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Summary

Fire hazard in nuclear power plants (NPPs) is particularly often investigated as potential
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cause of safety equipment failure and confinement loss. Many fire events recorded in
NPPs involve electric cables, widely used throughout facilities. IRSN is developing the
CALIF3S/ISIS computational fluid dynamics software devoted to fire simulation in
large-scale confined and mechanically ventilated compartments. This paper presents
two aspects of the CALIF3S/ISIS code ability to simulate fires. The first one concerns
vertical and horizontal spreading of a cable tray fire in open atmosphere using an
approach based on the FLASH-CAT cable fire spread model. Resorting to the suitable
parameters of the FLASH-CAT model based on video fire analyses of tests enables to
properly compute the heat release rate of the fire. The second aspect concerns the
ability to simulate the evolution and consequences of fires in confined and mechani-
cally ventilated compartments. For these cases, the heat release rate measured during
the corresponding experiment is used as input data for the calculations. The predicted
evolutions of pressure or gas temperatures are in relatively good accordance with the
experiments. The major discrepancy concerns gas concentrations in the fire room

which is attributed to a lack of information about the properties of the fuel material.
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1 | INTRODUCTION

In this context, many efforts have been made in the last decades
to prevent cable fires. Experimental programs have been carried out

Fire hazard in nuclear power plants (NPPs) or nuclear reprocessing
plants is particularly often investigated as it is a potential cause of
safety equipment failure and confinement loss. Electric cables are a
potentially large amount of fuel due to their plastic insulation material
and to their wide use throughout the facilities.

Electric cable fire constitutes a twofold threat. In addition to the
fire itself, cable fire is also associated to the loss of electric power
and system control on the burning cable circuits. Electric cables can
be involved in a fire in different ways: as the ignition source or as a fire
spreading medium. More than 70 fire events from NPPs involving
electrical cables as fuel were recorded in the current OECD FIRE
Database between the late 1980s and the end of 2014.!

with the idea of increasing knowledge, offering risk mitigation ways
and to promote the development and validation of predictive tools
to evaluate the heat release rate of cable tray fires.

Sumitra performed cable trays fire in an open atmosphere in the
1980's to quantify the combustion behavior of cable trays.? Grayson
conducted in the 2000's,® fire experiments involving cable trays in
open atmosphere to provide an experimental database of reference
cable fires for fire model validation. McGrattan carried out in the
2010's numerous cable tray fires in open atmosphere to propose
empirical correlations for the heat release rate of such fires.*>

In the framework of the OECD PRISME-2 program,® IRSN carried
out a Cable Fire Spreading (CFS) campaign for investigating fire
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spreading over complex fire sources and for evaluating fire conse-
quences in confined and mechanically ventilated compartments. Two
kinds of fire sources are studied: five horizontal cable trays arranged
one above the others, and real open-door electrical cabinets with
three overhead cable trays.™” The five cable trays fire sources used
in the CFS campaign were previously characterized in open atmo-
sphere conditions during the CFS Support (CFSS) campaign.®

In addition to enhancing knowledge, the results of these experi-
mental investigations also support the development and validation of
the SYLVIA? fire zone code and the CALIF3S/ISIS computational
fluid dynamics (CFD) code, both developed by IRSN and used to sup-
port the fire Probabilistic Safety Assessment of French NPPs. The
CALIF3S/ISIS software is based on the CFD approach by solving flow
governing mass, momentum, and energy balance equations. The orig-
inality of the CALIF3S/ISIS software is its ability to take into account
the interaction between the fire development and the ventilation net-
work through the thermodynamic pressure. Modeling this interaction
is essential for a detailed understanding of all the circumstances that
can lead to a potential loss of containment.

In the early 2000's, an international benchmark exercise!! listed as
top issue the so qualified extremely complex determination of the heat
release rate curve for cable tray fires. Considering this complexity and
the developmental state of flame spread models, it was recommended
to resort to heat release rates derived from tests conducted with a sim-
ilar configuration, favoring the development of an experimental data-
base. Predicting the heat release rate of cable tray fires is still
qualified as highly complex in a more recent work.'? Later on, among
the PRISME 2 program, a benchmark exercise was performed, aimed
at assessing the ability of fire modeling to predict a cable tray fire in
confined and ventilated compartments. It was concluded that simulat-
ing cable fires in confined conditions is very complex by contrast with
liquid fuel fire simulations that have a higher level of maturity.
Predicting a cable tray fire has been challenging the fire community
for years, and progress continues in an international research context.

This paper addresses the simulation of fire propagation on a cable
tray stack in open atmosphere based on the CFSS-2 fire test from the
CFSS campaign. The feature of this simulation is to use an empirical
model for fire propagation together with prescribed vertical and hori-
zontal spread rates from an experimental database. This is a step for-
ward to predictive simulations of cable tray fires in open atmosphere
provided that the macroscopic parameters of the fire source are
known. Afterwards, two fire tests in confined and mechanically venti-
lated compartments are studied, namely CFS-3 and CFS-4 from the
CFS campaign. The goal of the CFS test simulation is to evaluate the
ability of the CALIF3S/ISIS software to predict the consequences of
cable tray fires in confined and mechanically ventilated conditions.
To do so, the simulations use the experimental values of the heat
release rate as input data and are therefore called non-predictive. A
comparison is then made with experimental values for quantities hav-
ing a major importance in fire safety studies, ie, reflecting both the fire
growth and the aeraulic behavior with its potential risk of loss of con-
finement. This is the mean whereby the accuracy of the CALIF3S/ISIS
software predictions can be evaluated when the fire heat release rate
is known. All these fire experiments use the same type of fire source

(cable type and loading).

In order to present briefly the CALIF3S/ISIS software, the main
characteristics of this code are discussed in Section 2. Then, Section 3
presents modeling and simulation results of the CFSS-2 fire test on
the vertical and horizontal spreading of a cable tray fire in open atmo-
sphere. It is based on the phenomenology of the FLASH-CAT model
for cable fire spread® whose parameters have been determined
through a video fire analysis process.*® Section 4 presents modeling
and simulation results of the two CFS-3 and CFS-4 fire tests
concerning cable tray stack fires in confined and mechanically venti-
lated real scale compartments connected by an open door, for ventila-
tion renewal rates (VRR) of 4 and 15 h™%, respectively. To conclude,
Section 4 gives a summary of the CALIF3S/ISIS capabilities and of

some planned tasks in its development.

2 | DESCRIPTION OF THE CALIF3S/ISIS
SOFTWARE

CALIF3S/ISIS is a simulation tool for fire development and assessment
of fire consequences in confined and ventilated compartments (natu-
rally and/or mechanically). It is a 3D field modeling code based on
the CFD approach. CALIF3S/ISIS is an open-source software available
at  https://gforge.irsn.fr/gf/project/isis, with the associated

documentation.

2.1 | Physical modeling

The CALIF3S/ISIS software can be used for incompressible or weakly
compressible flows. During a fire, the highest plume velocities are
roughly a few meters per second, and the flow is said to have a low
Mach number. For low Mach number flows, a specific modeling is
adapted to solve the time evolution of the thermodynamic pressure
that is assumed to be uniform in space within the compartment (but
potentially variable in time).

The modeled flow can be either laminar or turbulent. For the pres-
ent paper, the turbulence modeling is achieved with the Reynolds and
Favre averaged Navier-Stokes method, where the conservation equa-
tion of mass, momentum, and the conservation equation for the differ-
ent scalars are written using the Favre average (density-weighted
average) while density and pressure are averaged using the Reynolds
formulation. Near the wall, where viscous effects are dominant, stan-
dard wall functions are used to take into account the boundary layers.

The combustion regime managed by the CALIF3S/ISIS software is

I** used

non-premixed combustion. The turbulent combustion mode
for the present paper is the Eddy Dissipation Concept which is an exten-
sion of the Eddy Break-Up approach.*® The combustion reaction is con-
sidered irreversible with an infinitely fast chemistry, and the mean
chemical reaction rate is controlled solely by the turbulent mixture. Soot
production is taken into account in the reaction through a constant
coefficient, called soot conversion factor.

