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Abstract: Fires in large compartments tend to burn locally and to move across the floor over a period
of time; this particular behaviour has been discovered to challenge the assumption of uniform gas
temperature in the fire compartment. Recent studies on fires in large compartments have led to the
now widely known concept of “travelling fires”. Several models have been proposed to describe the
evolution in time of travelling fires. Although these models represented an innovative step in the
field of travelling fires, the major drawbacks of these models can be found in the simplification of fire
dynamics (constant spread rate, 1D imposed fire path) and limited field of application (rectangular
based geometries). The purpose of this paper is to present a numerical model of travelling fire.
The model was based on an improved zone model combined with a cellular automata model. The
software GoZone, in which the model was implemented, is intended to be a practical solution to
analyse fires in large compartments of potentially any shape. GoZone is aimed to describe the
complex dynamics of the fire from ignition to a phase of growing localised fire that may eventually
travel in the compartment, possibly followed by a flashover. The main sub models comprising
GoZone are presented. A comparison is given with the results of under ventilated fire test 2 of
the BST/FSR 1993 test series and with respect to the Veseli travelling fire test is shown. GoZone
shows a promising capacity to represent fires in a large compartment in both air and fuel controlled
fire conditions.

Keywords: travelling fire; fire dynamics; numerical fire model

1. Introduction

Knowledge about fire development in buildings, particularly the concept of compart-
ment fire, was developed during the decades in between 1960 and 1990. An important
contribution was made by Kawagoe [1] and thereafter by Thomas [2]. The first author
gave a definition of compartment fire, and through observations was able to define the
link between gas phase temperature, burning rate, and ventilation. The second author,
by extending and formalizing the work of Kawagoe, provided a series of formulations
to estimate the fire duration and temperature, the latter was supposed to be uniform in
the compartment. From the 70s onward, research was focused on refining the knowledge
acquired from Thomas and Kawagoe as well as trying to translate this into design method-
ologies with an emphasis on structural performance [3,4]. Between the early 90s and in the
first decade of the new millennium, uniform burning assumptions have been challenged
by experimental fire tests, which have shown that in compartments with larger floor areas,
the temperature distribution is not uniform [5]. Combustion does not occur simultaneously
through the whole floor of the compartment; it tends to be limited to some portions of the
floor and the position of these burning zones changes over time. These fires have been
labelled as “travelling fires” [6].

The discipline of structural fire engineering has seen dramatic progress since the early
2000s. Nowadays, it is possible to model the behaviour of complex structures subjected to
fire by nonlinear finite element software [7,8]. However, when it comes to the representation
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of the fire that attacks the structure, practically, the applicable engineering solutions are
essentially limited to compartments in which a fully developed fire is raging or, at best,
to compartments where the situation is characterised by a horizontal stratification in two
zones (zone models): an upper layer containing hot combustion products and a lower layer
of clear air [9,10]. To date, few models have been proposed for localised fires. The first
is a correlation model developed by Heskestad [11], giving the temperature evolution in
the plume centreline when the flame is not impacting the ceiling. There is no information
given yet on how this temperature has to be used to estimate the heat flux to structural
elements that are not exactly on the centreline of the plume. The second is the correlation
model based on the experimental work performed in Japan by Hasemi, which provides the
incoming heat flux received at the ceiling level when the flame is impacting the ceiling [12].
There is no information on how this flux has to be used for structural elements such as
beams that are underneath the ceiling. A third model, more numerical, has been developed
recently based on the computation of view factors from a solid flame to structural elements.
This model can, at this stage, be used for any position of the structural elements, but it
completely disregards the presence of the hot zone layer that will develop underneath the
ceiling [13,14].

Computational fluid dynamics software have been developed to model the develop-
ment of fire in building compartments [15]. Such models are extensively used in research
projects, but the level of expertise and the CPU time that is required to run such software
restricts their use in practical engineering problems to very large projects with consequent
budgets. Even then, irrespective of budget considerations, the amount of time needed for
each run, typically in the order of several days, does not make such models the best tool
for parametric analyses, multiple scenario considerations, or when modifications are made
to the compartment during the course of the project.

In the last decades, many authors have proposed simple travelling fire models to
address the non-uniform temperature distribution and the fact that burning zones are
moving in compartment fires.

In an unpublished internal report “Fire Models for Large Firecells” [16], Clifton
proposed an approach in which he applied specific fire models to develop temperature—
time relationships specifically for travelling fires: the Large Firecell Method. Although this
pioneering model introduced aspects that are not considered in the conventional uniform
burning assumption, it was not widely used in civil engineering, possibly because of
insufficient experimental validation [17].

In 2007, Rein et al. proposed an alternative methodology for fuel controlled travelling
fire, derived from a series of computational fluid dynamics (CFD) analyses in conjunction
with engineering simplifications [18]. The main feature of the model is the proposal of a
near field (fire plume) and a far field (hot smoke layer). This model was further developed
by Stern-Gottfried and put forward as a design methodology [6]. For the near field, a uni-
form conservative temperature of 1200 °C was initially assumed. Afterward, Rackauskaite
further improved Rein’s model by taking into account more localised fire dynamics, consid-
ering realistic fire spread rates, which, as a consequence, reduced the range of possible fire
sizes that must be considered [19]. Within this framework, the user must parametrically
assess a range of various fire sizes, irrespective of the compartment ventilation, under
the assumption of a rectangular compartment with a 1D travelling direction at a constant
spread rate. Subsequently, a new model was developed and implemented by Dai et al. [20].
This model was based on Hasemi’s localised fire model for the near field and a zone model
for the far field. The temperature was evaluated step by step and considers the smoke
layer evolution and its accumulation during the fire. In this model, the fire model is also
based on a predetermined one-dimensional fire path (typically, the fire is “circling” around
a central core in a rectangular floor plan area).

