sections 2.3.1 and 2.3.2 ) . The comparison focuses
on the relative deviations in the average mass loss rate of the fuel, pressure and volume
flow rates in the inlet and outlet measured during the steady state period. This period
starts from 500 s in the most part of the calculation. However, in order to ensure the
convergence of the results the data calculated between 1000 s and 2000 s is used to

calculate the average results.

Third, the influence of the initial transit on the steady-state values is assessed in case Dl.
Fourth, the influence of the delay between the changes in the evaporation rate of the fuel
and volume flow rates on the oscillatory fire behaviour is studied. This delay is included
by implementing the unstationary pipe-junction boundary condition (see Eq.(3.14[)) and
modifying the length and section of the inlet and outlet pipes of the ventilation.
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3.5.1 Validation of the zone model

Validation of the zone model imposing the mass loss rate of the fuel

The first step in the validation of the zone model is to assess the capability of the code to

predict the pressure, volume flow rates and temperature of the gas phase by imposing the
mass loss rate of the fuel. This approach allows to remove the uncertainties related with
the prediction of this variable. PRISME SOURCE D1 (see Fig.2.4(b) ) is used as reference
test. A time step of 0.1 s is prescribed herein. Later, the influence of this variable on the
calculation is assessed.

The comparison of the pressure signals (see Fig.3.7(b) ) shows that the numerical code
accurately captures the first high pressure peak, observed at around 70 s. This peak is very

relevant because high pressure could affect the integrity of the safety systems applied in the
ventilation. A second high-pressure peak observed at around 150 s is not simulated by the
code. This peak relates with the 'dynamic' phenomenon observed in vitiated conditions
and described before. The code is not able to model the movement of the flame and,
thus, the second peak cannot be captured. From 250 s to 383 s, approximately, the
experimental rhf decreases from 12.3 g/s to 3.7 g/s due to vitiation. This significant
reduction of rhf produces a low pressure peak. This phenomenon is well-captured by the
code. Later, a steady state period is reached in the simulation and in the experiment with
average pressures of 51 Pa and 45 Pa for the experiment and the simulation, respectively.

The prediction of V)„ during the initial period of the fire (see Fig.3.7(c)) shows that the
first peak at 70 s and the low pressure peak at 250 s are significantly over-predicted. This
could be explained from the calculation of the aeraulic resistance of the ventilation. As
mentioned, the average values measured in the ventilation system prior to ignition are

applied to calculate R. However, the density and the difference of pressure can change
drastically during the initial stages of the fire. The average V-in predicted and measured at

the steady state period are 440 m3/s and 462 m3/s, respectively, which is an acceptable
agreement. The deviation observed in the outlet branch is less significant than in the inlet.
In the steady-state period the experimental and numerical values for Vout are 683 m3/s

and 679 m3/s, respectively. The difference observed in the two branches is explained from
the difference between the values prescribed of R. They are 2877.5 m-4 and 29067 m-4 in
inlet and outlet (see Table.|3.2|), respectively. The significantly higher resistance imposed
in the outlet in comparison to the inlet makes Vout less sensitive to the changes of the
pressure and density inside the enclosure.
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Figure 3.7: Evolution of the numerical and experimental a) mass loss rate of the
fuel, b) pressure, c) volume flow rate in the inlet and d) volume flow
rate in the outlet. The mass loss rate of the fuel is prescribed as the
experimental (see Fig.2.4(b) ) in the simulations.

Another relevant aspect is the calculated temperature of the gas phase. This assess-

ment is very complicated because the average temperature inside the enclosure is not

known experimentally. However, in test D1 the mean temperatures of the gas phase dur-
ing the steady state period measured at the location SE (see Fig.2.3(b)) are between 50

°C and 200 °C, approximately, at the proximity of the floor and ceiling, respectively (see

Fig.2~77(a) ) . These measurements are used as reference in the present study as the higher
and lower expected temperatures.

Figure |3.8| shows the numerical results and the lower and upper temperature limits (see

blue and red lines in |3.8|) . The calculated temperature of the gas phase during the steady
state period is 166 °C (see black line in |3.8|) . This value is between the temperature
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limits. Then, it seems that the code captures qualitatively the temperature of the gas
phase. Nevertheless, the numerical result is close to the high temperature limit. It is ex-

plained because the calculation takes into account the flame region. On the contrary, the
experimental data is measured at the SE location (see Fig.2.3(b) ) located at a distance
of 2 m approximately of the fire source.
This assessment must be considered as merely qualitative. The lack of a representative
experimental value of the average temperature of the gas phase makes the study incom-

plete. Then, the temperature of the gas phase is not studied in the following simulations
calculating rhf .

1000 1500 2000
Time(s)

Figure 3.8: Evolution of the calculated temperature of the gas phase (black
lime). The numerical results are between the low and high temper-
ature limits (i.e., 50 °C and 200 °C, respectively) observed in case
D1 (see Fig.2.7(a) )

In general terms, the zone model by imposing rhf , is able to calculate the average
pressure and volume flow rates accurately. Besides, the temperature of the gas phase is
captured qualitatively. Thus, the presented zone model is able to characterize the overall
conditions inside the enclosure. However, the discrepancy between the experimental and
numerical P , Vjn and Vout is more significant during the initial period. As mentioned, it
could be explained because the aeraulic resistance changes drastically during this phase.

Another possible explanation relates to the accumulation process of the combustion prod-

ucts. In the experiment the combustion products spread in the enclosure and accumulate
in the upper region progressively. Then, the effect of the changes in rhf on P and V is not

instantaneous. This delay is not modelled in the zone model.
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Figure 3.9: Influence of the time step (i.e., 1 s, 0.1 s, 0.01 s) on a) mass loss
rate of the fuel, b) pressure, c) volume flow rate in the inlet and d)
volume flow rate in the outlet. The experimental mass loss rate of
the fuel is imposed (see Fig.2.4(b) ) in the calculation.

As mentioned, the influence of the size of the time step on the calculation is assessed
here. The tested time steps are 0.01 s, 0.1 s, 1 s and 10 s (see Fig.|3.9|). In Figure 3.9(a )|
the mass loss rate of the fuel prescribed in the 1s, 0.1 s and 0.01 s simulations are depicted.

When using the largest time step (i.e. ,10 s) the simulation crashes in the initial iterations.

These results are not shown in Figure |3T9|. Identical results are found in the other three
calculations. Hence, the duration of the time step has no impact on this variable. The
use of a time step with a duration of 1 s allows to complete the simulation. However,

the calculated P and V are not converged, in comparison to the outcome obtained with
0.1 s and 0.01 s. The results obtained by prescribing 0.1 s and 0.01 s as time step show
only slight differences in V/„, at 200 s approximately. These differences are not significant.
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Thus, the remainder of the calculations in this assessment are performed by imposing a

time step of 0.1 s.
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Figure 3.10: Time evolution of the experimental and numerical mass loss rate
of the fuel (see Eq.(|3.10|)) in tests a) PRISME SOURCE Dl, b)
PRISME SOURCE D2 c) PRISME SOURCE D6 and d) PRISME2
VSP 1.

Calculation of the mass loss rate

In Figure |3.10| the experimental and calculated (see Eq.(|3.10])) mass loss rate of the
fuel of cases PRISME SOURCE Dl (see Fig.3.10(a)]) , D2 (see Fig.3.10(b)), D6 (see

Fig.3.10(c) ) and PRISME2 VSP 1 (see Fig.3.10(d)) are shown. The evolution of rhf
during the initial period (between 0 s to 500 s) is different in the experiments and in
the numerical simulations. The measured mass loss rate of the fuel increases due to the
heating of the liquid fuel until a maximum value is reached. Later, it decreases due to
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the vitiation in the compartment until a steady state my is reached. For instance, in test

PRISME SOURCE D1 the maximum my and the steady state values are 12 g/s and 4
g/s, respectively. On the contrary, numerically, the maximum my is reached in the first
time step because the mass loss rate of the fuel is directly proportional to the oxygen
concentration in the compartment (see Eq.(|3.10D). In this period the concentration of
oxygen found inside the room is the same as in open conditions. Hence, the numerical
my are 13.8 g/s in tests Dl, D2 and D6 and 21.9 g/s in VSP 1. These calculations are

presented in section |3.2.2|. Later, the progressive vitiation within the enclosure reduces

Xo2 and, consequently, thf . It is unclear if the over-calculation in the initial period of my
could affect the calculation of the steady state values. This hypothesis is assessed later.

The relative deviation between the numerical and experimental average mass loss rate of
the fuel in the steady state period in tests Dl and D2 are respectively -15.0 % and -16.6
% (see Table 3.4) . This is an acceptable agreement for a preliminary simulation. On the
contrary, the relative deviation observed in tests D6 and VSP 1 are -46.9 % and -33.6
% (see Table |3.4|), respectively. The significant difference in terms of relative deviation
between tests Dl and D2 and test D6 is due to the position of the inlet. The opening of
the inlet is positioned at 3.65 m from the floor in test Dl and D2 (see Table 2.2). The
air is injected and transported to the bottom of the enclosure due to the higher density
of the air in comparison with the combustion products. This transport favours the mixing
between the air and combustion products. On the contrary, in test D6 the opening of
the inlet is located at 1 m from the floor (see Table|Z2]). It favours the accumulation of
oxygen in the lower part of the enclosure. Thus, the fire is fed with more oxygen than
in cases Dl and D2 increasing by 60% rhf in D6. The zone model does not take into
account the geometry of the enclosure and is not able to capture this behaviour. A possible
alternative to model the stronger stratification observed in case D6 in comparison with Dl
and D2 (see Fig.2.7(a) ) is the use of a two-zone model. However, this approach would
increase significantly the complexity of the numerical implementation. The differences in
flow pattern in the enclosure depending on the position of the inlet are studied later with
more detail using CFD.

In VSP 1 the position of the inlet is the same as in cases Dl and D2 (3.65 m from the
floor). However, the relative deviation in VSP 1 is much higher (33.6 %) in comparison
with cases Dl and D2. The experimental mass loss rate of the fuel in case VSP 1
reaches a value close to extinction (5 g/s) at 300 s approximately. Later, the oscillatory
fire behaviour is triggered. The zone model using the present formulation is not able to

capture the phenomenon observed in case VSP 1. The importance of the local conditions
on rkf and the influence on the development of the oscillatory fire behaviour was shown
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before. These local conditions in terms of oxygen concentration and temperature near the
pool fire, cannot be captured in the simulation. The lack of oscillation in the simulation
makes the prediction of V and P difficult.

Table 3.4: Average rhf , P , Vjn and Vout measured and calculated in the steady
state period and relative deviation between the results for tests Dl,
D2, D6 and VSP 1.

Exp. mf (g/s) Num. rhf (g/s) e (% )Test

PRISME SOURCE Dl
PRISME SOURCE D2
PRISME SOURCE D6
PRISME2 VSP 1

4.0 3.4 -15.0
6.0 5.0 -16.6
6.4 3.4 -46.9

11.0 7.3 -33.6

Exp. P (Pa) Num. P (Pa) e (%)Test

PRISME SOURCE Dl
PRISME SOURCE D2
PRISME SOURCE D6
PRISME2 VSP 1

51 40 -21.5
52 -190.4-47
80 40 -50.0
91 -18 -119.8

Exp. Vin (m3 /h) Num. Vin (m3/h) £ (%)Test

PRISME SOURCE Dl
PRISME SOURCE D2
PRISME SOURCE D6
PRISME2 VSP 1

462 -1.7454
839 784 -6.5

0454 454
1056 1018 -3.6

Exp. Vout (m3 /h) Num. Vout (m3/h) £ (%)Test

PRISME SOURCE Dl
PRISME SOURCE D2
PRISME SOURCE D6
PRISME2 VSP 1

683 674 -1.3
1380 1280 -7.2
741 674 -9.0
2277 2088 -8.3

Besides, the mass loss rate of the fuel is under-calculation in all cases. It indicates
that the calculated average concentration of O2 is low. This under-calculation can be
produced because in the experiment the combustion products accumulated in the upper
region of the enclosure where the outlet is located (see sections |2.3.1| and 2.3.2 ) . This
favours the extraction of the combustion products. On the contrary the stratification of
the combustion products is not modelled in the simulations.



3.5. Results 77

800

600

400
03— 200
CD

=3
C/3

0C/3
03

Q_
-200

-400

-600
0 500 1000

Time(s)
1500 2000

Time(s)

(a) (b)

1000
Experimental—Numerical800

600
03 03- 400 Q-

£=3 =3
C/3 C/3
£ 200 C/3
03 03

Q_ Q_
0

-200

-400J-0 500 1000
Time(s)

1500 2000
Time(s)

(c) (d)

Figure 3.11: Experimental and predicted relative pressure during tests a)
PRISME SOURCE Dl, b) PRISME SOURCE D2 c) PRISME
SOURCE D6 and d) PRISME2 VSP 1.

Calculation of the pressure

In Figure [3711] the evolution of the numerical and experimental pressure in cases Dl (see

Fig.3.11(a)), D2 (see Fig.3.11(b)) , D6 (see Fig.3.11(c)) and VSP 1 (see Fig.3.11(d))
depicted. The results show that high calculated values of rhf produce high values of pres-

sure. For instance, as mentioned the initial mass loss rate of the fuel is the expected value
in open conditions. The over-calculation of rhf propagates to the pressure where values
of 4000 Pa in cases Dl and D6, 800 Pa in D2 and 3800 Pa in VSP 1 are calculated in the
second time step. It is explained because the initial pressure is prescribed as 101325 Pa.

Then, the calculated mass loss rate of the fuel, which is the expected in open condition for
a fully developed fire, increases abruptly the pressure. Note as well that in the experiment

are
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the combustion products accumulate progressively. It allows the ventilation system to

extract part of the produced gases by mitigating the increase of the pressure. This delay
between the changes in the mass loss rate of the fuel and in the pressure is not captured
by the zone model. The high pressure values are not shown in Figure |3.11| for the sake
of clarity. Later, the vitiation reduces rhf and P until steady state condition is reached.
As mentioned, the influence of the initial deviation on the steady state period is analysed
later.

The relative deviation between the numerical and experimental pressure during the steady
state period (see Table|T4|) is between -21.5 % and -190 % (see Table [3~4P which are sig-

nificant differences. These deviations are partially explained due to the under-calculation
observed in the mass loss rate of the fuel (see Table |3.4|) . Another possible source of
deviation is the simple approach used to calculate the heat transfer through the walls (see

Eq.(3.5)). A more detailed modelling of this phenomenon, for example, by implementing
the ID Fourier heat transfer equation, could improve the results. However, this modifica-

tion would increase the complexity of the code and the computational cost, which are the
most positive aspects of the zone model.

Calculation of the volume flow rates

The evolution of the experimental and predicted Vjn and Vout of the tests are shown in
Figures |3.12| and |3.13j respectively. In the numerical simulations the evolution of the
volume flow rate in the inlet and pressure are opposite (see Fig.|3.11|). The values of

Vin are low during the initial 100 s, approximately. It relates with the over-prediction of
P in the initial stages of the calculation. The maximum values of V,n predicted in the
simulations are -3800 m3 /h in D1 and D6, -4600 m3 /h in D2 and -4500 m3/h in VSP 1.

Later, the volume flow rate in the inlet increases until a steady state value is reached. The
coupling between both variables indicates that the zone model is simulating qualitatively
well the interaction between the compartment and the ventilation system by means of
the pipe-junction boundary condition. The relative deviation between the experimental
and predicted V -m is between 0 and -6.5 % in the four studied cases (see Table 3.10) .

This excellent agreement is unexpected based on the significant deviation observed in the
calculation of the pressure (see Table 3.10). The disparity between P and Vjn could be
explained by the fact that the deviation in the pressure is compensated by a deviation
in the predicted density (see Eq.(3.12)). In case that the latter is over-predicted and P

under-predicted the calculated V could be accurate in comparison with the experimental
data. Note that, as shown before, in the present calculation the relative deviation of the
numerical calculation of P is between -21.5 % and -119.8 %.
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Figure 3.12: Experimental and numerical evolution of the V,-n in tests a) PRISME
SOURCE Dl, b) PRISME SOURCE D2 c) PRISME SOURCE D6
and d) PRISME2 VSP 1.

The signal of the predicted Vout (see Fig.|3.13[) and pressure (See Fig.|3.1l[) follow a

similar trend: the higher the pressure, the higher the Vout is (see Eq.(3.12)). The impact
of the over-prediction of P in the initial period is observed in Vout as well. The maximum
predicted Vout values in case Dl and D6 are 1400 m3 /h and 3900 m3/h in VSP 1. The
deviation is smaller in case D2 (i.e., 1500 m3/h) in comparison to the experimental data
(see Fig.3.12(b)) because the predicted pressure in this tests (i.e., 800 Pa) in the initial
stage is significantly lower than in Dl, D6 and VSP 1. The relative deviation between the
experimental and numerical results of the Vout in the steady state period is between -1.3
% and -9.0 % (see Table |3.10|). As mentioned, the deviation between the experimental
and numerical Vout is much lower than what was observed for the pressure. As in the inleti
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this phenomenon could be explained by an over-prediction of p combined with an under
prediction of P.
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Figure 3.13: Time evolution of the experimental and numerical Vout in tests
a) PRISME SOURCE Dl, b) PRISME SOURCE D2 c) PRISME
SOURCE D6 and d) PRISME2 VSP 1.

Assessment of the influence of the initial period on the steady state calculation

A significant deviation in the calculation of rhf is observed in all tests during the initial
stages of the fire (see Fig.3.10) due to the use of the P&B correlation. The deviation
produced by the over-calculation of my propagates to P (see Fig.3.11), V -m (see Fig.3.12)
and Vout (see Fig.3.13). As mentioned, these initial discrepancies could affect the calcula-

tion of the steady state values. To assess this hypothesis, a simulation by prescribing the
experimental mass loss rate of the fuel from ignition until the steady state period reaches
(From 0 s to 428 s) (see Fig.2.4(b) ) is performed. The mass loss rate of the fuel, pressure
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and volume flow rates calculated in the average period in this simulation and in a fully
calculated simulation are compared. The present study limits to test D1 but it is assumed
as representative for all cases.

14 800
Experimental
Num. Calculated
Num. Imposed12 600

?10
03

CD
to 8
Q:

400
TO— 200
CD

c/> =3
C/3 C/3
5 6 0CO

CD
CO CLCO
CO

^ 4 -200

2 -400

0 -600
0 500 1000

Time(s)
1500 2000

Time(s)

(a) (b)

1000

1000
900

x:
ro

-C
ro

E 500 irth\ & 800
03 03
ro rocnQC 0

<; 700£o o
LL LL

" -500 CD
E E 600=3 =3
o o
> >

-1000 500Experimental
Num. Calculated
Num. Imposed-1500 400

1000
Time(s)

1500 20000 500
Time(s)

(c) (d)

Figure 3.14: Experimental and numerical a) rhf , b) P, c) Vj„ and d) Vout in test
Dl. The results of two simulations are shown herein. The initial
mass loss rate of the fuel is calculated and imposed.

In Figure 3.14 the experimental rhf , P , V -m and Vout observed in test Dl and the nu-

merical outcomes by calculating and imposing the initial rhf are presented. The numerical
outcomes prove that the results obtained imposing and prescribing rhf in the initial period
collapse to the same values of rhf , P , Vjn and Vout in the steady state period. Thus, there
is no effect of the discrepancy observed in rhf during the initial stages on the calculation
of the average conditions.
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3.5.2 Assessment of the unstationary pipe-junction boundary con-

dition

The changes in the mass loss rate of the fuel do not affect instantaneously the volume
flow rate injected or extracted by the ventilation system. In the present section the delay
between both phenomena is evaluated by means of the unstationary pipe-junction boundary
condition.

The most significant results of several preliminary tests are presented in Figure [37151. The
evolution of the mass loss rate of the fuel by fixing 0.001m2 as the section of the ventilation
branches and three lengths of 20 m, 200 m and 2000 m are presented. As mentioned
before, the diameter of the pipe would be 1.7 cm. This value is not representative of the
experimental set-up. The results prove that by including the mentioned delay an oscillation
in the mass loss rate in the fuel can be triggered. Besides, the amplitude and frequency
of the phenomenon is larger when increasing L because the influence of the time delay
between rhf and V is increased as well. Similar results are obtained by imposing L and
reducing the section of the ventilation pipes.

Time(s)

Figure 3.15: Calculated mass loss rates of the fuel by applying the unstationary
pipe-junction boundary condition (see Eq.(3.14))

The obtained results enlighten the importance of the delay between the changes in
the pool fire and in the ventilation system. However, the oscillations are observed when
the imposed lengths of the pipes are 200 m and 2000 m and the section 0.001 rrr . A
pipe with these dimensions is significantly longer and narrower than the ones used in the
DIVA facility. Besides, in the presented approach the delay between the pool fire and
the ventilation system takes place in the ventilation system. Thus, the time required to

transport the oxygen from the inlet to the pool fire is not modelled in the enclosure.
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However, the low velocities of the flow observed along the preferential path in VSP 1
(see Fig.|3.6|) indicate that modelling of this phenomenon could be relevant. These results
suggest another possible alternative to simulate oscillatory fire behaviour in a zone model.
The delay between the changes in rhf and V could be prescribed. Thus, oscillations would
be triggered. However , it is difficult to establish beforehand the value of this delay.

3.6 Conclusions
In the present section the capability of a zone model and the unstationary pipe-junction
boundary condition are evaluated. The zone model captures the mass loss rate of the
fuel in case PRISME SOURCE D1 and D2 with an acceptable deviation, less than -20 %.
However, the deviation increases significantly in cases D6 and PRISME2 VSP 1, -46.9 %
and -33.6 %, respectively. The numerical results of case VSP 1 do not show oscillatory
fire behaviour. The prediction of the pressure is less accurate with significant deviations
between -21.5 % and -190.4 %. On the contrary, the predictions of the volume flow rates

are excellent, with a maximum deviation o f -9 %. This low deviation is difficult to explain
and could indicate that the density in the enclosure is over-predicted. The results of the
zone model are acceptable as an initial calculation of the conditions inside the enclosure
considering that the computational cost is in the order of seconds.

It is important to note that the code presented in [7 ] calculates more accurately rhf in test

D1 and D2 (e=-10%) than the solver tested here. The implemented modifications do not

improve the capabilities of the code to calculate rhf . In [7] P and V are not presented and
a complete comparison cannot be performed.

Second, the use of specific L (i.e., 20 m, 200 m and 2000 m) and A (i.e., 0.001 rrr) in
the unstationary pipe-junction boundary condition triggers oscillatory fire behaviour in test

VSP 1. However, the imposed values of length and section are unrealistic. In addition, the
delay between rhf and V is simulated in the ventilation system whereas the phenomenon
is observed inside the enclosure.

The presented results indicate that the zone model and the added modifications are not

suitable tools to model the oscillatory fire behaviour. The results suggest that the local
conditions inside the enclosure have a significant influence on the phenomenon. These con-

ditions are not captured by the zone model. More complex approaches, as Computational
Fluid Dynamics, must be investigated.





Chapter 4

Description of the Computational
Fluid Dynamics approach

In the following simulations the code ISISQ (5, 10, 53, 57—59], 64-671 is applied . ISIS is a

CFD code developed by IRSN and dedicated to simulating enclosure fire. In the present

section the most relevant equations solved in ISIS (e.g., continuity, momentum, energy),

boundary conditions (e g. P&B, pipe-junction, evaporation), type of numerical scheme
(i.e., explicit and implicit) and prescribed meshes in the calculations are presented.

4.1 Instantaneous governing equations
In ISIS the continuity, momentum and energy equations are solved using the low-Mach
number approach, which is suitable for fire-driven flows, where Mach < 0.3. The instan-

taneous continuity, momentum and state equations in conservative form based on the
low-Mach number approach can be written as [65|:

d p +V • (pv) = 0 (4.1)d t

d p v +V - ( p v 0 v ) V p+V - T + ( p - p0 )g (4.2)d t
1The CFD code ISIS can be freely downloaded from the following website:

https:/ /gforge.irsn.fr/gf/project/isis/.

85
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p(x,t ) îT (x ,t )
P(x,t ) (4.3)

W (x ,t )

where W is the gas molar mass and T is the viscous stress tensor. It reads:

T =p VV+V'V (4.4)

where p is the dynamic molecular viscosity, g is the gravitational acceleration (9.81 m / s1 ) ,

p is the total pressure and / is the identity matrix. The superscripts ' denote transpose.

The numerical operators V - and ® are the divergence and the tensor product. The
subscript o means reference conditions. In the case at hand po is the density of the fluid
at 25 °C .
The dynamic molecular viscosity is calculated using Sutherland's law:

1.5 T0+ST (4.5)P = Po T +STo

where S is the Sutherland constant with a default value of 110.5 K . The reference
temperature, To , and viscosity, po, are respectively 273.0 K and 1.68 - 10-5 kg/ m/s.

The energy conservation equation inside a compartment in ISIS reads [66|:

dph dP P+V - ( pvh) (4.6)+ V - V/t drdt dt Pr

where h is enthalpy of the mixture, Pr is the Prandtl number and qr is the radiative flux.
The enthalpy of the mixture is calculated based on the temperature and the composition:

h(T ,Y ) =J_ Y,Jns( T ! (4.7)
ks

where the subscript ks refers to a species (e g., O2 , C02 ) -

The enthalpy is calculated as:

T

h,(T ) = Ah}ks+ (4.8)
ro
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where Ahy is the standard enthalpy of formation at the reference temperature and cp^s is
the specific heat capacity of the species.

4.2 Turbulence
In ISIS , turbulence can be entirely modelled using the Reynolds-Averaged Navier-Stokes
(RANS) equations or treated by means of the Large Eddy Simulation (LES) approach. In
the present research both methods are applied.

4.2.1 The standard k — £ RANS model

The RANS equations are based on the Reynolds decomposition. It is a mathematical
technique to separate the ensemble mean ( " ) and the fluctuating ( ) parts of a variable.

For instance, the Reynolds decomposition of the velocity vector reads [|46|:

(4.9)v = v+v

The ensemble mean is calculated as:

N1I*
ztn (4.10)V* =

N n=1

where vx denotes a component of the velocity measured at a specific time and position
and N is the number of samples used to perform the ensemble mean calculation.

Thus, by applying the Reynolds decomposition, the continuity, momentum and energy
equations in RANS (see Eqs.(Tl), (T2) and (|4.6|)) are rewritten as [|64|:

dp +V - (pv) = 0 (4.11)dt

dpv
Vp+V - T- pv ® v +(p-p0)g+V - (pv ® v) (4.12)dt

dph dP l̂ e Y71\n — qr+V - ( pvh) (4.13)+ V -dt dt Pr

where pe is the effective dynamic viscosity and denotes Favre average, named as well
density weighted average, calculated, respectively, as:



Chapter 4. Description of the Computational Fluid Dynamics approach88

(4.14)P + PtPe

~ pv (4.15)v =
P

where pt is the turbulent dynamic viscosity.
The term pv <g> v (see Eq.(4.12 )) is the Reynolds stress tensor which is the average of the
turbulent fluctuation of the total stress tensor. This non-linear term is calculated by means

of turbulence models. For instance, the standard k — e RANS model [65 ] is used herein.

This approach models the Reynolds stress tensor by means of the well-known Boussinesq’s
eddy viscosity concept (see Eq.(4.16j)) [751 and calculates the transport equations for the
turbulence kinetic energy ( k ) (see Eq.(|4.17|)) and the dissipation rate (e) (see Eq.(|4.18|)),

respectively as |66|:

(Vv+V? v) -1( ptV - v+pk) l-tt -tt (4.16)pv (g) V Pt

dpk Pe (4.17)+V - V - Vk + Pic+ Pjcb ~ p£
dt Ok

dpe
Ve + ~r {C\ePk -\-C^ePeb — C2epe)Pe (4.18)+V - pev V -dt kOe

where Ojt and o£ are the turbulent Prandtl numbers for k and £ (1.0 and 1.3 as default) ,

Pk represents the production of kinetic energy due to the mean velocity gradients, Pkh is the
production of turbulence kinetic energy due to buoyancy and P£b is the source term due to

buoyancy. C\e , C2£ and C^e are model constants. The prescribed values are respectively
1.44, 1.92 and 1.008.

In the present model the turbulent dynamic viscosity is calculated as:

k2
(4.19)ft |X u-

c
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where is a constant of the model with a value of 0.09.

The variables PPkb and P£b are obtained with the following expressions |64|:

2(Vv+Vfv) (g) Vv — - (prV - v+ pk ) Vv (4.20)flfc = Pt

Pt (4.21)Pkb = ~

P°g

Peh = max( Pkh.0) (4.22)

4.2.2 Large Eddy Simulation
The Large Eddy Simulation (LES) approach solves the large scales of the flow and models
the small scales:

<j) ( x ) = <j) { x ) +0 ( x ) (4.23)

where 0 is the variable to be calculated, 0 refers to the large scale and 07 refers to the
small scales.

The two scales are separated by means of a filter operation:

0(TO x ,t )G(x — x )dx (4.24)

where G is a filter function. It reads in ISIS as:

1 X - X G Vcen
0, otherwise

G(x — x ) Gw/ (4.25)

where Vceu is the volume of the cell inside the computational mesh.

The instantaneous continuity, momentum and energy equations (see Eqs.(|4.1[), (|4.2[) and
(|4.6|)) are rewritten after filtering as:

dp +V - (pv) = 0 (4.26)dt



Chapter 4. Description of the Computational Fluid Dynamics approach90

dpv +V - (pv <g> v) Vp+V - T - V - ?SG5+ (p -po)g (4.27)dt

dph dP pe vy, .//
\h — q r+V • ( pvh ) (4.28)+ V -dt dt Pr

where T represents the stress tensor and the subscript SGS means sub-grid scale, which is
the small scale of motion. It is calculated as:

1
- f o - v \ i- ( Vv+V'v

JL* \

(4.29)^SGS = 2Pscs 3

where pscs is the SGS viscosity.

The effective viscosity is calculated when using LES as:

(4.30)Pe = P +P.SG'.S

There is a wide range of methods to calculate pscs (e g., Smagorinsky, dynamic Smagorin-

sky, Vreman). In the following LES simulations the Wall Adapting Local Eddy (WALE)
method is applied |39|. WALE is a dedicated LES model to improve the solution of pscs
in the proximity of walls. This feature could be relevant when simulations in enclosures
are performed. The sub-grid scale viscosity in WALE reads [39|:

3/2(Z i j r i jY i j )
PSGS = P (CWA)2OP = P (CWA)2 (4.31)

(E/J- Si jSij'j + (E/.,YijYij ) 5/4

where OP refers to spatial operator, Cw is a model parameter (0.325 in the present research
[54, 55 ]) , A is the characteristic cell size (A = (Vceu)^3), S is the mean stress tensor of
the resolved scale and y is an operator expressed as:

1 1 2r= 5 (v^+(v n') (4.32)— -Trace Vv /
3

The spatial operator (i.e., OP ) detects turbulence structures with strain and rotation rate.