The general form of the energy equation for a multicomponent
reacting system is extremely complex and is usually simplified for spe-
cific applications. For low velocity flows, such as fire induced flows,
many widely used simplifications are possible. The viscous dissipation,

the mixture kinetic energy, and the work due to buoyancy forces can
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be ignored in comparison to the heat flux vector. As for turbulence
modeling, near the wall, the convective flux is computed from wall
functions using the laminar and turbulent Prandtl number. Finally,
the conduction heat transfers in walls are modeled by a Fourier's
equation. Due to the usually large geometrical dimensions of the fire
surroundings, radiation significantly contributes to heat transfer and
therefore to the flame development. Several radiative heat transfers
modeling are available in the CALIF3S/ISIS software such as the
spherical harmonic approximation P-1 or the finite volume method.
The finite volume method'®” is selected for the present study. The
impact of soot on radiation is taken into account through the absorp-
tion coefficient, which is defined by the sum of gas and soot absorp-
tion coefficients. To define the absorption coefficient, the weighted-

I'8 is selected for this study and the soot

sum-of-gray-gases mode
absorption coefficient is computed from a correlation depending on

temperature and the soot volume fraction.

2.2 | Numerical properties

The equation system solved by the CALIF3S/ISIS software comprises
eight tightly coupled balance equations: the mass balances (global,
fuel, and mixture fraction), the momentum and energy balances, the
transport equations for turbulent energy k and its dissipation rate €
and, finally, the radiation intensity balance equation describing radia-
tive heat transfer.

The discretization in time and space is made using a finite volume
method to obtain schemes that achieve a good compromise between
time cost and accuracy and ensure that unknowns stay within their
physical boundaries. Second-order upwinding techniques are used to
accurately take into account fast spatial variations in unknowns (eg,
at the flame front or close to walls), without stability loss.

To make CALIF3S/ISIS more efficient and robust, temporal
discretization is carried out with a fractional step scheme,*? ie, the
equations are solved in sequence. Finally, CALIF3S/ISIS is based on
the PELICANS scientific computing development platform (IRSN
open-source software, http://gforge.irsn.fr/gf/project/pelicans).

Many results have already been obtained with the CALIF3S/ISIS
software with respect to a substantial validation matrix.2° In the pres-
ent document, separate effect tests are investigated focusing on fire
propagation modeling in open conditions (Section 3) and fire simula-
tion in confined conditions with two VRRs (Section 4).

3 | SIMULATION OF THE CFSS-2 FIRE TEST
(CABLE TRAY FIRE IN OPEN ATMOSPHERE)

3.1 | Description of the fire experiments

The CFSS tests are carried out on a set of five horizontal cable trays
arranged one above the other. This campaign allowed characterizing
fire sources in open atmosphere conditions under the large-scale cal-
orimeter of the IRSN SATURNE facility, described below.

The fire source consists of five horizontal cable trays vertically
arranged one above the other (Figure 1). Every cable tray is 3.0 m long,
0.45 m wide, and 0.05 m high. There is a constant vertical spacing of

FIGURE 1 Set of cable trays used for the CFSS fire tests [Colour
figure can be viewed at wileyonlinelibrary.com]

0.3 m between trays. Cable samples are 2.4 m long and are loosely
packed.

The CFSS-2 test involves a cable-type used as control cable in
NPPs. This cable-type contains poly (ethylene/vinyl acetate) (EVA)
and polyethylene (PE) as polymeric materials and aluminum tri-hydrate
(ATH) as halogen free flame retardant (HFFR).2! Its diameter is
20.0 mm, and its mass per unit length is about 570 kg/km. Every tray
is filled with 32 cable samples.

The ignition of cable trays is triggered by a propane sand burner.
The burner is 0.3 m by 0.3 m, and its top face is located 0.2 m below
the bottom of the first tray almost halfway along. The burner supplies
a fire power of 80 kW during 12 minutes 24 seconds. The starting
time of the burner operation corresponds to the onset of the test.
The five cable trays are set-up against an insulating wall and their

s lae®,
SIS
BRSSO

Boetise et S
ool sesisustaet!
SERRRRY

FIGURE 2 View of the fire source modeling with the CALIF3S/ISIS
software [Colour figure can be viewed at wileyonlinelibrary.com]
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weights are continuously measured by a weighting system located just

beneath.

3.2 | Modeling of the fire test

The CALIF3S/ISIS modeling of the fire test is made similar to the
experimental setup, ie, the five horizontal cable trays are individually
modeled (see Figure 2). The aim is to model fire propagation, whether

it is along a single tray or from one tray to another.

3.2.1 | Facility modeling and BC description

The CFSS-2 test is performed under a large-scale calorimeter located
in a very large facility, ie, under open atmosphere condition. This facil-
ity, called SATURNE, is 20 m high and its volume is about 2000 mS,
The fluid domain is modeled large enough around the fire source to
avoid any disturbance. The entire fluid domain is parallelepipedic such
that it is 5.9 mlong, 3.65 m wide, and 6.0 m high. For comparison pur-
poses, the cable tray stack is 2.4 m long, 0.45 m wide, and 2.19 m high
(from the ground). A symmetry condition is used in a vertical plane
(blue wall on the right on Figure 2) halfway along the cable trays in
order to reduce the size of the modeled domain. Finally, it becomes
2.95 m long (instead of 5.9 m) with 1.2-m-long trays. This symmetry
condition in the modeling of the fire spread is allowed by the symmet-
ric behavior of the fire spread observed in the experiment. The bound-
ary condition on the three other vertical borders and the upper border
of the fluid domain is “inlet-outlet” so that flow can enter and leave
the domain.** The floor is modeled as a concrete wall (0.35 m thick),
and conduction through it is taken into account.

Concerning the fire source, cable trays are solid slabs 0.45 m wide
and 0.05 m high with constant 0.3-m spacing between trays. The “fire”
boundary condition is modeled by means of an “inflow” boundary
condition'* that enables to model a fuel mass flowrate entering the
domain. It is applied on the top faces of the cable trays, the remaining
ones being adiabatic. The fire boundary condition is detailed in
Section 3.2.3.

Due to its obstruction, the weighting system located beneath the
tray stack is removed from the fluid domain. It has a simplified rectan-
gular shape with the same length and width as cable trays. It is 0.74 m
high, and it is 0.20 m away from the first cable tray. The insulated sup-
port wall at the back of the cable trays is also removed from the fluid
domain. The boundary condition on these parts is set as adiabatic.

3.2.2 | Meshing and time step
The fluid domain meshing features mesh varying in size depending
whether they are close to the outer edges of the modeling or close
to the fire source (see Figure 2). The total mesh number for the fluid
domain is about 104 000. The mesh size range is presented in
Table 1.

The time step used for the calculation is 0.05 seconds over the

3500 seconds of the scenario.

3.2.3 | Fire source modeling
This section presents the CALIF3S/ISIS modeling of the combustion of
the HFFR cables used for this test and of the fire propagation based
on a FLASH-CAT-like phenomenology.

TABLE 1 Mesh sizes for CFSS-2

Fire Room
X-axis 5cm to 20 cm
y-axis 5cm to 20 cm
z-axis 5 cm to 40 cm

Chemical reaction
In order to determine the appropriate equation to represent the com-
bustion reaction of the HFFR cables, the composition of these cables
has to be looked closer. The main materials, reacting to thermal stress,
identified by chemical analyses, are the PE and the poly (ethylene/
EVA) copolymer (PE/EVA) and ATH. The mass fraction of these com-
ponents has been determined as follows: 40% PE/EVA, 60% ATH.?!
The chemical formula of the poly (ethylene/EVA) copolymer is
(CoH4)n-(C4HgO%)m. Unfortunately, the chemical analyses are not able
to give the ratio (basically, to determine “n” and “m”) between PE and
EVA. It is underlined that the contribution of PE instead of EVA would
lead to higher oxygen consumption and higher carbon dioxide produc-
tion. Indeed, PE (chemical formula C,H,4) does not contain any oxygen,
and its molar mass (Mpg = 28 g/mol) is about three times lower than
the EVA (C4H4O5, 86 g/mol) one. The extent of these modifications
depends on the mass composition of PE and EVA. For the simulation

)]

needs, it is supposed that coefficients “n” and “m” are equal, and that
“n" accounts for the PE from the single polymer and the PE from the
PE/EVA copolymer, so that the considered material for PE-PE/EVA
is CsH1002.