In Clifton’s model, the proposed models to assess travelling fires are only suitable
for specific geometrical configurations, often limited to rectangular compartments. The
fire is imposed to “travel” through the compartment with a velocity that is constant in
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each analysis and a fire path that is predefined. The practical range of application results
are limited. Moreover, experimental evidence has been found on the possibility of a
travelling fire under a ventilated condition [21]. This underlines the necessity to overcome
the oversimplified assumption adopted in the first travelling fire models where the fire is
assumed to be fuel controlled [22].

The aim of this paper is to present a numerical model that combines the concept of zone
model with one of cellular automata. The software GoZone in which the model has been
implemented is intended to be a practical solution to analyse fires in large compartments of
any shape (see Appendix A). It aims to describe the essential features of the fire dynamics
from ignition to a phase of localised fire that may travel in the compartment, possibly
followed by a flashover, with a specific strategy to take into account under ventilated
fire conditions.

2. Overview of the Model

The model aimed to describe the fire dynamics and its evolution in time throughout
the compartment, accounting for the interactions between the fire and the compartment in
terms of energy and mass balance during the course of the fire event.

The fire dynamics and evolution in time are described by a family of models called
cellular automata (CA). CA models are used to solve a wide range of problems applying the
main idea proposed by Neumann [23] and further detailed by Wolfram [24]. CA models
have recently found applications in simulating fire spreading in forest and wildland
fires [25-27]. CA models are generally characterised by:

e A physical environment, which is made of a discrete lattice of cells of approximately
equal area, called grid, in two dimensional problems. The lattice defines the domain
in which CA is applied and computed. The physical environment here is the fire
compartment, the floor of which is described with triangular and/or quadrilateral
cells in a structured or unstructured manner. In GoZone, the discretisation can be
made through a graphical user interface based on the open source mesh generator
GMSH [28]. The same discretisation is mirrored up and assigned to the lower plane of
the smoke layer Figure 1. The versatile character of unstructured triangular meshes
makes it possible to model any shape for the plan view of the compartment, while
structures of quadrilateral meshes may be used in more regular geometries such as,
for example, rectangular compartments.

o  The cell’s states, where each cell composing the lattice has a proper state that can
change in time. Change in state can be referred to a single cell or to all cells composing
the lattice. The cell’s state is here: burning or not. Moreover, cells are characterised
with properties such as fuel load density, fire growth rate, rate of heat release density,
and height of the fuel must be defined in GoZone. While the cell state can be viewed
as an “on” or “off” state, a cell property is a given input of the model.

e  Alocal transition rule, which acts upon a cell and can generate a change of state from
one discrete time step to the next. The transition rule enabling a change in state of a
cell from not burning to burning is described by an ignition strategy (Section 3), while
a change in state of a cell to air controlled is defined here by the combustion strategy
that is presented in Section 6.

e  The cells’ neighbourhoods. For each cell in the lattice, there is a neighbourhood
that locally influences the evolution of the cell via the transition rule. The cells’
neighbourhoods here are all the burning cells on the floor and the cells of the smoke
layer showed that radiation to the cell is not obstructed by walls (eventual internal
walls or core and, also, external walls in the compartments of non-convex shapes).
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Figure 1. Smoke layer discretisation.

The evaluation of energy and mass balance in the compartment is performed by the
well-known 2 zone model OZone [9]. Therefore, quantities such as the time dependent
thickness of the smoke layer Z; and its temperature T are obtained.

3. Ignition Strategy

Unlike what has been done in previous travelling fire models [16,18,20], the fire
dynamics in GoZone is not imposed by assigning a predefined fire velocity or fire path;
instead, it is regulated by the ignition strategy that is presented here.

Development and validation of this strategy was based on experimental data obtained
on wood, first because wood-based products still represent a substantial fraction of the
fire load in buildings, but also because of the wide availability of scientific data for this
specific material. Conceptually speaking, it should be possible to adapt the model for other
materials, assuming the availability of data on these materials. Application of the model in
a compartment containing different materials would then require defining a combination
rule, taking into account the proportion of each material present in the compartment. It will
be shown in Section 5 that the proposed ignition strategy can be applied to replicate the
global results in terms of ignition and propagation velocity as defined by a time constant
linked to each type of occupation in EN1991-1-2,without any reference to the types of
material that are present in the compartment.

Theories and models about the ignition of wood have evolved since the first studies
started more than one century ago [29] from a concept of critical oven temperature [30]
to the introduction of the time of exposure [31] and surface temperature [32-34], then to
the idea of a constant incident heat flux [14,15,35—40]. To study materials under constant
incident heat flux exposure, a concept of critical heat flux “q.,” was introduced: a constant
flux level below which ignition cannot be obtained in practical conditions. However,
this concept is based on a constant applied heat flux, not representative of a real fire.
An ignition strategy considering a non-constant heat flux would thus probably be more
appropriate to represent a real fire. One of the first works on time varying heat flux
is from Bilbao et al. [41], who were still using a time decreasing heat flux, which is not
representative of the first growing phase in a compartment fire. In 2006, Ji et al. [42]
proposed a simple method to derive the time of wood ignition based on linearly increasing
heat flux exposition.