This method improves the calculation of the turbulent dissipation by returning the correct

asymptotic profile of the turbulent viscosity near the wall.
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4.3 Combustion and extinction

4.3.1 Combustion modelling

Combustion is modelled via the Eddy Dissipation Model (EDM) [|8j [28, 53, 57-591. In this
model two transport equations for the passive scalar mixture fraction (z) and the fuel mass

fraction (Yf) are solved. The instantaneous equations read:

(Pz )+ v ' (pvz) = V • (pDcVz) (4.33)dt

jt (pYf )+V - (pvYf ) =V - (pDcVYf )+ ( l - FEF )wf (4.34)

where Wf is the fuel burning rate and FEF is the local Flame Extinction Factor. Both
variables are defined in detail in the following.
When using a two-step chemistry approach, taking into account the production and com-

bustion of CO , a transport equation similar to expression (4.34) is calculated for this
species:

j~

t
( PYco )+ V • ( pvYco ) = V • ( pDcVYco )+ (1-FEF )wco ~ (1-FEF )wfSi (4.35)

where Sj is the stoichiometric ratio of mass of CO to mass of fuel.
Equations (|4.33|), (|4.34|) and (|4.35|) differ when using RANS and LES. In RANS p, v, z ,

Yf and Wf are rewritten as p , v , z , Yf and Wf . In LES the same variables are expressed
as p, v, z, YF and wp. The combustion of heptane and TPH is modelled assuming
irreversible mechanisms and one-step or two-step chemistry in RANS and LES simulations,

respectively. The one-step combustion of TPH is modelled as:

(4.36)CijHi,,+ 18.502 — 12C02+ 130,0

The combustion of heptane, when assuming one-step reaction, reads:

(4.37)CO/|(l+1102 -» 7C02+8H20
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When the production of soot is taken into account, Equation (|4.37[) is rewritten prescribing
a soot fraction (Fs) of 0.308 mol/mol, it is in terms of mass fraction 0.037 kg/kg [72|.

C7Wi6+ (ll-Fs)C>2 - (1- FS )C02+SH20+FSC (4.38)

The two-step chemistry takes into account the production and reaction of CO. The
expressions for the combustion of heptane and CO are:

(4.39)CnHi6 +1.502 ->• ICO+8H20

(4.40)2CO+02 —> 2C02

The burning rate (see Eq.(|4.34|)) of the fuel and CO are calculated as:

1 YO2 (4.41)CRp —min I Yf .Wf T s i

1 YO2 (4.42)wco = —CRp — min YCo
T S2

where CR is a dimensionless reaction constant (CR = 4 [33] and CR = 0.1 [65 ] when using
RANS and LES, respectively) , si is the stoichiometric ratio of mass of oxygen to mass of
fuel s2 is the stoichiometric ratio of mass of oxygen to mass of CO and Tt is the turbulent
characteristic time.

The formulation of xt depends on the applied turbulence approach. In RANS and LES zt
reads respectively:

k (4.43)Tt 7RANS
£

2CLES& (4.44)l̂ .LES F>LES

where DLEs is the SGS diffusivity coefficient (DLEs = psGs / p / Sct) and CEEs is a dimen
sionless constant taken as 0.1 [33 ].
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Figure 4.1: Flammable and non-flammable domains based on the T and YQ2 [53] .

4.3.2 Extinction modelling

The Flame Extinction Factor (see Eqs.(4.33j) and (|4.34|)) is used to model the extinction
of the fire as [53]:

YO2Tc - T (4.45)FEF =H
Tc — Too YQ2 ,C

where Tc and Yo2 ,c are critical quantities with default values of Tc 1700 K and 0.17 kg/kg
respectively, [|78j and H is the Heaviside function, which is calculated as [78 ] :

1 if (Tc -T ) / ( TC - Too ) >YoojYo
0 if {Tc -T ) / ( TC - Too ) < YQJYQ

2,c (4.46)FEF
2,c

The use of the Flame Extinction Factor incorporates in the calculation the reduction of
flame strength due to the accumulation of combustion products. The calculation of FEF
assumes that 1) below the critical temperature (i.e., 1700 K) extinction can take place
and 2) YQ2 C

(i.e., 0.17 kg/kg) is the lowest concentration of oxygen at which flames can

be observed with an ambient temperature of 300 K. The critical flame temperature is
selected 'as a simplified version of a classical description based on critical values of the
scalar dissipation rate' [[78]. The value of Yo2 .c is an empirical input [781.

In this simple approach extinction depends on the concentration of oxygen and the tem-

perature of the gas. When FEF=1 the fuel is not consumed and the reaction does not

take place (see Eq.(4.34)). The conditions of T and Yoo where FEF=1 are named non-

flammable domain (see Figj4.1|). The area where the value of FEF is 0 is the flammable
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domain (see Fig.|4.1|). The flammability limit between both regions is established based on

the Burke-Schumann expression [78 ] , The present model assumes the existence of com-

bustion in vitiated conditions and high temperatures as in the scenario described in J53J
(see Fig.|4.ip.

4.4 Thermal radiation
Thermal radiation is modelled using the Radiative Transfer Equation (RTE), which is
solved using the Finite Volume Method (FVM) [12, 13, 37 ] ,In this method the RTE reads:

d/(r, 0, 0) K <7
T 4I Kl i r.H .tp ) (4.47)

ds 7T

where K is the absorption coefficient, I is the total radiative intensity, s is the unit vector

along a direction of propagation of radiation, r is the position in the spatial domain, 0 is
the polar angle and 0 is the azimutha angle.

The directions of propagation are discretized in 128 control angles in the following simula-

tions which is the default value in ISIS. The medium is assumed as gray and non-scattering
in the present simulations. The effective absorption coefficient of water vapour, CO2 and
CO (Kgas) is modelled using the Weighted Sum of Gray Gases Model (WSGG). In this
model K is calculated as:gas

1
-!n(l— e) (4.48)Kgas —

where S is the path length, prescribed as the cell size, and £ is the gas emissivity, calculated
as:

/
KgasPSe = J>(r) 1 — £ (4.49)

/=0

where P is the sum of the partial pressures of CO2 and H2O and a; is the emissivity
weighting factors for the i — th gray gas.

The value of the coefficient a, depends on the temperature and is calculated using the
expression:

J

ai = £hiTJ (4.50)
7=0
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where bij is the experimental emissivity which is a temperature dependent variable.

The absorption coefficient of soot (Ksoot ) is assumed as temperature dependent and cal
1246fvsT [41] , where fvs is the soot volume fraction.culated as Ksoot —

4.5 Numerical schemes
In the present research two types of numerical schemes are applied to solve the convective
term of the mass and momentum equations (see red term in Eqs.(4.51) and (4.52 ))
using the finite volume formulation: Quadratic Upstream Interpolation for Convective
Kinematics (QUICK) [|24[ 75| and second order centered [75 ] schemes. They are formulated
in implicit and explicit form respectively.

dp
+ V • (pv) = 0 (4.51)dt

dpv +V (pv0v) Vp+V - z+ ( p - p0 )g (4.52)dt

dph dP
+ V - ( pvh) (4.53)+ V - V/? — qrd t d t Pr

A significant difference between implicit and explicit methods is the maximum allowed
Courant-Friedrich-Levy (CFL) number. It is calculated in any of the three spatial dimen-

sions as:

ViAt (4.54)CFL,
Axi

where Ax is the cell length (m) and i refers to x,y or z direction.

The time steps applied in explicit schemes are usually limited by a low CFL condition due
to numerical stability. In the case at hand the maximum allowable CFL condition is 1when
using the centered scheme. Higher CFL conditions and time steps can be prescribed in
implicit simulations. The use of larger time steps when using implicit schemes can reduce
significantly the computational cost of the calculation.
QUICK scheme is proposed in [24] for 'steady or quasi-steady ' flows. This approach is
suitable for RANS calculations where averaged conditions of the flow are calculated. In
this scenario turbulence is entirely modelled and the results are less dependent on the time.
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On the contrary, the use of QUICK scheme in LES simulations is less common. Instan-

taneous values of the flow conditions are used in LES. In this scenario centered schemes
are usually applied. In addition, the use of a shorter time step related with the explicit
schemes in LES allows a more detailed description of the evolution of the turbulence.

Another difference between both numerical schemes relates with the influence of the nu-
merical diffusion (named as well false or artificial diffusion) [15, 75 ] , It adds a non-physical
diffusion to the solution. Centered scheme is well-known to have a lower numerical dif-
fusion than QUICK scheme. In [40] the numerical diffusion observed, when using both
schemes, is compared.

The convective term of the other equations (i.e., fuel fraction, CO fraction, mixture frac-

tion, enthalpy) is calculated by means of the Monotonic Upstream-Centered Scheme for
Conservation Laws (MUSCL) [23, 75 ] . For the sake of illustration in Equation (4.53J)
the convective term of the energy equation is shown in blue. The MUSCL scheme can

be applied in implicit and explicit form. In the present research the influence of these
implementations is studied later. The temporal term (see violet term in Eqs.(|4.51[) , (|4.52|)
and (|4.53)) is solved using a first order method. The gradients are solved using a linear
scheme.

Based on the presented description the RANS simulations are solved using the QUICK
and MUSCL implicit schemes. It is the simulation of the fire phenomenon in large-scale
enclosures (see section 5.2). In addition, these schemes are applied with LES to evaluate
the sensitivity of the steady-state conditions of the flow to changes in a specific param-

eter. It is the study performed for the open pool fires (see section 5.3.1). As described,

the use of implicit schemes allows longer time steps and, thus, a low computational cost.

Mesh convergence analyses are performed to ensure that the effect of the false diffusion
is reduced. The explicit set-up (i.e., second order centered and MUSCL in explicit form)
is implemented when simulating the oscillatory fire behaviour in the NYX enclosure (see

section |5.3.2|). The main variables (e.g., rhf , P , V ) do not reach a constant steady-state

condition. Thus, the QUICK scheme is not a suitable approach. In these simulations the
time step is calculated by the code and limited by a maximum CFL of 0.8.

4.6 Boundary conditions

4.6.1 Peatross-Beyler boundary condition

The Peatross-Beyler correlation was described in section |3.2.2[ This correlation is im-

plemented as a boundary condition in ISIS with the same equation (see Eq.(|3T0)) as in
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the zone model. In the zone model, Xo2 was the predicted concentration in the entire
compartment. The use of a discretized domain in CFD allows to localize the volume where
the oxygen is measured. In the following simulations two configurations of the volume,

labelled ‘ring’ and ‘layer’ volumes, are tested (see paragraph 'Description and justification
of the volumes' in section 5.2.2|).

When using this boundary condition and RANS the turbulence kinetic energy and the
dissipation rate of the injected flow are prescribed. In the case at hand the imposed values
of k and £ for the injected fuel are 1 • 10-5 m2 / s2 and 1 • 10-9 m2/s3 , respectively, based
on [10]. The fluctuations of the velocity of the injected flow cannot be modelled in LES
calculations in the current implementation of ISIS.

4.6.2 Evaporation modelling

Mass Transfer: The ’film’ theory approach

Gas phase Fuel vapour layer*F ,L

T1 sLiquid phase

Figure 4.2: Diagram of the fuel phase and the proximity of the fuel surface as-
sumed in [61] . The liquid phase and fuel vapour layer are represented
by the surfaces in dark and soft blue, respectively. The orange line
is numerical grid. The red, green, purple and orange points refer to
Ts , Xf i , Xf' g } and Tf , respectively.

The mass transfer models based on a liquid-vapour equilibrium P, 20[ |42, 47, |58l|60]-|62]
assume the existence of a film of fuel vapour above the liquid surface (see Fig.4.2). These
models are used as boundary conditions to predict the rate of fuel transported from the
layer of fuel vapour towards the gas phase. The interaction between the gas phase and the
layer of fuel vapour is addressed using the Clausius-Clapeyron relation. This is modelled
cell by cell, which allows to calculate the fuel mass loss rate per unit area (m^). In [61]
the volume fraction of fuel ( XF:L ) in the layer of fuel vapour is modelled with the following
expression:

[ AHyWf
XF,L — exp —

1 1 (4.55)
Ts Th
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where AHv is the heat of vaporization of the fuel, Wf is the molecular weight of the fuel,

Ts is the surface temperature and 7& is the boiling temperature. Note that the maximum
allowable value of Ts is 7/,.
The fuel mass loss rate per unit area in [61] depends on two factors: (1) the difference
between concentrations in terms of molar fraction in the layer of vapour fuel located in
the proximity of the fuel surface and the first cell above the liquid surface ( Xpjg ) and (2)
the mass transfer coefficient from the layer of vapour to the gas phase. The expression to

calculate ml reads:/

-1„ PWf
t = h m —^~ (4.56)Inmf 55Tf XF,L ~ 1

where Tf is the temperature in the cell above the surface of the liquid and hm is the mass

transfer coefficient, calculated as:

ShDfg (4.57)hnm L

where Sh is the Sherwood number, L is the characteristic length of the pool fire and D/

is the diffusion coefficient, calculated as Dj g = pj / Sc / p where Sc is the Schmidt number
assumed as 0.6.

In [61] it is assumed that the flow near the fuel surface is turbulent and in a forced
convection regime. Thus, the Sherwood number is calculated with an expression suitable
for these conditions [25[|26|:

8

Sh = 0.031Scl / 3Re4 / 5 for Re > 5 • 105 (4.58)

where Re is the Reynolds number.

In order to ensure that the value of the Reynolds number used in Equation (|4.58[) is in line
with the assumption that the flow in the proximity of the fuel is turbulent, a minimum Re
of 5 105 is imposed in [61]. The expression to calculate the Reynolds number thus reads:

puL
Re = max [ 5 • 105 (4.59)

where u is the velocity magnitude.

However, preliminary ISIS simulations performed in a 30 cm diameter heptane open pool
fire showed that the value of the maximum predicted Re in this test is approximately
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3 103 in the proximity of the fuel surface, rather than the imposed value of 5 • 105 in [61] .
The Reynolds number could be higher in other configurations, but in the scenarios tested
here (i.e., 18 cm and 30 cm diameter) the flow near the fuel surface can be assumed as

laminar. Hence, a model where the Sherwood number is calculated locally, taking into
account Re and allowing laminar conditions ( Re < 5 105 in a flat plate scenario), has been
implemented. In this model Sh is calculated as [ 25, 26 ] :

Sh = 0.664Scl / 3Rel / 2 for Re < 5 • 105 (4.60)

The Reynolds number is calculated locally in each time-step by means of the equation:

puL (4.61)Re

In this approach, as in |6TJ, the convection is assumed as forced. Another approach
is to model the mass transfer coefficient by correlations for natural convection. In this
assumption the mass transfer process is mainly driven by temperature differences, i.e.,
buoyancy. Hence, a Sh expression, suitable for natural convection and laminar conditions
has been implemented [25, 26 ] :

Sh = 0.54(GrPr)1/4 for 104 < GrPr < 107 (4.62)

where Pr is the Prandtl number and Gr is the Grashof number, calculated as:

gL3 (Tf - Tpilm) (4.63)Gr
P 3T'h'Hm

where t] is the kinematic viscosity in the first cell above the liquid surface and Tpum is the
film temperature, calculated as:

1
Tpum = Ts+- (Tf - Ts ) (4.64)

3



Chapter 4. Description of the Computational Fluid Dynamics approach100

4 L±£J

•r >

\h2LLI

f ' r

Figure 4.3: Diagram of the length scale approaches. Two Li (L î and L12 )
scales are represented with black and grey solid lines. The LL values
are measured from the centre of the face of the cell to the nearest
edge of the pan. The dashed line represents LQ and is the length of
the edge in the case at hand [58 ].

In [61] , the characteristic length scale L (see Eqs.(4.57), (4.61|)) has been prescribed
as the hydraulic diameter of the pool fire. This length scale is labelled as ’global’ length
scale (LG). When using the natural convection method only LQ is applied [25, 26 ] . The
method described before is used extensively for an entire surface. Then, the global length
scale is in line with the proposed method. In addition, in the following simulations another
method, named as ’local’ (LL), is implemented when forced convection is assumed. The
length scale Li is the distance between the region where the calculation is performed
and the edge of the pan. Subsequently, the values for Li in Equations (4.57) and (4.61)
depend on the location of the cell face (see Fig.|4.3|). This approach is described as 'the
most appropriate value for L’ in [61] . It is stated in |6lJ as well that 'global quantities
like distance from an edge are generally not defined in the CFD solvers'. This limitation
is found in ISIS. Hence, in order to apply LL, the distance from the center of the cells to

the edge of the pan must be added manually. All the cells at the same distance from the
edge (e.g., 0.1 m) are grouped and L is prescribed as 0.1 m. Later, Equations (4.57) and
(T61) are solved for these cells using the mentioned L. A similar procedure is applied for
all the faces of the surface of the fuel by taking into account the distances.
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Figure 4.4: Assessment of the influence of prescribed values of Re and Gr on
Sh.

The differences between the natural and convection approaches are found in the mod-

elling of Sh (see Eqs.(4.60) and (4.62)). In the forced convection approach the variations
of the Sherwood number depend on the variations of the Reynolds number to the power
of 0.5 (see Eq.(4.60)). In the natural method the changes in Sh depend on the Grashof
number to the power of 0.25 (see Eq.(4.62)). The other variables used in Equations (|4.60[)
and (4.62) have constant values (i.e., Pr and Sc ). In order to analyse how the variation
of these terms affects the calculation of Sh , values of Gr and Re are prescribed between
0.1 to 1000 in Figure |4.4[ It shows that for the same increase in Re and Gr the impact
is more significant on Sh when using the forced convection approach. Thus, in the latter
Sh is more sensitive to the changes in the conditions in the proximity of the fuel surface.

This could be a relevant feature to simulate the interaction between the gas and liquid
phase in terms of mass loss rate of the fuel.
Fluctuation in the velocity signal of the evaporated gas is not added. This feature is not

currently implemented in ISIS for the evaporation boundary condition.

Heat transfer in the liquid phase

The liquid phase is modelled as a thermally thick solid (i.e., no liquid motion is mod-

elled). The heat transfer in the liquid phase is calculated with a ID Fourier equation (see

Eq.(4.65)). This expression and the energy balance at the top fuel surface used in the
calculations (see Eq.(4.66)) read:

m)dT (4.65)PCP dt
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dT n n n
(0,t ) = qc +qr - m AHv (4.66)A dx

where qc is the convective heat flux on the surface.

In ISIS two approaches are available to model the convective heat transfer: wall-law and
diffusive flux [45 ] , The wall-law approach models the interaction between a flow with a

high Reynolds number. As mentioned, the flow in the proximity of the surface of the fuel
is laminar. For this scenario the diffusive flux approach is suggested. It reads [45] :

AC PSGS
Pr Prt

(4.67)Vh • nVc

where n is the unit normal vector.

The radiative heat flux at the surface of the fuel is calculated by means of an energy
balance between the absorbed and emitted heat fluxes (i.e., q'r+ , q ~ , respectively). It is
calculated with the following equation:

4I \ s n d£l — £ <JTS (4.68)= £qr qr qr
s -n<0

where Q refers to the control angle.

The numerical stability of the calculations can be affected when the surface of the
fuel reaches 7};. In this scenario Xfi=l (see Eq.(4.55)) and rhf becomes infinite (see

Eq.(4.56)) . Thus, the temperature at the surface of the liquid phase is limited when
Tjj using the expression:Ts

Tsn~ l +Ts (4.69)T1s 2

where T"~ ] and T}"'1 refer respectively to temperature at the surface of the liquid in
the previous and current iteration, respectively. Thus, based on this method the boiling
temperature of the fuel is not reached at the surface of the fuel.
The composition of the liquid phase is constant: the solution of gases into the liquid
phase is not taken into account. The volume of the liquid fuel is taken as constant during
the simulation, despite the evaporation process. Thus, the amount of fuel available for
evaporation is assumed as infinite. The physical properties of the liquid are as described
in [61] . An important adjustment is proposed in |60|6l]| for the thermal conductivity,
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though. The reason is as follows: the motion of the liquid is not included in the simulations.

Hence, the effect hereof on the heat transfer inside the liquid, through motional convection,
needs to be incorporated in another manner. This is done here through the use of an

effective conductivity ( Xe ) rather than the real conductivity (A=0.14 W/m/K) [60, 61] .
Two approaches are available |60|61] to calculate Xe. In both approaches, the thermal
conductivity is corrected using the Nusselt number [611:

Xe = XNu (4.70)

The Nusselt number is calculated using the Rayleigh number (Ra). In (60], 6l|, [70j this
number is corrected (Racorr ) in a scenario such as an ' internally heated horizontal plane
layer with isothermal top boundary and thermally insulated bottom boundary ’ j6lj. In
this approach the heat decays exponentially inside the fluid layer using the formulation
proposed in |70j. This is a suitable method in the case at hand that takes into account

the heat transferred from the flame to the upper face of the fuel phase and inside the
liquid phase due to thermal radiation.
In the first approach the Nusselt number is calculated as [61] :

0.233
corr (4.71)0.34577oNu

where Racorr reads:

gfiq 'H5 rj 2

Xva Q( TJ )
n2 1 -1 1 -1

1 H— exp 1 H— expRa Racorr —
Q(v ) v v J v V J

(4.72)

where rj is the length scale associated with the distribution of the heat source, Q( r] ) is
the distribution of the heat source, /3 is the coefficient of thermal expansion of the liquid,

H is the characteristic length (assumed as 1 cm [611), a is the thermal diffusivity of the
liquid and q" is the volumetric heat source. It is the amount of heat generates per unit
of time of volume [70] calculated as [61]:

qrm
(4.73)Q H

In [60], the radiative heat flux at the surface of the fuel and the characteristic length are

assumed as 20 kW/m2 and 0.01 m, respectively. Then, the prescribed value of q" is 2
MW/m3.
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The distribution of the heat source in which heat concentrates on the top boundary is
described as [70 ] :

2( >?) =!? (4.74)

In the second approach the expression used to calculated Nu is the following [60]:

0.227
ixorr (4.75)0.338/faNu

When using the first approach the calculated value of A for heptane is 1.2 W/m/K based
on the data shown in [61] . This value is used in the simulation of the 30 cm diameter
pool fire. Later , the second approach was described in [ 60] . In this approach the predicted
value of A is 3 W/m/K. This thermal conductivity of the liquid is used in the simulation
of the 18 cm heptane pool fire in open conditions and in the NYX enclosure.

4.6.3 Pipe-junction boundary condition

The ventilation system is modelled in the CFD simulations by means of the stationary
pipe-junction boundary condition as described in section |3.2.2j As mentioned, the aer-

aulic resistance (see Eq.(3.13)) is usually calculated taking into account the average values
of p, AP and V prior to ignition [10],[53, 57 , 59 , 64]|. In the present research a new approach
is applied in the CFD simulations. The value of the aeraulic resistance is calculated using
the average values of p, AP and V measured during the oscillatory period [59| to model
R in a more representative manner of the fire conditions.

When using RANS as turbulence model the turbulent intensity and the mixing length scale
of the injected gas are prescribed as 0.01 and 0.03 m following [10 ] . This feature is not

available for LES simulations in ISIS.

The CFD simulations are performed using the stationary pipe-junction boundary condition.

Exploratory simulations prescribing the unstationary pipe-junction boundary condition and
a realistic set-up in terms of length and diameter of the ventilation branches have been
performed for the NYX set-up. The results do not show a significant difference in com-

parison to the results by prescribing the stationary pipe-junction boundary condition. In
the large-scale tests (i.e., PRISME SOURCE and PRISME2 VSP) the ventilation sys-

tem is much more complex than in NYX. The use of an overall length and diameter is
an over-simplification. A dedicated software to model the ventilation system should be
applied.
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4.6.4 Wall boundary condition
The flow behaviour near the walls is modelled using wall functions. The wall functions
assume the existence of two regions near the walls: linear sublayer and log-law layer.
Turbulence is assumed as low and viscosity is dominant in the linear sublayer. On the
contrary, turbulence is the dominant phenomenon in the log-law layer. The formulation
of the wall function differs depending on the turbulence approach (i.e., RANS [75 ] or

LES [77 ]).

In RANS the wall function calculates the turbulence kinetic energy and the dissipation rate

near the wall (i.e., kw and £w , respectively).

The calculation of these quantities is based on the dimensionless distance from the wall
(v+):

Twy+ _ (4.76)y v p

where y is the distance from the wall, t] is the kinematic viscosity and zw is the wall shear
stress.

From the calculated value of y+ the dimensionless tangential velocity (u+) is computed
by means of the following expressions:

++ if y+ < yt

if )’mins < y+ < 300 ( log - law layer )
( linear sublayer )y vans (4.77)u iln(£y+)

where K and E are model constants with values of 0.419 and 9.793, respectively.

The dimensionless tangential velocity is used to calculate the friction velocity ( ,ut) with
the expression:

u
(4.78)Ilf =

u

The friction velocity is applied to calculated kw and £w\

(4-79)kw
\fC\L

Ut (4.80)
Ky
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When the turbulence is treated by means of LES the Werner-Wengle approach is applied
to calculate zw [77 ], In this method the following profile is proposed to relate u+ and y+:

+ if y+ < 11.8 { linearsublayer )
if y+ > 11.8 (Otherwise )

>’u+{ y ) (4.81)
8.3(y+)1/7

Two types of approaches are applied to model the thermal behaviour of the walls: adiabatic
and ID Fourier heat transfer (see Eq.(4.65 )) . In the latter, the surface temperature and
the heat transfer into the walls are calculated by means of a thermal balance (see Fig.|4.5[) .
It reads:

// // //

4c +4r + 4w = 0 (4.82)

where qw is the heat transfer from the wall to the gas phase, calculated as:

A { Tw - Ti ) (4.83)<7w A.Xfn

where Tw is the temperature in the first node inside the wall, Axfn is the distance between
the surface of the wall and the first node inside the wall (see Fig)4.5|) and 7/ is the
temperature at the interface between the fluid and the wall.

Fluid-wall interface Fluid-wall interface
i

%Tw T i
I

b*' Axf nT1 w Tf 4r*
*•

q'c• • •4

Solid Phase Gas Phase Solid Phase Gas Phase

Figure 4.5: Diagram of the heat transfer between the gas phase and the walls.

The convective heat flux is calculated as:

4c — hc{Tf — Ti ) (4.84)
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As mentioned before, two methods are available to calculate qc (i.e.,wall-law and diffusive
flux). The wall-law approach is suitable to model the interaction between a surface and a

flow with a high Reynolds number. These conditions can be reached at the walls of the
enclosure (for instance, in areas of the ceiling affected by the ceiling jet phenomenon).
Hence, the convective heat transfer (hc) is solved by means of the wall-law approach.
Thus, the expression to solve hc is the following [45] :

pcpvT (4.85)hc T+

where T+ is the normalized temperature flux defined as:

{T - Ti )pcpuz (4.86)T .n
Vc

The value of the convective heat flux (q 'c) is unknown beforehand. Thus, in order to

model T+, a method in the framework of the wall functions is applied. Two regions
are assumed near the wall: thermal linear sublayer and the thermal log-law layer. As for
the wall function described before, viscosity and turbulence are assumed as the dominant
phenomenon in the thermal linear sublayer and thermal log-law layer, respectively. The
expressions used to calculate T+ read:

+if y+ < ytPry
T+ = rans (4.87)

I' rt -j- Infi'v j - /4, j if V

is the position of the thermal transition between both regions and Pw repre-

sents the resistance in the laminar sub-layer to transport the enthalpy. They are calculated
with the expressions:

where ytransfjf

(^ln ( Zy fans.r ) + P ĵPryfansT = Prt (4.88)

0.75Pr 1-0.007 (4.89)Pw = 9.24 - 1 1+0.28 P' t

Pr,

4.6.5 Inlet boundary condition

The inlet boundary condition is applied in the simulations where the mass loss rate of
the fuel is prescribed. The temperature of the injected gas is imposed as the boiling
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temperature of the fuel. As for the P&B boundary condition, when using RANS as

turbulence model the turbulence kinetic energy and the dissipation rate of the injected
flow are prescribed in the RANS simulations. For LES the fluctuations of the velocity
signal of the injected flow are not taken into account.

4.6.6 Inlet-Outlet boundary condition
The inlet-outlet boundary condition is applied in the simulations of open pool fires. More
specifically, this boundary condition is prescribed in the lateral and upper faces of the
domain to model the interaction between the gas phase and the environment. The velocity
of the flow that is entering or leaving the domain is calculated using a momentum balance.
When the fluid is entering the domain (v - n < 0) the momentum balance reads:

1
-p(v n )v+ T • n — pn (4.90)Pextn

where n is the unit normal vector pointing towards the face and pext is the pressure
prescribed outside the domain.
The inlet-outlet boundary condition assumes that the flow is normal to the surface and
the shear stress tensor is neglectable. Thus, Eq.(|4~91) is rewritten as:

1 1 •2-p(v - n )(v - n ) (4.91)P Pext

This expression must be considered as a Bernoulli equation that links the gas phase inside
the domain and the exterior by means of an streamline.

The momentum balance of the leaving flow reads:

(4.92)T • n- pn = — pextn

Numerical set-up
In this section the numerical meshes, time steps and boundary conditions prescribed in the
simulations of open pool fires (see Table [471]) and pool fires in enclosures are described.
First, the open pool fire set-up is shown. Two scenarios are simulated: 18 cm diameter and
30 cm diameter pool fires (see Table |4~lD. Second, the set-up applied in the large-scales
test (PRISME SOURCE Dl, D2 and D6 and PRISME2 VSP 1 (see Table |4~3]) and in the
reduced-scale enclosure NYX are shown (see Table 4

~

5|).

4.7
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0.65 m
1.82 m

0.265 m
: :0.78 m

*0.13 m „

0.78 m

Figure 4.6: 2D sketch of the numerical domain used in the 30 cm diameter hep-

tane pool fire simulations. The boundary conditions are represented
by colors: Green for the inlet-outlet, black for the walls and red for
the surface of the liquid. The surface of the lateral sides of the pan
and floor are adiabatic. The refined area of the mesh is shown in
grey.

4.7.1 Open pool fires

30 cm diameter heptane pool fire

The numerical domain is a square prism with dimensions 0.78 m x 0.78 m x 1.82 m (see

Figj4.6|). The volume is discretized using cubic cells. The mesh is refined in a volume with
dimensions of 0.65 m in length and width and 0.78 m in height around the pan (see the grey
area in Fig.|4.6|) , i.e., using half of the cell size prescribed in the rest of the computational
domain. In the refined region, four grid densities are studied: 10 mm, 8.6 mm, 6.6 mm
and 5.3 mm (coarse, medium, fine and very fine meshes) (see Table 4.1). A square pan

is located in the centre of the base with dimensions of 0.265 m in length and width and
0.13 m in height (see Fig.|4.6|). The pan shape is square, although it was circular in the
experiment. This facilitates to adapting the pan to the cubic cells used in the numerical
calculations. Besides, the use of a square surface facilitates the implementation of Li (see

Fig.|4.3|). The upper face of the pan represents the fuel surface and has an area of 0.071
m2. The relative difference with the experimental surface is -0.01 % , which is assumed to

be negligible. The height and thickness of the lip in the experiments are 5 mm and 1.6



Chapter 4. Description of the Computational Fluid Dynamics approach110

mm respectively. In the simulations, both dimensions are equal to the cell size in each
grid (AA) (see Fig.|4.7|).
The bottom face of the domain and the lateral sides of the pan are adiabatic walls (see

Fig.4.6). The use of this approach is explained because: 1) The heat transfer inside the
liquid phase is modelled as ID. Then, the heat transfer from the lateral walls of the pan to

the liquid phase cannot be coupled. Thus, this modelling would increase the computational
cost without a significant impact on the solution. 2) The heat transfer from the gas phase
to the floor has no significant influence neither on the evaporation rate of the fuel. The
lateral sides and upper face of the domain are modelled with an inlet-outlet boundary
condition which allows the flow to leave and enter the domain freely. The fuel surface is
modelled first by imposing a mass flow rate equal to the experimental value to validate
the gas phase. The evaporation model is applied later. The height of the liquid is kept
constant. The heat transfer between the liquid phase and the lateral sides of the pan
cannot be calculated using the Fourier heat transfer equation because the phenomenon,

as mentioned, is modelled as ID. Then, the heat transferred from the liquid phase to the
laterals of the pan in the horizontal direction is not considered in the calculations. Besides,

the heat transfer between the liquid phase and the bottom of the pan is not calculated
neither in the present case. The temperature of the liquid phase at the bottom remains
constant at the same temperature as the pan during the simulations. Temperature profiles
along the liquid phase are shown later.