The characteristics of the two different components are listed

below:

e PE/EVA:

Its chemical formula is CgHq10O,, its molar mass is
Mpe/eva = 114 g/mol, this “equivalent” copolymer is reactive to fire,
it produced combustible pyrolysis gas. Its combustion reaction is as

follow:

CeH1002 + (7.5-0.5 co-s) O,—(6.0-co-s) CO,
+5H,O0+coCO+sC

Obviously, this component has to be taken into account in the
combustion reaction given as inlet data for the CALIF3S/ISIS
calculation.

e Alumina tri-hydrate:

Its chemical formula is Al (OH)s, its molar mass is Maty = 78 g/
mol, this flame retardant reacts under thermal stress due to the fire,
ie, it partially pyrolyses thus generating incombustible products, the
remaining mass being inert mineral residue (alumina):

2 Al (OH);— Al,O5 + 3 H,0

Considering the different molar masses of the products, then it

comes to:

1000 g ATH—654 g alumina + 346 g water

25UBO11] SUOLULLOD SAITER.ID) 3|01 ddke au) A pouBA0B 212 DI YO ‘98N JO'SBINI 10} AXRIGIT8UIIUO AB|IA UO (SUONIPUOD-PUB-SLLLBILICO" A 1M AZRc]1[BU1|UO//'SA1U) SUO HPUOD) PUE SWLB 1 83 395 * [202/80/20] U0 ARIdI1 BUIIUO AB]1M ‘210USID €80 AQ 0892 LE}/Z00T OT/I0p/W00" A3 |1 ARe.d oUI JUO//'ScY W01} POpeo|umoq °G ‘6T0Z ‘8TOT660T



2 | \WiLEY

BASCOU ET AL

Therefore, 1 kg of ATH gives about 65% inert solid alumina and 35%
water vapor. Alumina is a solid residue that is not taken into account
in the experimental mass loss measure as it remains on the cable trays.
For this reason, it is not considered. However, the water vapor pro-
duction has an impact on the local atmosphere of the fire room and
then must be considered.

Tables 2 and 3 summarize the different mass fractions of products
as a percentage of the total mass of cable and as a percentage of the
total mass of gas released.

Regarding chemistry, the combustion of PE/EVA contained in
cables produces carbon dioxide, carbon monoxide, water vapor, and
soot. In addition, ATH produces water vapor. Since, in the CALIF3S/
ISIS CFD software, only one fuel can be implemented, it becomes nec-
essary to resort to an equivalent fuel to represent both PE/EVA and
water from ATH. At this point, it must be reminded that the mass loss
rate (MLR) measured in the experiment corresponds to the PE/EVA
pyrolysis gas release and to the water vapor release by ATH (minor
cable components are neglected).

From Table 3, it can be observed the composition of the pyrolysis
gas that must be taken into account. Considering the molar masses of
C¢H1005 and H,0 and the mass composition presented in Table 3, the
equivalent fuel should combine about 0.6 mole of C4H10O, per 1.8
mole of H,O which gives C34H9403 and the following equivalent
one-step irreversible combustion with infinitely fast chemistry

reaction:

C3Y6H9_6O3 + (4.5—0‘5 CO—S) OQH(s.é—CO—S) CO,
+4.8H;0+coCO+5sC

where co and s represent the stoichiometric coefficients of carbon
monoxide CO and soot C, respectively.

The carbon monoxide and soot yields* measured in the experi-
ment are 0.027 and 0.015 (g/g) for the CFSS-2 fire test.® Therefore,
the stoichiometric coefficients co for carbon monoxide and s for soot
are defined as follows in the CALIF3S/ISIS modeling:

~ Mg, 4Ho 405 X Yeo
Mco
MCa 6H9.603 * ¥soot
5 — ——3efvers 75000
Mc

co

where:

e Mc,,H,,0, = 100.8 g/mol, is the molar mass of the equivalent

combustible fuel Cz4Hy O3,
e Mc=12.0 g/mol, is the molar mass of carbon C,
e Mco = 28.0 g/mol, is the molar mass of carbon monoxide CO,
® V.ot IS the soot yield given by the experiment,

® Y., is the carbon monoxide yield given by the experiment.

The energy release of this combustion reaction is set at the exper-
imental value of the average effective heat of combustion
(EHC) = 27 MJ/kg.

*Despite the fact that soot is a minor combustion product, it has to be taken
into account regarding radiative heat transfer calculation by the ISIS software.

TABLE 2 Cable product mass composition
PE/EVA
40% 40% 20%

Alumina Water Total
100% cable mass

TABLE 3 Pyrolysis gas mass composition
PE/EVA Water Total

67% 33% 100% mass of released gas

It must be highlighted that the proposed equation reaction with
Cz6Hy 603 is suggested in order to take into account the amount of
water vapor released by ATH and measured by the weighting system.
However, it is not representative of what happens in the experiment
in so far as this equation is an average over the total duration of the test.
Indeed, alumina trihydrate releases water vapor when cable tempera-
tures are between 80°C and 205°C according to Brossas?? or between
180°C and 400°C in the more recent reference.?® A second difficulty
can be underlined concerning the first period of the transient. It deals
with the propane burner operation. Using HFFR cables requires a long
burner operation which is not negligible (12 minutes 24 seconds). More-
over, the 80 kW supplied by the propane burner (the propane effective
heat of combustion is about 46 MJ/kg, and its molar mass is 44 g/mol)
represents a significant contribution to the recorded heat release rate
(HRR) on that period. Therefore, in the CALIF3S/ISIS modeling,
Cz.6Hy 603 combustion is substituted to propane combustion, thus lead-

ing to possible discrepancies from the experiment in terms of chemistry.

Fire propagation on the cable trays

The approach is to model fire propagation along trays and from one
tray to another based on the tray stack modeling (see Figure 2) and
the FLASH-CAT phenomenology.*

The FLASH-CAT model (FLAme Spread over Horizontal CAble
Trays) is aimed at predicting the HRR of a fire spreading within a ver-
tical stack of horizontal cable trays. Hypotheses used by the FLASH-
CAT model suggest that the fire should propagate upward through
the cable trays depending on an empirical timing sequence only based
on the tray order in the stack and assumes that, once ignited, the
cables burn over a length that is greater than that of the tray below
(see Figure 3). The burning pattern has therefore an expanding V-
shape as there is an increasing length of cable that initially ignites
when fire propagates upwards and due to lateral propagation of fire.
As the mass of combustible material at the center of the V is con-
sumed, a horizontal extinction front may appear at the center of the
trays and the V-shape may become an open wedge until the full length
of cable is burnt. For information purposes, this observation was made
on the CHRISTIFIRE experiments* used to elaborate the FLASH-CAT
model; however, it is not the case in the CFSS campaign.

It is highly underlined that some model parameters from
McGrattan et al* were deduced from observations made on only one
fire test involving 14 horizontal cable trays divided in two arrays of
seven horizontal trays.?* Those parameters have been re-evaluated
for the CFSS tests through video fire analyses.?® The model and
parameters used are presented below for the CFSS-2 test (values at

ignition are denoted by “Py" where “P” is the parameter of interest):
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FIGURE 3 Model for fire propagation in a cable tray stack (based on
the work of McGrattan et al*) [Colour figure can be viewed at
wileyonlinelibrary.com]

e The burning length at tray ignition: L; 4 1, 0 = L; 0 + 2hyqy X tan (B)
o With
e j, the tray number in the stack

o hyyy, the tray spacing (0.30 m)
e B, the angle (as shown on Figure 3) evaluated at 9.07°
e L, o, the burning length of the first tray, it equals the burner
length (as shown on Figure 3, ie, 0.30 m)
e The horizontal spread rate S;: 0.81, 1.07, 2.73, 2.97, and 6.41 mm/
s for tray #1 to #5
e The vertical spread rate defined as tray ignition times tig, ; o
263.5, 396.0, 603.0, 741.0, and 834.0 seconds for tray #1 to #5
e The constant fire duration At: 1500 seconds
e The combustible mass per unit area of cable tray m.: 17.96 kg/m?,

calculated as the ratio of the total mass loss (TML = 97 kg + 7)
during CFSS-2 and the total surface of the five trays (Siot = 5.4 m?)

e The heat of combustion AH. ¢ 27 MJ/kg, it is the effective heat
of combustion measured during the experiment

o The equivalent! average HRR per unit area of cable tray in the

proposed modeling q;vgz 388 kW/m? calculated using
At — mg A”,'Ic.e)‘f 4
5x qavg/é

The implementation of the fire propagation modeling in the
CALIF3S/ISIS software is based on the calculation of the ignition time
ti(x) (at the distance x from the center of cable tray i) and the calcula-

tion of the burning rate r; (x, t).