The ignition strategy proposed here is based on the notion of critical energy (i.e., the
minimum energy needed to be accumulated by a specific material to get ignited) and has
been developed from a material characterisation in terms of ignitability, accounting for
several kinds of time varying heat flux exposures. The concept is similar to the one used in
the cumulative flux method [43] or in the flux time product (FTP) developed mainly for
constant heat flux exposure [37].
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3.1. Methodology

A series of 1D numerical analyses were made using SAFIR [7] with a wood semi-
infinite media exposed to several laws of radiation exposure until the moment when the
surface temperature reaches 350 °C, assumed as the ignition temperature [34,44]. The
material was wood from EN 1995-1-2 [45] with a moisture content of 10%, a density of
450 kg/m?, a coefficient of convection of 25 W/m? K, and an emissivity of 0.8. For each
simulation, a critical energy E., is computed according to Equation (1).

£ n
For = /0 T (@' ()~ gor) at ™

where t;,, is the time of ignition (surface temperature = 350 °C); t is the time; q' is the
applied heat flux; and g, is the critical heat flux.

3.2. Results

In Figure 2, some of the flux exposure laws used are shown up to the computed
ignition time. For a constant heat flux, exposure of 12.5 kW /m? ignition has not been
observed, thus the critical heat flux was set at 12.5 kW /m?. This is in line with what has
been observed by Spearpoint [46].

100 '

t-15 Constant - 25 Constant - 35

nt - 45 --= Linear m=0.1 Linear m=0.5

arm=5 === Linear m= 10 —t_alpha= 150

t_alpha= 300 alpha= 600

Inpinging heat flux [kW/m2]
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Figure 2. Flux exposure laws used up to time of ignition.

Table 1 shows the different values of constant heat flux exposure; the time of ignition
was numerically computed and the critical energy obtained using Table 1.

Table 1. Constant heat flux exposure.

tign from Numerical

. 2
Incident Flux [kW/m*~] Simulation [s]

E.; [KJ/m?]

125 No Ignition /
15 3600 9000
25 54.2 677
30 32.7 572
35 24.2 545
40 19.4 534
45 15.7 510
50 13.5 506

Table 2 shows the same results for a linear variation in the form of ¢'(f) = m t.
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Table 2. Linear heat flux exposure.

m [KW/m? s] tign [s] E.. [kJ/m?]
0.1 231.0 562
0.5 66.9 439
1 422 441
5 16.1 462
10 10.9 442

Table 3 presents the results for a quadratic heat flux exposure law similar to the

2
proposal of Eurocode 1 [47]: ¢/(t) = 1000( L ) .

tar pha

Table 3. Quadratic heat flux exposure.

Lalpha [8] tign [s] E. [kJ/m?]
150 37.0 370
300 62.8 365
500 94.2 424
600 108.9 402

Values of the critical energy computed on the base of a critical heat flux of 12.5 kW /m?
ranged from 350 to 600 kJ/ m?. The value of 400 kJ/m? was implemented in the code
GoZone, considering this value closer to critical energies obtained with a “quadratic” heat
flux exposure Table 2, assumed to better represent a growing fire. Moreover, it can be
seen that the time of ignition does not vary significantly if a value of 600 k] /m? is used
(Figure 3).
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Figure 3. Critical energy comparison to obtain the evaluated time of ignition against the fire test data.

3.3. Comparison against Fire Test

A series of natural fire tests have been performed at Liege University in the framework
of the European TRAFIR project. Incident heat flux history was measured at different
locations from the centre of the fire through vertical and horizontal thermos-plate flux
meters [44]. The proposed ignition strategy was tested by comparing the time of ignition
evaluated using the recorded heat fluxes with the time of ignition observed during the test.
Table 4 shows the results in terms of time of ignition observed in the test, time of ignition
evaluated by the model using a critical energy of 400 kJ/m?, and the error between the
model and the tests.
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Table 4. Ignition strategy tested on test series LA.

Test ID ELSthlrlicgei rflrme] Or]i)eil‘gc’:izon tign,test [s] tignmodel [S] Error [s]
LAlvl 0.5 v 741 800 59
LA1h1 0.5 H 1024 800 —224
LA1v2 0.5 v 784 800 16
LA1h2 0.5 H 1039 800 —239
LA1v3 0.95 v 1210 1254 44
LA2v1 0.5 v 886 910 24
LA2h1 0.5 H 1045 910 —135
LA3v1 0.5 v 1312 1195 —-117
LA3h1 0.5 H 1373 1195 —178
LA4v1 0.5 v 533 608 75
LA4h1 0.5 H 680 608 —72
LA4vl 0.95 v 701 710 9

Figure 3 shows the value computed by the model for a critical energy of 400 kJ/m?
and 600 kJ/m? as a function of the observed time of ignition, showing a low dependency
of the result of the model on this parameter. It can be observed that the times of ignition
were significantly longer than those mentioned in Tables 1-3. This is due to the fact that in
these fire propagation tests, it took a significant amount of time for the fire to approach the
points of measurements, which means that the received flux was below the critical heat
flux until then.

4. Radiation toward the Cells

This section describes the models for computing the heat flux received by each cell,
essentially by radiation [48] from the hot smoke or from the fire source, in order to apply
the ignition strategy described in Section 3.

4.1. Radiation from the Smoke Layer

Radiation from the smoke layer was evaluated considering the smoke layer as an
isothermal surface with temperature and elevation provided by the zone model (OZone) [49].
Absorption of radiation by air below the smoke layer is considered as negligible [50].

The flux received by a fuel cell j from a smoke cell i is evaluated accounting for the
view factor between the two cells [47] and considering a smoke emissivity coefficient ¢ ¢
equal to 1.