Ax

Ax

Figure 4.7: Detailed sketch of the lip of the pan.

Three time steps, corresponding to estimated CFL values equal to 1, 2 and 4 (Small
Medium and Large time steps), are used on the very fine mesh (see Table |4~l|).
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The characteristics of the simulations performed in this scenario and the pages of the
document where the results can be found are shown in Table EH

0.3 m

1.08 m

0.6 m

0.04 m $

0.48 m

Figure 4.8: 2D sketch of the numerical domain used in the simulation of the 18
cm diameter pool fire. The boundary conditions are represented by
colors: Green for the inlet-outlet, black for the walls and red for the
surface of the liquid. The refined area of the mesh is shown in grey.

18 cm diameter heptane pool fire

The shape of the numerical domain is a square prism as for the 30 cm heptane pool fire.
The dimensions of the domain are 0.48 m x 0.48 m x 1.08 m (see Fig.4.9 ) . The shape of
the cells is cubic and three cell sizes are tested: 2 cm, 1 cm and 0.5 cm (coarse, medium
and fine mesh, respectively). The cell size in the medium and coarse grids is constant in
the entire volume (i.e., 1 cm and 2 cm, respectively). For the fine mesh (i.e., 0.5 cm),

the 1 cm cell size mesh is refined in a volume around the pan with dimensions 0.3 m x

0.3 m x 0.6 m (see grey area in Fig.|4.9|). The use of a grid with a constant cell size of
0.5 cm is expensive in terms of computational cost. The shape of the fire source must be
accommodated to the cubic cells. However , the 18 cm diameter heptane pool fire is the
fire source used later in the simulation of NYX experiment [34, 35 ]. Thus, in the present

study the shape of the pan intends to be as similar as possible to the experimental con-

tour, at least in the medium and fine meshes. When using the fine cell size (0.5 cm) the
perimeter of the pan mimics a circular shape. The use of square shape is applied to the
fine, medium and coarse meshed (0.5 cm, 1cm and 2 cm, respectively) , which is the usual
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approach for this type of simulations ||8], 53[ |6lJ. The use of square and circular shapes
using the same cell size (5 mm) allows to study the influence of the shape of the pan on

the calculation (see Fig.|4.9|). This comparison is not usually performed. The surface of
the fuel in the four meshes is 0.0256 m2, with a relative deviation with the experimental
surface (i.e. , 0.0254 m2) of 0.6 %. It is assumed that this deviation does not influence
significantly on the calculation of rhf .

Figure 4.9: Capture of the pool fire region when using the a) circular and b)
square configurations. The surface of the fuel is represented in green,
the pan in dark grey and the floor in soft grey.

In the numerical simulations the height of the liquid is constant. The dimensions of the
lip are 1 cm on height and width in the three grids (see Figj4.10). The specific height of
the lip is selected because 1) in the experiment during the oscillatory period the height of
the lip is between 1cm at 250 s and 1.3 cm at 500 s and 2) is difficult to refine the region
with a smaller cell size. In order to accommodate the lip on the coarse mesh, this region
of the pan is locally refined from 2 cm to 1 cm. As in the 30 cm diameter heptane pool
fire, the bottom of the domain and the laterals of the pan are adiabatic walls following
the same reasoning presented before. The lateral sides and upper face of the domain are

modelled using the inlet-outlet boundary condition.
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1cm

1cm

Figure 4.10: Sketch of the lip of the pan. The black and red surfaces represent
the lip and the fuel, respectively.

Besides, an extra test is performed in this scenario to study the influence of the distance
between the lateral faces of the domain and the pan on the calculation of the mass loss
rate of the fuel. The lateral dimensions of the coarse mesh are extended by a factor of 2.

Thus, the dimensions of the extended mesh are 0.96 m x 0.96 m x 1.08 m (see Fig.|4.11[) .
The configuration of the pan is the same as described before.

1.08 m

0.04 m
" j

0.96 m

Figure 4.11: Sketch of the extended domain.

Two types of numerical schemes are studied in the 18 cm heptane pool fire: explicit
and implicit (see section |4.5|). In the explicit approach, the time step is predicted by the
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code, limited by a maximum CFL value of 0.8. When using the implicit schemes, the
imposed time step is 4.3 • 10-3 s, 2.1 • 10-3 s and 1.1 • 10-3 s, for the coarse, medium
and fine mesh, respectively. The maximum estimated CFL condition is approximately 1
by imposing these time steps.

The most relevant characteristics of the calculations completed in the 18 cm pool fire and
the position of the results in the document are shown in Table |4.1|.

Table 4.1: List of simulations performed in open conditions.

Cell size (mm) Time step (s) Notes PagesTest

2.1- 10-3

1.8 - 10-3

1.4- 10"3

1.1- 10-3

2.1- 10-3

4.310-3

4.3 - 10"3

4.3 - 10-3

4.3 - 10-3

4.3 - 10"3

4.3 - 10— 3

Automatic
1.1- 10"3

2.1-ir3

4.3 - 10-3

1.1- 10-3

2.1- 10 3

4.3 - 10-3

Automatic
Automatic
9.0 - 10
9.0 - 10—4

Prescribed
Prescribed
Prescribed
Prescribed
Prescribed
Prescribed

Evap. Forced
Evap. Forced
Evap. Forced
Evap. Forced
Evap. Forced
Evap. Forced
Evap. Forced
Evap. Forced
Evap. Forced
Evap. Natural
Evap. Natural
Evap. Natural
Evap. Forced
Evap. Forced
Evap. Forced
Evap. Forced

Mesh sensitivity
Mesh sensitivity
Mesh sensitivity

Time step analysis
Time step analysis
Time step analysis

L^/Re.predicted/Sh,laminar

Lc/Re.predicted/Sh,laminar

LG/Re=5T05 /Sh,turbulent

LG/Re=2.5T05 /Sh,turbulent

Lc/Re.predicted/Sh,turbulent
Shape sensitivity
Mesh sensitivity
Mesh sensitivity
Mesh sensitivity
Mesh sensitivity
Mesh sensitivity
Mesh sensitivity

Extended domain
Explicit schemes
Implicit schemes

Cent.+MUSCL Imp.

30 cm

30 cm

30 cm

30 cm

30 cm

30 cm

30 cm

30 cm

30 cm

30 cm

30 cm

18 cm

18 cm

18 cm

18 cm

18 cm

18 cm

18 cm

18 cm

18 cm

18 cm

18 cm

10.0 156-159
156-159
156-159
156-159
156-159
156-159
160-166
160-166
160-166
160-166
160-166
167-171
171-174
171-174
171-174
171-174
171-174
171-174

8.6
6.6
5.3
5.3
5.3
5.3
5.3
5.3
5.3
5.3
5.0
5.0
10.0
20.0
5.0
10.0
20.0

10.0/20.0
10.0/20.0
10.0/20.0
10.0/20.0

175
175-179
175-179
175-179

-4
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4.7.2 Pool fires in mechanically ventilated enclosures

Large-scale enclosure

Tests PRISME SOURCE and PRISME2 VSP (see sections |2.3.1| and |2.3.2|) have been
performed respectively in the room 2 (see Fig.|2.3|) and 3 (see Fig. 2~8|) of the DIVA facility.

These are the numerical domains for the simulations (see Table |4.3|) to study the fire
behaviour in large-scale mechanically ventilated enclosures. The differences between room

2 and 3 are the following:

(i) The connections between the extraction branch and the enclosure are located at

different positions. In room 2 the extraction branch is directly connected to the
ceiling (see Fig.|2.3|). In room 3 the connection is positioned at the east wall (see

Fig.pD-

(ii) The direction of extraction and injection of the gases point towards different direc
tions (see Figs.|Z3|and |Z8|) .

(iii) The area and location of the insulated surfaces are not the same (see sections |2.3.1|
and [2T3T2D .

In the following simulations the extraction branches are connected directly to the ceiling,

as in the PRISME SOURCE tests, in all cases. It is assumed that this change has no

impact on the calculation of the test PRISME2 VSP 1. The direction of the injected
and extracted gases and the location of the insulated surfaces are modelled as in the
experiments.

The extension and location of the insulated surface is prescribed in the calculation as in
the experiments in each case. The heat transfer through the floor, ceiling and lateral walls
of the enclosure (see Figs.|2.3| and |2.8|) is calculated by means of the ID Fourier Equation
(see section 4.6.4). The other surfaces (i.e. , lateral walls of the pan and branches of the
ventilation system) are modelled as adiabatic. The use of this type of thermal modelling
in these surfaces is explained as follows. In the inlet branch the injected flow stays inside
the pipe short time. Consequently, the amount of heat transferred from the enclosure
is not significant. Besides, in ISIS the conditions inside the ventilation system are not

modelled. To modify the code to take into account the heat transfer in this region would
increase considerable the difficulty of the simulation. Nevertheless, the expected impact
on the results is very reduced. In the outlet branch, the temperature of the combustion
products extracted and accumulated in the upper region of the enclosure is very similar.
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Thus, heat transfer between both regions is not expected. In the simulation the region
under the pan is modelled as a parallelepiped. However, in the experiment this region
contains the device to measure the mass loss rate of the fuel. In Figure |4.12| a picture of
this area in the VSP 1 test is shown. To calculate the heat transfer from the gas phase
towards a complex device is difficult. Thus, the adiabatic suggested is a simplification. In
any case, the relative area of the adiabatic surfaces in comparison to the total surface is
2 %, approximately. Then, the impact of this assumption is not significant. The thermal
characteristics of the material (i.e., concrete and rockwool) prescribed in the simulations
are presented in Table |4~2| fllO|.

Figure 4.12: Detail of the region under the pool fire in test VSP 1 [ 49 ],

Table 4.2: Material properties of concrete and rockwool [10 ]

(J/kg/K) e p (kg/m3)Material A (W/m/K) cp

Concrete
Rockwool

1.5 736 0.7 2430
0.102 840 0.95 140

The volume of the rooms is split in to cubic cells of 0.1 m size, with a refinement near

the walls where the cell size is 0.05 m. The experimental pan shape is circular, but in order
to adapt this shape to the cubic cells, the contour is modified to a square (see Fig.4,13).
The relative difference in pan surface area between the experiment and the computational
model is -0.925 % (0.4 rrr vs. 0.3969 rrr ). The use of a square pan rather than a circular
one modifies the entrainment of the air to the fire region . However, in these grids rhf is
calculated using P&B correlation. Then, the entrainment of the air plays no role on the
calculation of rhf . The influence of these deviations on the calculations can be assumed
as negligible.
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Figure 4.13: Square pan with area similar to the pool fire surface in the large-

scale tests.

(a)

(c) (d)

Figure 4.14: Meshing approaches: a) Meshl, initial Mesh, b) Mesh2, first level
of refinement, c) Mesh3, second level of refinement and d) Mesh4,
third level of refinement.
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Table 4.3: List of simulations performed in large-scale enclosures.

Cell size (mm) Time step (s) Notes PagesTest mf
D1 Prescribed

Prescribed
Prescribed
Prescribed
Prescribed
Prescribed
Prescribed
Prescribed

Mesh sensitivity
Mesh sensitivity
Mesh sensitivity
Mesh sensitivity

Time step analysis
Chemistry analysis
Ventilation analysis
Ventilation analysis

Layer 1.1
Layer 1.2
Layer 1.3
Ring 1.1
Ring 1.2
Ring 1.3
Layer 2.1
Layer 2.2
Ring 2.1
Ring 2.2
Ring 2.3
Layer 6.1
Layer 6.2
Layer 6.3
Layer 6.4
Ring 6.1
Ring 6.2
Ring 6.3

Ring 1.1/14, prescribed 142-143
Ring 1.2/14, prescribed 142-143
Ring 6.1/14, prescribed 142-143

Ring 1

12.5 0.1 131
D1 25.0 0.1 131
D1 50.0 0.1 131
D1 100.0 0.1 131
D1 25.0 0.05 131
D1 25.0 0.1 132
D2 25.0 0.1 132-136

132-136
137-147
137-147
137-147
137-147
137-147
137-147
137-147
137-147
137-147
137-147
137-147
137-147
137-147
137-147
137-147
137-147
137-147
137-147

D6 25.0 0.1
D1 P&B 25.0 0.1
D1 P&B 25.0 0.1
D1 P&B 25.0 0.1
D1 P&B 25.0 0.1
D1 P&B 25.0 0.1
D1 P&B 25.0 0.1
D2 P&B 25.0 0.1
D2 P&B 25.0 0.1
D2 P&B 25.0 0.1
D2 P&B 25.0 0.1
D2 P&B 25.0 0.1
D6 P&B 25.0 0.1
D6 P&B 25.0 0.1
D6 P&B 25.0 0.1
D6 P&B 25.0 0.1
D6 P&B 25.0 0.1
D6 P&B 25.0 0.1
D6 P&B 25.0 0.1
D1 P&B 25.0 0.1
D1 P&B 25.0 0.1
D6 P&B 25.0 0.1
VSP 1 P&B 25.0 0.1 148-153



4.7. Numerical set-up 119

The influence of the cell size on the calculation is studied later (see section 5.2.2) by
simulating the PRISME SOURCE D1 case imposing the experimental rhf . Four grids are

assessed with different refinement levels (see Table |Q|).

(i) Meshl: As described above (see Fig.4.14(a ) ) .

(ii) Mesh2: The grid has a refined volume centred above the pan (1.2 m x 1.2 m over

the entire height). The cell size inside this volume is 0.05 m (see Fig.4.14(b)).

(iii) Mesh3: A second volume (0.63 m x 0.63 m over the entire height) is refined (cell
size 0.025 m) (see Fig.4.14(c)) .

(iv) Mesh4: The cell size in the refined volume (as described for Mesh3) is 0.0125 m

(see Fig.4.14(d)) .

The impact of the time step on the calculation is assessed by performing simulations of
PRISME SOURCE D1 prescribing At as 0.1 s and 0.05 s (see Table |4~3|).

The type of method to model rhf , cell size, time step and other relevant information of
the simulations in the large-scale enclosure are reported in Table pj~3j

Reduced-scale enclosure

The NYX experiment described before is extensively studied numerically (see Table |4~5|) .

The volume of the NYX enclosure (see section 2.3.3 ) is split in to uniform cubic cells.

Three cell sizes are used: 1 cm (fine), 2 cm (medium) and 3 cm (coarse) (see Table|4~5|) ,
in order to determine how sensitive the results are to changes of the cell size in non-fire
simulations. In this type of analysis the size of the cell size is usually increased by a

proportion of 2. Thus, in the present case the studied cell sizes would be 1 cm, 2 cm and
4 cm. However, here the cell sizes to prescribe are limited by the area of the opening of the
ventilation branches (i.e., Av). In NYX, the value of Av is 72 cm2. To mimic accurately
this surface in the simulation is very relevant because the velocity of the injected gases

The momentum of the incoming air has a significant impact on

the penetration of the air. When using 1 cm, 2 cm and 3 cm as cell size the number of
cells prescribed at the opening is 72, 36 and 18, respectively. However, when using a 4
cm cell size the number of required cells would be 4.5. Thus, the area of the opening
should be modified influencing the velocity and the penetration of the injected air. The
pan shape is square on the three grids.

The simulations imposing (see section 5.3.2|) and calculating (see section |5.3.2[) the mass

loss rate of the fuel are performed using the medium cell size (2 cm) (see Fig.4.15(a) ) .

depends on V)„ and AV -
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The selection of this specific cell size is explained later in sections |5.3.1| and |5.3.2|. In
the predictive simulations the height and width of the lip is 1 cm (see Fig.4.15(a) and
Figj4.15(b)l), as for the 18 cm heptane pool fire.
Numerical instabilities related with to convergence of the CO transport equation have
been observed in the proximity of the fuel surface. The exact nature of these instabilities
is unknown. The maximum instabilities are observed when strong vitiated conditions
are reached. In this period the calculation is stopped and must be restarted. Several
approaches to enhance the numerical stability are assessed unsuccessfully. For instance,

reducing the time step or the residuals of the equations. However, by refining locally
the first layer of cells above the surface of the fuel (see Fig.4.15(a)) , the instabilities
disappeared. This refinement creates an abrupt change in the cell size which is not an

optimal set-up. A more progressive refinement could have been applied. However, the cells
in the refined area would become parallelepiped rather than cubics. The parallelepiped
shape would jeopardize the calculation of the characteristic cell size (i.e., A) used in the
calculation of Uses (see Eq.(4.31)) .

I

(a) (b)

Figure 4.15: Details of the mesh used in the predicting calculation of the mass
loss rate of the fuel a) lateral view and b) detail of the pan.

The time step is calculated by the code, based on a maximum imposed value of
CFL=0.8 (see section |4.5|).

As for the large-scale tests, the ID Fourier Equation (see section 4.6.4|) is applied to

calculate the heat transfer through the floor , ceiling and lateral walls of the enclosure (see

Fig.2.17). The lateral walls of the pan and branches of the ventilation system are assumed
as adiabatic following the same reasoning presented before. The initial thermal properties
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of the materials (see Table AA ) imposed in the simulations are reported in Table |4.4[
The emissivity of the steel is not characterized herein because this material is covered by
calcium silicate. Later, in section |5.3.3j the values of the density and thermal conductivity
are modified in order to study the influence of the thermal characteristics of the walls on

the conditions inside the enclosure.

The most relevant characteristics of the calculation of the NYX test and the pages of the
document where the results can be found are shown in Table l4~5l

Table 4.4: Material properties of glass, steel and calcium silicate [57) .

(J/kg/K) e p (kg/m3)A (W/m/K)Material cp

Glass
Steel
Calcium silicate

0.96 840 0.9 2600
50 490 7850

0.21 920 0.95 870

Table 4.5: List of simulations performed in NYX.

Cell size (mm) Time step (s) Notes PagesTest mf
NYX No fire

No fire
No fire

Prescribed
Prescribed

Evap. Forced
Evap. Natural

P&B
Evap. Forced
Evap. Forced
Evap. Forced
Evap. Forced
Evap. Forced
Evap. Forced
Evap. Forced
Evap. Forced
Evap. Forced

Automatic
Automatic
Automatic
Automatic
Automatic
Automatic
Automatic
Automatic
Automatic
Automatic
Automatic
Automatic
Automatic
Automatic
Automatic
Automatic
Automatic

Mesh sensitivity
Mesh sensitivity
Mesh sensitivity

Ventilation,method1
Ventilation,method2

10.0 181-183
181-183
181-183
183-185
183-185
185-198
185-198
185-198
190-191
190-191
199-223
199-223
199-223
199-223
199-223
199-223
223-224

NYX 20.0
NYX 30.0
NYX 20.0
NYX 20.0

10.0/20.0
10.0/20.0
10.0/20.0
10.0/20.0
10.0/20.0
10.0/20.0
10.0/20.0
10.0/20.0
10.0/20.0
10.0/20.0
10.0/20.0
10.0/20.0

NYX
NYX
NYX

hiquid=7 W/m/K
hiquid=15 W/m/K
A*,=0.198 W/m/K
AH,=0.176 W/m/K
AH,=0.165 W/m/K
AH,=0.154 W/m/K
AH,=0.132 W/m/K
AH,=0.11 W/m/K

FEF=0

NYX
NYX
NYX
NYX
NYX
NYX
NYX
NYX
NYX
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4.7.3 Research approach of the CFD simulations
The significant amount of simulations presented in Tables |4.1| |4.3| and |4.5| can make
difficult to follow the research approach of the CFD simulations. Thus, the performed
steps in this research and the main aspect to study are presented in Figure |4~16l
As mentioned in section |1.4j the main aim of this research is to assess the numerical
capabilities of numerical tools to simulate oscillatory fire behaviour. This assessment must

be based on a deep understanding of the experimental results. Later, the numerical and
empirical findings can be used to propose new aspects to measure in future experiments.
Thus, on the left of the Figure |4~l6| from top to bottom the performed steps are found
by order of appearance in the thesis. Herein, the main attention is given to the CFD
calculations. The blue and yellow regions correspond to the RANS and LES simulations.

Inside these regions the different studies are categorized based on the method to model

rhf (e.g., prescribed rhf ) . The range of pages where each study can be found is provided
to facilitate the navigation trough the thesis. On the right, the aim and main findings of
each step are briefly described. The aspects which represents a novelty are shown in red.
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These calculations intend to evaluate
the capability of P&B to capture the
oscillatory fire behaviour. The
assessments of the layers and rings try
to find a region where the changes in
the concentration of 02 are
representative to the changes of rhf
during the oscillatory period.
The results indicate that P&B is not
suitable to capture the phenomenon
and more complex method to
calculated rhf are required.

STUDY OF THE EXPERIMENTAL DATA

— — I RANS-Large-scale enclosure pages 130-153

Prescribed rhf
Mesh sensitivity (12.5mm-100mm) and time step sensitivity

(0.05s and 0.1s) Test:Dl. Pages 130-131

Chemistry assessment Test: Dl. Page 132

Ventilation assessment Test:Dl, D2 and D6. Pages 132-136

| Calculated rhf using P&B ]
Volume of reference assessment

Experiments: Dl, D2 and D6. Pages 137-147
Assessment of the oscillations using Ring 1

Experiment: VSP 1. Pages 148-153
These simulations study the influence
of the cell size and time step on the gas
phase.
Later, the forced convection model is
used to calculate rhf . The influence of
the type of length scale (local and
global) and Sh number on the
prediction of rhf is studied.

"( LES-30 cm diameter pool fire in open conditions pages 156-166 j~
Prescribed rhf

Mesh sensitivity (5.3mm-10mm) and time step
sensitivity (2.1x10 3s-4.3xl03s). Pages 156-159

Calculated rhf using forced evaporation model

LL and LG assessment. Pages 160-166

— LES-18 cm diameter pool fire in open conditions pages 167-179 }—
The capacities of the evaporation
model are assessed in the same fire
source used in NYX. A new evaporation
model assuming natural convection is
evaluated. Aspects as the influence of
the extension of the domain, influence
of the shape of the pan and numerical
schemes on the evaporation rate are
evaluated.

Calculated rhf using natural and forced evaporation model

Influence of the pan shape assessment . Pages 167-171

Mesh sensitivity (5mm-20mm). Pages 171-173

Type of convection assessment. Pages 173-174

Extended domain assessment. Page 175

Numerical schemes assessment. Pages 175-179
J

“ — "~( LES-Reduced-scale NYX pages 181-224 \ — —
The fire phenomenon in the NYX
enclosure is studied progressively.
First, the flow without fire is analyzed.
Second, the mass loss rate of the fuel
is prescribed. Two different methods
to set up the ventilation boundary
conditions are assessed. The Method 2
is a novelty that takes into account the
fire conditions. Third, the evaporation
models are tested. The forced
convection evaporation model has the
best performance. Fourth, the
influence of the thermal conductivity
of thermal insulation on the
oscillations is studied.

No Fire Test

Mesh sensitivity (10mm-30mm). Pages 181-183

Prescribed rhf
Assessment of Method 1and 2 to model R. Pages 183-185

Calculated rhf using P&B, natural and forced evaporation models

Assessment of models to calculate rhf . Pages 185-198

A (liquid phase) (3-15 W/m/K) assessment. Pages 190-191

A(wall) (0.22- 0.11 W/m/K) assessment. Pages 223-224

Extinction assessment (FEF=0) . Pages 223-224

NEW ASPECTS TO MEASURE

Figure 4.16: Research approach followed for the CFD simulations. On the left,
the performed tests are shown in order of appearance from top to
bottom. On the right, the main objectives and findings of each
section are described. The novel aspects are shown in red.





Chapter 5

Computational Fluid Dynamics tests

and results

5.1 Introduction
The oscillatory fire behaviour could reduce the level of safety in Nuclear Power Plants (see

section|1.3|) by increasing: 1) the spread of radiative materials due to the oscillations of the
pressure and 2) the concentration of combustible gases outside the enclosure that could
start a secondary fire. The phenomenon can be analysed experimentally and numerically.
The PRISME2 VSP campaign (see section 2.3.2 ) has been studied numerically in [53)
with a focus on the prediction of the oscillatory behaviour using CFD. A similar scenario
to VSP 1 is studied in [8] . The simulation of such a phenomenon is quite complex. One
of the most significant difficulties is the prediction of rhf . In [8] , the mass loss rate of
the fuel is predicted using the evaporation model described in|6l]. A simpler approach is
applied in |53) where rhf is governed exclusively by the heat fluxes from the gas phase.
In |8]] , the numerical code is Fire Dynamic Simulator 6 (FDS) [32 ] . A uniform grid formed
by cubic cells with a size of 10 cm is prescribed. The outcome obtained with a 5 cm cell
size does not differ significantly. Turbulence is treated by means of LES with a time step

constrained by the CFL condition. In |53] , the used code is ISIS. Turbulence is modelled
using RANS K-E model imposing a time step of 0.1 s. Hence, a finer cell size than the one

used in [ 8 ] is affordable in terms of computational cost. In the proximity of the walls of
the enclosure the used cell size is 10 cm. The grid density is increased progressively until a

cell size of 2.5 cm in the flame zone. Other differences between the numerical set-ups are

found in extinction modelling. In |8| the extinction criteria depend on whether or not the
local reaction raises the temperature of the mixture to 1600 K (critical flame temperature

125
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by default). In ISIS the extinction model takes into account the temperature and the O2

concentration as well (see section T3). In both analyses the reaction is modelled using
the Eddy Dissipation Model and a 2-step irreversible reaction.

In [8j, oscillatory fire behaviour is observed with a frequency of approximately 10 mHz.
The relative deviation from the experimental data is 30 %, approximately. The amplitude
of the signal is under-predicted by 70 %. The numerical and experimental average my
are respectively 12 g/s and 11 g/s, which is an excellent agreement. In order to assess

the importance of the evaporation and radiation modelling, an extra simulation is per-

formed in [8] . The prescribed mass loss rate of the fuel is equal to the expected value in
open conditions (22 g/s) and a radiative fraction, without computing the radiative transfer
equation, is imposed. In this simulation two facts are observed: the average my is about 16
g/s and the oscillatory behaviour is not observed. These results highlight the importance
of evaporation modelling and the radiative heat fluxes on the prediction of my. However ,

by performing both changes of the set-up at the same simulation it is difficult to assess

the specific level of influence of each modification. In [53], the oscillatory behaviour is
predicted with a larger deviation than observed in [8] . The calculated frequency of my is
14 mHz, with a relative deviation between the experimental and the predicted dominant
frequency of 112 %. In this study the influence of extinction modelling is assessed. The
average my are 11.4 g/s and 15.2 g/s with and without the extinction model. A similar ob-

servation is reported in [8] . It proves that extinction modelling has a large influence on the
simulation. The importance of chemistry modelling is analysed by comparing the results
using 1 and 2 reaction steps to analyse the influence of CO production and reaction. The
captured dominant frequency is the same (i .e. , 14mHz) but the distribution of the energy
spectrum at higher frequencies is more accurate using the 2-step reaction, compared to

the experimental data . The deviation between the numerical and experimental frequency
and amplitude of the signals in [8, 53] shows the difficulty to model the oscillatory fire
behaviour.
The present section intends to simulate and study the oscillatory fire behaviour in me-

chanically ventilated enclosures using CFD. As in|8|[53], the assessment starts by focusing
on the calculation of my. This aspect is assumed as fundamental to simulate the phe-

nomenon. As shown in section |2.3.2| the oscillatory fire behaviour was observed only when
fuels were in liquid or solid state. It suggests that the evaporation process must be reactive
to the changes in the gas phase. The steps to follow are the next: First, the large-scale
tests PRISME SOURCE Dl, D2 and D6 [10, 57| and PRISME2 VSP 1 |]53j are simulated
using RANS (see section 4.2.1) to model the turbulence phenomenon and the P&B corre-

lation to calculate the evaporation rate of the fuel. These tests are intended to explore the
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possibility to capture the oscillatory fire behaviour by means of relatively simple models at

a relatively low computational cost . Second, the capabilities of a more complex approach,
based on LES and an evaporation model, are tested. The two approaches for the evapora-

tion model (i.e. , natural and forced convection) are validated in two circular heptane pool
fires with diameters 18 cm and 30 cm. The best numerical settings of these models in
terms of accuracy and computational cost are applied to simulate thf in test NYX [34, 35]
where oscillatory fire behaviour has been observed. The dimensions of this experiment
(i.e., 1.875 m3) allow to perform LES simulations with an acceptable computational cost.

Another possible option would be the use of PRISME2 VSP [53| tests. However, the
volume of the enclosure (i.e. , 120 m3 ) and the duration of the tests make these cases

computationally expensive. Later, the influence of the thermal characteristics of the walls
on the oscillatory fire behaviour in NYX (see section |2.3.3) is assessed by modifying the
thermal conductivity of the liquid.

5.2 Simulations of the large-scale tests using RANS
equations and the P&B boundary condition

The large-scale tests PRISME SOURCE Dl, D2 and D6 [10||57| and PRISME2 VSP 1 [531
have been performed in rooms 2 and 3 of the DIVA facility (see sections [T3.1 and 2.3.2[) ,

respectively. The volume of these compartments is 120 m3 and the duration of the exper-
iment is, for instance, 3500 s in case PRISME SOURCE Dl. The scale of the experiments
in space and time makes the use of RANS turbulence approach appealing. RANS allows
to simulate fire scenarios with larger time step and grid size than other turbulence ap-

proaches, such as LES. The P&B boundary condition is chosen in the case at hand to

calculate thf because: 1) it is a correlation dedicated to vitiated conditions, and 2) it is
a relatively simple approach that depends only on the average concentration of O2 in a

selected volume.