TThis value of the average heat release rate per unit area is an equivalent value
used for modeling. It is expressed per unit area of cable tray as it is modeled, ie,
by a 2D surface in the ISIS software. It should not be confused with the average
heat release rate per unit area of the cable surface (as a 3D element) and mea-
sured under cone calorimeter. The relationship between the two values of the
average heat release rate per unit area can be evaluated through geometric con-
siderations and is about: a;",g ~ 4.46861;,&&,5‘ For information purposes, the
bench scale value for the considered cables is about ia;/vgvbs ~ 90kW /m?.

It is emphasized that the implementation in the CALIF3S/ISIS
software allows asymmetric fire propagations between the right-hand
side and the left-hand side of a tray. For that reason, let Xg represent
the burning length at tray ignition in one direction of the tray, mea-
sured from the center of the tray (see Figure 3). In case of a symmetric
fire propagation, then Lo = 2 XXB.

The ignition time at the x abscissa of cable tray i is given as

follows:

o ifx< Xg, therefore, x belongs to the burning length at tray ignition

and its ignition time is tjg, ; o model parameter given as inlet data,

o ifx > Xi, the time at which the fire reaches the x abscissa depends

on the horizontal spread rate as follows:

_xi
x=Xp

ti(x) = t::gn,i‘o + S;

The burning rate calculation takes into account the ignition time as
well as the fire development according to Figure 4. The evolution of
the mass-rate n'q,f'(x, t) presented in Figure 4 is taken from the evolu-
tion of the HRR given in McGrattan et al* with the following ratio:
S qavg

man = AH

inkg.stm™2.

The fire duration is recalculated by the CALIF3S/ISIS software by
integrating the mass-rate profile given in Figure 4, in order to ensure
that the burning mass does not exceed the available fuel mass per unit
area:

At+t(x) "
tg M (t)dt = mc.

To summarize, through this phenomenology, the CALIF3S/ISIS
software is able to calculate for every mesh the boundary condition
on the fire surface (see red area in Figure 2), ie, the time evolution
of the MLR from ignition to fire extinction.

3.24 | Turbulence modeling

Turbulence is modeled by means of the standard k - € model. The model

parameters used are the constant default values of the CALIF3S/ISIS

rh”(t)
A

7]
m aqvg

v

A ! At/6 5At/6 |
t'(x) t'(x) + At

FIGURE 4 Outline of the mass-rate per unit area
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CFD software.** The turbulent production due to buoyancy effects is

modeled with the Generalized Gradient Diffusion Hypothesis.

3.2.5 | Radiative heat transfer modeling

The radiative heat transfer modeling used in this study is the finite vol-
ume method.** The discretization of the angular space is automatically
set by the software, and the number N of discretization per octant used
is the advised value N = 4 (default value).

3.3 | Simulation results

Figure 5 shows the evolutions of the MLR and of the HRR for the
experiment and for the simulation.

Concerning the experimental results, a delay can be observed
between the MLR rise and the HRR rise. This is due to the water
release by the fire retardant ATH. Indeed, when cables are heated
(see Section 3.2.3.1), ATH contained in the cables undergoes decom-
position into water vapor and solid alumina. Alumina remains on the
cable trays, but water vapor is released. Consequently, its correspond-
ing mass loss is recorded by the weighting system located below the
cable tray stack. This water mass loss is associated with no heat
release, which explains the observed delay.

The comparison between the experimental results and the simu-
lated ones indicates that this delay between the MLR and the HRR is
not predicted as curves start rising at the same time. This is due to
the fact that only one fuel is considered in the CALIF3S/ISIS modeling
as ATH is taken into account by resorting to an equivalent fuel (see
Section 3.2.3.1). It must be highlighted that the video fire analysis
method®® used to determine the optimized parameters for the
FLASH-CAT model (see Section 3.2.3.2) is based on the observation
of flame fronts. As a consequence, the spread parameters are represen-
tative of the combustion process by opposition to the degradation pro-
cess of ATH that releases vapor. For that reason, it is not possible to
predict the earlier MLR due to ATH. Nevertheless, it can be observed
that the MLR rise is predicted properly with a suitable slope despite

Mass Loss Rate (MLR) and Heat Release Rate (HRR)
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FIGURE 5 Mass loss rate and heat release rate for the CFSS-2 fire
test, experiment, and simulation [Colour figure can be viewed at
wileyonlinelibrary.com]

this slight delay. The MLR peak is quite well predicted (76 g/s for the
simulation against 78.5 g/s for the experiment which represents an
about 3% discrepancy). The HRR increase is very well predicted by
the CALIF3S/ISIS software. Concerning the HRR peak, it is also well
predicted. About the downward trends of the MLR and HRR curves,
it can be noticed that the decrease is underestimated during the first
500 seconds, and then it is predicted too sharp and the end of the fire
scenario is predicted too early. Actually, the fire end in the experiment
is representative of a slow decay phase of the fire which may not be
properly reproduced through constant horizontal spread velocities
and by the considered mass-rate evolution shown in Figure 4. The
TML and the total heat release predicted by the CALIF3S/ISIS software
are, respectively, 97 kg and 2657 MJ; this is to be compared with the
experimental values of 97 kg and 2550 MJ. The total heat release is
slightly overestimated by about 4%, which remains close to the exper-
imental value. On a safety point of view, the major discrepancy on the
predicted fire behavior is observed on the decay phase so that the sim-
ulation result is conservative on this part of the transient as it favors a
longer period at high fire power. In fact, the right amount of energy and
the right amount of mass loss are predicted by the CALIF3S/ISIS soft-
ware but on a shorter period of time.

Figure 6 gives illustrations of the temperature fields predicted by
the CALIF3S/ISIS software at several times thus allowing a visualization
of flame front spread from one tray to another as well as the horizontal
propagation as described in the FLASH-CAT approach. It is considered
that the temperature of a flame is 600°C (873 K)?°: these flames are col-
ored from green to red in Figure 6. The three upper pictures at t = 800,
1200, and 1600 seconds show the fire growth as the burning surface is
increasing due to both the upward and sideward spread up to when all
the cable trays are on fire all over their length at about t = 1600 seconds.
This time corresponds to the MLR and HRR peaks predicted by the
CALIF3S/ISIS software. Afterwards, on the three lower pictures at
t = 1800, 2200, and 2600 seconds, the extinction front appears on the
lowest tray and it propagates upward and sideward, similarly to the

t=1200s t=1600s

=x. _Ta = T -

¥ |
- . -
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t=1800s t=2200s t=2600s

FIGURE 6 Visualizations of fire spread simulated with CALIF3S/ISIS
at several times [Colour figure can be viewed at wileyonlinelibrary.
com]
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ignition front. The MLR and HRR decrease as the extinction front goes

on until fire is totally extinguished.

4 | SIMULATION OF THE CFS-3 AND CFS-4
FIRE TESTS IN CONFINED/VENTILATED
ROOMS

4.1 | Description of the fire experiments

The CFSS campaign presented in Section 3.1 was a preliminary step
for the CFS campaign, performed in confined and mechanically venti-
lated conditions in the multi-room DIVA facility.! The fire sources
used in the CFS campaign are the same as those characterized during
the CFSS campaign (see Figure 1).