W
qi_j=@ij Tes o an} )

The contributions from all smoke cells that are visible by the fuel cell are summed up
to compute the total flux received by the fuel cell.

4.2. Radiation from the Flames

The semi-empirical model known as the point source model (PSM) [51] was used here
to compute the radiation from each burning cell to the fuel cells. PSM assumes the fire to
radiate isotropically from a point “P” at the centre of the flame located at half of the flame
length (Figure 4).

The angle 6 between the normal of the receiving surface and the line of sight (target to
point source) allows for considering the orientation of the receiving target with respect to
the point source. The incident radiant heat flux on the target surface is evaluated according
to Equation (3), where RHR(?) is the fire power as a function of time and y, is the radiative
fraction coefficient set as 0.3 [52].

_ Xr RHR(¢)

q(t) IR (1) ®)
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Figure 4. Point source model.

Opinions on PSM are controversial in the literature. Casal stated that PSM overesti-
mates the intensity of the thermal radiation for a target close to the fire [53]. Drysdale, in
contrast, wrote that PSM underestimates thermal radiation for close targets [52]. Fleury,
after having tested several semi-empirical models for the incident heat flux evaluation
toward a wide range of target orientations and fire powers, concluded that PSM was the
most accurate model among the ones analysed in his work [54]. PSM was tested here with
respect to real experimental tests on localised pool fires and to CFD simulations.

Figure 5 shows a comparison between the PSM and 18 different pool fire tests con-
ducted within the framework of the RFCS project LOCAFI [13]. The flux measurements
during the tests were taken at a fixed distance of approximately 3 m from the centre of the
fire and each test had a different steady state fire power created by different diameters.

4.00

PSM Heat Flux [kW/m2]
= - ~ N w w
o w o [ o w
o o o o o o

=4
n
=}

o
o
=]

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50
LOCAFI Heat Flux [kw/m2]

Figure 5. PSM compared with 18 pool fires; data from the LOCAFI project.

Gas burners of different constant powers (200, 500, 750, 1000 kW) have been modelled
in FDS [15]. The incident radiative heat flux has been computed at 1 m, 2 m, and 3 m from
the fire centre by varying the target orientation. Figure 6 shows the results for vertical
orientation facing the fire source, represented with black dots, whereas the white filled dots
are for the horizontal orientation.
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Figure 6. Comparison of PSM and FDS measured heat fluxes on the vertical target surface and
horizontal target surface.

Figures 5 and 6 tend to confirm the conclusion drawn by Fleury [54] that PSM is an
appropriate tool for the radiative heat flux estimation.

Fire is started by choosing a fire origin cell as most fires start as localised. In several
analytical TFM, the fire is assumed to start as a line perpendicular to the path that the fire
will follow, with the line as long as the width of the compartment. In this model, the fire is
started by choosing a fire origin cell according to the fact that, except in the case of arson or
explosion, most fires start as a local fire. The RHR of a burning cell is defined according
to the indication provided by Eurocode 1-2 [47]. Assuming a fuel controlled fire, there
are three main fire stages for the burning cells: (1) an initial growing phase, depending on
the fire growth rate assigned; (2) a stationary regime in which the cell is burning entirely
and the RHR is a function of the area of the fire and the RHRy; and (3) a linear descending
phase starting when 70% of the fire load is consumed. In this context, if the fire propagates,
the sum of RHR(t) produced by each cell is the total fire power and the total fire area is
evaluated the same way by summing the fire area of each burning cell.

The PSM model cannot be used here with a representation of the whole fire engulfed
area by a single point. This is due to the complex shape that the fire can take in a plan
view depending on the fire origin and considering that the model should be applicable
in compartments of any shape. In compartments with a concave plan view, the fact that
a single point is visible for a cell or not would result in dichotomist yes/no possibilities,
whereas a cell may see part of the fire source but not all of it. The PSM model has to be
applied cell by cell. This yields the question of the evaluation of the flame length for each
burning cell and of the mesh sensitivity of the discretised model.

Heskestad formulation (Equation (4)) is widely adopted to evaluate the flame length
of localised fires [47,55].

Ly = —1.02D +0.0148Q5 )

Flame length in Equation (4) relates to the fire central axis for a given fire diameter
D and power Q. It is not appropriate for evaluating the flame length of individual cells
that form an otherwise greater fire because it would amount to considering a large number
of fires with a small diameter located side by side. An approach inspired by a non-local
variable concept is proposed here. The non-local variable concept is used, for example, as a
solution for failure processes characterized by strain localisation into shear bands where
related classical continuum theories reach the limits of application [56].

In general, all non-local variable methods rely on a characteristic length that governs
the size of the region of influence on the point that is being considered. A characteristic
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length Ly of 2 m was found appropriate here through calibration of the model presented
hereafter with circular shaped fires with a radius varying from 1 to 5 m and rate of heat
release densities of 250 and 500 kW /m?.

An equivalent fire area was first evaluated for each burning cell i with central coordi-
nates (x;, y;) using Equation (5) where the surface integration was conducted on the whole
burning domain.

Qp,i(x,y) = [ exp(—d(x,y)/Lcn) dxdy
XYy

d(x,y) =/ (xi = P + (g — )

An associated equivalent diameter was computed from the equivalent fire area (see
Equation (6)).

©)

Degi = 2 ( Qg /)" )

The flame length for the cell is then computed using Equation (7).

2

Lfeqi = —1.02D,; +0.0148Q7 (Dey ) @)

where Q. ; is computed by the product of the rate of heat release density by the equivalent
area of the cell.