However, it has been stated before that high temperature near the fire source is a fun-

damental factor to trigger the oscillatory behaviour. The temperature of the gas phase
is not taken into account in P&B boundary condition (see Eq.(3.10)). But, it is possible
that the changes in terms of concentration of O2 in a specific volume is total or partially
representative of the changes in thf during the oscillatory period. This approach would be
an easy method to simulate the phenomenon. Thus, in the present section the capability
of different volumes are tested.
A clear criterion to define where to 'measure' the oxygen concentration in CFD simula-

tions is, however, not well established. In [lOj the O2 concentration is referred to as 'near
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the pit ’ or 'near the pool fire' , but an accurate definition is not provided. In [57] two

approaches are introduced, labelled ’ring’ and 'layer ' volumes. In the first approach the
volume is located as a ring around the pool. It is assumed that the Oi concentration
near the flame has a direct influence on the rhf because this is the O2 available for the
combustion. The ' layer ' volume, on the other hand, relates to the assumption that there
is a hot upper layer (smoke) and a cold bottom layer. The base of the volume spans
over the entire compartment floor. The height of the volume depends on the temperature
profiles, assuming that the temperature and O2 volume fraction are connected.

Simulations prescribing
rhf in the PRISME SOURCE

Dl, D2 and D6 test

Influence of the cell size and time step on
the velocity and temperature fields.
Validation of the pipe-junction boundary
condition.
Influence of the one and two-step chemistry.

Simulations predicting rhf
using the P&B correlation in
the PRISME SOURCE Dl, D2

. and D6 test .
Comparison of different volumes to predict
rhf .
Assessment of the capabilities of the code to
predict the conditions within the enclosure.
Study of the transport of oxygen.

Simulations predicting rhf
using the P&B correlation
and ringl in the PRISME2

, VSP-1test >

Figure 5.1: Steps followed in the simulations to assess the combination of P&B
boundary condition and RANS turbulence model.

5.2.1 Simulation test cases

Tests PRISME SOURCE Dl, D2, D6 (see Table [272]) and PRISME2 VSP 1 (see Table |23[)
are the experimental references in the following calculations. Test Dl is used first to study
the influence of the cell size, time step and single or two-step chemistry on the solution.
Tests D2 and D6 are applied, as well, to assess the pipe-junction boundary condition (see

section [3.2.2 ) . These preliminary simulations are performed by imposing the experimental

rhf (see Fig. 2.4(b) ). Later, the capability of the code and numerical set-up to calculate

rhf , T and Xo2 in the enclosure is evaluated in tests Dl, D2 and D6. Ultimately, the
capability to predict the oscillatory fire behaviour is analysed by comparing the numerical
and experimental outcome of test VSP 1. Figure [5T[ provides an overview of the followed
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step-wise approach.
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Figure 5.2: Peatross-Beyler correlation (solid line), experimental uncertainty
(dashed line) and experimental normalized rhf and Xo2 in cases Dl,
D2, D6 and VSP 1.

In order to ensure that the P&B boundary condition can be applied for tests Dl, D2,

D6 and VSP 1, the averaged Oo in the proximity of the pool fire and near the bottom of the
enclosure, and the normalized rhf are compared with the P&B correlation (see Fig.5.2). For
the PRISME SOURCE cases the correlated values are within the experimental uncertainty
of the correlation (±22%). The oxygen values near the pan and in the SE corner do
not differ much for cases Dl and D2, with an relative difference of 1.1 % and 2.5 %,
respectively. However, there is a larger deviation (8.0 %) in the O2 concentrations in case

D6. It indicates that the environment in cases Dl and D2 is more well-mixed than in D6.

Thus, the concentration of species in Dl and D2 is approximately constant in space and
the P&B correlation is expected to perform more accurately. The discrepancy with case

D6 is produced by the location of the inlet in the lower part of the enclosure. This position
favours the accumulation of O2 near the bottom of the enclosure and leads to stronger

stratification. The renewal rates prescribed in cases Dl, D2 and D6 (between 4.7 h
and 8.4 h-1) and in the experiments (between 34.24 h-1 and 87.37 h-1 [43, 56, 73 ] ) differ
significantly. However, despite these difference the P&B correlation seems to be applicable
based on Figure [5~2|. On the contrary, in case VSP 1 the concentration of oxygen at the
locations ’low’ and ’near the pan’ are significantly outside of the uncertainty range of the
P&B correlation (see Fig.|5.2|). The experimental ihf (11 g/s) is higher than the value
obtained from the correlation for a concentration of oxygen of 13.7 % and 12.8 % near

-1
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the pan and near the bottom of the enclosure, respectively. For these levels of vitiation,
6 g/s and 4 g/s, respectively. Hence, the P&B boundaryusing P&B leads to rhf

condition would under-calculate rhf in case VSP 1. The significant discrepancy between
the experimental and correlated data in VSP 1 is explained by the condition inside the
enclosure. As mentioned, the oscillatory fire behaviour is triggered when strong vitiation
and high temperature are reached in the proximity of the fuel surface. The influence of the
high temperature of the gas phase on the evaporation process is not taken into account

in the P&B correlation (see Eq.(3.10)).
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Figure 5.3: Mesh analysis of the meshes 1to 4 (see Section 4.7.2) : steady state
average results on the center line: a) velocity and b) temperature.

5.2.2 Results and discussion

Tests prescribing the Mass Loss Rate of the fuel

The deviation between the experimental data and numerical results is due to uncertainties
in the models, in the discretization techniques and in the experimental measurements.

Here, the influence of several variables, such as the cell size, time step and the modelling
of the chemistry and ventilation are analysed. The sensitivity on ventilation configuration,
cell size and time step and the single or two-step modelling of the chemical reaction tests

are completed in test D1|10}|64) . Cases D2 and D6 are used to validate the pipe-junction
boundary condition (see section |4.6.3|). In addition, the transport of the oxygen within
the enclosure in the three tests is studied. The experimentally measured rhf profiles (see

Fig.2.4(b) ) for the three cases are imposed here, in order to remove uncertainties related
to the techniques applied to calculate rh f . The obtained results show the capabilities of
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ISIS to simulate the scenario at hand.

Mesh sensitivity analysis The solutions predicted with the meshes described in Section
4.7.2 are analysed in test D1 first based on the vertical velocity (see Fig.5.3(a) ) and
temperature (see Fig.5.3(b)) above the center of the fire source. The refinements have
been performed in the volume where the flaming combustion products is expected. The
sharpest gradients in velocity and temperature are observed in this zone as well. Besides,

the difference between the results obtained with different cell sizes increases in the zones

with high velocities [75 ]. Thus, the center line is the most suitable area to analyse the
influence of the grid on the solution.
The deviation between the velocity fields is less significant than in the temperature fields
near the pan. The largest relative deviations for velocity and temperature, respectively,

between Meshl (coarsest) and Mesh3 (fine), are 47% and 31%. On the other hand, the
relative disparity between Mesh2 and 3 (medium and fine respectively) , drops to 12% for
velocity and 10% for temperature. The differences between Mesh3 and Mesh4 (fine and
finest grids) can be neglected because the velocity and temperature profiles collapse almost
over the entire height, except in the vicinity of the pit where a difference in temperature of
112 °C is observed. This deviation is very significant. However, it is located only in a small
region very near the surface of the fuel that does not affect the overall behaviour. Thus,

the influence on this deviation in the calculation, for instance on the chemistry modelling,

is very limited.

In general terms the grid is assumed as sufficiently fine with a cell size of 0.025 m. The
numerical simulations in the remainder of the analysis are performed on Mesh3. The
computational time for the simulations are 15.16 h, 31.02 h, 57.3 h and 408.2 h for
Meshl, Mesh2, Mesh3 and Mesh4, respectively, on 20 CPUs in parallel (with CPU type

2xlO-Core Intel Xeon E5-2680 v2, with a speed of 2.8 GHz). Note that the relative increase
of computational cost is 612 % by using Mesh4 in comparison with Mesh3. Consequently,

the use of a grid size of 0.00125 m could not be affordable.

Time step analysis Simulations have been completed of test D1 with time steps of 0.1
s and 0.05 s. The deviation in the averaged temperature at four heights (0.05 m, 1.05 m,

2.05 m and 3.05 m) in the SE corner, is less than 1 %. In addition, the deviation observed
in the instantaneous values is not significant. Hence, a reasonable convergence is reached
with a time step of 0.1 s. The total computational time increases from 57.3 h to 101.6 h
as the time step is reduced to 0.05 s. Therefore, the time step in the following simulations
is set to 0.1 s.
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Chemistry analysis The fuels used in the experiments are tetrapropylene in PRISME
SOURCE and heptane in PRISME2 VSP 1. The influence of single or two-step reactions
is studied (see section |4.3|). It is expected that the modelling of the chemistry affects the
temperature within the enclosure. Thus, the averaged temperature profiles for the two

chemical approaches are compared for test Dl. The largest absolute difference between
the two calculations is 1.5 °C at a height of 0.3 from the floor in the NE location. This
illustrates that the use of two-step chemistry is not required in the case at hand. Besides,

imposing the two-step chemistry increases the computational time by 15 %. Consequently,

the remainder of the tests are performed using the one-step chemical approach.

Ventilation analysis The pipe-junction boundary condition, described in section |4.6.3[
is tested for three PRISME SOURCE cases. The volume flow rate in the intake and
exhaust branches are compared with the experimental V (see Fig.5.4) . The pipe-junction
boundary condition is set up using the values shown in Table |3.2|. The averaged results
for the steady period are presented in Table |5Tj

Table 5.1: Average experimental and numerical V and relative deviations.

Vmmi. (m3/h) VExp. (m3 /h) e (%)Case

Intlet Dl
Outlet Dl
Inlet D2
Outlet D2
Inlet D6
Outlet D6

442 462 4.5
-715 -683 -4.5
767 839 9.4

-1323 -1380 3.9
406 11.8454
-789 -741 -6.0

The experimental uncertainty in the measurements of the flow rates is 10 % [64|.

Except for the inflow of case PRISME SOURCE D6 (relative deviation equal to 11.8 %),

the predicted V values are within that range, showing the validity of the approach.
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O2 transport The importance of O2 transport inside the domain is illustrated by the
differences in the my between the tests Dl, D2 and D6 (see Fig.2.4(b) and Table |2.2[).
The mass loss rate of the fuel in the D6 test is 60 % higher than in Dl, merely due to the
inlet ventilation position. In case D2, the increase of the air flow by 80 % results in a 50
% of increase in my. In order to study the air distribution inside the domain the profiles of
O2 concentration and temperature for the three cases imposing my and the experimental
data are shown in Figure [575j Later in Figure |5T7] these profiles are illustrated by means

of iso-contours.
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Figure 5.5: Comparison of the experimental and predicted a) O2 concentration
profiles and b) temperature profiles for cases Dl, D2 and D6. Note:
the error bars in the O2 profiles do not take uncertainties in the
supply flow rate into account.

The highest O2 concentration is located in the lower part of the compartment where
a layer rich in oxygen is formed. On the contrary, the combustion products accumulate
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in the upper part of the enclosure. The temperature profiles are well predicted but the
simulation of the O2 distribution is less accurate. It is noted that the error bars in Figure
5.5(a )|only reflect the uncertainty of the measuring device, not the uncertainty (10 %, see

above) in the supply flow rate. Obviously, this uncertainty will add to the uncertainty in
the Oo measurements.

6 m
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E
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Figure 5.6: Planes used to analyse the O2 composition inside the domain.

The O2 stratification occurs because the injected cold air flows to the bottom due to

the density difference with the high temperature combustion products. In order to illus-

trate this phenomenon two slices (Planel and Plane2) have been considered within the
domain (see Fig.5.6). The instantaneous O2 concentration and temperature iso-surfaces
at t = 2000 s in Planel and Plane2 are depicted in Figure |5.7| for cases Dl, D2 and
D6. In addition, the velocity vectors in Plane2 are shown. For readability the range of
temperatures and concentrations is limited.

The zone where the oxygen is accumulated coincides with the areas with the lowest tem-

peratures in all the cases. Two layers based on temperature and composition are formed.

The extension and characteristics (temperature and composition) of the layers depend on

V and the inlet position. Based on the velocity vectors (see Fig.5.7(j) 5.7(k) and 5.7(1) ) ,

similar air transport from the inlet to the floor is observed in the three cases. The air path
distance is shorter in case D6 than in cases Dl and D2. Hence, the mixing between the
air and the combustion products is less significant for case D6 and the transition between
layers is sharper. The formation of a continuous region with high O2 in the vicinity of the
flame produces the highest thf of the studied cases. This enlightens how the conditions
in the enclosure change locally and illustrates the difficulty to use a one-zone model to

characterize the fire behaviour.
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Calculation of the Mass Loss Rate

The aim of this section is to analyse the application of the P&B correlation to calculate

rhf in tests Dl, D2 and D6. The interplay of rhj with other variables, such as temperature

and O2 concentration, is analysed. The influence, on rhf and oxygen distribution, of the
definition of the reference volume to determine the average O2 , the inlet position of the
ventilation branch and the renewal rate, are also studied with CFD. This is novel reported
for the first time in [57 ] . Ultimately, the present section aims to provide recommendations
on how to define the volume to determine the average O2 value when using the P&B
correlation in practical calculations.

Description and justification of the volumes The regime inside the enclosure in [43 ]
is well-mixed and the measured O2 used in the P&B correlation is representative for the
oxygen available for the flame. The condition in the measurement point depends on

the ventilation, compartment shape and the characteristics of the pool fire. The same

position and method to measure O2 cannot be used in a different geometry, ventilation
set-up or regime as for the cases at hand. The approaches to model the volumes where O2

concentration is measured are labelled ’ring’ and ’layer’ volumes. Both approaches follow
the main hypothesis proposed in [43 ]. The gauged O2 concentration is representative for
the O2 available for the flame.
The main assumption of the ring approach is that the measured O2 in the vicinity of the
pan will be transported and will react with the fuel. Hence, the O2 concentration in the
ring is representative for the available O2 for the flame. The ring volumes are formed by
the cells which are located around the pan. The geometry of the rings is depicted in Figure
|5.8|. The ring volumes are called, respectively, Ringl, Ring2 and Ring3. The dimensions
of the volumes are found in Table 15.21
The height of the rings (0.1 m, 0.4 m and 0.9 m) is essentially arbitrary in the present

study, in order to explore the capabilities of the approach. One could consider the flame
height as height of the ring, but the flame height is variable, in some cases with tilting
or puffing. In addition, two positions of the ventilation inlet branch are analysed, also
affecting the flame height. The width of the rings is chosen such that the floor area scales
with the height, although this is also arbitrary. The main focus is on the calculation of
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Table 5.2: Ring dimensions: height and width.

Volume Width (m) Height (m)
Ringl
Ring2
Ring3

0.1 0.1
0.2 0.4
0.3 0.9

RING3

RING2

RING1

(b)

Figure 5.8: Ring volumes: a) perspective view of Ringl, b) schematic side view
of the rings.

The hypothesis of the layer volume approach is that the changes in the temperature

slope are indicative of the O2 concentration, this connection is illustrated in Figure |5.7[
The layer volumes are formed by parallelepipeds with a base equal to the compartment,

5 m x 4 m, and variable height . The Oo inside the layer volume is assumed as relatively
homogeneous and representative for the O2 available for the flame. A simplified diagram
of the volume layer inside the compartment is shown in Fig.|5.9[ The volume in which the
oxygen is averaged, is depicted in green.
The height of the volume is based on the average temperature profiles as obtained from the
experiment. The temperature profiles in cases Dl, D2 and D6 'can be considered as the
superimposition of one or more 'zones' characterized by a constant temperature gradient
(dT jdZ). The number, depth and value of the gradient vary with time and according to

the test configuration' [51] . Cases Dl and D2 are characterized by two zones and D6,
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due to the effect of the ventilation branch position, by four zones (see Fig.5.10(a)).

Layer
Height

4 m

5 m

Figure 5.9: Diagram of the layer volume configuration.

The interface between the lower and upper zones for cases D1and D2 (see Fig.5.10(b)
and 5.10(c)) is unclear, with a transition zone between 1 m and 2 m height. In order to

analyse the capabilities of the layer volume approach, three heights are studied for case

D1 (1m, 1.5 m and 2 m height) and two (1 m and 2 m) for case D2. In case D6, there is
no clear indication for the position of the interface between the oxygen rich and vitiated
zones. Therefore, different volume heights (0.2 m, 0.5 m, 1 m and 2 m) are tested (see

Fig.5.10(d) ). The heights of all the tested volumes are shown in Table |5T3|
The presented ana

Table 5.3: O2 average layer volume heights.

Experiment Name Height (m)
PRS-SI-D1 Layerl.l
PRS-SI-D1 Layerl.2
PRS-SI-D1 Layerl.3
PRS-SI-D2 Layer2.1
PRS-SI-D2 Layer2.2
PRS-SI-D6 Layer6.1
PRS-SI-D6 Layer6.2
PRS-SI-D6 Layer6.3
PRS-SI-D6 Layer6.4

1.0
1.5
2.0
1.0
2.0
0.2
0.5
1.0
2.5
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Figure 5.10: a) Diagram of the thermal layers representative of cases D1 and
D2 (left) and D6 (right) [51] and height of the layer volumes for
the experiments b) PRISME SOURCE Dl, c) PRISME SOURCE
D2 and d) PRISME SOURCE D6.

Mass loss rate calculations The average O2 concentration in the described volumes
is used as input in Equation (3.10) to calculate, rather than impose, the mass loss rate

of the fuel. The calculated rhf are compared to the experimental ones in the steady state

phase (between 1000 s and 2000 s). The average values for each case and the relative
and absolute deviations between experimental and numerical values are provided in Table
5.4. In addition, the simulated and experimental rhf are shown in Figure |5T1)
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Figure 5.11: Experimental and calculated rhf in the experiments a) PRISME
SOURCE Dl, b) PRISME SOURCE D2 and c) PRISME SOURCE
D6.

There is a deviation between the experimental and the calculated rhf during the initial
period of the simulation, because from the first time step the mass loss rate of the fuel
is calculated using Equation (3.11) . As shown in section |3.2.2| the expected rhf in this
period is 13.8 g/s for the PRISME SOURCE tests. The experimental rhf increases during
the initial stages until a steady state rhf is reached. This growth period is not simulated
by the P&B or Babrauskas correlation [14,|43j. The initial rhf can be modelled in ISIS
imposing the experimental value until a steady stage is reached. However, the present

approach was chosen to be fully more predictive. From the second time step the fuel mass

loss rate decreases, due to vitiation, until the steady-state phase is reached. A similar
trend in the calculation of rhf was observed when using the zone model (see Fig.3.10|).
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This is expected because in both approaches the mass loss rate is calculated using P&B
boundary condition.

Table 5.4: Mass loss rate of the fuel, experimental and numerical, and deviations
relative and absolute for cases Dl, D2 and D6.

Height (m) my (g/s) Abs. deviation (g/s) e (%)Experiment Name

PRS-SI-D1 Experimental
PRS-SI-D1
PRS-SI-D1
PRS-SI-D1

4
Layerl.l
Layerl.2
Layerl.3

PRS-SI-D1 Ringl.l
PRS-SI-D1 Ringl.2
PRS-SI-D1 Ringl.3

1.0 3.7 -0.3 -7.5
1.5 3.8 -0.2 -5.0
2.0 3.8 -0.2 -5.0

3.6 -0.4 -10.0
3.7 -0.3 -7.5
3.7 -0.3 -7.5

PRS-SI-D2 Experimental
PRS-SI-D2
PRS-SI-D2

6
Layer2.1
Layer2.2

PRS-SI-D2 Ring2.1
PRS-SI-D2 Ring2.2
PRS-SI-D2 Ring2.3

1.0 5.6 -0.4 -6.6
2.0 -0.5 -8.35.5

-0.6 -10.05.4
-0.6 -10.05.4
-0.6 -10.05.4

PRS-SI-D6 Experimental
PRS-SI-D6
PRS-SI-D6
PRS-SI-D6
PRS-SI-D6

6.4
Layer6.1
Layer6.2
Layer6.3
Layer6.4

PRS-SI-D6 Ring6.1
PRS-SI-D6 Ring6.2
PRS-SI-D6 Ring6.3

0.2 5.2 -1.2 -18.7
0.5 -1.4 -21.85
1.0 4.2 -2.2 -34.3
2.5 3.7 -2.7 -42.1

-1 -15.65.4
-1.7 -26.54.7
-2.4 -37.54

In the steady-state period, the mass loss rate of the fuel is under-calculated in all cases.

The closest results to the experimental measurements are -5 % and -6.6 % for cases Dl
and D2. This outcome is obtained using the layer approach in both tests (Layers 1.2, 1.3
and 2.1). The differences between experimental and calculated my in case D6 is larger (-
18.7 %) using Ring 6.1. The differences between the layer outcomes are larger in D6 than
in Dl and D2. The transition between the O2 layers is more abrupt in D6 (see Figs.5.7(d)
5.7(e), 5.7(f ) , 5.7(j) , 5.7(k) and 5.7( 1)) which produces a significant difference between
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the calculation using different heights. The experimental rhf is 50 % larger in case D2 in
comparison with Dl. This increase is well captured by the P&B correlation. On the other
hand, the mass loss rate of the fuel increases 60 % modifying the inlet position in case

D6. This increase in rhf is calculated, but less accurately.

The under-calculation of rhf can be explained by the relative deviations observed in V,„
(4.52%, 9.38 % and 11.8 % for
are of the same order of magnitude as the relative deviations found for the calculated

rhf closest to the experimental data: -5 %, -6.6% and -15.6% for cases Dl, D2 and
D6, respectively. In order to investigate the influence of V on rhf , three tests have
been performed. First, the experimental V-in has been imposed in test Dl. The oxygen
concentrations are measured in Layerl.2 and Ringl.l, where the smallest deviations with
the experimental data are observed. The numerical rhf , imposing V and measuring the
oxygen in the Layerl.2, is the same as obtained previously (3.8 g/s). On the contrary, rhf
increases from 3.6 g/s to 3.7 g/s using Ringl.l. Second, case D6, measuring the oxygen
concentration with Ring6.1, is simulated imposing the experimental V/„. The calculated

rhf increases from 5.4 g/s to 5.7 g/s. These results indicate that the under-calculation of

rhf is partially explained by the lower Vm and that the Ring configuration is more sensitive
to the changes in V due to the smaller size of the volume. Although the obtained results
are still under-calculated, they are within the experimental uncertainty related to the P&B
correlation (±22%). The numerical values of rhf with the zone model shown before are

-17.5 %, -18.3 % and -48.4 % for cases Dl, D2 and D6, respectively. In general terms the
calculation of rhf is more accurately predicted in the present simulations. It proves that
CFD is a more suitable tool to simulate the case at hand.

The signals of the fuel mass loss rate observed with the layer and ring volumes are slightly
different in cases Dl and D2. The layer approach produces a smooth signal and the
measurement is less affected by the flame movement or the ventilation, due to the large
volume of the layers. In contrast, the ring signals are more fluctuating. The flame shift,
produced by the tilting or the ventilation, modifies the concentration in the region. On
the contrary, the signals observed for D6 are smooth using rings or volumes. The oxygen
rate provided to the flame is constant (see Figs. 5.7(i] and 5.7( 1) ) and reaches the flame
directly without significant mixing with the combustion products.
The calculation of rhf is closer to the experimental data for cases where the mixing of
the injected air and the combustion products is strong, such as cases Dl and D2. The
available O2 in the bottom region is representative for the oxygen that reaches the flame.
On the contrary, the ring approach is more suitable when rhf depends on direct flows
from the inlet. Moreover, in order to define the layer heights the temperature profiles

Dl, D2 and D6 respectively). These differencescases
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must be known beforehand. Thus, this approach cannot be applied as a fully predictive
tool, in contrast to the ring method. The outcomes obtained with layers and rings are

relatively close to each other, but the ring method is a straightforward approach for use

in a predictive method.

Influence of the mass loss rate on the temperature and O2 concentration profiles
The experimental and calculated temperature profiles in the SE corner for tests Dl, D2
and D6, imposing rhf , were shown previously (see Fig.|5.5|). In this section the profiles
obtained using the P&B correlation are depicted. For readability, only the most accurate

results of rhf are shown (Layerl.3, Layer2.1 and Ring6.1).

Table 5.5: Experimental and calculated rhf and temperatures in the upper part
of the compartment and deviation between temperature and rhf .

Experimental Imp. rhf P&B

T (°C) T (°C) T Dev. (°C) T (°C) T Dev. (°C) rhf Dev.(g/s)Case

Dl 220 211 -9 211 -9 0.2
D2 242 254 12 237 0.4-5
D6 263 303 40 264 1 1

The experimental and predicted temperatures in the upper region imposing rhf and
using the P&B correlation are shown in Table |5.5| (2nd, 3th and 5th column). In addition,

the absolute deviation in temperatures between the calculated values and the experimental
ones are depicted (fourth and sixth column). The differences in rhf between the simulations
are displayed as well.
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Figure 5.12: Experimental and numerical profiles of the temperature (left col-
umn) and Oo concentration (right column) in the SE corner: a)
and b): PRISME SOURCE Dl, c) and d): PRISME SOURCE D2
and e) and f): PRISME SOURCE D6.
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The higher my the higher the upper temperature is. The trend of the temperature pro-

files is well captured prescribing and predicting my (see Figs.5.12(a), 5.12(c) and 5.12(e) ) .

For the predicted cases the deviation in temperature in the upper part of the enclosure in-

creases with the difference in my. In cases D1and D2 the temperature difference between
imposing my and using the P&B is 0 °C and 17 °C and my discrepancies are 0.2 g/s and
0.4 g/s. The variation is higher for case D6 (39°C and 1 g/s). As shown in Table|5Tl the
relative deviation between the calculated Vout , prescribing my, and the experimental value,

is -6 % (see Table |57l|). Then, the significant discrepancy in temperature in case D6 when
prescribing my could be caused by a stronger accumulation of combustion products in the
upper region in the simulation than in the experiment. Note that the highest mass loss
rate of the fuel and, thus, generation of combustion products is reported in case D6. The
deviation in Vout thus has a more significant impact in D6 than in the other tests. The
lower calculated my (i.e., -18.7 %) in the predictive case leads to a lower temperature in
the enclosure and a better agreement with the experimental results.

The slope of the experimental temperature profiles in the upper part of the compartment,
from 3.5 m to 4 m, increases sharply in the three cases. This phenomenon is caused by
the ceiling jet , which is well captured in the numerical simulations specially in the initial
period of the simulations. Instantaneous velocity profiles at the SE location for times
100 s, 500 s, 1000 s, 1500 s and 2000 s are shown in Figure |5.13|. The results are for
case Dl, measuring the Oi in the layer 1.3, but the outcome is representative for all the
simulations. The intensity of the jet is higher during the initial stages of the fire (see black
line in Fig.5.13) , after which the ceiling jet weakens due to the reduction of my and the
plume entrainment rate, as well as the build-up of a smoke layer.

4
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Figure 5.13: Instantaneous velocities in the SE corner at 5 times for case Dl
measuring the Oo in the Layer 1.3.
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The temperature near the floor of the compartment is analysed following a similar
approach (see Table |5^6|). The temperatures for cases D1 and D2 have a larger deviation
than in case D6, where the prediction of the temperature is accurate. The comparison of
the temperatures predicting and imposing my shows that the influence of my is smaller in
this zone of the compartment (see Figs.5.12(a) 5.12(c) and 5.12(e) ). This is expected
because the combustion products tend to occupy the upper zone. The difference between

Table 5.6: Experimental and calculated my and temperatures in the vicinity of
the floor and the deviation between temperature and rhf .

Experimental Imp. rhf P&B

T (°C) T (°C) T Dev. (°C) T (°C) T Dev. (°C) rhf Dev. (g/s)Case
D1 59 91 32 81 22 0.2
D2 112 37 108 33 0.475
D6 80 3 -3 177 74

the experimental and predicted temperatures in case D1 and D2, imposing rhf , in the
upper region of the compartment are -9°C and 12°C respectively (see Table |575|). These
deviations increase near the bottom of the enclosure (32°C and 37°C). On the contrary, in
case D6 the prediction of the temperature is more accurate near the bottom of the room

than in the upper region (3°C and 39°C respectively). The deviation between experimen-

tal and numerical results increases with the distance from the inlet opening, hence, the
transport of the injected air has an impact on the temperature profiles. Then, aspects of
the modelling of the flow field (e.g., turbulence, chemistry) must be improved.
The O2 concentration in the experiment is measured at heights 0.8 m and 3.3 m. A
comparison with the predicted outcome over the entire height is not possible. However,
the influence of my on the Oo concentration profiles is studied. The oxygen profiles (see

Figs.5.12(b) , 5.12(d) and 5.12(f) ) show that the higher my, the lower the O2 concentra-

tion is. The oxygen profiles observed in the experiment and predicted by imposing the
experimental my shows that the code tends to under-predict the concentration of Oo . It
indicates that the chemistry modelling should be improved in ISIS. In the predictive cal-
culation the relative deviation with the measured value is lower because in all cases my
is under-calculated (see Table |5.4|). The discrepancy between prescribing and calculated

rhf is low (i.e., -5 % ). The differences between the concentrations remain approximately
constant over the entire height for the three cases, expect for case D1at a height between
1.5 m and 2.0 m. This does not affect the calculation of my.
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Figure 5.14: Experimental and calculated a) rhf , b) P , c) Vj„ and d) Vout in test
VSP 1.

Simulation of the oscillatory fire behaviour

The capability of RANS turbulence modelling and the P&B boundary condition to calculate
the fuel mass loss rate, ventilation flow rates, pressure, temperature and concentration of
O2 in a mechanically ventilated enclosure has been sufficiently validated now in cases

without oscillatory fire behaviour (i.e., PRISME SOURCE Dl, D2 and D6). Herein, this
numerical set-up is applied to simulate the oscillatory phenomenon in test PRISME2 VSP
1(see section 2.3.2 ) . The analysis focuses on rhf , P , Vjn and Vout in terms of time average
frequency and amplitude of the signal. In addition, the observed and predicted temperature

and concentration of oxygen in the enclosure are shown for the sake of completeness.

p
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Description and justification of the volumes Two types of volumes to average the
oxygen concentration have been tested (i.e., ring and layer) . The experimental results of
test VSP 1 reveal that the volume of combustion products accumulating in the enclosure
increases (see section 2.3.2 ) . The location of the interface between the layers with high
and low concentration of oxygen changes. Thus, the layer approach cannot be easily
applied. Moreover, flat signals of my are obtained when using this type of volume because
the measurement is not sensitive to the flame movement due to the large volume of the
layers. In contrast, the ring signals are more fluctuating in cases D1 and D2, which are the
same configuration as case VSP 1. The flame shift and tilting modifies the concentration
of O2 in the ring. It is possible that these fluctuations of the oxygen concentration
are representative of the oscillations in the evaporation rate observed in VSP 1. Thus,

the oscillatory fire behaviour could be captured numerically only taken into account the
concentration of oxygen in the proximity of the pool fire. In the present analysis Ringl is
used because the small size of the volume makes it more sensitive than Ring2 and Ring3
to the movements of the flame.

Calculation of the mass loss rate of the fuel, pressure and volume flow rates

in the ventilation system In Figure Fig.|5.14| the experimental and numerical rhf (see

Fig.|5.14(a)|), P (see Fig.|5.14(b)|) , Vin (see Fig.|5.14(c)|) and Vout (see Fig.|5.14(d)|) in test

VSP 1 are shown.