As illustrated in Figure 7, the DIVA facility features:

e three rooms (about 6 m in length, 5 m in width, 4 m in height),

e a common corridor (15.6 m in length, 2.5 m in width, 4 m in
height),

e and a fourth room (8.8 m in length, 5 m in width, 4 m in height)
located above both room 3 and the corridor.

Walls are 0.3 m thick and are made of reinforced concrete. The
vertical walls of the fire room are covered by a 0.05-m layer made
of concrete to prevent any damage on the bearing walls. The rein-
forced concrete and the sacrificial concrete are separated by a 1.5-

cm-thick air slot. The ceilings of the fire room and adjacent room are

FIGURE 7 Bird's eye view of the DIVA facility inside the JUPITER
compartment [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 4 Matrix of the cable tray fires for CFS tests

covered by a 0.06-m and 0.03-m-thick layer of insulation (Thermipan),
respectively.

The DIVA facility is also equipped with a ventilation network
including both air supply and exhaust circuits.

For CFS-3 and CFS-4 tests (see Table 4), only two rooms of the
DIVA facility are involved, namely room R1 and room R2. Room R1
(the fire room) and room R2 (the adjacent room) are connected by
an open doorway (0.79 m x 2.17 m). In this configuration, the ventila-
tion system is composed of one inlet duct in the fire room and one
exhaust duct in the adjacent room. Both inlet and exhaust ducts are
0.45 m x 0.3 m x 0.7 m with a blowing surface area 0.3 m in width
and 0.6 m in height. Front and top view schemes of the facility and
experimental device are presented in Figures 8 and 9 for more details.

Table 4 gives the operating conditions of the cable tray CFS tests
in terms of duration of the propane burner ignition and of VRRs pro-
vided by the ventilation network. The test from the CFSS campaign
carried out in open atmosphere is also mentioned in this table. The
VRR is defined as the number of room volume renewed per hour.
For example, as rooms R1 and R2 have a total volume of about
240 m®, then the flowrate is expected to be initially about 960 and
3600 m3/h for VRR of 4 and 15 h™%, respectively.

4.2 | Lessons learnt from the experiment

The main outcomes of the CFS campaign presented in this section are
taken from document.® For a more comprehensive view of the exper-
imental results and analysis, reference should be made to the
abovementioned document.

It is reminded that the CFS fire tests were performed on two
kinds of cables: HFFR cables for CFS-3 and CFS-4 tests and haloge-
nated flame-retardant cables for the other CFS tests. Two VRRs were
investigated: 4 h™* for CFS-3 and 15 h™? for CFS-4. The fire sources
used in the CFS campaign were previously characterized under a
large-scale calorimeter in open atmosphere during the CFSS campaign.

The first outcome concerns the amount of fuel burnt during the
CFS tests compared with that of the CFSS tests. It is concluded that
the TML for CFS tests with high VRR is identical to the one for the
CFSS tests, while the TML is lower for CFS tests with low VRR.
Every CFS test fire burns for a longer time than in open atmosphere
and is characterized by lower peaks of MLR and HRR. When the
VRR is at its lowest value, the CFS tests show reduced combustion
efficiencies. Conversely, with the highest value of the VRR, combus-
tion efficiency is observed as similar to that in open atmosphere for
CFS-4. The CFS-3 fire test, classified as under-ventilated, shows an
increase in the production of unburnt hydrocarbons accumulating
under the ceiling of the fire room. These accumulations of unburnt
hydrocarbon gases lead to eight consecutive combustions in the
upper part of the fire room associated with HRR peaks of 0.5 MW
for CFS-3 (see Figure 11). It is underlined that a major fire

Test Cable Type Burner Operation VRR, h™* Test in Open Atmosphere
CFS-3 Halogen free flame 12 min 24 s 4 CFSS-2
CFS-4 retardant (HFFR) 15

control cable
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consequence is attributed to those repetitive combustions leading to
the highest peaks of gas temperature and heat flux (near the ceiling)

as well as pressure rises.

4.3 | CALIF3S/ISIS modeling

Both the fire room and the adjacent room are modeled as well as the
doorway (see Figure 10) by means of a composed meshing allowing
several concatenated meshing in the CALIF3S/ISIS CFD software. A
particular attention has to be paid to the conformity of the different

meshing.

4.3.1 | Facility modeling and boundary conditions
description

Concerning the outer structural walls, conduction within the walls is
calculated (see Section 4.3.2 for material properties), and the heat
exchange condition with the outside is set as adiabatic. For the calcu-
lation of the convective heat transfer coefficient, wall functions are
used and the laminar and turbulent Prandtl numbers are set at the
same value of 0.7 (see CALIF3S/ISIS software®). This is also the case
for ceilings, but material properties are implemented accordingly (see
Section 4.3.2). The separation wall between the fire room and the

adjacent room differs from the other walls in that the conductive heat

viewed at wileyonlinelibrary.com]

transfer is calculated within the wall and heat exchange conditions at
the middle of the wall is an imposed temperature equal to the initial
wall temperature at the beginning of the fire scenario.

In-room inlet and outlet openings of the aeraulic circuits are
modeled by removing the corresponding cells from the fluid domain.
The appropriate boundary condition on these holes is “pipe-junction”
(see CALIF3S/ISIS software,'* for more details). It makes it possible
to control the flow directions, flowrates, and aeraulic resistances of
the ventilation system. The general Bernoulli equation is solved at
each branch and enables to take into account pressure variations over
time in the confined and mechanically ventilated compartment.

As for the simulation of the CFSS-2 fire test, the weighting system
and the fluid slice between the West wall and the insulated support
wall at the back of the fire source are removed from the fluid domain
and the boundary condition is set as adiabatic.

The fire source is made similar to the experimental setup as
explained in Section 3.2.1, ie, trays are individually modeled. Fire prop-
agation is simulated by prescribing the mass flowrate as boundary
conditions on the upper part of the cable trays. It is underlined that
the mass flowrate is no more predicted as it was done for CFSS-2 in
Section 3. The fuel flowrate used as inlet data for the CALIF3S/ISIS
calculation is the MLR from experimental measurements in confined

conditions as explained in Section 4.3.4.2. The fire boundary condition
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FIGURE 10 View of the DIVA facility modeling with the CALIF3S/ISIS CFD software [Colour figure can be viewed at wileyonlinelibrary.com]

is uniformly applied on the top faces of every cable tray (see Section
4.3.4.2 for more details). The other faces of cable trays are considered
as adiabatic.

4.3.2 | Material properties

The conductive heat fluxes are calculated inside the concrete walls
and the Thermipan insulation by a Fourier-type modeling. The material
properties are detailed hereafter:

e Concrete:
e conductivity: 1.5 W/m/K

e specific heat: 736.0 J/kg/K
o density: 2430.0 kg/m>
e emissivity: 0.9

e Thermipan:
e conductivity: 0.102 W/m/K
e specific heat: 840.0 J/kg/K
o density: 140.0 kg/m®

e emissivity: 0.95
1.1.1. Meshing and time step

The mesh of fire and adjacent rooms varies in size depending
whether they are close to the outer walls or to the floor or close to
the fire source (see Figure 10). The total number of cells used for
the fluid domain is about 350 000. The mesh size range is presented in
Table 5.

From previous studies with CALIF3S/ISIS software, 24?7 this mesh
size is considered as appropriate to simulate such fire scenarios.

The time step used for the calculation of CFS-3 is 0.05 second
over the 6000 seconds of the scenario. For CFS-4, the time step is

0.05 second, and the simulation duration is 5000 seconds.

4.3.3 | Fire modeling

This section presents the CALIF3S/ISIS modeling of the chemical reac-
tion of the HFFR cables used for the CFS-3 and CFS-4 tests and the

modeling of the fire growth rate used in the simulation.