Figure 7 shows the results of the non-local variable methodology in terms of the shape
of the global fire as reconstructed from the length of the flame in each cell, for two different
shapes of the fire area and two very different mesh refinements.

A comparison between the flame length evaluated with this methodology and the one
provided by Heskestad can be conducted within the range of applicability of the Heskestad
formulation, thus in the central axis of a circular fire area limited to a maximum radius of
5 m. Several circular fires of radius ranging from 2 m to 5 m were discretised. In Figure 8,
the mesh represents the evaluated flame length in the centre of each discretised cell and
in the central axe of the fire area according to the Heskestad equation (red asterisk) for a
given radius and constant RHRf of 250 kW /m?.

Flame Length [m]
N
/

2

Figure 7. Cont.



Appl. Sci. 2021, 11, 10679

11 of 31

1.3 4

1.2

1.1

Flame Length [m]
. v Vi

! 1

Width [m] 0 o Length [m]

(b)

Figure 7. Reconstructed global flame shape: (a) square shape; (b) triangular shape.

2.5

Flame Length [m]
&
/

-2
Width [m] 5 -6 _ Length [m]

Figure 8. Flame length shape for a circular fire area with a radius of 5 m.

In Figure 9a the flame length at the centre of the circular area from the non-local
variable method was plotted as a function of the number of discretised elements; this
showed that the result was not mesh sensitive. In Figure 9b, a comparison between the
analytical solution at the centre of the circular area and the non-local variable method
showed an error between 6 and 13%, which was also not mesh sensitive.

In Figure 10, the flame length at the centre was evaluated for different square fire areas,
varying the cell size discretised with quadrilateral structured elements. The behaviour of
the function was in line with that observed for a circular shape area in Figure 9a, appearing
to be quasi mesh insensitive.
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The flame temperature can be evaluated for each cell according to Equation (9) as
suggested in Annex C of EN1991-1-2 [47].

2
206q; = —1.02D,; +0.00524Q] ®)

eq,i
2 _5
Tfeq,i(z) =20+ 0'25Qg,eq,i (z— 20,eq,i )73 9)

where z is taken as half the flame length according to the concept of PSM.
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Figure 9. Flame length: (a) non-local variable method approach varying the number of elements
(48, 75, 300, 1200) and fire radius; (b) comparison with the Heskestad equation at the centre of the fire.
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Figure 10. Flame length evaluated at the centre of the flame for several fire areas and discretised cells.

As has been conducted for the evaluation of the flame length, the temperature of the
flame along the central axis of a circular fire was computed and is shown in Figure 11, first
considering the fire as a whole (full line), and then considering the temperature evolution
in the central cell of the discretised fire (dotted line).

1000
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Temperature [C]

300
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Figure 11. Central axis temperature comparison between Eurocode 1 and the non-local variable
method for a fire radius of 2 m.

5. Fuel Control Situations

The rate of heat release (RHR) of each burning cell is pre-defined according to the
recommendations of Eurocode 1 part 1-2 [47] for a fuel controlled fire, with three main
stages: (1) an initial growing phase, depending on the assigned fire growth rate; (2) a
stationary regime during which the RHR is equal to the product between the area of the
cell and the value of given rate of heat release density; and (3) a linear descending phase
starting when 70% of the fire load of the cell is consumed. When the fire propagates, the
sum of RHR(t) produced by all cells makes the total fire power in the compartment used
by the zone model. The advantage in defining the fire power evolution according to the
recommendations of EN1991-1-2 is in having input parameters that are relatively easy
to understand, familiar to practitioners (RHR density, fuel load, and fire growth rate). A
20 x 20 m? well ventilated compartment with the ceiling at 2.7 m was taken to check the
growing phase evolution in terms of the rate of heat released evaluated by GoZone through
a comparison with the analytical solution of EN1991-1-2. Table 5 shows the three different



Appl. Sci. 2021, 11, 10679 14 of 31

compartment typologies that were tested with regard to the fuel load density, rate of heat
release density, and fire growth rate described in Tables E.4 and E.5 of EN1991-1-2.

Table 5. Investigated compartment typologies.

talpha [8] RHRy [kW/m?] qr.d [MJ/m?]
Shopping centre 150 250 730
Office 300 250 511
Transport (public space) 600 250 122

The fire origin was set in the centre of the compartment and the comparison was made
up to the moment when the smoke layer was predominantly influencing the fire dynamics
or when the fire completely engulfed the compartment. This is because the equation of
Eurocode 1 does not stand when any of these two criteria is met.

Figures 12 and 13 show the evolution of the power released during the growing phase
of a fast and a medium fire. Outcomes provided by GoZone seem to be reasonably in line
with the analytical solution.

12,000
---- Analytical ——Mesh1m

—a— Mesh 2 m —e—Mesh 5m

10,000

8,000

6,000

4,000

Power Released [kW)]

2,000

Time [sec]

(a)

12,000
---=- Analytical —»—500 Elements

—a—123 Elements —e—25 Elements
10,000

8,000

6,000

Power Released [kW]

4,000

2,000

0 100 200 300 400
Time [sec]

(b)

Figure 12. Evolution of the power released in a shopping centre: (a) Structured quadrilateral mesh;
(b) Unstructured quadrilateral mesh.
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Figure 13. Evolution of the power released in an office building: (a) Structured quadrilateral mesh;
(b) Unstructured quadrilateral mesh.

Figure 14 shows the fire propagation predicted by GoZone, which is representative of
a medium fire from the time of first ignition to a moment just before the flashover. Since
fast and medium fire development were similar in terms of the shape of the fire evolution,
only one case is shown and is considered to be representative of the two.