During the initial 100 s the mass loss rate of the fuel is approximately the expected value
in open conditions in the simulations (i.e. , 0.22 g/s, see section 3.2.2|). The concentration
of oxygen in Ringl is constant and equal to the value observed in the atmosphere (0.21
kg/kg). The mass loss rate of the fuel decreases from 100 s to 200 s due to the accu-

mulation of the combustion products and the vitiation in the proximity of the pool fire
where the reference volume is located. From this time a steady-state period is obtained
for rhf , P , Vjn and Vout . In Table |5T| the experimental and predicted time average values
(measured in the simulations from 500s to 1500s) of these variables are depicted. The
calculated mass loss rate of the fuel is under-predicted in the present case by -25% (8.3
g/s and 11.1 g/s). This difference is significantly higher than observed for cases Dl, D2
and D6 when using Ringl (i.e., -10 %, -10 % and -15 %, respectively). This discrepancy
is expected because in VSP 1, the P&B correlation under-calculates rhf , as shown in Fig-

ure |5.2[ The relation between experimental and predicted ihf and P is interesting. The
relative deviation of the simulated values from the experiment is -25 % and 42 % for rhf
and P, respectively. A low value of rhf should produce low values of P. This difference
in behaviour between experiment and simulation could be explained due to the lack of
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oscillations in the numerical results. In the experiment, the amplitude of the signals of AP
and V are strongly affected by the oscillatory fire behaviour. It influences the interplay
between the ventilation system and the pool fire. The lack of the phenomenon in the
calculation makes the signals flatter. Thus, the complex interaction between all variables
(e.g., rhf , P , Vjn and Vout) is lost. This makes the comparison between the average values
difficult and, likely, misleading. The relative deviation between the observed and predicted
volume flow rates in the inlet is 4 %. However, this experimental signal is saturated as

mentioned in section |2.3.2[ Thus, the real deviation is expected to be larger. In the outlet
branch the calculated £ is -1%. This result is unexpected due to the discrepancy reported
in the average pressure (i.e., 42%).

Table 5.7: Experimental and numerical dominant frequency (i.e., fp
respectively) , amplitude (i.e., <i>Exp. and <£>MW7. , respectively)

and time average (i.e., Exp. and Num., respectively) of rhf , P and
V observed in case VSP 1. The results are compared by means of
relative deviation.

andxp.
INum. »

e (% ) fExp. (Hz) fNum (Hz) £ (%) <bExp. £ (%)Variable *&Num.Exp. Num.

7.8 • lO"3

7.8 • 10“3

7.8 • 1(T3

7.8 • lO"3

2 • 10"3

7.8 • 10“3

2 10“3

2 • 10"3

in (g/s)
P (Pa )
Vm (m3/h)
Vout (rn3/h)

11.1 8.3 -25
81.43 115.82 42

1042.2 1083.9 4
2312.9 2293.6 -1

4.2 1.65 -60
179 28 -84
297 233 -22
233 464 99

-74
0

-74
-74

It is visually clear that the oscillatory fire behaviour is not captured in the case at

hand. In order to evaluate numerically the simulation, FFT analysis of the experimental
and numerical signals are reported in Figure |5.15| The FTT analyses of the outcome

of the simulations take into account 512 data points measured between 500 s and 1012
s. No clear dominant frequencies in the four variables are observed. Consequently, the
oscillation fire behaviour is not simulated using the present set-up. It could indicate that
the P&B boundary condition measuring Xo2 in Ringl is not able to take into account the
conditions that triggers the oscillations in rhf . For instance, the high temperature of the
gases in conditions of near extinction [53 ] . This hypothesis is assessed later by comparing
the capabilities of P&B boundary condition with other methods to calculate rhf and the
interaction with the other studied variables.
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Figure 5.15: FTT analysis of the experimental and numerical a) rhf , b) P, c)
Vjn and d) Vout signals in test VSP 1.

Calculation of the oxygen concentration and temperature

For the sake of completeness the average temperature during the period of interest at

location NE (see Fig.|2.8|) and instantaneous temperatures at the same location at 0.55 m
and 3.9 m height from the floor are shown in Figures|5.16(a)|and|5.16(b), respectively. The
temperatures at the NE location are significantly under-predicted (by 60°C , approximately)
along the height, except near the floor. The low temperatures calculated in the simulation
are directly related to the discrepancy observed in rhf . At 0.05 m height from the floor
the measured T is 174"C which is significantly lower than T at 0.55 m (i.e . , 255"C). From
this position the temperature increases linearly.

In the simulation the predicted temperature at 0.05 m height from the floor is higher than
the experimental value by 38f,C (212°C and 174"C, respectively). This deviation could be
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produced by two factors: 1) the set-up of the thermal properties of the concrete used at

the floor could be inaccurate in this case. For instance, a higher radiative emissivity of the
floor in comparison with the experimental value would enhance the thermal feedback to

the gas phase. Note that the ceiling is protected with rockwool and the described possible
deviation would not affect the temperature in the upper zone and 2) a low velocity of
the flow near the walls would favour the accumulation of heat. The modelling of the flow
behaviour depends partially on the grid density. Then, the prescribed cell size in the region
(i.e., 5 cm) could be coarse. These are significant deviations to be solved, however , the
most significant discrepancy seems to be the under-calculation of the mass loss rate of
the fuel (i.e., -25%). At the corners SW and NW (see Fig.2.8) a similar behaviour of the
temperature is observed. The instantaneous temperatures (see Fig.5.16(b)) show that the
oscillatory fire behaviour is not captured either in these signals.
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Figure 5.16: Numerical and experimental a) average temperature and b) instan-

taneous temperatures at a height of 0.55 m and 3.9 m from the
floor at location NE.

The concentration of oxygen in the enclosure (see Fig.|5.17|) is higher in the simulation
than in the experiment, with a relative deviations of 13.8 %, 15.8 % and 18.7 % at the
locations ' low', 'high' and 'near the pan’ (see Fig.2.8 ), respectively. The over-prediction
in the concentration of Oo is directly related to the under-calculation of rhf .
The presented results indicate that the P&B boundary condition in combination with
RANS turbulence modelling is not a suitable tool to predict the oscillatory fire behaviour
in case VSP 1. The assessment focuses on the calculation of rhf . The discrepancy of this

T and Xo2 by affecting
the frequency, amplitude and average values. However, it is clear that the deviations in
variable with the experimental data propagates to P , Vi V,OUt iI f l l
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the mentioned variables influence on rhf as well. To determine separately the influence
of each of these variables is a complicate task. It indicates that more accurate boundary
conditions to calculate rhf and turbulence approaches to model the flow behaviour must

be assessed. The P&B correlation could be modified to correct the over-calculation of rhf ,

described before, improving the numerical results. However, this tuning could be applied
exclusively to this case and the aim of the present research is the assessment of more

predictive approaches.

4 •Low exp.

O Low num. -

High exp.
High num. -
Near exp.
Near num.

3.5

3_ 2.5
E
-4^ 2O)

<D
X 1.5

1 O

0.5

0
8 10 12 14 16 18 20

Molar Fraction (%)

Figure 5.17: Numerical and experimental concentration of oxygen at locations
'low' , ’high’ and 'near the pan’ in test VSP 1.

5.3 Simulations of the reduced-scale test NYX using
Large Eddy Simulation and an evaporation model

An evaporation model based on forced and natural convection is applied (see section |4.6.2[)
in this section. These approaches take into account in more detail the local conditions
of the gas phase (e.g., XFL , 47 , P ) than the P&B boundary condition. For the sake of
comparison some simulations have been performed where the mass loss rate of the fuel is
calculated by means of P&B as well.
In the following, the turbulence is treated by means of the LES approach (see section
4.2.2 ) . This turbulence approach is applied herein because the evaporation model used
as basis was presented and tested using LES in [[61] . However, the capability of the
evaporation model in combination with RANS has not been assessed before. It is not

possible to dismiss that this combination could simulate oscillatory fire behaviour.
LES is computationally expensive due to the necessity of small cell size and time step in
comparison with RANS. Because of this, NYX test is considered a more suitable set-up
than VSP 1 when using LES. The volume of the enclosure is 98.4 % smaller in NYX (i.e. ,
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120 m3 and 1.875 m3) and the duration of the experiment, and thus the time to simulate,
is shorter (1500 s versus 500 s).

SIMULATIONS IN
OPEN CONDITIONS SIMULATIONS IN NYX
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Figure 5.18: Stepwise approach applied in the following simulations.

The different features of the numerical set-up are evaluated independently following a

step-wise approach (see Fig.|5.18|). First, the evaporation model (i.e, natural and forced
convention) is assessed in open conditions, using as experimental reference a 30 cm diam-

eter [18, 21] and an 18 cm diameter heptane pool fire [34, 35]. Two types of simulations
are performed in the 30 cm diameter tests: imposing and calculating the mass loss rate of
the fuel. By imposing the mass loss rate of the fuel the capacity of the code to simulate
the temperature in the gas phase is studied. In this scenario the predictive simulations are

performed only with the evaporation model based on the forced convection assumptions.

The importance of the length scale used (see Eq.(4.57|)) is studied. All 18 cm diameter
heptane pool fire simulations are performed calculating the mass loss rate of the fuel. The
simulations focus on the impact of the cell size, type of convection approach (i.e., natural
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and forced), size of the domain, influence of the shape of the pan (i.e., square or circular)
and type of numerical scheme (i.e., implicit and explicit) on the capture of thf , and the
computational cost. Second, the capabilities to predict V and P by the pipe-junction
boundary condition prior to ignition and the influence of the cell size on the outcome

are evaluated in simulations of NYX without fire. Third, simulations are performed by
imposing the experimental mass loss rate of the fuel measured in NYX (see Fig.2.20(a) ) .

The assessment of the pipe-junction boundary condition is extended by comparing two

methods to set the aeraulic resistance up. Fourth, the evaporation model (i.e. , natural
and forced) and the P&B boundary condition are applied to calculate the mass loss rate of
the fuel in the NYX enclosure. The experimental and predicted rhf , V , P , T and Xo0 are

compared by means of averaging and FFT techniques. Fifth, the influence of the thermal
conductivity of the wall on the oscillatory fire behaviour is analysed. The value of A is
modified in a range between 0.22 W/m/K and 0.11 W/m/K.

5.3.1 Results and discussion of the simulations of the 30 cm and
18 cm diameter heptane open pool fires

The objective of this section is to assess the implementation of a liquid evaporation model
based on forced and natural convection in ISIS. The forced convection method as described
in [61] is used as basis, but some modifications are made for the calculation of the mass

transfer coefficient: the flow at the liquid surface is not prescribed to be turbulent (and
is in fact not turbulent) and in the forced convection approach L is calculated locally. In
addition, a novel approach by assuming natural convection is implemented and assessed
as well.
Predictive simulations of thf have not been extensively studied yet. In [42] , open pool fires
with fuels as heptane, toluene, styrene and ethanol are simulated. The relative deviation
between the experimental and numerical rhf is between 10 % and 20 %. In [20] , four
methanol pool fires with diameters of 1, 10, 30 and 100 cm are simulated. The best
agreement reported is -27 %. More recently, in [61] m'j of pool fires using several fuels
(e.g., heptane, benzene, ethanol) and diameters (from 0.5 m to 3.0 m) are predicted. The
agreement between the simulated and the Babrauskas correlation |J6]] and experimental
results is in general terms very good.
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Simulations of a 30 cm diameter heptane open pool fire in open conditions
imposing the mass loss rate of the fuel

The influence of the cell size and time step on the gas phase is assessed for a 30 cm

diameter heptane pool fire [18, 21]. In order to evaluate the influence of the grid and time
step size, two sensitivity analyses are performed. The cell sizes and time steps applied
were described in detail in section |4.7.1|. They are for the cell size: 10 mm, 8.6 mm,

6.6 mm and 5.3 mm (labelled as coarse, medium, fine and very fine meshes). The time
steps applied are 4.3 -10-3 s, 2.1 -10-3 s and 1.1-10-3 s (named as large, medium and
small time step). These values are calculated based on the expected CFL conditions (4,

2 and 1, respectively). The simulation time is at least 30 s. The initial 10 s are not

taken into account for the steady state results. The experimental data used in the present

section are the mean and Root Mean Square ( TRMS = (Ef Tf /N ) 1 / 2 where N is the total
number of samples) temperatures at three heights (0.06, 0.45 and 0.66 m from the liquid
surface) . In order to avoid the uncertainty related with the calculation of the mass loss
rate of the fuel per unit area the experimental value (36.2 g/m2/s) [ 21] is prescribed
in these tests. One major focus of the present simulation is the calculation of the gas
phase temperature. The production of soot can be a relevant aspect and is taken into
account in the following simulations (see Eq.(4.38 )). In the present calculation implicit
numerical schemes (see section |4.5|) are applied. This approach reduces significantly the
computational cost. Because the analysis intends to compare several parameters the
possible deviation produced by the implicit schemes affects the results identically.
Figure [5720] shows the mean and RMS temperatures using the coarse, medium, fine and
very fine meshes and CFL=1. Using the fine and very fine meshes the results at the three
heights are very similar in terms of Mean and RMS temperatures. The largest deviations
between the numerical results are observed at a height of 0.06 m, where the maximum
mean predicted temperatures are 1057 °C and 1068°C using the fine and very fine meshes.
In addition, the maximum RMS temperatures for the fine and very fine respectively are

139 °C and 197 °C. The maximum experimental mean temperature is well predicted by
the simulation at a height of 0.06 m using the fine mesh (1057 °C Vs 1030 °C) (see

Fig. 5.19(a)). However, the experimental and predicted temperature profiles differ. The
temperature decreases towards the centre of the flame in a much less pronounced manner

in the experiments. The maximum temperatures (mean and RMS) in the predicted profiles
are observed at 0.1 m from the centre approximately. A possible explanation for these
deviations can be related to the combustion model. In the simulations, the mixing time
scale only takes into account the molecular diffusion (see Eq.(|4.44|)). The importance of
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considering other physical phenomena to calculate the mixing time scale, as the advection
or the buoyant acceleration, is shown in [31] . This feature could improve the presented
results. The turbulence or the radiation modelling are other possible aspects to evaluate.

The deviations in the calculation of T affect the prediction of the heat fluxes at the fuel
surface (shown later in the present section) and thus the evaporation rate. The influence
of these deviations are discussed later. In order to assess the impact on the temperature

field of the CFL number the three time steps described before are used on the very fine
Mesh (5.3 mm). Very small deviations between the numerical results using the three
time steps are observed at 0.1 m approximately from the centre of the pan at a height
of 0.06 m for the mean (see Fig.5.20(a) ) and RMS temperatures (see Fig.5.20(b)) . At
0.45 m and 0.66 m the difference between the results is even smaller than at 0.06 m (see

Figs.5.20(c), 5.20(d), 5.20(e) and 5.20( f ) ) . The prescribed cell size and time step have a

significant impact on the computational cost of the simulations. The computational time
for the simulations when using the coarse, medium, fine and very fine meshes and CFL=1
are 34 h, 56 h, 173 h and 432 h, respectively. The computational cost is reduced when
using the very fine mesh but CFL=2 and CFL=4 to 241 h and 115 h, respectively. The
calculations are performed on 20 CPUs in parallel (with CPU type 2xlO-Core Intel Xeon
E5-2680 v2, with a speed of 2.8 GHz).

The numerical results do not vary significantly when using a cell size of 6.6 mm or finer.
In addition, using a Very Fine mesh (5.3 mm) the influence of the studied time steps

(CFL=1,2 and 4) is negligible. Therefore, the simulations by calculating m'j are performed
by using the very fine mesh and a time step of 4.3 -10-3 s (CFL=4). This combination
is a suitable option in terms of accuracy and computational cost. Besides, as mentioned
before, the QUICK numerical scheme used herein has a higher numerical diffusion than
the expected one when using the centered scheme. The possible impact of the numerical
diffusion on the calculation of rhf is unknown beforehand. However, the use of the very
fine mesh allows to reduce the possible effect.
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Simulations of a 30 cm diameter heptane open pool fire in open conditions
calculating the mass loss rate of the fuel

In the present section m'j is calculated by different versions of the forced evaporation
implementation (see section |4.6.2[) as boundary condition.

The differences between these versions are based on the prescription or prediction of the
Reynolds number, the assumed turbulent regime in the first cell over the surface of the
fuel (i.e., laminar and turbulent) and the length scale (i.e. , local and global) applied. The
capabilities of the different implementations of the method are analysed by comparing
the numerical and experimental average mass loss rate per unit area of the fuel, radiative
heat fluxes at the surface of the fuel and local average mass loss rate per unit area of
the fuel. The latter is presented in |18] where the surface of a 30 cm diameter heptane
pool fire is divided in four rings. The mass loss rate per unit area of the fuel is measured
in each of them. The uncertainty in the measurement of the average mass loss rate

and radiative heat fluxes are 5% and 15%, respectively. In addition, the mass transfer
coefficient, temperature at the surface of the fuel and temperature and velocity in the first
cell over the surface is studied numerically.
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Figure 5.21: Evolution in time of )hj using the implemented method and com-

parison to the experimental data a) during the entire simulation
time (0 s to 75 s) and b) in the steady state period (50 s to 75 s).

The experimental uncertainty is shown in the graphs with a dashed
line.

The time evolution of the calculated m'j using LQ and Li as characteristic length
scale, a Sh expression suitable for laminar conditions (see Eq.(|4.60[)) and a Reynolds



5.3. Simulations of the reduced-scale test NYX using Large Eddy Simulation and an
evaporation model 161

number calculated locally (see Eq.(4.61)) is shown in Figure 5.21(a) The increase of
is similar using both characteristic length scales until a relatively constant nij- is reached
after approximately 50 s. The period between 50 s and 75 s (see Fig.5.21(b)) is used

qc and qr . During the steady
are respectively 32.5 g/m2/s and

means that the relative deviations from the experimental value [21] are

respectively -10.2 % and 5.5 %. These results are excellent in comparison to the outcome

obtained with similar models [20, 42j |47|[61]. However, these numerical results must be
assessed altogether with other aspects of the calculation. For instance, the heat flux on

the surface or temperature of the surface.

Table 5.8: Calculated ihj and relative deviation from the experimental data using
the present model (with LQ and LL) , the model described in [61]
imposing Re values of 5 105 and 2.5 105 ( [61] *) and the model
of [61] without imposing a minimum Re value ( [61]**)

in the present discussion to average the local m'j , Ts , h
state period the average calculated using LQ and LL
38.2 g/m2/s which

m i

Calculated m'j g/m2/s) e (%)Used equations Length scale ShRe

Calculated Laminar
Calculated Laminar

5 • 105 Turbulent
2.5 • 105 Turbulent

Calculated Turbulent

Present Model
Present Model

38.2LL 5.5
32.5 -10.2LG

161] UnstableLG
[61]* 45.2 25.1LG
[61]** 24.5 -32.3LG

Besides, three additional tests have been performed based on the assumption of tur-

bulent conditions in the proximity of the fuel surface and the imposing of a minimum Re
value [61] . First, the original formulation presented in [611 is applied. The prescribed
Sherwood number is suitable for turbulent conditions (see Eq.(4.58[)) and the minimum
Reynolds number of 5 • 105 was imposed. The length scale is modelled as LQ. In the
case at hand, this approach leads to instabilities. The mass loss rate of the fuel increases
abruptly due to the large value of Sh and the increase of Ts . Thus, a second test, reduc-

ing the imposed Re to 2.5 - 105, was performed. The numerical average mass loss rate

of the fuel per unit area in this case is 45.2 g/m2/s, with a relative deviation from the
experimental data of 25.1 %. In the third test , Equations (|4.58) and (4.61]) were applied.

Then, the applied Sherwood number is suitable for turbulent flows and Re were predicted.

The average calculated is 24.5 g/rrr /s. The relative deviation of this simulation in
comparison to the experimental value is -32 %, which is 6 times larger than using the
implemented model and LL. These results show the suitability of the implemented model



Chapter 5. Computational Fluid Dynamics tests and results162

for the case at hand. The results are summarized in Table ES
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Figure 5.22: Average a) local m'p b) surface temperature, c) mass transfer co-

efficient and d) velocities using LQ and Li in laminar conditions
and LQ by imposing a turbulent Sh and Re of 2.5 • 105 (see [61]*
in Table 5.8). Note that the horizontal lines in a) are the time
average in each of the mentioned rings [18 ] .

The local average profiles in the steady state period calculated by the presented
model are shown in Figure 5.22(a) and compared to the experimental local profile
reported in [18] . In order to compare the numerical and experimental data the distance
from the centre (r) is normalized by the hydraulic diameter of the pan (D). The computed
m'j- using Li is higher than when using LQ. The evaporation rate profile is almost flat
using LQ (between 38 g/m2/s and 41 g/m2/s). In contrast, using LQ , in the centre

of the pool fire is lower than near the edge of the pan (30 g/m2/s and 37 g/m2/s). The
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calculation of the root mean square deviation between the experimental and the numerical
results confirms the better agreement of the numerical results using LQ than LQ. The RMS
deviation observed in the numerical results for LQ and LQ are, respectively, 4.15 g/m2/s

and 4.59 g/rrr /s. The differences between the local m'
j profiles using LQ and LQ are due

to the predicted values of Ts and hm (see Figs.5.22(b) and 5.22(c) ) .
The predicted Ts (see Fig.5.22(b)) and hm (see Fig.5.22(c)) are almost constant using LQ
(98.4 °C and 0.001 m/s approximately) and the present model. On the contrary, when
using LQ the Ts value is higher in the centre of the pan and lower near the edge of the pool
fire (between 98.4°C and 95.85 °C) . Equation (4.55 ) shows that XQQ is very sensitive to

Ts. The opposite profile is observed for hm where the maximum values are reached near the
edge of the pan and the minimum in the centre (0.014 m/s and 0.001 m/s). Considering
Equation (4,56) , hm has a larger impact on the calculation of m than Ts when using
LQ. The differences in terms of hm depend on L because the predicted velocities in the
first cell on the liquid surface are at the same order of magnitude (see Fig.5.22(d)). The
comparison between the characteristic length methods must be extended to larger pool
fires. In these scenarios higher velocities in the first cell are expected and the differences
between LQ and LQ should increase. Note that the steady state predicted Re is always
lower than 3 - 103, indicating that the use of a Sh expression dedicated to laminar conditions
(see Eq.(4.60)) is a suitable implementation for the case at hand.
The significant difference in the results between the predicted Reynolds number and the
imposed value of 2.5 - 105 (see Table|5~§|) has an impact on hm. A flat h,„ profile is observed
(see Fig.5.22(c)) as in the case by predicting Re and assuming laminar condition. However,
the mean transfer coefficient is approximately 27 times higher imposing Re (0.001 m/s

and 0.027 m/s, respectively) . Due to the energy balance at the surface of the liquid phase
(see Eq.(4.66)), for a similar nij- the increase of hm tends to reduce Ts (see Fig.5.22(b) ) ,

here by 1°C, approximately. In absolute terms it is a very small reduction. However, as

mentioned, the impact of Ts on rhf is significant (i.e., 25 %). These results prove that
the calculated m'j is partially conditioned by the prescribed value of Re. On the contrary,

the proposed model by calculating Re (see Eq.(4.61)) depends more of the conditions of
the flow and, thus, is more predictive.
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In order to study the influence of L on Ts the convective and radiative heat flux profiles
at the surface obtained with both length scales are shown in Figure |5.23j An important
aspect to mention first is that the calculated radiative fractions are 0.27. For a pool
fire with the same fuel and configuration a value of 0.31 is reported in (I6j. Despite
the under-prediction of the mean temperature near the fuel (see Fig.5.20|) and the low
radiative fraction, the predicted and measured qr are in good agreement in the centre

of the pan, but the decay is not well predicted (see Fig.5.23(b) ) . In general terms the
radiative heat flux at the surface is over-predicted using the local and the global length
scales. These deviations can be produced by the over-calculation of the temperature in the
laterals of the pan at 0.06 m from the surface of the fuel (see Fig.5.19(a) ) . The relative
deviations in the calculated rhf are 5.5 % and -10.2 % when using LQ and LQ (see Table
5.8) , respectively. Thus, because qr in general terms is over-calculated the response of the
boundary condition is more realistic when using the local length scale. . Note that for the
sake of completeness experimental and numerical qc should be compared as well. These
values are not available in the experiment. Radiation is the most significant heat transfer
mechanism in the performed simulations. The relative ratio of qr { { q r ) / {q r +q c ) • 100) is
95 % and 92 % for LQ and LQ respectively. Note that qr and qc are larger using LQ than
LQ . TO explain this phenomenon, Tf profiles are shown in Figure 5.23(c) A higher Tf is
reached using LQ , which explains the difference between the heat fluxes. The velocities,

shown in Figure 5.22(d) are slightly lower using LQ. This deviation explains the higher
temperatures. The evaporated fuel is less diffused when LQ is applied and accumulates
in the vicinity of the fuel surface. The accumulated fuel reacts with oxygen and the
energy is released near the surface. Using LQ , the higher velocity favours the transport of
heptane and the reaction takes place further away from the surface. In order to illustrate
this phenomenon, two contour plots of the mean temperature in a range between 350
K and 750 K are shown in Figure 5.23(d) . The plane cuts the pan through the centre.

The left side of the picture corresponds to LQ , while the mean temperature using LQ is
depicted at the right side. Figure 5.23(d) shows that the temperatures are higher around
the pan surface using LQ. In order to illustrate this observation the region with higher
temperature than 750 K are bounded using dashed black lines. The heat fluxes have a

significant impact on Ts and within the liquid phase. The evolution of the temperatures

inside the liquid phase are measured in the centre of the pool fire where the heat fluxes
are largest. Applying LQ (see Fig. 5.23(e) ) the temperature under the surface (approx.

102 °C at 70 s) is not much higher than the boiling temperature. As shown in Figure
5.22(b) using LQ the average boiling temperature is reached only in the centre of the pool
fire. The temperature in the liquid phase under the liquid surface (see Fig.5.23(d)) using
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the Lc is much higher (approx. 122 °C at 70 s) . This behaviour is observed in the entire
liquid surface explaining the high temperature of the liquid surface described above.

The relative deviation between the experimental and the numerical r i i j is 5.5 % and -10.2
% using the implemented model and Li and LQ respectively, which is excellent. The local
length scale performs slightly better than the global approach based on the comparison of

TRMS ar|d the radiative heat fluxes. The root mean square temperature is 4.15 g/m2/s and
4.59 g/m2/s for the local and global approaches, respectively. The radiative heat flux and

rhf are over-predicted when using LR . On the contrary, the mass loss rate of the fuel is
under-predicted when using LQ despite the over-prediction of qr . The difference between
the two outcomes is caused by Ts and hm. The surface temperatures using LQ are slightly
higher than using LR. On the contrary, the value of hm is approximately 15 times higher
near the edge of the pan when the length scale is calculated locally. It indicates that the
mass loss rate of the fuel is more sensitive to Ts or hm depending on how L is modelled.

The radiative and convective heat fluxes are higher using LQ. These differences explain
the difference in rhf .

Simulations of an 18 cm diameter heptane open pool fire in open conditions
calculating the mass loss rate of the fuel

The fire source used in the NYX experiment is an 18 cm diameter heptane pool fire.

The following simulations focus on the evaluation of the capabilities of the set-up of
the evaporation model (i.e. , natural and forced convection approaches) to simulate the
experimental average mass loss rate of the fuel in this scenario. The reduced dimensions
of the numerical domain (0.48 m x 0.48 x 1.08 m, see section 4.7.1) allow to study the
influence of several parameters on the calculation of ihf with a relatively low computational
cost. Herein, the shape of the pool fire used (i.e., circular and square), the cell size (i.e.,
0.5 cm, 1cm and 2 cm), the approach to model the convection (i.e., natural and forced),

shape of the pan (i.e. , circular and square), the size of the domain (i.e. , 0.48m x 0.48m

x 1.08m and 0.96m x 0.96m x 1.10m) and the influence of the type of numerical scheme
(i.e., implicit and explicit) are evaluated. The comparison of the shape of the pan, cell size,

type of convection model and size of the domain are performed using implicit schemes (see

section 4.5). Later, the influence of the explicit schemes (see section 4.5) is evaluated.
The reaction of heptane is modelled with 2-step chemistry using Equations (|4.39[) and
(|4.40|) here. This approach will be prescribed later when simulating a fire in an enclosure
as in |8[|53|.



5.3. Simulations of the reduced-scale test NYX using Large Eddy Simulation and an
evaporation model 167

30
Forced/Circular/5mm
Forced/Square/5mm

*T 25
(NJ

E
U)

< 20
3
CL
a:
5 15

10 -0.5
Normalized distance from the center

0 0.5
Time (s)

(a) (b)

x 10'3

Forced/Circular/5mm8
Forced/Square/5mm

6
(/)

1
E 4

SZ

2

0
-0.5

Normalized distance from the center
0 0.5

(c)

Figure 5.24: a) Evolution in time of m'f obtained when using the circular and
square configurations. Average b) local mass loss rate of the fuel
per unit area and b) mass transfer coefficient along the surface of
the fuel.

Influence of the shape of the pan The use of a square pool fire to represent a

circular pan keeping the same area is an usual approach in CFD codes based on structured
meshes [8, 10, 53, 61] , However, the influence of this assumption on the results is not

usually assessed. When using square pool fires the relation between the perimeter and
the area of the pan increases in comparison with the circular configuration. Then, the
entrainment of the fire differs in both configurations. The influence of the outside to the
flame could modify the overall calculation of rhf . For instance, the velocity field could
be different when using both configuration. The difference in the velocity field in terms

of magnitude could affect the calculation of the Reynolds number. Therefore, in order to

illustrate the effect of the shape of the pool fire, in Figure |5.24(a )| the evolution in time of
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m'j- is shown using a cell size of 5 mm, forced convection method and both configurations
(i.e., circular and square). Forced convection is used here because this approach was

proven to be more sensitive than the natural method to changes in the proximity of the
fuel surface.

The most striking difference between both calculations is the difficulty of the square
configuration to reach an approximate steady state phase. For the sake of comparison
this calculation has been extended for 50 s more. However, the mass loss rate of the fuel
still does not seem completely converged. This behaviour is studied later. The average
mass loss rate of the fuel is measured between 150 s and 200 s and between 200 s and
250 s for the circular and square configuration, respectively. The calculated m'j are 16.1
g/m2/s and 19.3 g/m2/s (£=16.5%) for circular and square configurations, respectively.
To assess in more detail the difference between the profiles of the mass loss rate of the fuel
in Figure 5.24(b) the local m'j averaged at the mentioned periods for both configurations
is shown. The local mass loss rate of the fuel is significantly higher at all positions in
the square configuration. In Figure 5.24(c) the average mass transfer coefficient profile of
both calculations during the same period and positions is shown. The high mass loss rate

could be related to hm and, thus, with to the velocity of the flow. This is expected, as

mentioned before, due to the different geometries.

Figure 5.25: Diagram of the expected direction of the entrainment of the air in
both configurations.