TABLE 5 Mesh sizes for CFS-3 and CFS-4

Fire Room Doorway Adjacent Room
X-axis 5cm to 10 cm 10 cm 10 cm to 15 cm
y-axis 10 cm to 15 cm 10 cm 10 cm to 15 cm
z-axis 5cm to 10 cm 5cmto 7.5cm 5cm to 10 cm

Combustion modeling

The combustion modeling is the same as previously presented for the
simulation of CFSS-2 (Section 3.2.3.1) since it concerns the same cable
type. However, the combustion reaction is fitted in order to take into
account the effect of oxygen depletion during each fire test, in partic-
ular concerning the carbon monoxide, the soot yields, and the effec-
tive heat of combustion.

The combustion reaction is reminded below:

C36H9 603 + (4.5-0.5 co - 5) O,—(3.6-co - s5) CO, + 4.8 H,O
+coCO+sC

where co and s represent the stoichiometric coefficients of carbon
monoxide CO and soot C, defined as follows in the CALIF3S/ISIS

modeling:

_ Mc, 4Hp 405 X Yeo
Mco

_ MC3,5H9.503 X Ysoot

= T

co

where:

® Mc,,H,,0, = 100.8 g/mol, is the molar mass of the equivalent

combustible fuel C5¢Ho ¢Os,
o Mc=12.0 g/mol, is the molar mass of carbon C,
e Mco = 28.0 g/mol, is the molar mass of carbon monoxide CO,
® V.ot IS the soot yield given by the experiment,

® Y., is the carbon monoxide yield given by the experiment.

The soot yield measured during the experiment? is 0.008 (g/g) for
CFS-3 and 0.007 (g/g) for CFS-4. The carbon monoxide yield mea-
sured during the experiment is 0.08 (g/g) for CFS-3 and 0.04 (g/g)
for CFS-4.
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The energy releases during the fire tests are determined by the

mean experimental values such as

EHCCFS_3 =19.0 MJ/kg and EHCCF5_4 =265 MJ/kg

Fire development

Thanks to the weighting system located beneath the cable tray stack,
the mass of pyrolyzed cables can be measured during the experiment.
So, the MLR can be determined by calculating the time derivative of
the mass evolution during the fire test.

HRRs during the fire tests are determined by both thermal and
chemical methods. It is emphasized that the HRR cannot be directly
correlated to the MLR in particular in confined and ventilated condi-
tions and oxygen-controlled fires. Indeed, the MLR is representative
of the pyrolysis gas production by the cable degradation, while the
HRR is representative of the fire power due to the combustion of
pyrolysis gas inside the fire room. The main difference lies in com-
bustion efficiency and possibly delayed combustion. Furthermore,
the occurrence of successive combustions of unburnt hydrocarbons
under the ceiling has been highlighted during the CFS-3 test,!
involving sharp evolutions of gas temperature, oxygen and carbon
dioxide concentrations in the upper part of the fire compartment
as well as pressure peaks. For this reason, such an evolution in the
experimental HRR has to be taken into account when performing
simulations.

Simulations with the CALIF3S/ISIS software are considered by
fixing the fuel flowrate as input data. When simulating the CFS tests
characterized by a solid fire source, the mass rate of fuel available to
be burnt at every time is the mass rate of pyrolysis gas produced from
the experiment. However, as mentioned previously, this approach
does not allow predicting properly delayed combustions observed dur-
ing the fire test. Therefore, an “equivalent” mass rate is calculated
based on the experimental HRR as a function of time and the average
EHC evaluated in the experiment.! This attempt aims at simulating
more closely the pyrolysis gas consumption by opposition to the
pyrolysis gas production. Then, it follows:

MLR _calcul(t) = %?(U

where:

o EHCcps3 = 19.0 MJ/kg and EHC¢fs.4 = 26.5 MJ/kg are the aver-
age EHC?! determined for CFS-3 and CFS-4, respectively,

e MLR_calcul is the calculated mass rate of consumed pyrolysis gas
(kg/s),
e HRR_exp is the experimental HRR obtained during tests (MW).

The experimental MLR and HRR are plotted in Figures 11 and 12
as well as the calculated “equivalent” MLRs of the combustible fuel. It
appears that the experimental and calculated MLRs show two differ-
ent evolutions. First, the calculated MLR reveals large and sharp oscil-
lations corresponding to the fast combustions under the ceiling, while
the experimental MLR shows smaller oscillations due to a feedback

effect of the radiation from the upper burning layer under the ceiling
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FIGURE 11 Mass loss rate and heat release rate for CFS-3 test
[Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 12 Mass loss rate and heat release rate for CFS-4 test
[Colour figure can be viewed at wileyonlinelibrary.com]

toward the cable tray fire source for the CFS-3 fire test. The second
difference appears at the beginning of the transients where a delay
can be observed between the experimental and the calculated MLR
rises due to the water mass lost by the fire retardant, which is associ-
ated with no fire power release.

Modeling fire propagation along cable trays (ie, the FLASH-CAT
approach) is not considered in such a modeling due to the complexity
of this fire test (for instance, the effect of oxygen depletion surround-
ing the cable trays). In this case, the fuel flowrate is uniformly applied
on the fire boundary condition for the entire duration of the fire tests.
Consequently, it should be emphasized that some local phenomena
that may occur within the fire source in the experiment (eg, oxygen
depletion effect and locally predominant combustions) cannot be
taken into account. Due to the prescribed mass flowrate obtained
from the experimental HRR, the fuel release including the combus-
tions observed under the ceiling is then averaged on the tray surface.

The propane burner is not modeled in this study.

4.3.4 | Turbulence and radiative heat transfer
modeling

The same models as for the CFSS-2 test are used (see Sections 3.2.4
and 3.2.5).
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4.4 | Simulation results and discussion

This section aims at presenting the simulation results of the CFS-3 and
CFS-4 fire tests with the CALIF3S/ISIS software. Numerical results are
compared with the experimental results and concern gas temperatures
in the fire room, gas species concentrations, gas pressure, and
flowrates at the inlet and outlet openings of the aeraulic circuit.
Unless otherwise stated in this document, the legend of graphs
presents the simulation results and the experimental results as follows

“isis_x" and “exp_x,” respectively, where “x” represents the sensor ele-

vation from the floor of the compartment.

4.4.1 | Simulation results for the CFS-3 fire test

The results presented below concern the simulation of the CFS-3 test

characterized by a VRR of 4 per hour.

Pressure and ventilation flowrates

Figures 13 and 14 show the relative pressure of the fire and adjacent
rooms, and the mass flowrates at the inlet and outlet openings of the
aeraulic circuit, respectively.

The time evolution of the experimental relative pressure in rooms
(see Figure 13) shows several peaks (highest value at about 18 hPa),
corresponding to the successive combustions of unburnt hydrocar-
bons accumulated under the ceiling. They lead to flow reversals in
the inlet duct and to mass flowrate peaks at the outlet as observed in
Figure 14 between about t = 1000 seconds and t = 3500 seconds.

The simulation result for the relative pressure is satisfying com-
pared with the experimental data. The pressure peaks and pressure
minima due to the successive combustions are sometimes
underestimated by the simulation. However, the oscillatory behavior
of the relative pressure in the fire room is well predicted by the
CALIF3S/ISIS software.

Concerning the mass flowrates at the inlet and outlet of the
aeraulic circuit, the simulation with the CALIF3S/ISIS software also
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FIGURE 13 Relative pressure in the facility for the CFS-3 test
[Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 14 Mass flowrates at the inlet and outlet openings of the
aeraulic circuit for the CFS-3 test [Colour figure can be viewed at
wileyonlinelibrary.com]

gives good results. Flow reversals at the inlet are predicted when com-

bustions occur under the ceiling and their magnitudes are satisfying.

Gas temperatures

The following figures (Figures 15, 16, and 17) show comparisons of
numerical and experimental gas temperatures at the corners of the fire
room.