Figure 15 shows the evolution of the power for a slow fire scenario. Although the
general trend of the numerical model is still the one of the analytical solution, a different
behaviour could be observed compared to Figures 13 and 14, where the power released
did not increase monotonously, especially for cruder meshes.
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(d) (e) ()

Figure 14. Fire evolution from ignition to a moment before flashover representative of medium and fast fire growth scenarios.
(a—c) Evolution with a structured mesh; (d—f) Evolution with unstructured mesh.
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Figure 15. Cont.
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Figure 15. Evolution of power released in public space: (a) Structured quadrilateral mesh;
(b) Unstructured quadrilateral mesh.

This is due to the fact that, in this case, a slow fire produces some kind of radial
travelling fire, as can be seen in Figure 16. In this figure, red cells are in the increasing
or steady state period of combustion; pink cells are in the descending phase; and black
cells are completely burnt. Due to the discretised nature of the floor in cells of finite sizes
and to the regular geometry, it may occur that a significant amount of cells enter in the
descending branch or are completely consumed, whereas for a certain amount of time, no
new cell is ignited. This phenomenon is amplified by the larger size of the meshes and by
the double symmetry of the problem, which makes groups of several cells, thus changing
their behaviour at the same time.

Figure 16. Fire evolution from left to right for structured mesh representative for a slow fire growth rate scenario.

Comparison of Figures 12, 13 and 15 showed that the simple adaptation of the pa-
rameter f,y, in each cell led to an ignition strategy that globally reproduced the desired
propagation velocity depending on the occupation of the compartment, bypassing the
necessity to define the type and proportion of the different materials present in the com-
partment, each with its specific ignition propensity.
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6. Strategy for Air Control

The mass of oxygen in the compartment was considered as 23% of the total mass of
air present in the compartment. The oxygen fraction in the air was equal to 21%, however,
OZone has been extensively validated with 23%, so this value was taken for sake of
consistency [57]. The zone model considers the oxygen mass balance equation according
to Equation (10), where a stoichiometric combustion factor of wood equal to 1.27 was
considered for the combustion process [52].

Moy’ = mox,in/ + mox,out/ - 1~27mfi/ (10

The oxygen distribution in the compartment is assumed to be uniform according to
the hypothesis of a well steered reactor and the fire is assumed to be in a fuel controlled
regime as long as the oxygen content obtained by time integration of Equation (10) is
positive. When the oxygen content drops to zero, the strategy in air-controlled regime is
inspired from an extended fire duration concept, in the sense that the pyrolysis rate and,
as a consequence, the power released in the compartment are proportional to the mass of
oxygen mass entering from the openings in the compartment (Equation (11)).

nb openings
RHRg iy = ), myg (i) Hee =

i

mox,in/ (1)
Hovit 2 He a1
where H., is the effective heat of combustion taken as 14 MJ/kg.

The total power available is distributed to the cells that are closest to the opening’s
location among those that were burning before the switch to the air-controlled regime.
Ignition of new cells and propagation of the fire during the air controlled regime is still
possible provided that the critical energy criteria is met in some cells and if the limit in terms
of power given by Equation (11) is not exceeded. This will happen typically when either
breakage of a new opening is detected (according to the different strategies implemented
in the zone model [9]) or if some burning cells enter in the decreasing phase. In this case,
the cell among the non-burning cells, which is the closest to an active opening, will ignite
or re-ignite first.

7. Comparison with BST/FSR 1993: Test 2

The BST/FSR test series performed in 1993, better known as Gordon Cooke’s fire
tests, consist of nine different compartment fire tests performed in one compartment with
varying fuel load, opening size, and ignition methodology [21]. The test compartment
was 22.8 m long, 5.6 m wide, and 2.75 m high, with an opening on one short end of the
compartment. The fuel was made of wood crib piles uniformly distributed on the whole
floor area, ignited at the opposite side with respect to the opening position. The authors
consistently observed in the nine tests performed that the fire travelled from the back of
the compartment toward the opening, seeking air, then once all the fuel was consumed
near the opening region, the fire travelled back again toward the ignition region.

This test series is emblematic because it may be regarded as an early example of what
is now termed as “travelling fires”, where the position of the burning zones moved and was
severely influenced by the ventilation. Recently, Dai et al. [22] tried to model and represent
the “BST/FSR Test 2” with FDS [15], obtaining a good agreement with the fire dynamic
observed in the test. However, the rate of heat release assigned to each row of crib in the
model was extrapolated based on the crib mass loss rate measured during the test and
assigned crib by crib according to their position using several ramp functions. The authors
thus showed how FDS is able to replicate travelling fire behaviour in under-ventilated
condition but were not able to predict its complex behaviour a priori.

GoZone was compared with the BST/FSR test 2 in order to evaluate its ability to
predict this particular fire dynamic. For test number 2, Kirby et al. provided the evolution
of the temperature distribution in the compartment for three specific crib lines (Figure 17).
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()

Figure 17. Temperature distribution on crib lines 2, 6, and 10 at times: (a) 15.5 min, (b) 23 min, (c) 53.5 min.

These information were used here to extrapolate the fire dynamics and to compare the test
results with the model’s outputs.

Temperature Temperature Temperature
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500
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The compartment was modelled in GoZone with a mesh size of 1 m and discretised
with 205 unstructured quadrilateral cells. Each cell was characterised with the parameters
in Table 6.

Table 6. Main inputs for simulation test 2.