The explanation relates to the air entrainment. In Figure |5725|the expected directions
of the air entrainment for each configuration are shown. It is expected that in the circular
configuration the air enters radially from all directions. On the contrary, in a square
configuration the air should enter in a perpendicular direction to the lateral sides and
diagonally to the corners. Thus, at the corner region (see red circle in 5.25 ) the merging
of the entrainment paths should enhance the magnitude of the local velocity. As shown in
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Equations (|4.61), the calculated Reynolds number depends on this variable. Thus, higher
evaporation rates could be expected in the corner region.
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Figure 5.26: Contours plot of the instantaneous velocity magnitude and velocity
vector at 5 cm height from the surface of the fuel obtained in the
a) circular and b) square configurations.

To illustrate the suitability of this hypothesis two contour plots of the instantaneous
local velocity magnitude and the velocity vectors at a height of 5 cm above the surface
of the fuel are shown for the circular (see Fig.5.26(a) ) and square (see Fig.5.26(b) ) con-

figurations. This height is assumed as representative of the conditions in the proximity
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of the fuel phase. Both contour plots have been extracted at a simulation time of 200 s.

In these contours plots it is observed that the velocity vectors follow the expected paths
in both configurations. The velocity vector in the circular configuration goes from the
exterior to the center of the pan directly. The magnitude of the velocity is approximately
constant near the edge of the pan with a value of 0.09 m/s. On the contrary, in the
square configuration the merging is clearly observed in the vector field. Besides higher
velocities in terms of magnitude (i.e., 0.13 m/s approximately) are observed in the corner

regions. These observations are in line with the proposed explanation of the mentioned
phenomena.

The observed relative deviation in terms of my between both calculations is 16.5 %. Thus,

in simulations where the mass loss rate of the fuel is calculated taking into account the
local conditions, the influence of the shape of the pan must be assessed carefully. For
instance, when increasing the radius of the pool fire the difference between the two im-

plementations will increase as well. The velocity of the air that enters the flame is higher
in large pool fires than in small pool fires. Thus, the values of the velocity magnitude
and Reynolds number reached at the merging zones will increase as well with the size of
the pan. However, for small or very small pool fires the difference between the calculated
values could be assumed as acceptable. Note that the implementation of circular pool
fire, using cubic cells as in the case in hand, can be an onerous task.

Figure 5.27: Shape of the numerical pan by imposing a cell size of 2 cm.

Finally, it is important to note that the applicability of the circular configuration de-

pends on the prescribed cell size. For instance, in the present case and using a 2 cm cell
size to mimic a circle is not possible due to geometric reasons. The surface of the pool
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fire in the simulations is 0.0256 m2. When using a cell size of 2 cm the mentioned surface
is divided in 64 faces (0.0256cm2/(0.002x0.002cm2)=64). This number of faces cannot

be distributed symmetrical as a circle. This factor could have an impact on the local the
mass loss rate of the fuel. In order to illustrate the circular shape with a 2 cm cell size
in Figure |5T27l this distribution is shown. The red squares represent the cell faces that do
not allow a symmetrical profile. Note as well that the obtained shape is very similar to a

square profile. Thus, a clear advantage of this implementation is not observed. However,

in PRISME SOURCE or PRISME VSP 1 tests the pool fire has an area of 0.4 m2. In this
scenario coarser cells sizes could be used keeping a circular configuration.

Influence of the cell size In Figures |5.28(a)| and |5.28(b) the numerical results, the
average experimental mass loss rate in the period between 650 s to 1550 s (see dashed
line) and the instantaneous values (see black points) (see section 2.2.1) are shown. The
presented numerical results are the evolution of thf during 200 s by applying the natural
(see Fig.5.28(a)) and forced (see Fig.5.28(b) ) convection approaches in the 0.5 cm, 1 cm

and 2 cm grids, namely fine, medium and coarse cell size, (see section |4.7.1|) are shown.
The comparison between the experimental and numerical results shows the simulated
mass loss rate of the fuel is lower than the average experimental value (18.6 g/m2/s).

Averaging the calculated m'j over the period between 150 s and 200 s, the relative deviation
of the simulations is between -12.7 % and -24.8 % when using the 0.5 cm cell and forced
convection and 2 cm natural convection (i.e., 16.1 g/m2/s, 14.0 g/m2/s, respectively).

However, the numerical results are not steady in this period as in the experiment. At 200
s the steady state condition is not reached (see Fig.2.1). In the experiment in this time
the mass loss rate of the fuel per unit area is 12.7 g/m2/s. The numerical results tend
to reach an steady value much rapidly than in the experiment. This discrepancy could be
explained due to the modelling of the heat transfer by means of the ID Fourier equation
(see Eq.(4.65)). In the initial period of the fire the liquid phase heats up. In the experiment
a fraction of this heat is transferred to the pan, reducing the temperature of the liquid
phase and the mass loss rate of the fuel. This energy transfer stops when the temperature

of the liquid phase is the same or lower than the pan. In the simulation, the heat transfer to

the pan is not modelled. Then, a faster heating of the fuel is produced and, thus, a sharper
profile of the mass loss rate of the fuel is observed. Another aspect that could influence
the prediction of thf in the initial period is the method to calculate the effective thermal
conductivity. This variable could be relevant because the heat transfer into the liquid
phase and, consequently, the temperature of the surface depends on Xe . A higher value
of would increases the heating rate and would decrease Ts . The applied approach [61]
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assumes several variables as constant. For instance, the length scale associated with the
distribution of the heat source (see T ] in Eq.(4.72|)). The calculation of r ] is based on the
assumption that the temperature of the flame is 1450 K |6TJ which is not representative
of the initial period of the fire. Note that similar over-predictions of rhf are reported
in [61, 62] when pool fires are simulated.
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Figure 5.28: Experimental and numerical mass loss rate predicted in meshes with
cell sizes of 0.5 cm, 1cm and 2 cm by prescribing the evaporation
model based on a) forced convection and b) natural convection.
Average temperature of the fuel surface when prescribing cell sizes
of 0.5 cm, 1cm and 2 cm and c) forced and d) natural convection.

The minimum and maximum calculated m'j- are 16.1 g/rrr /s and 14.0 g/m2/s for the
0.5 cm cell and forced convection and 2 cm natural convection. The relative difference
between both simulations is 15 %. The difference between the calculated values is ac-
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ceptable considering that the cell size and time have been increased by four each. The
average m'j on the three meshes are 15.5 g/m2/s and 15 g/m2/s for the forced and natural
approaches, respectively. Then, both convection implementations calculate a very similar
mass loss rate of the fuel.
The average temperature at the surface of the liquid is significantly affected by the cell
size, as shown in Figures |5.28(c)| and 5.28(d) . When using the natural evaporation ap-

proach, Ts in the period between 150 s and 200 s is between 94.52 °C and 72.13 °C on

the fine and coarse mesh, respectively. This difference is more significant using the forced
convection method (97.98 °C and 43.94 °C in the coarse and fine meshes, respectively).
Unfortunately, experimental measurement data of the temperature at the surface of the
fuel are not available. Besides, using the original evaporation model ]60||62] the temper-

ature of the surface is relatively low when pool fires are simulated. In [ 60], the predicted
temperature of the surface in an ethanol pool fire is 60 °C, while the boiling temperature

is 78.73 0 C. A similar behaviour is reported in [[62]] using TPH as fuel. Despite these dis-
crepancies the model seems capable to capture approximately rhf . This indicates that the
evaporation model can be applied, taking into account the uncertainties on the calculated
m'j- , in the case at hand. However, the modelling of the gas-liquid interaction must be
improved in the future.

Influence of the modelling of the convection The difference in the formulation of
the natural and forced approaches is found in the calculation of the Sherwood number (see

section|4~62). In the natural convection method Sh depends on differences of temperature
between the fuel surface and the first cell above the fuel surface. In the forced convection
approach Sh is calculated based on the Reynolds number in the first cell above the surface.

Both methods are compared on the 0.5 cm mesh. As mentioned (see Fig.|5.28|) , the
calculation of rhf is similar in both approaches (see Fig.5.29(a) ) with m'j 16.1 g/m2/s

and 16.3 g/m2/s for the forced and natural convection methods, respectively. In order to

study more deeply the difference between both methods the temperatures at the surface
at the fuel (see Fig.5.29(b) ) are averaged over the period between 150 s and 200 s along
the surface of the pan. The temperature of the surface (see Fig.5.29(b)) is slightly higher
in the forced convection implementation (by 1°C approximately) . However, the mass loss
rate of the fuel is higher with the natural convection approach. In order to explain this
discrepancy, the Sherwood number and mass transfer coefficient along the surface of the
fuel are shown in Figures 5.29(c) and 5.29(d) respectively. The simulated values of both
variables are higher for the natural convection method. However, the obtained results show
that in terms of calculation of the mass loss rate of the fuel, both approaches perform
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similarly. Thus, the high Sherwood number calculated in the natural convection method
is compensated by the high value of Ts in the forced convection approach. Essentially, it
indicates that the evaporation phenomenon can be modelled in open conditions as natural
or forced convection. This analysis should be extended to cases where the velocity of
the flow in the proximity of the surface of the fuel is higher. For instance, pool fires in
open conditions under cross-wind condition or in enclosures where the opening of the inlet
points towards the fire source from a short distance.
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Figure 5.29: Comparison of the natural and forced convection methods on the
5 mm cell size circular pool fire in terms of a) mass loss rate of
the fuel, b) temperature of the surface, c) mass transfer coefficient
and d) Sherwood number.
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Figure 5.30: Mass loss rate of the fuel calculated in the original and extended
domain.

Influence of size of the domain The lateral sides of the domain are modelled by the
inlet-outlet boundary condition (see section 4.7.ip, which represents the interaction of
the gas phase with the surroundings. The influence of the distance between the lateral
sides of the domain and the fire source on the calculation of rhf is studied here using the
original domain (i.e., 0.48 m x 0.48 m x 1.08 m) and an extended grid (i.e., 0.96 m x

0.96 m x 1.08 m). The present test is performed using the 2 cm cell size for the sake of
computational cost and with the forced convection implementation. The mass loss rate

of the fuel is almost the same on both grids (see Fig.5.30), indicating that the lateral side
of the domain is sufficiently far from the fuel surface.

Influence of the numerical scheme The previous numerical tests were performed
using implicit schemes (i.e., QUICK and MUSCL implicit) to reduce the computational
cost. However, the numerical tests in mechanically ventilated enclosures are calculated
using explicit schemes (second order centered and MUSCL) because, as described in section
4.5 : 1) QUICK scheme is dedicated to steady or quasi steady flow conditions. This scenario
is not expected when simulating the oscillatory fire behaviour.
In order to evaluate independently the influence of each scheme 2 simulations with different
numerical set-up are performed: 1) Centered and MUSCL, and 2) QUICK and MUSCL
implicit. The time step in simulation 1) is calculated automatically by the code. The
approximated time step observed in this simulation is 9 •10—4 s. This value is prescribed
in simulation 2). Besides, a third simulation that combines Centered and MUSCL implicit
schemes is performed. This simulation tries to evaluate the possible influence of the type

of implementation of the MUSCL scheme. The time step in this calculation is prescribed
as 9T0-4 s.
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Figure 5.31: a) Comparison of the experimental and predicted rhf using the
implicit and explicit schemes. Numerical b) mass loss rate per unit
area, c) temperature and d) Sherwood number along the surface
of the liquid.

The effect of the type of scheme (i.e., explicit and implicit) on the prediction of the
mass loss rate of the fuel is performed using the 2 cm cell size and forced convection
approach. This grid size is selected due to the computational cost . When using explicit
schemes (i.e., simulation 1)) to solve the following simulation the calculation takes 165.3
h. To extend the present analysis to grid sizes of 1 cm and 5 mm would represent

estimated simulation time of 2644.8 h and 42316.8 h (it is 110.2 and 1763.2 days,

respectively). As mentioned in section |4.7.2| the numerical stability of the calculation of
fire in NYX is affected by the use of an entire 2 cm mesh. Therefore, the first cell above
the fuel surface is locally refined from 2 cm to 1 cm as described in section |4.7.2| in the
three simulations.

an



5.3. Simulations of the reduced-scale test NYX using Large Eddy Simulation and an
evaporation model 177

The evolution of the experimental and numerical my are shown in Figure 5.31(a) . In these
calculations the simulated time is 1500 s to compare the evolution of the experiment and
numerical results for a longer period than in Figure |5.28| The average mass loss rates of
the fuel in the experiment and simulations are calculated taking into account the results
between 1250 s and 1500 s. In this period all results seem steady. Based on the results
it is important to highlight that: First, the average my in simulation 2) in the period
between 150 s and 200 s is 14.1 g/m2/s (see blue line in 5.31(a) ) . The obtained value
for the 2 cm size at the same period using a time step of 4.3 - 10-4 s is 14.6 g/rrr /s (see

Fig. 5.28(a)). The relative difference between both results is 3.6 %. Thus, the results
obtained when using implicit schemes (i.e. , QUICK and MUSCL implicit) seem to be
relatively independent of the prescribed time step. Second, by comparing simulations 1)
and 3) it is observed that the use of centered and MUSCL schemes in simulation 1) and
centered and MUSCL implicit schemes in simulation 3) has a very limited impact on the
solution (see red and green lines in 5.31(a) ) . The obtained average m'j are 21.1 g/rrr /s

and 21.8 g/rrr /s, respectively. Third, a huge difference is found when using centered or

QUICK schemes (i.e. , simulations 1) and 2), respectively) to solve the convective term,

of the mass and energy equations (see Eqs.(4.51) and (4.52 )) . The explicit and implicit
average mass loss rate of the fuel are 21.1 g/rrr /s and 16.0 g/rrr /s, respectively. Fourth,
the relative deviation between the experimental and numerical result using the explicit
approach (i.e. , simulation 1)) in the period between 1250 s and 1500 s is 10.4 % .
In order to understand in more detail the differences between the used numerical set-ups
the average local mass loss rate of the fuel (see Fig.5.31(b)), surface temperature (see

Fig.5.31(c)) and Sherwood number (see Fig.5.31(d)) are shown in the following. The data
used to average the profiles are taken between 1000 s and 1500 s to obtain well-converged
profiles. A clear first conclusion is observed. As it was shown before the effect of the type

of MUSCL schemes (i.e., implicit or explicit) is marginal. The results of simulation 1) and
3) (i.e., red and green lines, respectively) are very similar. Thus, the rest of the analysis will
focus on the comparison of simulations 1) and 2). The local mass loss rate of the fuel (see

Figj5.31(b)) and temperature (see Figj5.31(c)) profiles clearly differ in the explicit (i.e., red
lines) and implicit calculations (i.e., blue lines). However, the most interesting difference
is observed for the calculated Sherwood numbers (see Fig.5.31(d)). The calculated value
is more than double (see red line in 5.31(d) ) in the center of the pan when using the
explicit method in comparison with the implicit approach. This discrepancy seems to have
a very significant impact on the local mass loss rate of the fuel (see Fig.5.31(b)). The
prediction of my is higher along the surface of the fuel in the explicit approach. But, the
maximum deviation is observed at the center of the pan, in line with the calculation of
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the Sherwood number.
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Figure 5.32: Average calculated a) Reynolds number and b) Root Mean Square
of the Reynolds number.

The QUICK and centered schemes are applied to calculate the convection term of the
mass and momentum equations (see Eqs.(4.51) and ( 4.52)) Thus, the difference between
both approaches is expected fundamentally in the calculation of the density and velocity.

The rest of discrepancies are produced by the difference in the mentioned calculations.

In order to compare the simulation of these variables and the effect on rhf , the most

representative variable is the Reynolds number (see Eq.(|4.61)). It is calculated using the
velocity magnitude and the density (see Eq.(4_61)). Note that for these calculations L is
calculated using the local length scale presented in section |4.6.2[ It is the distance from
the surface of the fuel to the edge of the pan. Hence, in Figure 5.32(a) the calculated
average Re (between 1000 s and 1500 s) in the three simulations in the first cell above
the surface of the fuel is shown. The numerical results prove that the flow is much more

turbulent when using explicit schemes. The maximum Reynolds numbers calculated at the
center of the pan are 500 and 50 approximately for the explicit and implicit calculation,

respectively. Besides, in Figure 5.32(b) the Root Mean Square of the calculated Reynolds
number in the three simulations is shown at the same period and position. This analysis
proves that the explicit signal is much wider than the implicit signal. The maximum RMS
of the Reynolds number are 175 and 40 at the center of the pool fire for the explicit and
implicit calculations, respectively. It indicates that results when using centered scheme
are less steady than when using QUICK. This difference could be expected based on the
preferential use of QUICK for steady conditions. It is important to note as well that, as

mentioned, the highest difference is observed in the center of the pan where the highest
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Re and RMS values are reported and the signal is more fluctuating.

Influence of the numerical set-up on the computational cost When using the
implicit schemes the computational costs of the simulations are 5.6 h, 174.5 h and 707.5
h for the forced simulations using cell sizes of 2 cm, 1 cm and 0.5 cm, respectively, on

20 CPUs in parallel (with CPU type 2xlO-Core Intel Xeon E5-2680 v2, with a speed of
2.8 GHz). The forced convection approach is computationally more expensive than the
natural approach by a factor of 1.4 approximately (i.e., 3.6 h, 96 h and 470.5 h using
grid sizes of 2 cm, 1 cm and 0.5 cm, respectively). The difference in the computational
cost between both approaches is explained due to the flow of data in parallel calculation.
The calculation of all the boundary conditions are performed in a specific CPU, named
’processor zero ' . The rest of CPUs remain inactive during the calculation of the boundary
conditions. In the forced convection implementation more calculations are performed in
processor zero and the time of inactivity of the rest of CPU is longer than when using the
natural approach.
Based on the presented findings the use of a mesh with 2 cm cell size and a refinement
in the proximity of the fuel surface is the selected approach to apply in simulations of the
fire in the NYX enclosure. The relative deviation between the experimental and numerical
results of the fire source in open conditions is 10 %, which seems an acceptable discrepancy.

A finer mesh would be desirable. However, the used grid density is still higher than the one

applied in [8, 53, 62] to calculate the mass loss rate of the fuel in mechanically ventilated
enclosures. The finer cell size used in [8, 53, [621 are ranged between 2.5 cm [53 ] and 5
cm in [8 , 621. Consequently, the selected grid size is in line with previous researches of the
same topic.

5.3.2 Results and discussion of the simulations of an 18 cm di-
ameter heptane pool fire in the reduced-scale mechanically
ventilated enclosure NYX

The experiment performed in the NYX enclosure using an 18 cm heptane pool fire as

fire source and a renewal rate in the ventilation system of 12.5 /i-1 (see section 2.3.3) is
simulated in the present section. This specific test is chosen because the oscillatory fire
behaviour is clearly observed.

The main focuses of the following CFD simulations are the influence of the evaporation
boundary condition, the set-up of the pipe-junction boundary condition and thermal char-
acteristics of the walls on the fire behaviour. As described, the sensitivity of the calculated

rhf to the changes in the gas phase is a key feature to simulate oscillatory fire behaviour.
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Besides, the ventilation system and the heat transfer to the walls was proved as funda-

mental (see section |1.1|) to capture the evolution of the fire. The role of the thermal
characteristics of the walls on the fire behaviour has not been extensively assessed until
now. Ultimately, the following calculations and discussions intend to show the most rele-

vant aspects to simulate the oscillatory behaviour and their specific weight.
A step-wise approach is followed to simulate the phenomenon. First simulations without
fire are performed to analyse the influence of the cell size on the velocity field in the
enclosure. During the fire period the flow becomes more complex and difficult to average.
The performance of the pipe-junction to calculate the pressure and volume flow rates of
the ventilation in the period prior to ignition is tested. Second, the analysis of the perfor-
mance of the pipe-junction boundary is extended by comparing two strategies to model
the aeraulic resistance. In these calculations the mass loss rate of the fuel is prescribed
as in the experiment. Third, the mass loss rate of the fuel is calculated by the evapora-

tion model (i.e. , forced and natural convection approaches) and P&B. The experimental
and numerical mass loss rate of the fuel, pressure, volume flow rates of the ventilation,
temperature and concentration of species are compared. In addition, the signal of rhf is
analysed in terms of frequency and amplitude. This analysis will show the capacity of
the evaporation model to predict the oscillatory phenomenon. Fifth, the influence of the
thermal conductivity of the walls on the oscillatory fire behaviour is assessed.

Simulations without a fire source

In the NYX [34,35 ] experiment, prior to ignition the pressure in the compartment is reduced
from the atmospheric conditions until a steady relative pressure of -72 Pa and volume flow
rates in inlet and outlet of 7.8T0-3 m3 /s and 7.7 - 10-3 m3/s, respectively, are reached.

A similar procedure is followed in the simulations where the initial value imposed for P

(101325 Pa) is reduced by the action of the pipe-junction boundary action. The absence
of fire makes this period the most suitable to compare the influence of the cell size on the
results in terms of velocity. In addition, the impact of the cell size on the calculated P , V
and flow field is assessed. The numerical grids to evaluate are named as coarse, medium
and fine meshes with cell size of 3 cm, 2 cm and 1cm, respectively. The followed criteria
to select these grid sizes were shown in section |4.7.2[
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Figure 5.34: Iso-contour of the average velocity magnitude and velocity vector
in the horizontal plane at a) 0.1 m and at b) 0.2 m from the floor

In order to analyse the discrepancies between the different meshes 80 s are simulated.
The steady state P , V-m and Vout are reached after 5 seconds approximately. The instan-

taneous velocities are averaged taking into account the last 20 seconds of the simulation.

The average velocities are compared along the length and width of the enclosure, namely
line 1 and line 2, respectively (see Fig.5.33) at 0.1 m and 0.2 m from the floor. These
locations try to assess the influence of the cell size on the heights where the flame is
expected. To illustrate the following results in Figure |5.34| averaged vectors and velocity
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magnitude at horizontal planes at 0.1 m (see Fig.5.34(a) ) and 0.2 m (see Fig.5.34(b) )
from the floor are shown. The shown iso-contours are taken from the simulation using
the 2 cm cell size. Note that sharp gradients are observed at 0.1 m from the floor (see

Fig. 5.34(a)). Subsequently, it is a suitable location to compare the influence of the cell
size on the solution.
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Figure 5.35: Average velocity using the fine, medium and coarse grids along line
1 at a) 0.1 m and b) 0.2 m from the floor and along line 2 using
at c) 0.1 m and d) 0.2 m from the floor.

The numerical results show that the velocities are of the same order of magnitude
using the fine, medium and coarse meshes. The deviations between the results are more

significant next to the pan. It is expected based on the iso-contours and vector fields
shown in Figure |5734| indicating that the sharpest gradients are observed in that position.

However, the maximum absolute deviations are approximately 0.04 m/s at line 1 at 0.1 m
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from the floor (see Fig.|5.35(a)|). In general terms it seems an acceptable difference. The
set-up of the ventilation boundary condition is the same in the three tests. This indicates
that the cell size has an effect on the transport of the injected air inside the compartment
and consequently on the local velocities. The calculated steady state P , Vm and Vout are

the same using the three grids, namely -69.2 Pa and 7.5 - 10-3 m3 /s for V-m and V,
relative deviations between the numerical and experimental data prior to ignition are 4.3
% for P and -3.8 % for V/„ and -2.6 % for Vout (see Table 5.9). The observed deviations
are not significant. It proves that the pipe-junction boundary condition calculation is
independent of the cell size. In addition, the pressure and the ventilation volume flow
rates during the period prior to ignition are well predicted by using the three grids.

Table 5.9: Numerical and experimental steady state results for P , Vjn and Vout
in the period prior to ignition and relative deviations. The same
numerical values are obtained using the three meshes.

. Theout

P (Pa) ep (%) Vin (m3 /s) £y (%) Vout (m3/s) ^ (%)
out

7.8 - 10-3

-69.2 4.3 7.5 10-3
7.8- 10-3

7.5T0-3
Experiment
Simulation

-71.9
-3.8 -2.6

Despite the acceptable results, the lack of fire in these calculations limits the applica-

bility of the mesh sensitivity analysis for a fire simulation. The oscillatory behaviour could
create different flow patters more difficult to capture. This study must be performed in
the future.

The computational times of the shown tests are 4.9 h, 53.4 h and 798.3 h for the coarse,

medium and fine grids, respectively, on 20 CPUs in parallel (with CPU type 2xlO-Core
Intel Xeon E5-2680 v2, with a speed of 2.8 GHz ). Thus, because of the small deviation
between the results and the huge increase of the cell size on the simulation time, the
remainder of the calculations are performed using the 2 cm cell size.

Simulations of the ventilation system in a reduced-scale compartment prescribing
the mass loss rate of the fuel

In the present section the capabilities of two different methods to calculate the aeraulic
resistance of the ventilation system imposed in the pipe-junction boundary condition (see

section |4.6.3|) are assessed.

'Method 1’ is the standard approach used in ISIS [JT0[ [57],|59||64j. The aeraulic resistance
is calculated based on the average experimental values of p, / and V in the ventilation
branches and P within the enclosure measured prior to ignition. The aeraulic resistance
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sign(Vjn )pin 1V^APjn ) depends on APm and Vm because the density ofat the inlet (Rj

the injected gases (p,„) remains approximately constant during a fire. However, APjn and
in

Vjn measured prior to ignition can differ from the values observed during a fire event. At
the outlet, a similar uncertainty in APout and Vout is found. Besides, the high temperature

reduces the density of the extracted gases (Pout) and increases the volume flow rate at

the outlet. Note that pou, and Vou, are inversely proportional through the expression

Vout — ihoutPout < where mout is the mass flow rate at the outlet branch. Hence, for a

constant mout the reduction of pout increases Vout . The influence of pout is less significant
on the resistance at the outlet (Rout) than Vout because the latter term is squared (R

sign(Vout )p~ )V2utAPout). Hence, it is expected that at the outlet: (pV1 )priorignition <
{ pV2 )steadystate - The over-estimation of Rout affects the prediction of AP. In order to

improve the calculation of R a new approach (named 'method 2’) is described and applied
herein. In method 2, the values of p, V and AP are the averaged values measured during
the steady state period of the fire. In the case at hand, it is the oscillatory period (242
s to 497 s). This modification intends to prescribe a more realistic level of resistance in
the ventilation system during a fire event. In Table 5T0, the average P , Vjn , Vout and pout

measured prior to ignition and during the oscillatory period and the calculated resistances
with the two methods are shown. The aeraulic resistance in the inlet increases by 11% in
method 2. On the contrary, the resistance at the outlet is reduced by 22 %. Note that
the density of the injected air (1.19 kg/m3) and Pext in inlet and outlet (i.e., 101325 Pa
and 98980 Pa, respectively) are the same in both methods.

out —

Table 5.10: Values of P, V,-„, Vout and p
means of method 1 and 2.

used to calculate Rjn and Rout byout

p Vin (m3/s) Voul (m3/s) pout (kg/m3) Rin (m 4) Rout (m 4)

Method 1 -71.9 7.8 - 10-3

Method 2 -73.7 7.4 - 10"3
7.8 10"3

9.9 - lO"3
9.9 - 105
1.1 - 106

71.19 3.2 10
2.6 - 1070.87

Two numerical simulations are performed, imposing the experimental mass loss rate of
the fuel (see Fig.2.20(a)) and the aeraulic resistances shown in Table 5.10[ The analysis
focuses exclusively on the performance of both methods at the pipe-junction boundary
condition. The experimental and numerical averaged P and V during the oscillatory period
(242-497 s) obtained with both methods are shown in Table |5~lT) The experimental and
numerical results are compared by means of e.
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Table 5.11: Experimental and numerical pressure, volume flow rates in the inlet
and outlet and relative difference between the results.

P (Pa) £p (%) Vin (m3 /s) £jf (%) Vout (m3/s) £- (%)Test
out

7.4- 10-3

18.5 6.4- 10-3 -13.5
Method 2 -76.1 -3.2 7.1T(r3 -4.1

9.9- 10-3

9.3T0-3

1.0- 10"2

Experiment -73.7
Method 1 -60.1 -6.1

2.0

Method 2 predicts P , VjM and Vout more accurately than method 1. The relative
deviation in Vjn and Vout reduces from -13.5 % and -6.1% to -4.1 % and 2.0 %, respectively.

However, the difference between the methods is especially significant for the pressure,
where £ decreases from 18.5 % to -3.2 % (from -60.1 Pa to -76.1 Pa).

The difference between the results enlightens the importance of an accurate modelling of
the ventilation system to predict the pressure and the volume flow rates in mechanically
ventilated compartments. The absolute differences between P (i.e., 1.8 Pa), V)„ (i.e.,

4- 10-4 m3 /s) and Vout (i.e., 2.1- 10—3 m3 /s) used to feed the two methods are very small
(see Table 5.11). These small differences have a significant impact on the predicted values
P and V , which could be key factors to capture the oscillatory fire behaviour. In [34,35,53] ,
it is clearly shown that the oscillations are observed in a range of concentrations of oxygen
which depends on V/„. Thus, the remainder of the simulations are performed by prescribing
the settings of the method 2 in the pipe-junction boundary condition.

Simulations of fire in NYX calculating the mass loss rate of the fuel

Calculation of the Mass Loss Rate of the fuel In Figure |5.36| the experimental
and calculated rhf applying the boundary condition P&B (see Fig.5.36(a) ) , evaporation
assuming natural convection (see Fig.5.36(b)) and evaporation assuming forced convection
(see Fig.5.36(c) ) are shown. In the present case the concentration of oxygen used in P&B
boundary condition is averaged in a volume type Ringl for the same reasoning as presented
in section 15.2.21.
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Figure 5.36: Experimental and numerical my calculated by a) P&B correlation
b) evaporation model assuming natural convection and c) evapo
ration model assuming forced convection.

Figure.|5736| shows that the three approaches calculate my well in the steady-state

phase. In Table [5TT2] the numerical and experimental time average my during the period
of interest are shown. In the experiment, this period extends between 242 s and 497 s

when the oscillatory fire behaviour is observed. The experimental data is measured with a

frequency of 1 Hz. In the numerical tests, for the sake of comparison, the same period and
sampling frequency are taken into account. The calculation of rhf using the evaporation
model is excellent: -4.3 % for natural convection and the exact value for forced convection,

respectively. When using P&B the calculation of my is less accurate (e=8.6%).



5.3. Simulations of the reduced-scale test NYX using Large Eddy Simulation and an
evaporation model 187

Table 5.12: Experimental and numerical values for rhf , P , V-in and Vout . The
results are compared in terms of relative deviation

m/ (g/s) £J1F (%) P (Pa) £p (%)Test

Experiment
P&B
Natural conv.

Forced conv.

0.163
0.177
0.156
0.163

-73.7
-75.28.6 2

-4.3 -67.9
-74.1

-7.9
0.0 0.5

Vin (m3 /s) e- (%) Vout (m3 /s) £- (%)
v in v

Test
out

7.4- 10"3

6.7-10 3

6.9 - 10-3

6.9 - 10-3

9.9 - 10-3

1.0 - 10-2

1.0 - 10-2

1.0 - 10-2

Experiment
P&B
Natural conv.

Forced conv.