The experimental temperature evolutions measured at the three
corners of the fire room can be divided into three main stages. The
first stage of the fire ranging from fire ignition to about 1400 seconds
is characterized by the fire growth period, in which temperatures mea-

sured on the thermocouple (TC) trees sharply increase during the first

Gas temperature at the NE corner of the fire room
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FIGURE 15 Gas temperatures at the NE corner of the fire room for
the CFS-3 test [Colour figure can be viewed at wileyonlinelibrary.com]
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Gas temperature at the NW corner of the fire room
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FIGURE 16 Gas temperatures at the NW corner of the fire room for
the CFS-3 test [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 17 Gas temperatures at the SE corner of the fire room for
the CFS-3 test [Colour figure can be viewed at wileyonlinelibrary.com]

1070 seconds where a first HRR peak is reached (see Figure 11).
Afterwards, during the second stage, from t = 1400 seconds to
t = 3500 seconds, the gas temperatures show many oscillations due
to fast combustions of unburnt hydrocarbons in the upper part of
the fire room. The influence of those fast combustions is therefore
more visible on high elevation TCs and in particular at the NW corner
whose TCs record the highest temperatures (Figure 16). As a general
trend, the mean temperatures are rather steady during this second
stage. The third stage is the decay phase of the fire thus leading to
temperature decrease.

One particular behavior during this fire scenario concerns the NE

corner of the fire room where the experimental temperature at

elevation z = 3.90 m is the lowest (Figure 15). Indeed, the maximum
temperature is about 420°C, while it is about 530°C at the SE corner
and 640°C at the NW corner (Figures 17 and 16). This location is right
in the vicinity of the air inlet opening which occupies the last 60 cm
below the ceiling (between elevations z = 3.60 m and z = 4.00 m).
The influence of the air opening seems to be limited to the very upper
part of the corner close to the ceiling and in front of the opening, as
the VRR is low in the CFS-3 test.

Concerning the gas temperature in the fire room, the numerical
results are overall mostly overestimated in the lower part, quite well
predicted at the mid-plane and then mostly underestimated at 3.9 m.
This is certainly due to the fact that the experimental temperatures
at the top are particularly high as fast combustions of unburnt hydro-
carbons take place under the ceiling. Conversely, in the modeling, the
corresponding amount of energy is released all over the cable tray top
faces located far beneath the ceiling. This would therefore explain the
underestimation at the top and the overestimation at the bottom of
the fire room. It is underlined that the CALIF3S/ISIS modeling does

not allow modeling these local phenomena.

Gas concentrations
The oxygen and carbon dioxide concentrations in the fire room at
three elevations are presented hereafter.

The oxygen concentration measured in the fire room (Figure 18)
decreases with the fire growth and full development up to about
t = 1070 seconds in the upper part of the room. Afterwards, as for
gas temperatures, the oxygen concentration shows several oscilla-
tions. The oxygen concentration is particularly low at z = 3.2 m when
fast combustion occurs, thus leading to oxygen concentration downs
to about 2.5%. Conversely, at elevation z = 0.7 m, the oxygen concen-
tration reaches a plateau at about 13%. In between, at elevation
z = 2.2 m, oscillations are also visible during the second stage of the
fire, but the average oxygen concentration is quite close to the one

at z = 0.7 m. Consequently, a strong oxygen concentration gradient

Oxidizer concentration in the fire room
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FIGURE 18 Oxygen concentrations in the fire room for the CFS-3

test [Colour figure can be viewed at wileyonlinelibrary.com]
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is noticed in the very upper part of the fire room. This is to be linked
with the fast combustions taking place under the ceiling and therefore
reducing the already low oxygen content nearby. The carbon dioxide
concentrations evolve accordingly (Figure 19).

Concerning the simulated results in the fire room, the CALIF3S/
ISIS software predicts an oxygen concentration fall a little too gentle
compared with the experiment (Figure 18), in particular for elevations
z=3.2m and z = 2.2 m. However, the predicted results are quite sat-
isfying at elevations z = 0.7 m and z = 2.2 m for the whole transient
duration. The major discrepancy concerns elevation z = 3.2 m where
the oxygen concentration fall is also predicted far too short, as a
result, the simulated oxygen concentration is far overestimated. For
example, during the second phase of the fire transient, the average
oxygen concentration predicted by the CALIF3S/ISIS software is
about 12%, while in the experiment it is about 7% (with large oscilla-
tions from 2% to 12%). It is emphasized that in the simulation, concen-
trations at z = 2.2 m and z = 3.2 m are similar, which is by far not the
case in the experiment. This tends to illustrate that the local phenom-
ena occurring under the ceiling are not taken into account by the
modeling. Concerning carbon dioxide concentrations in the fire room,
the numerical results are consistent with those of the oxygen concen-
trations. They are in good accordance with the experiment at eleva-
tions z = 0.7 m and z = 2.2 m, but the carbon dioxide concentration
is underestimated at elevation z = 3.2 m (Figure 19). For the latter ele-
vation, the oscillation magnitude is far underestimated by the
CALIF3S/ISIS software. As already mentioned in Section 3.2.3.1, some
discrepancies regarding oxygen consumption and carbon dioxide pro-
duction might be due to not taking into account the accurate PE input
through the proportion of PE compared with EVA in the PE/EVA
copolymer. For example, considering the available data in Figure 18,
the oxygen concentration overestimation in the upper part of the fire

room is not compensated for by an underestimation elsewhere in

the room.
Carbon dioxide concentration in the fire room
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FIGURE 19 Carbon dioxide concentrations in the fire room for the
CFS-3 test [Colour figure can be viewed at wileyonlinelibrary.com]

4.4.2 | Simulation results for the CFS-4 fire test

The results presented below concern the simulation of the CFS-4 fire
test characterized by a high VRR of 15 per hour.

Pressure and ventilation flowrates
Figures 20 and 21 show the relative pressure of the fire and adjacent
rooms, and the mass flowrates at the inlet and outlet openings of the
aeraulic circuit, respectively.

The time evolution of experimental relative pressure in rooms (see

Figure 20) shows a period of somewhat scattered points between
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1000

isis'
exp -+
L :
= 600 |
o
()
5 400
wn
[%2]
o
S 200
2
©
)
L s S S
-400 L
0 1000 2000 3000 4000 5000
time (s)

FIGURE 20 Relative pressure in the facilityfor the CFS-4 test
[Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 21 Mass flowrates at the inlet and outlet openings of the
aeraulic circuit for the CFS-4 test [Colour figure can be viewed at
wileyonlinelibrary.com]
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about t = 800 seconds and t = 2500 seconds with relative pressure
oscillations at high frequency and with a magnitude about 2 to
3 hPa. The origin of these variations is not determined yet. About
the pressure evolution, the aeraulic resistance during the CFS-4 test
was quite reduced thus limiting any pressure peak. As a consequence,
flow reversals are not observed at the inlet duct of the ventilation cir-
cuit (Figure 21), and the flowrates at the openings have quite smooth
evolutions.

The simulation result for the relative pressure evolution is satisfy-
ing compared with the experiment, in particular during the first
2000 seconds of the fire. Afterwards, the relative pressure is slightly
underestimated by the CALIF3S/ISIS software. At the end of the fire,
the software predicts pressure similar to the one at the beginning of
the calculation while the experimental value at the end is greater than
its initial value. The wall heat fluxes after the particularly powerful
CFS-4 fire may account for a greater pressure at the end of the fire
in the experiment.

Concerning the mass flowrates at the inlet and outlet of the
aeraulic circuit, the simulation with the CALIF3S/ISIS software gives
good results. The outlet mass flowrate is slightly underestimated dur-
ing the first part of the fire, but the relative discrepancy is limited to
about 5%. Both mass flowrates are slightly overestimated (below
10%) at the end of the transient. However, in the same way as indi-
cated for the pressure evolution, the mass flowrates in the experiment

have a lower value at the end than at the beginning of the fire.

Gas temperatures
The following figures (Figures 22, 23, and 24) show gas temperature at
the corners of the fire room.

The experimental temperature evolutions measured at the three
corners of the fire room can be divided into two main stages. The first
stage of the fire up to about 1800 seconds is characterized by the fire
growth where temperatures measured on the TC trees increase and a

HRR peak is reached (see Figure 12) with some small oscillations. The
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FIGURE 22 Gas temperatures at the NE corner of the fire room for
the CFS-4 test [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 23 Gas temperatures at the NW corner of the fire room for
the CFS-4 test [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 24 Gas temperatures at the SE corner of the fire room for
the CFS-4 test [Colour figure can be viewed at wileyonlinelibrary.com]

second stage is the decay phase of the fire thus leading to HRR and
temperature decrease.