Fuel Load Rate of Heat Release  Fire Growth Critical Critical Heat
Density [MJ/m?] Density [kW/m?] Rate [s] Energy [kJ/m?]  Flux [kW/m?]
380 250 300 400 125

The fuel load density is given in Kirby et al. [21]; however, to characterise the fuel cell,
GoZone also needs the rate of heat release density and fire growth rate. These input param-
eters were chosen according to the suggestion provided by Eurocode 1 part 2 where a fuel
load density of 380 MJ/m? can be associated with a Hotel Room compartment according
to Table E.4. (Annex E of EN1991-1-2) Therefore, the rate of heat release density and fire
growth rate were chosen consistently according to Table E.5 (Annex E of EN1991-1-2). A
comparison with the tests was thus made in a situation that is as close as possible to a
design situation in which the fire action is not known a priori. Critical energy of ignition
and critical heat flux were not tuned for this particular test but taken as determined in
Section 3.

Figure 18 shows the results in terms of fire evolution. The fire was ignited on the
left hand side and initially propagated slowly toward the opening (Figure 18a), then the
increasing temperature in the hot gases and the associated radiation helped the fire to
spread faster toward the opening. The compartment at 19 min was completely engulfed
in flames. After a few minutes, a transition to an air-controlled situation due to a lack
of oxygen took place. Cells on the opposite side of the opening, depicted in yellow
(Figure 18b), cannot burn due to a lack of oxygen. The air entering from the opening
feeds the burning cells (red) and the fire travels from the opening to the opposite side
(Figure 18¢). At 64 min, the fire is completely extinguished.

Comparison between Figures 17 and 18 show that GoZone can predict the complex
fire behaviour observed in this specific test in terms of fire position and total duration. The
total simulation time on a laptop was 54 s.

Comparisons in terms of evolution of gas temperature among the compartment length
just above crib lines 2, 6, and 10 in the centre line of the compartment are shown in
Figure 19, as measured during the test, as evaluated by GoZone, and extrapolated from
Dai et al. [22] as a result of FDS analysis.

Figure 19a,b shows that the two separate peaks of temperature when the fire travels
back and forth can be reproduced by the CFD replication of the test as well as by the
GoZone a priori prediction, with the level of maximum temperature better predicted in the
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latter. Both models correctly predicted the maximum temperature in crib line 10, which

was close to the opening (see Figure 19¢c). The cooling down phase was better predicted
by GoZone.

cr?' C,GI Crl

Cr2

Cr6l Crl

(c)

Figure 18. Fire evolution according to GoZone in BST/FSR test 2: (a) 15 min; (b) 23 min; (c) 53 min.
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Figure 19. Gas temperature evolution: GoZone, measured, FDS simulation [22]: (a) Crib line 2;
(b) Crib Line 6; (c) Crib line 10.

8. Comparison with Veseli Travelling Fire Test

The Veseli fire test was aimed at investigating the fire dynamics and temperature
distribution of a fuel controlled fire in a large open compartment in a two-storey building
(Czech Republic, 2011) [58]. The compartment size was 10.4 m x 13.4 m on the floor
and 4 m in height. The fire load was made of wood cribs with sticks of dimensions of
50 mm x 50 mm x 1000 mm with a moisture content of 12%. A linear channel filled with
“petroleum” was used for the ignition of the fire. There was a 5 m wide and 2 m high
opening in one of the long walls (Figure 20). The gas temperature in the compartment was
recorded during the test at different locations whereas the fire behaviour was recorded on
camera. Information not directly measured during the test was evaluated numerically by
Horova et al. by a CFD based simulation performed with FDS [58]. The test compartment
as well as the GoZone model are as shown in Figure 20.
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Figure 20. Plan view of the Veseli fire test: (a) reality; (b) GoZone model.

For the model in GoZone, the fire load area was discretised by a structured mesh
with 24 cells of 1 m? (blue cells in Figure 20b) according to Section 5. The green cells do
not contain any fuel and the red cell is the cell of origin of the fire. The comparison with
GoZone is meant to be a priori, thus the values of the fuel load density, the rate of the
heat release density, and the fire growth rate assigned to the fuel were taken according to
the insights given by the authors of the test [49] (see Table 7). The critical energy and the
critical heat flux were taken consistently with the outcomes of Section 3.

Table 7. Main input simulation of the Veseli fire test.

Fuel Load Rate of Heat Release  Fire Growth  Critical Energy  Critical Heat
Density [MJ/m?] Density [kW/m?] Rate [s] [kJ/m?] Flux [kW/m?]
680 700 300 400 12.5

The power released by the fire as a function of time was not directly measured during
the test, however, it was evaluated a posteriori by means of the CFD based model with the
software FDS [49].

Figure 21 shows the comparison between the results from FDS and GoZone. The peak
value of the power as well as the peak time and the total duration were in the same order of
magnitude with differences compared to a FDS of —8%, —10%, and —4%, respectively. A
discrepancy can be noticed in the first phase, when FDS accounts for the petroleum burned
as means of ignition, which was not the case in GoZone.
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= 12,000

10,000

8,000
6,000
4,000
2,000

---- Golone ——FDS

Power [k
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Figure 21. Comparison of the power released in the Veseli fire test.
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The fire evolution has been described by Horova et al. and Dai et al. [49,58,59]. The fire
development was characterised by three main phases: phase I, from 0 to 15 min, when the
fire leading edge spread along the fuel bed; phase II, from 20 to 25 min, when post-flashover
conditions were observed; and phase III, from 25 to 40 min when the fire trailing edge
progressed to the end of the fuel bed, characterised by a decay of the fire. In Figure 22,
the fire evolution is shown through a comparison between pictures taken during the test
(from Horova et al. [9]) and images from the GoZone Graphical User Interface (GUI). Pink
cells represent a fire in its decay phase and black cells are painted where the fuel has been
consumed completely.