-10.2 3.1
-7.1 1.9
-7.6 2.3

However, the three approaches over-calculate the maximum experimental rhf (0.27
g/s). In P&B, the evaporation rate depends only on the concentration of oxygen in the
reference volume. During the initial stages, Xo2 in this region is the same as in open con-

dition. Consequently, the simulated rhf is the expected mass loss rate for a heptane pool
fire with a surface area of 0.0256 m2 in open condition (0.46 g/s) as in the zone model and
PRISME SOURCE simulations. For the evaporation model the maximum rhf are 0.38 g/s

and 0.43 g/s for the natural and forced evaporation approaches, respectively. A possible
explanation of the discrepancy observed in the initial period was provided before.

The vitiation in the enclosure does not allow to reach the maximum rhf observed in open
conditions. In order to illustrate the interaction between the concentration of oxygen in
the proximity of the pool fire and rhf Figure 5.37(a)|shows the predicted and experimental
concentrations of O2 at the location GA1(see Fig.|2.17). Because of the proximity of GA1
with the pool fire (see Fig.2.19) , the measurement of Xo-, in this position is representative
of the amount of oxygen available for the combustion. The experimental data shows that
the vitiation starts to be observed at 70 s approximately. From this time the concentration
of oxygen is reduced progressively from 21 % to 15 % at 242 s, approximately. In the
simulations Xo-2 reduces between 50 s and 130 s, approximately, to a value similar to the
one observed in the experiment. The concentration of O2 is reduced faster in the simula-

tions because rhf is over-calculated and more O2 is consumed during the initial period. In
order to illustrate the changes in the concentration of oxygen inside the enclosure due to

the filling process with combustion products, the mass fraction of oxygen at plane 1 (see
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Fig.|5.37(b)|) are shown in Figure|5T37| representing the conditions at 40 s (see Fig.|5.37(c) ) ,

80 s (see Fig.5.37(d)) , 120 s (see Fig.|5.37(e)) and 160 s (see Fig.5.37(f)) after ignition.

At 40 s (see Fig.5.37(c)) the concentration of oxygen in the proximity of the pool fire is
practically 0.232 kg/kg (as in open conditions). This explains the sharp increase in the
mass loss rate of the fuel during this initial period. However, the concentration of oxygen
is reduced to 0.2 kg/kg, approximately, in the upper region. The transition between both
regions is progressive and a clear boundary is not observed. Between 40 s to 120 s the
volume of the zone with high concentration of oxygen decreases progressively. In addition,

the level of vitiation increases in the upper region. In this period the boundary between
both regions becomes more clear. From 160 s onwards the level of vitiation at GA1 does
not change significantly. The concentration of oxygen is 0.15 kg/kg approximately in the
entire volume (see Fig.5.37(f)) and the two layers described before are not observed.

The concentration of CA has a direct influence on the heat fluxes that reach the surface of
the fuel. In Figures 5.38(a) and 5.38(b) the convective and radiative heat fluxes obtained
with the natural and forced correlations, respectively, are shown. In both tests, the total
heat flux (qT — qr +qc) observed during the initial period (23 kW/m2, approximately) is
reduced to a steady value ( qT of 3 kW/m2, approximately) at 150 s. The convective heat
flux is the most significant thermal flux. The reduction of qT reduces the evaporation
rate of the fuel. The average temperature at the surface (see Figs.5.38(c) and 5.38(d)
for natural and forced correlations, respectively) is connected as well with qT . The tem-

perature increases from the initial value of 25 °C to maximum values of 64 °C and 75
°C using the natural and forced methods, respectively. Later, due to the reduction of the
heat fluxes, Ts decreases to 44 °C and 51 °C in the forced and natural approaches. A
significant difference between these values and the boiling temperature of heptane (i.e.,
98.42 °C ) is observed. It is difficult to assess the accuracy of the predicted Ts because
the experimental value is not known and difficult to predict. The interplay between rhf ,

qT and Ts is captured by the code, which is expected based on the formulation of the
evaporation model described before.
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Figure 5.37: a) Experimental and numerical Xo2 at location GA1. Iso-contours
of the instantaneous mass fraction of oxygen at b) plane 1 (see
5.33) at c) 40 s, d) 80 s, e) 120 s and f) 160 s after ignition.
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Figure 5.38: Radiative and convective heat fluxes in a) forced and b) natural
evaporation simulations. Temperature of the surface of the fuel in
b) forced and d) natural evaporation simulations.

The higher rate of rhf during the initial stage, in comparison to the experiment, can

be corrected by modifying the thermal conductivity in the liquid phase when using the
evaporation model. In order to evaluate the influence of this variable on rhf and Ts ,

two extra cases are simulated by imposing A of the liquid as 7 W/m/K and 15 W/m/K
and using the forced convection approach. The results of the present assessment are

representative of the simulation using the natural approach as well. The modelling of
the liquid phase is the same in both convection models. The numerical results show that
by increasing A of the fuel phase the maximum value of rhf during the initial period
decreases (see Fig.5.39(a)) because more heat is transferred from the surface of the fuel
to the liquid phase. This is illustrated by the average temperature of the surface in the
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simulations (see Fig.5.39(b) ). In the steady state period, the calculated mass loss rate of
the fuel and temperature of the surface are very similar, independently of the prescribed
A . This enlightens the importance to characterize the liquid phase to capture the initial
period of the fire. The fact that the steady state behaviour is similar, despite modifying A ,

is explained because the latter only alters the rate of heating of the liquid. As mentioned,

the modelling of the initial phase of the fire can be improved. However, the present study
focuses on the oscillatory fire behaviour and, as mentioned, A does not affect the overall
behaviour in this period. Therefore, the remainder of the simulations are performed by
prescribing A in the liquid fuel as 3.0 W/m/K [60|.

120
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Ts (X=15)

100
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£ 40
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Figure 5.39: Influence of A on a) rhf and b) Ts . Three values of A are tested (i.e.

3, 7, 15 W/m/K). rhf is calculated assuming forced convection.

Prediction of the pressure and volume flow rates in the ventilations In Table
|5.12| the average P , V)n and Vout during the period of interest are presented. The relative
deviation of P is between -7.9 % and 2 % for the natural convection method and the P&B
correlation, respectively. These levels of deviation are smaller than 30 %, which is the
assumed experimental uncertainty in the pressure measurements in PRISME SOURCE. In
order to illustrate visually the capabilities of the code, in Figure 5.40(a) the experimental
and numerical evolutions of P are shown. In this case rhf is simulated using the forced
convection method because the lowest £ (i.e., 0.5 % ) is observed in this simulation. The
comparison between the numerical and experimental results shows that ISIS captures well
the evolution of the pressure during the oscillatory period. However, as expected due
to the high riif in the initial period the pressure is over-calculated in this stage by an

absolute value of 80 Pa, approximately. The predicted V)„ are in good agreement with
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the experimental data with a relative deviation between -7.1 % and -10.2 % for natural
convection and P&B, respectively. This is an acceptable agreement taking into account

that the experimental uncertainty in V is 10.0 %. In order to illustrate the evolution of
the numerical (using the forced convection method) and experimental signals in Figure
5.40(b) both signals are shown. The relative deviation in the extraction volume flow rate

(see Fig.5.40(c)) is smaller (between 1.9 % and 3.1 % ) . In general terms, the predictions
of the pressure and the volume flow rates in the studied period are very good. This
agreement is obtained through the accurate simulation of rhf and the use of R in the
ventilation branches calculated with method 2 that takes into account the conditions
during the fire. However , the calculation of V in the initial stages of the fire differs from
the experimental data , as for the P signal, due to the over-calculation of mt at the same

period.
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Figure 5.40: Numerical (evaporation model assuming forced convection) and ex
perimental evolution of a) P , b) Vj„ and c) Vout over time.
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Figure 5.41: Experimental and numerical average temperatures during the pe-

riod of interest at a) BE, b) FE, c) FW and d) BW (see Fig.2.19).

Prediction of the temperature and the concentration of species In Figure |5.41|
the experimental and numerical time averaged temperatures during the period of interest
are shown at locations BE (see Fig.5.41(a) ), FE (see Fig.5.41(b)) , FW (see Fig.5.41(c) )
and BW (see Fig.5.4lfd]). The local largest deviation between the experiment and sim-

ulation is observed at the bottom of the compartment ( z = 0.05 m) at the locations BE
and FE. The temperatures at FW and BW locations are not reported at that height. The
deviation is approximately between 18 °C and 20 °C for the natural convection method
and P&B respectively. This difference could be explained due to the difficulty to model
the interaction between gas phase and solid boundaries. Fine grids must be applied to

calculate the flow behaviour in this type of zone. Specifically, when using LES to calculate
accurately the boundary layer in this region a fine mesh with y+ < 1 is required. In the
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case at hand a cell size of 0.2 mm, approximately, would be required to fulfil y+ < 1.
A grid of this size is not affordable. Another approach is the use of wall functions, as

in the case. Wall functions, as described, are models. Consequently, a certain level of
discrepancy with reality must be expected.

The temperatures at the four locations along the height are over-predicted by between
8°C and 15°C. The discrepancy could be explained by the over-calculation of rhf during
the initial period. The heat released during this phase could remain within the compart-

ment during the averaging period, increasing the simulated temperature. However, the
temperature profiles are well-captured by the three methods. In addition, the simulated
temperatures in the forced and natural convection tests are, in general terms, within the
experimental uncertainty of the measurements (i.e., 10 %).
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Figure 5.42: Experimental and numerical concentration a) of O2 and CO2 and b)
CO at location GA1predicted with the evaporation model assuming
forced convection.

In Figure [5~

42|the experimental and numerical evolution of Xo^ , Xco2 (see Fig.5.42(a) )
and Xco (see Fig.5.42(b) ) at location GA1(see Fig.2.17) are shown. For the sake of clarity
only the data obtained by applying the forced convection evaporation model is presented.

As mentioned, the lowest deviation in rhf is obtained with this approach. The comparison
focuses on GA1because this location provides information on the level of vitiation near the
fuel surface. The evolution of Xo2 and Xco2 observed in the experiments are well captured
in the numerical simulation (see Fig.5.42(a)). On the contrary, significant over-prediction
is observed for CO (see Fig.5.42(b)). The numerical signals of the three concentrations
are much more nervous than the experimental signal because in the experiment the gases
are extracted and analysed outside the compartment. During the transport of the gases,
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the samples could mix inside the pipes homogenizing the gas. Thus, the oscillations in
this signal could be lost.
The measured and predicted average concentration of the species at GA1, GA2, GA4
and GA5 (see Fig.2.19) are shown in Table 5.13. These results illustrate the overall
capability of the code to calculate the composition of the gas phase. At GA1 and GA2
the concentration of O2 , CO2 and CO are measured. Nevertheless, at GA4 and GA5 only
the concentration of oxygen is gauged. Note that the Gas Analyser 3 is located inside the
outlet branch. The composition of the gases phase at this position is not computed in
ISIS.

Table 5.13: Comparison of the molar fractions measured and calculated at GA1
GA2, GA4 and GA5. The results are compared by means of e.

(%) XCO,GA\ {% ) £xXQ2 ,GAI (%) % (%) XCO2 ,GAI (% ) £-X (%)Test
O2 .CA1 CO2 .GA1 CO,GA1

Exp. 15.4 3.6 0.027
P&B 14.4 -6.6 3.5 -2.6 0.34 1155.8

1626.6
1275.4

Nat. conv.

For. conv.

14.5 -6.1 3.4 -6.3 0.48
14.5 -6.2 3.5 -4.2 0.38

(%) XCO2 ,GA2 { % ) %C02.ga2 (%) XC0,GA2(% ) %co,ga2 (%)X ()2 .GA2 { % ) £XQTest
GA22 '

Exp.

For. conv.

16.0 2.8 0.009
-715.3 3.2 -14.2 9.7 • 10 -99.98-4.4

(%) XCO7GA4(% ) eTC0,GA4
(%)XO2 ,GA4(% ) £X (%) xC()2 .GA4(% ) £XTest

02 ,GA4 C02 .GA4

Exp.

For. conv.

15.1
14.3 -5.2

Xo27GA5 { % ) £X (%) XC027GA5 (%) £X (») XCO.CAS (% ) <*„„,(%)Test
02 ,GA5 C02 .GA5

Exp.

For. conv.

15.7
14.5 -7.6

The concentration of the species predicted by the three approaches at location GA1 is
very similar: 14.5 % for O2 , 3.5 % for CO2 and 0.4 % for CO. This is expected because

rhf values are very similar as well. Thus, for the sake of conciseness, the comparison
at GA2, GA4 and GA5 is performed only by using the data calculated using the forced
approach. The deviations between the experimental and numerical data are acceptable
for oxygen concentration at the four locations with a maximum £ of -7.6 %. At location
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GA1 the concentration of CO2 is in good agreement with the experimental data (-4.2 %).

The difference increases at location GA2 (-14.2 %). The higher discrepancy between the
numerical and experimental results at GA2 in comparison with GA1 could be explained
because GA2 is located in the blowing direction of the inlet (see Fig.2.19). Thus, in the
experiment the injected air could blow near the Gas Analyser , reducing the concentration
of CCA. In addition, the relative concentration of O2 at this location is high in comparison
with other positions. The difference between the experiment and the simulation could
indicate that the flow dynamics is not entirely captured. To illustrate how the proximity
of the inlet branch influence the predicted concentration of O2 the region is studied in
three planes (see Fig(5.43(a

~)|), namely red (see Fig.|5.43(b]j), green (see Fig.|5.43(cj|) and
orange (see Fig.5.43(d)]) planes. For the sake of visualization the molar fraction of O2 is
limited between 0.15 mol/mol and 0.16 mol/mol because the experimental and numerical
values found in GA2 are in this range (see Table 5.13). The concentration of oxygen is
averaged in the period between 250-300s. The position of GA2 is shown using black circles.

The numerical results show that Xo2 changes significantly in the proximity of GA2. For
instance, in Figure 5.43(b) and |5.43(c)| Xpn changes strongly 5 cm up and down. Then,

an accurate modelling of the flow dynamics seems to be relevant in this specific location.
However, there are no experimental data of the flow field to confirm this hypothesis. The
absence of experimental data for the concentration of CO2 at GA4 and GA5 does not

allow to evaluate the capability of the code to predict the concentration of CO2 in more

detail. The relative deviation of Xco is between 1155.8 % and 1626 % at GA1 and -99.98
at GA2. Besides, at GA1 and GA2 the concentrations of CO are under-predicted and
over-predicted, respectively. The observed significant deviations can be explained because
the combustion model is not detailed enough to predict the concentration of CO in a

better agreement. However, due to the small absolute deviation between the numerical
and experimental Xco the influence of the deviation does not seem significant. In the
future more detailed modelling of flow dynamics and chemistry should be implemented.
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Figure 5.43: a) Position of the read, green and orange planes. Average concen-

tration of oxygen between 250s-300s at b) red, c) green and d) red
planes. The location of GA2 is shown with a black circle.

Simulation of the oscillatory fire behaviour The difference between the assessed
numerical set-ups is the method to calculate rhf . Thus, the analysis focuses initially on

this specific signal. In Figure|5~44|the FFT analysis of the experimental and numerical data
for rhf are displayed. In Table 5.14| the relative deviation between the experimental and
numerical dominant frequencies and amplitudes of rhf are depicted. For the numerical
simulations the data between 242 s and 497 s are taken into account. The sampling
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frequency and number of samples are 1 Hz and 256, respectively.
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Figure 5.44: FFT analysis of the experimental and numeral rhf during the period
of interest.

Table 5.14: Dominant frequency and amplitude in rhf obtained in the exper-
iments and with the evaporation model (i.e. , natural and forced
convection) and the P&B correlation. The difference between the
results are evaluated based on e

fmf (Hz) £fhf (%) <$>rhf (g/s) £<Pmj (%)

Experiment
P&B
Natural conv.
Forced conv.

0.0197
0.1339 579.7
0.0591 200.0
0.0157 -20.3

0.034
0.00046 -86.5
0.0065 -80.9
0.0161 -52.9

A clear dominant frequency is not observed when using P&B and the evaporation
model assuming natural convection. It proves that a clear oscillation is not captured when
using these approaches. Besides, the most significant frequencies are significantly over-

calculated in comparison with the experimental value ( £ of 579.7 % and 200.0 % for
P&B and natural convection, respectively). The difference between the numerical and
experimental dominant frequency is reduced to -20.0 % when applying the evaporation
model assuming forced convection. This level of agreement in the frequency is good in
comparison with the results shown in|8, 53 ] where deviations of 30%||and 112% [53] ,
approximately, are reported. Nevertheless, is under-predicted (see Fig.5.44 and Table
5.14) by -52.9 %, which is not an acceptable deviation. The capabilities of the forced
convection evaporation implementation are explored in the following.
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5.3.3 Influence of the thermal boundary conditions on the oscil-
latory fire behaviour

The dominant f,„f is calculated with a low deviation (e= -20.0 % ) when rhf is simulated
by means of the evaporation model assuming forced convection. However, the amplitude
of the signal is under-predicted by -52.9 %. As shown in [53 ] , the triggering of the oscil-
latory fire behaviour depends on the amount of oxygen available for the combustion and
the temperature within the enclosure. The latter depends on the heat released by the
combustion and the heat removed through the ventilation system and the walls. It was

discussed in detail by means of energy balances in section |1.1[
In the following, a sensitivity analysis of the influence of the thermal boundary conditions
on the regime inside the compartment and the oscillatory fire behaviour is performed.
The influence of the thermal characteristics of the walls on the evolution of the fire is
less studied than other aspects such as the ventilation. However, the experimental results
(see the comparison between VSP 1 and S8 in section 2.3.2 ) suggest that this feature
could be relevant. Therefore, the initial thermal conductivity of the calcium silicate (see

Table |4.4|) placed at the walls is modified to increase the accumulated heat. Note that
the numerical simulations performed herein and the experiments mentioned before follow
different methodologies (i.e., changes of the surface of the insulated area and the thermal
properties of the walls) . Hence, a comparison of the results must be performed carefully.

The initial proposed thermal conductivity (0.22 W/m/K) is reduced by means of a Pro-

portionality factor (PR, (%)) . The study focuses on A because the amount of heat
transferred from the gas phase to the walls depends directly on this value (see Eqs.(4.82j))
and (4.83)). The prescribed density of the calcium silicate is reduced by the same PR
because p and A are often linearly dependent. By reducing both variables by the same PR
the thermal diffusivity ( a = A p~ l C~ l ) remains constant. On the contrary, the thermal
inertia (/ = (pACp) ' /2 ) reduces when A and p are reduced. Consequently, higher and
faster temperature increase is expected in the insulated walls in tests with low A . The
specific heat of the calcium silicate is almost constant at different temperatures and is not

modified in the present analysis. In Table|5T5|the values of A and p prescribed in each of
the following numerical tests are shown. The studied range of A (between 0.22 W/m/K
and 0.11 W/m/K) are values commonly found in commercial calcium silicate plates. For
the sake of conciseness and clarity, only the results of the initial test , test 3 and test 6
(A = 0.22W / m/ K , A = 0.165W / m/ K and A = 0.11W / m/ K , respectively) are shown in
detail. These tests (i.e., initial test, test 3 and test 6) are chosen to represent the entire
range of studied A . Note that the properties of the wall made of glass remain constant
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(see Table |4.4|).

Table 5.15: Thermal conductivities, densities and Proportionality Factors tested

A (W/m/K) p (kg/m3) PR (%)Test

Initial test

Test 1
Test 2
Test 3
Test 4
Test 5
Test 6

0.220
0.198
0.176
0.165
0.154
0.132
0.110

870.0
783.0
696.0
652.5
609.0
522.0
435.0

0
10
20
25
30
40
50

The modification in the properties of the insulation material has a significant impact
on the evolution of the spatial average temperature of the surface (see Fig.5.45(a) ) .
Differences in the heating rate are observed in the tests depending on the thermal inertia.
The prescribed values are 419 W/m/K, 314 W/m/K and 209 W/m/K for initial test, test

3 and test 6, respectively. First, it is important to note that a steady state value is not

reached during the calculations. A similar behaviour could be observed in the experiment.
However, data for the temperature of the walls are not available. The predicted average
temperatures at the surface of the glass (see Fig.5.45(b)) show a similar behaviour. The
thermal characteristics of the glass remain constant. Thus, the discrepancy observed in
the average temperature at this surface is explained exclusively by comparing the average
temperature of the gas phase (see Fig.5.45(c) ) . Higher temperatures of the gas phase
are reached when reducing A because the heat transfer from the surface to the interior
of the wall is reduced as established in section |1.1| Consequently, the temperature at the
surface increases and the difference with the temperature of the gas phase is reduced.
This increases the accumulated heat and the temperature within the compartment. This
higher temperature of the gas phase increases the heat transfer and the temperature of the
glass. Another effect of the changes of the thermal properties of the insulation material is
observed in the temperature of the extracted gases through the outlet (see Fig.5.45(d)).
Note that the observed temperature of the gas is higher than the average temperature in
each test due the position of the extraction branch.
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Figure 5.45: Evoluation of the average temperature at a) surface of the insula-

tion, b) surface of the glass, c) gas phase and d) extracted gases
through the outlet.

The changes in the thermal conductivity have an impact on the calculation of the mass

loss rate of the fuel as well. In order to illustrate visually this influence, in Figure |5.46|
the experimental and calculated rhf in the initial test (see 5.46(a) ) , test 3 (see 5.46(b) )
and test 6 (see 5.46(c) ) during the period between 100-620 s are shown. The initial 100
s are very similar in the three simulations and they are not shown. Initial test and test 3
seem similar. However, the signal in test 6 (A=0.11) is more nervous and rhf is higher
in comparison to initial test and test 3. The comparison of the average temperature at

the surface (see Fig.5.46(d)) reveals that initial test and test 3 are similar, with average
temperature of 44 °C and 46 °C in initial test and test 3, respectively. The temperature

at the surface is higher in test 6 (49 °C).
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Figure 5.46: Experimental and numerical rhf simulated when imposing a) A =
0.22W / m/K b) A = 0 A65W / m/K , c) A = 0.11W / m/K and d)
average temperature on the fuel surface in the three cases.

In order to study numerically the influence of A in terms of frequency and amplitude,

the FFT analysis of the signals of rhf , calculated for all cases (see Table 5.15 ) , and the one

observed in the experiment, are shown in Figure |5.47[ In the calculations, the frequency
of the sampling is 1 s and 256 samples of the period between 242 s and 497 s are taken
into account.



5.3. Simulations of the reduced-scale test NYX using Large Eddy Simulation and an
evaporation model 203

*-Exp.

-•-10
20-•-25

-»-30
-»-40

Frequency (Hz)

Figure 5.47: FFT analysis of the mass loss rate of the fuel signal calculated in
the cases described in Table I5.15 .

The experimental frequency of rhf is captured in test 1, test 2 and test 3 with am-

plitudes of 1.3 - 10-2 g/s, 1.4- 10-2 g/s and 2.1- 10-2 g/s. These are important results
because the frequency of the oscillatory fire behaviour is captured numerically for first time.
In initial test and test 4 the dominant frequency is respectively under and over-calculated
by a relative deviation of 20% (i.e., 0.0157 Hz and 0.0236 Hz) . When reducing the value
of A the dominant frequency tends to increase. The calculated f ,„f are 0.0827 Hz and
0.0709 Hz for test 5 and test 6, respectively. However, the signals in these tests are very
irregular and to identify clearly the dominant frequency is difficult. In order to illustrate
numerically the influence of A on rhf and the connection with P , V)M and V,
|5.16[ the time average, dominant frequency and amplitude of these variables obtained in
initial test, test 2, test 3, test 4 and test 6 are shown. These tests are selected to cover

the entire range of studied thermal conductivities.

The average values of the four variables are not significantly affected by the modification
of A . For instance, the relative deviation of rhf are -0.6 % and 1.2 % for initial test and
test 6, respectively. In the ventilation system the level of relative deviation of the average
V in the inlet and outlet are different. The relative deviation of is between -7.6 % and
-10.8 %. On the contrary, the high aeraulic resistance of the outlet ventilation branch (2.6
•107 /77 4 in the case at hand) makes Vout almost constant (i.e., 1.1 TO-2 m3/s) despite
the changes in P (between -73.1 Pa and -76.9 Pa). The constant predicted value of Vout
is in line with the low amplitude of the signal observed in the experiment. The changes in
the conditions within the enclosure have a lesser impact on the outlet than on the inlet.

in Tableout »
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Table 5.16: Frequency, amplitude and time average of the experimental and nu-

merical (initial test, test 2, test 3, test 4 and test 6) mass evapora-

tion rate of the fuel, pressure and volume flow rates in the inlet and
outlet. The results are compared by means of the relative deviation

fhf (Hz) £fkf (%) <t>mf (g/s) &t>m /
(%) mf (g/s) 5S, (%)

3.4 • 10“2

1.6 • 10“2

1.4 lO-2

2.1 • 10
1.6 • lO”2

1.5 lO"2

-lExperiment 0.0197
Initial test 0.0157
Test 2
Test 3
Test 4
Test 6

1.63 • 10
-52.9 1.62 • 10
-58.8 1.63 10
-38.2 1.64 • 10
-52.9 1.64 • 10
-55.8 1.70 10

-l-20.3 -0.6
-l0.0197 0.0

0.0197 0.0
0.0236 19.0
0.0709 259.1

0
-2 -1 0.6

-l 0.6
-l 1.2

fp (Hz) £fp (%) <DP (Pa) a*, (%) P (Pa) £P (%)

Experiment 0.0197
Initial test 0.0157
Test 2
Test 3
Test 4
Test 6

49.7 -73.7
-20.3 23.2 -53.3 -74.1 0.5

0.0197 0.0
0.0197 0.0
0.0236 19.0
0.0709 259.1

23.8 -52.1 -73.1 -0.8
31.8 -36.0 -75.1 1.9
28.6 -42.4

-43.6
-76.8 4.2

28.0 -76.9 4.3

fvm (Hz) £f (%) <5>vin (m3/s) &iy, (%) Vm (m3 /s) £— (%)
i n v m i n v m v m

2.6 • 10“3

1.0 • 10"3

1.0 • 10“3

1.5 • 10“3

1.3 • 10"3

1.6 • 10-3

7.4 • 10“3

6.9 • 10"3

6.8 • 10“3

6.8 • 10“3

6.8 • 10"3

6.6 • 10-3

Experiment 0.0197
Initial test 0.0157
Test 2
Test 3
Test 4
Test 6

-20.3 -61.5 -7.6
0.0197 0.0
0.0197 0.0
0.0236 19.0
0.0709 259.1

-61.5 -8.1
-52.3 -8.1
-57.1 -8.1
-54.8 -10.8

fvout (Hz) efvout (%) (m3/s) £4>VOUI
(%) Vout (m3/s) (%)eCout

2.1 • 10-4

7.4 • 10“5

8.1 • 10“5

1.0 • 10~4

9.0 • 10“5

9.5 • 10“5

9.9 • 10"3

1.0 • lO”2

1.0 • 10
1.0 • lO-2

1.0 • lO”2

1.0 • lO”2

Experiment 0.0197
Initial test 0.0157
Test 2
Test 3
Test 4
Test 6

-20.3 -61.5 1.0
-l0.0197 -1.0

0.0197 -21.0
0.0197 -21.0
0.0709 -89.9

-61.5 1.0
-42.3 1.0
-50.0 1.0
-38.4 1.0
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The comparison of the results shows that the dominant frequency of rhf , P , Vm and
is constant in each test. It is an important observation that shows that the CFD code

is able to couple the oscillation observed at the evaporation process, ventilation system and
pressure. More specifically, the phenomenon is simulated with the same frequency that in
the experiment when imposing A in a range between 0.198-0.165 W/m/K (test 1, test 2
and test 3) . By comparing the amplitude of the dominant frequencies of rhf calculated
at test 1, test 2 and test 3, the latter captures this variable more accurately (-38.2 %).

The amplitude of fjlf describes the mass rate of fuel evaporated at a frequency of 0.0197
Hz. This evaporated fuel burns releasing combustion products. The accumulation of these
gases alters the pressure within the enclosure. The connection between the evaporation
process and the changes in the pressure is observed by comparing the amplitude of the
dominant fmf and fp. For instance, the relative deviation of the amplitude of /,,,, at tests

2 and test 3 are -58.8% and -38.2%. For the pressure signal, the relative deviation of the
amplitude is -52.1% and -36.0% for test 2 and test 3, respectively. These similarities show
that the evaporation process is well connected with the changes in the pressure inside the
enclosure. However, the deviation of the numerical amplitudes of V in comparison with

V,out

the experiment is higher than for P. For test 3, the relative deviation of the amplitude of
P is -36.0 % and -52.3% and -42.3% for V;n and V, respectively. These discrepancies
can be explained because the interaction between the pressure in the enclosure and the
ventilation system is not fully well-captured.

In order to illustrate the capability of the code ISIS and the implemented set-up, in Figure
5.48 the numerical and experimental FFT analysis of rhf (see Fig. 5.48(a)), P (see

Fig.5.48(b) ), Vi„ (see Fig. 5.48(c) ) and Vout (see Fig.5.48(d)) obtained from test 3 are

presented. This test is selected because the best agreement with the experiment is obtained
for this case.

out >
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Figure 5.48: Experimental and numerical (test 3) FFT analysis of a) rhf , b) P
c) Vin and d) Vout .

As mentioned, for the sake of comparison the data used for the FFT analysis are taken
at the same period (i.e., 242s-497s) and with the same sampling frequency (i.e., 1 Hz) as

that at the experiment. In order to assess the impact of these choices on the calculation,

the FFT analysis is repeated taking into account the results obtained in the period from
220 s to 629.5 s with a sample frequency of 10 Hz. Then, 256 and 4096 data are used in
the original and extended analysis, respectively. In Figure 5.49[ the original results (black
line) and the results with the extended measurement period (red line) are shown. The
comparison of the FFT spectrum proves that increasing the measurement period and the
sample frequency has no significant influence on the calculated spectrum of frequencies
over the range of interest.
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Figure 5.49: FFT analysis of a) my, b) P , c) V,„ and d) calculated in Test
3 taking into account 256 samples (242s-497s) and 4096 samples
(220s-629.5s) .

In view of the amplitude and frequency of the signals (see Table 5.16) , the following
assessment focuses on the comparison of test 3 with initial test and test 6. In test 3,

the oscillations observed in the experiment are captured with better agreement than in
the initial test and test 6. In the initial test, the frequency of the signal is slightly lower
(e=-20.0%). On the contrary, in test 6 the dominant frequency is significantly higher (i.e.,
259.1 % ). These comparisons try to define the differences in the gas phase that trigger
oscillatory fire behaviour at the experimental frequency.
The signals presented in Figure |5~48| show that the oscillatory fire behaviour is captured
at the boundary conditions (i.e., V/„, Vout and my) and pressure, which is representative
of the entire gas phase. However, in the simulations the influence of the gas phase on
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the phenomenon can be evaluated. For instance, by relating the signals of rhf and mass

burning rate of the fuel (m/?), which is defined as the mass of fuel that reacts with oxygen
per second. In this analysis, for the sake of clarity, only heptane is considered as fuel.

0.03
«-Mass Loss Rate

Mass Burning Rate0.025

g 0.02

g 0.015
QL
E 0.01
<

0.005

01
0.1 0.2 0.3
Frequency (Hz)

Figure 5.50: FFT of the Mass Burning Rate and Mass Loss Rate calculated in
test 3.