One particular behavior concerns the NE corner of the fire room
where the lowest experimental temperature at elevation z = 3.90 m
is recorded (Figure 22). This location is right in the vicinity of the
air inlet opening. This comment is the same as for CFS-3 in
Section 4.4.1.2.

Concerning gas temperatures in the fire room, the numerical
results are overall in good agreement with the experimental results
in both the upper and lower part of the room. The discrepancy is gen-
erally limited to 20% with one exception. This one is for elevation
z = 3.9 m at the NW corner (Figure 23) where the predicted temper-

ature shows a large number of oscillations with a high magnitude up
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to 150°C. The maximum values predicted for the NW temperature are
in quite good agreement with the experiment, which is not the case of

the lowest oscillation values.

Gas concentrations
The oxygen and carbon dioxide concentrations in the fire room at
three elevations are presented hereafter (Figures 25 and 26).

In Figure 25, the oxygen concentration measured in the fire room
decreases with the fire growth and full development up to about
t = 1800 seconds at elevation z = 2.2 m and z = 0.7 m and then rise
until the end of the transient. At elevation z = 3.2 m, the oxygen con-
centration rapidly falls down to a value of about 5% and then suddenly
rises at about t = 1600 seconds. This is due to the 3.2-m-high sensor

Oxidizer concentration in the fire room
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FIGURE 25 Oxygen concentrations in the fire room for the CFS-4
test [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 26 Carbon dioxide concentrations in the fire room for the
CFS-4 test [Colour figure can be viewed at wileyonlinelibrary.com]

falls from its support. Therefore, after this fall, its measure is no more
reliable as for the carbon dioxide measurement. For the two other ele-
vations, the carbon dioxide concentrations evolve in accordance with
the oxygen concentrations.

The numerical results in the fire room underestimate the oxygen
concentration decrease at elevation z = 0.7 m and in particular at
z = 3.2 m. For the latter elevation, when the minimum of 5% is reached,
the simulated concentration is only about 13%, and its minimum value
on the whole duration of the test is only about 12%. In fact, the oxygen
concentration at z = 3.2 m is predicted quite similar to the one at
z = 2.2 m thus underestimating the axial oxygen concentration gradi-
ent. However, the oxygen concentration at z = 2.2 m is well predicted
by the CALIF3S/ISIS software. Concerning carbon dioxide concentra-
tions in the fire room, the same comments can apply, ie, the carbon
dioxide concentration is underestimated at z = 0.7 m (maximum 30%
discrepancy), far underestimated at z = 3.2 m and then quite well pre-
dicted at the mid-plane. No axial carbon dioxide concentration is pre-
dicted between z = 2.2 m and z = 3.2 m, which is, by far, not the case
in the experiment. As for the CFS-3 test in Section 4.4.1.3, a comment
may be done concerning taking into account a greater content of PE in
the cable composition. This may increase the oxygen consumption and
the carbon dioxide production (see Section 3.2.3.1).

5 | CONCLUSION AND PROSPECTS

This section presents the simulation of the CFSS-2, CFS-3, and CFS-4
fire tests with the CALIF3S/ISIS software. The CFSS-2 test is a cable
tray stack fire test carried out under a large-scale calorimeter in open
atmosphere. The cables are control-type and are composed of a poly-
mer sheath containing HFFR (alumina tri-hydrate). The CFS-3 and
CFS-4 tests are performed in confined and mechanically ventilated
conditions with the same fire source as in the CFSS-2 tests.

For the simulation of the CFSS-2 fire test, the fire source is
modeled in accordance with the experiment, ie, the five horizontal
cable trays are individually modeled using the dimensions of the exper-
imental setup. Fire propagation along trays and from one tray to
another is predicted by means of a FLASH-CAT-like model imple-
mented on purpose in the CALIF3S/ISIS software. This empirical model
is based on a timing sequence for the upward propagation only
depending on the tray order in the stack. It also suggests that the cables
should burn over a length that is greater than that of the tray below,
thus leading to a V-shaped fire pattern expanding with the horizontal
propagation. The parameters of this model are optimized thanks to a
video analysis of the fire experiment. The advantage of this simple
approach is to assess properly the burning surface at every moment.

The simulation with the CALIF3S/ISIS software of the CFSS-2 test
is performed, and the predicted MLR and HRR are compared with the
experimental data. In both cases, the fire growth rate, from fire igni-
tion up to the HRR peak, is well predicted by CALIF3S/ISIS despite a
predicted MLR evolution a little later than in the experiment. This is
caused by the preliminary mass loss due to the decomposition of the
fire retardant that releases water vapor. This mass loss cannot be
taken into account by the model when it is associated with no heat

release at the beginning of the fire. The MLR and HRR peaks are well
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predicted. Afterwards, the fire decay is predicted a little too slow for a
short period. Then, the fire decay is predicted sharper than the exper-
iment and fire extinction is predicted too early. On a safety point of
view, this result is conservative since it tends to overestimate the
duration at high fire power. Moreover, the TML and the total heat
release are well predicted. Consequently, the simulation of the
CFSS-2 test with the CALIF3S/ISIS software gives satisfying results.

The simulation of CFS-3 and CFS-4 tests with CALIF3S/ISIS is
performed using the same fire source modeling as for CFSS-2. How-
ever, for these confined and ventilated tests, fire propagation is no
more computed. Instead, the fire boundary condition is uniformly
applied on the top faces of trays and uses a MLR determined from
experimental data, ie, the HRR and the effective heat of combustion.
This method enables to take into account delayed combustions and
to avoid considering the MLR induced by the decomposition of the
fire retardant at the beginning of the fire tests.

The comparison between the numerical results and the experi-
mental data shows overestimated gas temperatures in the fire room
in the lower part and underestimated in the upper part for the simula-
tion of the CFS-3 test. In the experiment, many fast combustions
occurred under the ceiling and calculation failed to properly locate
the corresponding power release. For the CFS-4 test, temperatures
are overall well predicted in a range of a 20% discrepancy from the
experiment. Concerning oxygen and carbon dioxide concentrations
in the fire room in both confined fire tests, overall oxygen consump-
tion and carbon dioxide production underestimations are observed.
It may be due to inaccurate mass composition and representativeness
of the considered fuel, in particular due to the lack of considering the
accurate proportion between PE and EVA in the PE/EVA copolymer.
To end with, the relative room pressure and the mass flowrates at
the inlet and outlet openings of the ventilation circuit are satisfying
compared with the experiment for both the CFS-3 and CFS-4 tests.

Modeling the five trays along with the MLR applied on its surfaces
does not allow to model some local phenomena since the burning sur-
face is considered uniform on the whole fire boundary condition for
the entire test duration. Consequently, no distinction is made between
trays and the total heat release is relocated to the fire source place,
even in the case of a heat release due to a fast combustion of unburnt
hydrocarbons under the ceiling. However, the CALIF3S/ISIS simula-
tion results are quite satisfying as the overall behavior of the fire tran-
sients is well reproduced, especially considering the fire transient
complexities.

In order to go further in simulating electric cable fires in confined
conditions and in order to perform more predictive simulations, fire
propagation along trays and from one tray to another should be calcu-
lated. The fire propagation prediction with the CALIF3S/ISIS software
and the FLASH-CAT-like model with optimized parameters depending
on the fire configuration give good results in open conditions as shown
with the simulation of the CFSS-2 fire. A more detailed and more pre-
dictive approach would consist in calculating the fire spread rate
instead of using velocities obtained from experimental observations.
This task is in progress as IRSN is planning to develop and implement
analytical relations making the link between the ignition times and hor-
izontal propagation rates and the physical parameters of cables (mate-

rial properties) and cable tray configurations (cable load, tray width...).

Predicting fire propagation for fire tests in confined and ventilated con-
dition is much more complex and needs to take into account the oxy-
gen limitation close to the cable fire. Even though oxygen limitation
is quite well known for liquid pool fires, it is not the case for complex
solid fuels such as electric cables. IRSN is addressing these subjects
through ongoing research and development programs featuring exper-

imental and computational efforts to model electric cable fires.
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