10 min

15 min 15t min

e TR
T'l"y!vvy'v..."" - .
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Figure 22. Cont.
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Figure 22. Fire evolution: comparison between GoZone (left) and the test (right).

Moreover, it has been observed that the fire spread rate varied during the first phase.
Dai et al. [49] provided an estimation of the position of the leading edge of the fire up to
the moment when the fire covers the whole fuel bed surface (end of phase I).

Figure 23 shows a comparison between the test and the model for the fire front position
in the first phase of the fire; the average fire spread rate in the test, computed from the
positions at 5, 10 and 15 min, nearly tripled in the third period of 5 min compared to the
initial period, from 3 to 8.9 mm/s. This figure shows that GoZone is capable of accounting
for a variation of fire spread rate depending on the changing fire conditions, in contrast to
the travelling fire frameworks proposed in the literature so far, which are all based on a
constant spread rate.
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Figure 23. Comparison of thee fire front position between the test and GoZone.
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Gas temperatures at different locations below a steel beam located above the fuel
load were also measured. A comparison is given for the two thermocouples indicated in

Figure 24.
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Figure 24. Thermocouple locations.

The gas temperature measured in the test, provided by the GoZone simulation and
obtained by the CFD based model of Dai et al. [49] are compared in Figure 25.
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Figure 25. Gas temperature comparison: (a) TG2; (b) TG3.

Overall, it is possible to observe a reasonable agreement in terms of the predicted gas
temperature by both software (at a very different computational cost). However, both FDS
and GoZone seem to underestimate the gas temperature in the compartment during the
decay phase. The reason for this trend, which has been observed in different occasions, has
yet to be identified.

9. Conclusions

A numerical model was presented to predict the fire development in compartments.
While being based on simplifying assumptions, it proved to have the capability to predict
several of the important features of the development of a fire in a compartment from
ignition to flashover such as fire propagation and temperature development, in fuel control
as well as air control regime. Having the capability to represent several features of the
compartment (real shape of the plan view of the floor, real position and surface of any
opening) and of the fire load characteristics (density, rate of heat release density, time
constant for fire propagation, elevation above ground level, all possibly varying across
the compartment, plus any position possible for the fire origin), whereas the run time of
current problems on a laptop is in the order of a minute, this model has the ambition to
occupy an empty niche between the geometry constrained analytical models presented
thus far for travelling fires and the more sophisticated CFD analyses.

The basic idea is to combine an existing two zone model with a discretisation of the
floor by a mesh of triangular or quadrilateral cells of finite size, with each cell possibly
having its own characteristics with regard to fire load and its own status with regard to
combustion. Fire propagation is driven by radiation from burning cells as well as from the
hot smoke layer.

Different sub models required particular attention for the development of this tool.

The point source model was adopted to represent the fire source and to compute the
radiation that it will generate to the zones of the compartment where combustion has not
yet started. Discretisation of the floor and the associated fire load into cells of finite size
led to the development of a non-local model concept for computing the flame length in
the burning cells. It can be applied to a burning zone of any shape, which is an essential
requirement for a model that has the ambition to not be geometrically constrained. This
model was tested against an experimental campaign and CFD analyses, which showed
good agreement compared with the Heskestad equation in terms of flame length at the
centre line of the fire (for shapes of the fire where this equation applies) and it appeared to
be almost mesh insensitive for a range of practical mesh sizes.

Radiation from the hot smoke to the fire load was obtained by the discretisation of
the lower plane of the hot smoke that was mirrored by the discretisation of the floor and
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computation of the view factors from all cells of the hot smoke to all cells on the floor (with
due consideration of possible obstruction in the case of the ground floor with a concave
shape or in the case of obstacles present in the compartment such as internal walls).

An ignition strategy was developed based on the concepts of critical energy of ignition
and critical heat flux. This strategy has shown reasonably good prediction capabilities
including for transient heat flux exposures.

Air control regime is triggered by the total oxygen content in the compartment, and the
combustion or not of the different cells is then determined by their proximity to individual
openings that deliver air in the compartment.

The model was implemented in the existing OZone model and thus benefits from all
capabilities of this model such as the possibility of openings that appear at predefined times
or according to defined temperature criteria, the presence of vertical as well as horizontal
openings eventually with forced ventilation, and heat loss through the boundaries of the
compartment were explicitly considered.

It also had the same inherent limitations such as a horizontal floor and ceiling and a
ratio between the characteristic horizontal dimension of the compartment and a floor to
ceiling distance that was not excessive.

The new code in which these developments were implemented was given the name
of GoZone. The next step will be the automatic transmission of information regarding
the results of this fire model to a thermo-mechanical software such as SAFIR®, in order
to allow for the simulation of the behaviour of a load bearing structure located in the
fire compartment.
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Appendix A. Geometrical Capabilities

This section shows several examples of fire evolution in compartments of complex
shape to provide an idea of the geometrical capabilities that the code offers compared to
analytical models that are limited to rectangular compartments.

Figure A1l. Cont.
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Figure A1. Circular surface with a circular core in the centre. Unstructured triangular mesh (184 elements).
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Figure A3. Rectangular shape with circular walls. Unstructured triangular mesh (193 elements).

Figure A4. Quadrilateral shape with a rectangular core in the centre. Unstructured quadrilateral mesh (83 elements).
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