Thus, in Figure |5T50|, FFT signals of my and mj, in the entire compartment are com-

pared. The results prove that rhf and are almost identical in terms of amplitude and
frequency. Note that in the present simulations the extinction phenomenon is taken into
account. Thus, the mass loss rate and the burning rate could differ for instance in very

strongly vitiated conditions. The similarity between rhf and indicates that the fuel is
burnt as it evaporates. Hence, the region where heptane reacts should be relatively close
to the pan. In case that the reaction zone would be located far away from the pan, it
could be expected that the evaporation and reaction rates would differ due to a significant
transport time. In order to study the distribution of thf, a region centred in the enclosure
is analysed. The dimensions of the volume are 0.6x0.6 m of square base and the entire
height of the enclosure (i.e., 1 m). A percentage of 85% of the total fuel is burnt inside
this region, which is a very representative fraction. The volume is subdivided into ten

levels (e.g, LI, L2, L5, L10) with a height of 0.1 m. Each level is divided into 36 sub-

volumes (see Fig.|5.51|). The volumes (360 in total) have a cubic shape with dimensions
0.1x0.1x0.1 m3 (see Fig.5.51). For clarity, the volumes are labelled by the level and the
position. For instance, the volume Ll.l is located at the first level in the corner closest
to the inlet. Note that the use of the described dimensions is arbitrary. It is assumed
as an acceptable balance between spatial definition and computational cost. In addition,

the use of contours plots of thf, could be an useful tool. However, this variable cannot be
currently tracked in ISIS using the mentioned technique.
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Figure 5.51: Diagram of the volumes where thf , is studied a) top view and b)
lateral view. The pan is represented in red.

58 % of the evaporated heptane is consumed in levels 1, 2 and 3. More specifically, 42
% of the fuel reacts in the region coloured in orange in Figure|5~~52(a)|. However, this region
is only the 2 % of the volume. Thus, the region where a significant fraction of the fuel
reacts, is well-located in a small fraction of the volume. The FFT analysis of the signals
of the mass burning rate in the volumes 8, 9, 10, 13, 14, 15, 16, 17, 19, 20, 21, 22 at the
three levels (i.e., LI, L2 and L3) in test 3 reveals that a dominant frequency of 0.0197
Hz in /77 jj is observed at several locations near the pan. In Figures 5.52(b)[ 5.52(c) and
5.52(d) these areas in level 1,2 and 3, respectively, are shown in blue. So, the equivalence
between thf and /77/, proves that the dominant frequency of the mass evaporation rate

(i.e., 0.0197 Hz) is directly produced by the burning of the fuel at the same frequency at

these specific locations. This is a new and interesting finding. It illustrates the relevance
of the local conditions of the gas phase on the oscillatory fire behaviour. The changes in
frequency observed in thf by modifying A are produced because the position and intensity
of the burning rate is modified. In order to illustrate this hypothesis, in Figure |5753| the
FFT analysis of hit, predicted in initial test, test 3 and test 6 at the locations LI.15, L2.14,

L2.20, L3.16, L3.20 and L3.21, is shown. The comparison of the FFT signals shows that
the modification of A alters the position and rate at which the fuel is burnt. The dominant
frequency of 0.0197 Hz is clearly observed in test 3. Note that the exact location of the
regions where the calculated frequency of thf is 0.0197 Hz, can only be defined by point-
by-point measurement of the entire enclosure. However, it would produce a large amount

of data difficult to process. The uncertainty in the location of the combustion region with
a frequency of 0.0197 Hz increases with the dimensions of the volume. However, the used
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volume size of 10 cm is assumed as sufficient for the exploratory purpose of this numerical
study.
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Figure 5.52: Diagram of a) volumes where the highest burning rate values are
observed (orange) in test 3. In blue are the regions where the
dominant frequency of is 0.0197 Hz at b) LI, c) L2 and d) L3.



5.3. Simulations of the reduced-scale test NYX using Large Eddy Simulation and an
evaporation model 211

x 10'3

Initial test Initial test
Test 3
Test 6

- »-0.0197 Hz

Test 3 .CD 3.5
Test 6 O)

-»-0.0197 Hz CD o"o 3a
E 2.5
<
3 9co Z
cr
CD

.E 1.5c
=3

CQ ^CD
CD
CO

^ 0.5

4
0 0.02 0.04 0.06

Frequency (Hz)
0.08 0.1

Frequency (Hz)

(b)

Initial test
Test 3
Test 6

-»-0.0197 Hz

JD 3.5
O)

CD q-o 3a
E 2.5

1 2
<
QC
CD

.E 1.5
c

CQ j
CD
CD
CO

^ 0.5

6
0 0.02 0.04 0.06

Frequency (Hz)
0.08 0.1

Frequency (Hz)

(d)

-3
X 10

Initial test
Test 3
Test 6

-»-0.0197 Hz

Initial test
Test 3JD 3.5
Test 6CD

-»-0.0197 HzCD qu 3a
E 2.5

I 2
<
QC
CD

.E 1.5
c
Z3

CD ^CD
CD
CO

^ 0.5

°0
6

0.02 0.04 0.06
Frequency (Hz)

0.08 0.1
Frequency (Hz)

(e) (0

Figure 5.53: FFT analysis of the mass burning rate in tests initial, 3 and 6 in
volumes a) LI.15, b) L2.14, c) L2.20, d) L3.16, e) L3.20 and f)
L3.21.
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Figure 5.54: a) Sketch of the locations of Linel and Line2 at the surface of
the fuel. Average b) temperature, c) convective and radiative heat
fluxes, d) mass loss rate of the fuel and e) Reynolds number ob-

tained in test 3.

Thus, a flame that is detached from the pan with a dominant frequency of 0.0197 Hz
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in rhb is observed in several volumes (see Fig.5.52) . This phenomenon is produced when
vaporized fuel is transported to a zone separated from the pan where the conditions in
terms of temperature and concentration of oxygen allow reaction. The position of the
flame has a significant impact on the local conditions of the fuel phase. They are studied
on two perpendicular lines on the surface of the pan that cross the center of the fuel
surface (see Fig.5.54(7)). The temperature (see Fig.52)4(5]), radiative and convective
heat fluxes (see Fig. 5.54(c)) , fuel mass loss rate (see Fig.5.54(d)) and Reynolds number
(see Fig.5.54(e)) averaged between 242 s and 497 s at the surface of the fuel, are shown
for test 3 in Figure |5.54|.
The predicted averaged temperature of the fuel surface is between 40"C and 52"C (see

Fig.5.54(b)). The distribution of the temperature at the surface is not symmetric: at the
negative coordinates of the x-axis it is approximately 2°C higher than at the positive side.

In addition, the temperature on line 2 is higher than on line 1 by 2°C as well. These
discrepancies are explained because the heat fluxes are significantly higher on line 2 than
on line 1, and higher in the negative section of the x-axis than in the positive part. Thus,

the yellow region of the pan in Figure |5~54( a) receives more thermal energy than the rest

of the fuel surface. The difference between this region and the rest of the fuel surface
is related to the proximity of the volumes 14, 15, 20 and 10 (see Fig.|5.52). The local
fuel mass loss rate (see Fig.5.54(d)) is directly linked with the temperature. Besides, it is
interesting to analyse the value of the predicted averaged Re in the first cell above the fuel
surface. It is between 100 and 900, approximately. The distribution of Re is symmetrical,
despite the location of the inlet and outlet. This is an interesting result. The momentum

of the gas phase produced by the ventilation system has no local effect on the Reynolds
number and, thus, on the evaporation process. This feature has not been addressed be-

fore.

In line with the observation of detached fire, a ghosting flame phenomenon was captured
in the simulation. To illustrate the ghosting flame phenomenon, iso-contours of the in-

stantaneous temperature are taken at 300 s. The dimensions of the plane are 0.6 m x

0.6 m and they are located at 0.1 m, 0.2 m and 0.3 from the floor (see Figj5.55|). The
position of the lip is represented by a black square. The images show how the flame is
located above at volume 9 and 3 (see Fig.|5.52|) at the first and third level respectively.
A flame located in these zones is coherent with the profile of the heat fluxes shown in
Figure.|5754|.
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Figure 5.55: Iso-contour of the averaged predicted temperatures in test 3 at a)
0.1 m, b) 0.2 m and c) 0.3 m from the floor. The position of the
lip of the pan is represented by a black square. The temperature is
presented in Kelvin.
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In order to further assess how the changes in A affect the position and frequency of the
combustion, the temperature, mass fraction of fuel and mass fraction of oxygen predicted
in the reference tests (i.e. , initial test, test 3 and test 6) are compared. The presented
values are averaged in the entire oscillatory period. The assessed variables are used to

calculate the burning rate of the fuel (see Eq.(4.42)) and the extinction factor (FEF)
(see Eq.(4.45)). Another relevant parameter is the density (see Eq.(4,42|)). However, this
depends strongly on the temperature, which is already assessed. The predicted values are

recorded at 20 lines with a length of 1m (see Fig.5.56) . The entire height of the enclosure
is assessed by locating the lines spaced vertically by 0.1 m with the exception of linelO,

which is located at 0.09 m above line 9 (see Fig.5.56(a) ) . At each level, two lines are

positioned, perpendicularly crossing over the center of the fuel surface (see Fig.5.56(b)) .
The lines are named based on the level (e.g. Linel, Line7) and the direction of the line
(e.g., Linelx, Linely).

B

I0.5 m1m
, , BB LinexLinelO EW0.09 mj

Line9

Line8
Line7
Line3
Line2
Linel

0.5 m
Liney0.99 m

0.1 m F

(a) (b)

Figure 5.56: Sketch of a) vertical levels and b) orientation of the post-processing
lines. The pan is represented in red colour.

The comparison of T , Yf and Yo2 focuses on the data obtained on Linelx and Line3x.

These locations are representative for the combustion of the fuel at frequency of 0.0197
Hz in the volumes of interest (see volumes 14, 15, 16, 20 and 21 in Fig. 5.52 ).
The temperature (see Figs,|5.57(a) and 5.57(b) ) at the sides (between -0.5 m and -0.1 m

and between 0.1 m and 0.5 m of x-axis, approximately) is higher when imposing a lower A .
For instance, in Linelx the temperature increases by 24°C in test 6, in comparison to initial
test. Note that the average mass loss rate of the fuel is similar in initial test , test 3 and test
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6 (i.e., 0.162 g/s, 0.164 g/s and 0.17 g/s, respectively) , as are V-in and Vout . Hence, the
discrepancy in the temperatures can be explained mostly by the difference in the prescribed
A . The highest temperatures (approximately 250 °C ) are reported in the zone where the
flame is expected, between -0.1 m and 0.1 m of the x-axis. However, two phenomena
are observed in this region: 1) the temperatures are low in comparison with the expected
values in open conditions at the three numerical tests and 2) the temperature profile differs
clearly in initial test and test 3 in comparison with test 6. The low temperature in the
region is explained partially due to the relative low rhf in comparison with the expected
value in open conditions (i.e., -64 %). A low mass rate of evaporated fuel has as a

consequence that less energy is available to heat the gases up in the region. However,

the most significant deviation between the cases is found in the shape of the temperature

profiles. In initial test and test 3 the highest temperatures are observed towards the inlet.
On the contrary, the maximum values in test 6 are observed towards the outlet. These
deviations are due to a different position of the flame. In order to compare the effect of
A on the position of the combustion region, iso-contours of the gas temperature averaged
during 50 s at the oscillatory period are shown in Figure |5.58[ The dimensions of the
plane are 0.6mx0.6m and centred above the pan at 0.1 m (see Figs. 5.58(a) and 5.58(b) )
and 0.3 m (see Figs. 5.58(c) and 5.58(d) ) height from the floor. In these iso-contours,

for the sake of clarity, the position of Linex and Liney are shown using black and white
dashed lines, respectively. Initial test and test 6 are compared because the most significant
differences are expected between these cases. The region with the highest temperatures

is partially captured on Linelx at 0.1 m from the floor in initial test (see Fig.5.58(a)).
The iso-contour shows the displacement of the flame towards the inlet position. At test

6 the highest temperatures are not captured on Linexl (see Fig. 5.58(b) ) . In addition,

the flame is more displaced towards the outlet. The differences between initial test and
test 6 are more striking at 0.3 m height from the floor. The flame is clearly located at

left and right on Line3y (white dash line) in initial test (see Fig.5.58(c) ) and test 6 (see

Fig.5.58(d) ), respectively. In addition, in test 6, the combustion region is located further
away from Line3x than in the initial test. The maximum temperatures observed in both
tests are approximately the same. Nevertheless, a wider region with temperatures above
400 K is clearly observed in test 6 (see Fig. 5.58(d) ) than in initial test (see Fig.5.58(c))
at 0.1 m and 0.3 m from the floor. This comparison illustrates how, by reducing A of the
material of the walls, the temperature of the gas phase in the reaction zone is affected.
In initial test and test 3, Yo2 are similar on Linelx and Line3x (see Figs.5.57(c) and
5.57(d)). A slight reduction is observed in test 6 because: 1) the amount of air injected
into the enclosure decreases slightly in comparison to initial test (see Table |5.16) and 2)
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the amount of fuel available for combustion increases (see Table 5.16) . However, these
discrepancies are small, with values like 0.0025 kg/kg and 0.005 kg/kg at Linelx and
Line3x, respectively. However, a significant discrepancy is observed in the concentration
of heptane. The maximum concentrations of the fuel on Linelx (see Fig.5.57(e) ) are

between 0.22 kg/kg and 0.14 kg/kg in initial test and test 6, respectively. At 0.3 m from
the floor (see Figj5.57(e]) differences between the outcomes are observed as well but the
concentrations are much lower. The observed differences in terms of mass fraction of the
fuel are explained based on: 1) the position of the flames influences the evaporation profile
as shown in Figure 5.54(d)|. Then, based on the differences reported in Figure 5.55| the
comparison at the used locations is difficult. 2) The higher temperatures of the gas phase
observed when reducing A enhances the combustion. Then, more fuel reacts from the
surface of the fuel to the line of measurement.
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Figure 5.58: Iso-contours of the temperature averaged during 50 s at 0.1 m at
a) initial tests and b) test 6 and at 0.3 m at c) initial tests and d)
test.
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In order to illustrate the higher burning rate in test 6 in comparison with initial test , iso-

contours of the mass fraction of heptane averaged over a period of 50 s during the oscilla-

tory period are shown in Figure [5759[ The surface of the iso-contours is 0.6mx0.6m centred
around the pool fire. The assessed heights from the floor are 0.04 m (see Figs. 5.59(a))
5.59(b) ), 0.1 m (see Figs.5.59(c) and 5.59(d) ) and 0.15 m (see Figs.5.59(e) and 5.59(f ) ) .

The white contour shown in Figures 5.59( a) and 5.59(b) is the solid region of the lip. In
order to have a spatial reference this area is projected at the iso-contours at 0.1 m and
0.15 m from the floor using a black square. The maximum mass fraction of heptane at

0.04 from the floor is 0.12 kg/kg and 0.21 kg/kg, approximately, in initial test and test 6,

respectively. The positions where the highest concentrations of fuel are located differ in
both tests. They are located in the proximity of the position of the reaction zone shown
before. The influence of the position of the flame on the surface of the fuel was studied
previously. At 0.1 m from the floor the maximum mass fraction of heptane is 0.027 kg/kg
and 0.032 kg/kg for initial test (see Fig.|5.59(c~)D and test 6 (see Fig.|5.59(d~)j), respectively.

The comparison between iso-contours at the two heights shows that more fuel reacts in
the proximity of the fuel surface in test 6 than in initial test. This is confirmed when
studying the highest location (i.e., 0.15 m from the floor) : the mass fraction of the fuel
is the same in initial tests (see Fig.5.59(e)) and test 6 (see Fig.5.59(f)) . Note that a fully
quantitative comparison of the mass burning rate of the fuel in both tests is very complex.

The oscillatory fire behaviour modified the conditions in the region in time and space. In
addition, the position of the flame is different in both tests. However, the highest reaction
rate at positions closer to the fuel surface is clearly captured when reducing A at the walls.

The more concentrated reaction of the fuel could be explained by the influence of the ex-
tinction phenomenon. High temperatures would reduce the influence of the extinction in
vitiated conditions (see Eq.(4.45 )). As mentioned, the temperature in the proximity of the
pool fire increases by 24"C along Linelx in test 6 in comparison to initial test. The higher
temperatures allow the reaction to take place in test 6 in regions with lower concentration
of oxygen.
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Figure 5.60: Positions where Yf and Yo2 are measured at a) 0.1 and b) 0.3
m from the floor. Mass fraction of fuel and oxygen divided by
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In order to study this further, it is recalled that reaction takes place where oxygen and
fuel are present in such conditions that extinction is avoided. In order to determine which
of these species is limiting the reaction, Figure [5T60] shows the predicted values of Yf and
Y0l / s (see Eq.(4.42)) in test 3. The value of s is 2.4, dividing the mass of 7.5 moles
of oxygen (240 g) by the mass of 1 mole of heptane (100.21 g). The measurements are

performed at four points: 1) on Linelx at 2.5 cm from the center line towards the inlet
(see orange point in Fig.5.60(a) ), 2) on Linelx at 2.5 cm from the center line towards
the outlet (see blue point in Fig.|5.60(a)) , 3) a similar position as 1) on Line2x (see white
point in Fig.5.60(b)) and 4) similar to 1) at Line2x (see black point in Fig.5.60(b) ) .

These positions are selected because the higher concentrations of fuel in comparison with
the concentration of oxygen are observed there. Figure |5.60| shows that in test 3 the
concentration of the fuel limits the reaction rate. Thus, the evaporated fuel is the limiting
species in the case in hand. A similar behaviour is observed in initial test and test 6. At
other positions on the studied lines the ratio between the excess of oxygen and available
fuel is even larger.

The NYX and VSP experiments show that the oscillatory fire behaviour is triggered when
high temperature and low concentration of oxygen conditions are reached near the surface
of the fuel. Thus, combustion takes place at a position where the oxygen and vaporized
fuel are found and the temperature is high enough to avoid the extinction phenomenon
produced by the vitiation. In addition, the simulations indicate that the reaction is strongly
limited by the concentration of fuel. Thus, the frequency of ifif, is characterized by the
time required to transport the fuel vapour from the surface to a region where reaction
takes place. For instance, in test 6 the high frequency of the signal (i.e., 0.0709 Hz)
is because the reaction takes place near the surface of the fuel. The time required to

transport and accumulate the amount of fuel is shorter than in the other calculations. In
initial test and test 3, the period of time required to transport the fuel to the reaction
zone is longer. This is illustrated with the fact that the dominant frequencies are observed
in positions separated from the fuel surface, for instance L3.20 and L3.21 (see 5.53|). It
is explained because, as shown before, the temperatures of the gas phase are in general
terms lower. Thus, vitiation has a stronger influence. Ultimately, the equivalence between

riif, and rhf (see Fig.|5.50) shows that the time required to transport and burn the fuel is
interconnected with the evaporation rate.

In order to illustrate the significant role of extinction modelling in the present scenario test

3 is repeated by imposing FEF=0. In other words, extinction is not taken into account.

The numerical mass loss rate of the fuel and FFT of rhf in test 3 and test 3 without
extinction are presented in Figure [57611
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Figure 5.61: Comparison between a) mass loss rate of the fuel and b) FFT of
the mass loss rate of the fuel in test 3 and test 3 without extinction.

The difference between the predicted signals of the fuel mass loss rate with and with-

out extinction modelling is visually striking. The average fuel mass loss rate in the period
between 242 s and 497 s increases from 0.164 g/s to 0.3834 g/s, which is a relative devi-
ation of 140 %. In terms of FFT analysis, no clear frequency is observed in test 3 without
extinction. The most significant peak is observed at a frequency of 0.081 Hz, which is 315
% higher than the observed dominant frequency in test 3, because the combustion of the
fuel is not limited by the vitiation. Thus, it can take place closer to the surface of the fuel
than in test 3 (shorter transport time from fuel surface to reaction zone) and more heat is
transferred to the surface of the fuel. The frequency of the signal is increased because the
combustion of heptane occurs in regions where the transport of the fuel takes a shorter
time.

As shown in section |2.3.3| and Figure |2.24|, when increasing the mass rate of air, the fre-

quency of the fuel mass loss rate decreases [22, 34, 35 ] . The presented numerical results
shown before could be used to understand how changes in V-in modify f j l f . By increasing
Vj„ and keeping the rest of the configuration unaltered (e.g., fire source, insulated area)
the concentration of oxygen in the enclosure is increased as well. Thus, the influence of
the extinction is diminished and reaction can take place closer to the surface of the fuel.
This produces a higher dominant frequency of the mass loss rate of the fuel because the
time to transport the evaporated fuel to a reacting zone is shorter . Besides, the higher
volume flow rate in the inlet, keeping constant the area of inlet implies a higher momentum

of the injected air. Then, the air can penetrate deeper into the combustion products and
the local concentration of oxygen in the proximity of the fuel would increase. It would
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reduce the period of the phenomenon as well.





Chapter 6

Conclusions and future work

6.1 Main conclusions
The main objective of the present PhD thesis is to evaluate the numerical capabilities of
computational codes to simulate the oscillatory fire behaviour. Before, the phenomenon
has been extensively studied by means of the experimental results. The numerical and
empirical assessments show new aspects to take into account in future experimental cam-

paigns. First, the analysis of tests PRISME2 Vertical Smoke Propagation (VSP) and NYX
increased the understanding of the oscillatory fire behaviour. The changes in time of the
frequency and amplitude of the mass loss rate of the fuel (my), pressure (P) and volume
flow rates in the ventilation system (V) signals during the oscillatory period have been
assessed. More specifically, the progressive reduction of the amplitude of the my signal at

the dominant frequency propagates to the other signals. This reduction proves that the
conditions inside the enclosure are modified during the experiments. The feeding of air
by the ventilation system to the pool fire is weakened and leads the fire to extinction due
to vitiation. This assessment is a novelty. Besides, previous analysis of the oscillatory fire
behaviour have been focused on the influence of the Global Equivalence Ratio (GER) on

the phenomenon showing that the phenomenon is developed in a specific range of GER.
However, the influence of the thermal insulation of the walls has not been deeply assessed.

In this research, for the first time, the influence of the area of the insulated surface on

the conditions within the compartment and the oscillatory fire behaviour are taken into
account. The duration of the fire extends from 1500 s to 2000 s in cases PRISME2 VSP 1
and S8, respectively. The difference between both experiments is found in the area of the
insulated surface (i.e., 37.5 m2 and 84 m2). The mentioned facts prove that the scenario
in hand is extremely sensitive to the set-up and complicated to understand. In addition,

227
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the experimental data suggest that local high temperature in the proximity of the pool
fire is necessary to trigger the oscillations. Thus, the local conditions would be, at least,
as relevant as the boundary conditions and must be taken into account in the analysis of
the numerical results.

Second, the assessment of the zone model and Computational Fluid Dynamics (CFD)
techniques reveals several facts. The use of a simple zone model is suitable to perform
preliminary calculations in cases where the conditions inside the enclosure are relatively
homogeneous. For instance, in PRISME SOURCE D1 and D2 the relative deviation in rhf
is less than 20 %. On the contrary, the code performs poorly in more stratified scenarios
where the conditions near the pool fire differ significantly from the average conditions.

For example, for case D6 the relative deviation in rhf is -48 %. In addition, this approach
is unable to capture the oscillatory fire behaviour observed in case VSP 1. This has been
explained on the basis of the importance of the high temperatures of the gas phase in
vitiated conditions, which are not taken into account.

In this test the capability of the unstationary pipe-junction boundary in comparison with
the steady pipe-junction boundary to capture the oscillations is tested. The signal of rhf
obtained with the stationary method was flat: no oscillations are observed. The unstation-

ary approach adds the time delay between the changes in the enclosure and in V . In the
latter, oscillations are simulated in VSP 1, but the applied values for length and section
of the pipes (200 m and 2000 m and 0.001 nr ) are unrealistic. In addition, the delay
between the fire source and the ventilation system is mainly located inside the enclosure
and must be modelled locally. The results indicate that the main weakness of the zone

model is that the local conditions are not taken into account to calculate rhf .

In order to simulate in detail the local conditions CFD simulations have been performed
with ISIS [5, 10, 35, 50, 53, 57-59, 64-67] , Two set-ups have been tested. In the first
figuration, the Reynolds Average Navier-Stokes (RANS) equations turbulence model (see

section 4.2.1) and Peatross-Beyler boundary condition (P&B) (see section 4.6.1) were

used to calculate rhf in large-scale compartments. The deviation observed in the mass

loss rate is approximately -10 % in cases with relatively well-mixed conditions. This is a

very good agreement, but the oscillatory fire behaviour observed in case VSP 1 was not

captured. This indicates that the connection between the conditions in the enclosure and
the fire source must take into account more variables than the concentration of oxygen
inside a reference volume.

A second approach, based on an evaporation model (see section |4.6.2|) and the Large Eddy
Simulation (LES) turbulence approach (see section |4.2.2 ) has been applied in open pool
fires (i.e., diameters of 18 cm and 30 cm) and in the reduced-scale enclosure NYX. In the

con-
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18 cm pool fire, a new approach to model the mass transfer coefficient assuming natural
convection was evaluated. In the 30 cm pool fire, the influence of the length scales (i.e.,
global and local) has been extensively assessed. A promising approach is found in which
the Reynolds number is calculated, laminar conditions are assumed near the surface of the
fuel and local length scales are prescribed. This combination is tested in this research for
first time. Later, in the NYX simulations this set-up is able to capture approximately the
experimental frequency of the fuel mass loss rate during the oscillatory period. It indicates
that the use of the evaporation model to calculate the mass loss rate of the fuel is a key
factor to simulate oscillatory fire behaviour. However, it is possible that other simpler
methods or implementations of the evaporation model can simulate the phenomenon
In order to study more deeply the capability of this simulation set-up a sensitivity analysis
of the thermal conductivity (A ) of the insulated material of the walls has been performed.

The relevance of this variable has been explained: A has a significant influence on the
amount of heat accumulating within the enclosure and, thus, on the temperature of the
gas phase in the proximity of the pool fire. By imposing a value of 0.165 W/m/K for
A , a frequency of 0.0197 Hz and an amplitude of 0.021 g/s was calculated for rhf . The
simulation captures accurately the frequency of the oscillation. This result is relevant be-

cause for first time the frequency of the phenomenon is simulated. However, the relative
deviation for the amplitude is -38.2 %. Similar results have been obtained for pressure and
V . Although the extinction phenomenon is modelled in the calculation, the mass burning
rate (mi,) and fuel mass loss rate are equivalent in terms of frequency and amplitude. The
study of the local mass burning rate of the fuel shows that the frequency of the oscillatory
fire behaviour is observed in ihf, at specific positions. The main conclusion is that the fre-
quency and amplitude of the phenomenon depend on the transport time and the amount

of fuel transported to regions with high temperature and concentration of oxygen, where
reaction can take place.

The performed simulations have excellent agreement with the observed results and illus-

trate the capabilities of CFD to capture the coupling between the ventilation system, the
conditions inside the compartment and the fuel phase. However, the numerical results are

affected by the very strong sensitivity of the models. The most sensitive feature seems to

be the evaporation model. The calculated rhf is based on the use of length scales and cor-

relations rather than fully predictive methods. Besides, the numerical results obtained for
a 18 cm diameter heptane pool fire show the high sensibility of the model to the numerical
set-up. Therefore, the presented results must be understood as an extensive sensitivity
analysis to illustrate the most relevant factors to take into account rather than fully pre-

dictive simulations. Nevertheless, the oscillation and gas phase behaviour is acceptably
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captured in the simulations. Therefore, conclusions of the nature of the oscillatory fire
behaviour can be assumed as representative of the general behaviour.

In any case, the numerical study shows that the Global Equivalence Ratio (GER) is in-

sufficient to fully predict the conditions for which oscillatory fire behaviour is developed.
The GER does not take into account, for example, the conditions near the pool fire or the
geometry of the enclosure.

Regarding the computational code, ISIS has proved to be capable to capture the fire con-

ditions satisfactorily. However, the software is still in development and some numerical
features were not available. For instance, the Heat Release Rate cannot be readily post-

processed. In addition, the present research has been useful to improve the code with the
help of IRSN. Some examples are the implementation of the evaporation model or the
capability to measure the mass burning rate of the fuel locally.

Ultimately, the simulation of the oscillatory fire behaviour has been proven to be a very

difficult and sensitive scenario to simulate. The behaviour inside the enclosure depends
on the modelling of the boundary conditions (i.e., walls, ventilation system and evapora-

tion) and gas phase. In addition, the phenomenon is observed only in a certain range of
temperatures and concentrations of oxygen in the proximity of the pool fire. Hence, sim-

ulations with predictive capabilities must calculate simultaneously all these aspects with a

very high accuracy. Besides, these simulations must present low uncertainties in the used
models, cell size and numerical techniques. Thus, while the present calculations showed
the capability of CFD to reproduce oscillatory fire behaviour and to capture the main
physics of the phenomenon, some features mentioned next must be improved to develop
truly predictive capabilities of the code.

6.2 Future work
The numerical simulation of the oscillatory fire behaviour in NYX with a A value of 0.165
W/m/K showed very good agreement with the experimental data. However, several as-

pects should be improved or further validated. The most significant deviation between the
experimental and numerical results is observed in the calculation of the concentration of
CO. It shows that the modelling of the chemistry in the simulation is not fully accurate.

A possible approach to improve this feature is by using the Arrhenius equation and more

intermediate species, such as H2 . Another improvement would be to increase the detail
of the turbulent characteristic time by taking into account the physics of the combustion.

The calculation of the fuel mass loss rate in the models used in the present simulations
is based on the use of length scales (i.e., global and local). The use of an evaporation
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model where the calculation of rhf depends exclusively on the local conditions is a more

predictive tool. In addition, the liquid phase could be modelled in more detail. For in-

stance, calculating or modelling the convection of the liquid and the heat transfer in the
horizontal direction would make the calculations more realistic.

Another aspect to improve is the modelling of the interaction between the enclosure and
the outside. As mentioned in section |1.3[ the high temperature and vitiation during the
oscillatory period could favour the accumulation of unburnt fuel in the enclosure. In order
to evaluate the risk of fire or explosion of the unburnt materials in the ventilation system,
the CFD simulations must be coupled with codes to predict the ventilation system be-

haviour. This code must calculate locally the temperature and concentrations of species
along the pipes.

It is possible to suggest some possible aspects to improve the experiments. The numerical
results show that the interaction between the gas phase and the pool fire is a key factor.
The characterization of this interplay could be improved. For example, several aspects

to take into account could be: 1) the concentration of oxygen and intermediate species,

temperature and velocities found locally in the gas phase, 2) the transport of oxygen from
the inlet to the pool fire in terms of velocity and concentration of oxygen or 3) the distri-
bution of temperature and heat fluxes at the surface and inside the liquid phase. Besides,

supplementary tests could be performed with pool fires located in enclosures where the
concentration of oxygen and temperature are prescribed. The influence of these parame-

ters on the position of the flame should be assessed because the flame position has a huge
impact on the heat flux on the surface and, hence, on the fuel mass loss rate.
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