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Flame Spread Experiments on a Horizontal
Preheated Cable Layer

Pascal Zavaleta ®*, Romain Meinier and Sylvain Suard, Fire Test Laboratory,
Institute for Radiation Protection and Nuclear Safety (IRSN), 13115 St
Paul-Lez-Durance, France

Rodolphe Sonnier and Laurent Ferry, Polymers Composites and Hybrids
(PCH), IMT Mines Ales, Ales, France

Abstract. Electrical cables are one of the main fire hazards in nuclear power plants
(NPPs) and in many other industrial sectors. To assess the potential damages of the
cable fires, models are required to forecast the fire spread over multiple cable trays
and the resulting heat release rate. A new test device, called CISCCO, was developed
to conduct flame spread experiments on a preheated horizontal cable layer to support
the development and validation of the models. The characteristics of the CISCCO
device are first presented before the description of four series of experiments that first
investigated the temperature dependence of the flame spread velocity. The series
involved a cable layer composed of either a polyvinyl chloride (PVC)-based cable,
named PVC cable or a halogen free flame retardant (HFFR) poly(ethylene—vinyl
acetate)/polyethylene-based cable, labelled HFFR cable. Temperature measurements
performed in the solid phase (cable outer sheath) and in the gas phase (above the
cable layer) allowed to assess the preheated cable layer temperature and the flame
spread velocity. A first attempt of flame heat flux measurements was also conducted
in this work. All series highlighted a temperature dependence of the flame spread
velocity according to experimental power laws. The flame spread velocities were mea-
sured higher for the PVC cable (0 to 5.5 mm/s) than for the HFFR cable (0 to
1.5 mm/s) while the related preheated cable temperatures suitable for spreading were
measured lower for the former (170 to 250°C) than for the latter (280 to 370C).
Finally, one of the four test series that used the PVC cable and implemented heat
release rate measurements, revealed that the cable fire growth rate is also temperature
dependent according to a power law and is linearly correlated to the flame spread
velocity.
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1. Introduction

Electrical cables are one of the main fire hazards in many industrial sectors such
as buildings, aircraft, spacecraft, and nuclear power plants (NPPs) [1]. Several
hundred kilometers of electrical cables can be found in most industrial plants that
contain numerous electrical devices (electrical cabinets, digital switch racks, ...)
and multiple cable trays connecting these appliances. The electrical equipment and
cables pose a potential source of fire since they contain both combustible materi-
als and live electrical circuits. Almost half of the fire events in NPPs reported in
the OECD FIRE Database were initiated in electrical equipment [2]. This kind of
equipment can undergo electrical failures, such as a short circuit, overheating, or
electrical arcing [3], which first ignite plastic materials of both electric wires and
cables. To assess the potential damages of the cable fires on safety-related equip-
ment, fire safety analyses need tools that can forecast the fire spread over multiple
cable trays and the resulting heat release rate. To this end, previous works [4, 5]
revealed that the knowledge of the flame spread velocity on grouped electrical
cables, as found in cable trays, is of prime importance. In the continuity of these
studies, the present work aims at especially studying the flame spread on horizon-
tal cable trays since this configuration is the most common cable tray set-up
found in NPPs [6].

Flame spread on solid is traditionally classified as wind-aided (concurrent)
flame spread or opposed flow (counter-current) flame spread [7-9]. The former
concerns flame spread in the same direction as ambient flow and is faster and
more hazardous than the latter. The concurrent or opposed flow can be an exter-
nal wind (meteorological in nature, from a mechanical ventilation...) or induced
by the spreading flame itself due to buoyancy effects (natural convection). Thus,
the latter effects could create an opposed flow for downward or lateral spread on
a wall or for horizontal spread on a surface [10] while a concurrent flow can be
generated as flame spreads upward along a wall or under a ceiling [8]. Further-
more, a significant number of works investigated the flame spread on single elec-
tric wire such as, e.g., the studies [11-13]. These works show that the flame spread
along a horizontal cable wire is strongly impacted by the heat transfer ahead of
the flame through the core. These studies also highlighted the impact of the insu-
lation dripping on the flame spread, especially for a vertical orientation of the
cable wire. Otherwise, few investigations studied in detail the flame spread along
grouped electrical cables as found in cable trays of industrial facilities. A first
work [14] addressed the flame spread on electrical cables that were placed on a
vertical cable tray. This study used a flame spread apparatus for the measurement
of vertical flame spread rates at different ambient temperatures. To this end, a 2-
m long vertical sample is pre-heated with air to the desired temperature and
ignited from its lower end with a small propane burner. The experiments showed
that the vertical flame spread velocity is temperature dependent according to
power laws and significantly changes with the studied electrical cable types. In
contrast, the efforts [13] that were recently conducted to study the horizontal
flame spread on flame retardant cables, showed that the spread was unsteady. The
authors supposed that the complex cable composition (several sheaths made of



different materials) or the multiple thermal degradation phenomena (softening,
melting, swelling...) could explain the unstable flame front and making these stud-
ies challenging, especially those dedicated to the investigations of horizontal flame
spread.

Accordingly, given the lack of data and knowledge regarding the horizontal
flame spread on electrical cables, the CISCCO (Cable Ignition and Spreading
under Controlled COnditions) test device was developed for collecting data that
will be used to support the development and validation of flame spread models.
Many works [8, 10, 13—15] highlighted the impact of the fuel preheating (due e.g.,
to far-field convective and radiative effects of the fires) on the flame spread. So,
the new apparatus was specifically designed to study the impact of the cable pre-
heating on parameters such as the velocity of the flame spread on a horizontal
cable tray and the heat release rate (HRR). This work presents the first flame
spread experiments using the CISCCO test device. These experiments were orga-
nized in four test series. The two first ones were conducted as part of the study
[16] that was followed by a complementary work that involved the two last series.

This works first describes the CISCCO test device and the related instrumenta-
tion. The second part presents the specifications of the experiments and in particu-
lar the test matrix, the electrical cables used, the test protocol and how the main
studied parameters are assessed from the measurements. Next, flame spread the-
ory leading to simplified formulations of the flame velocity for opposed flow flame
spread and thermally thick materials, is briefly mentioned in the third part.
Finally, the main part of this work presents and discusses the outcomes of the
flame spread experiments. First, the temperature dependence of the flame spread
velocity and the cable fire HRR, according to power laws are especially discussed,
before highlighting a linear correlation between the flame spread velocity and the
cable fire growth rate.

2. The CISCCO Flame Spread Test Device

2.1. Test Device

The overall set-up of the CISCCO device, shown in Figure 1, is composed of two
functional zones: the exposure and fallback zones, both 1.7 m long. The exposure
zone is the region where the horizontal cable layer is exposed to heat fluxes emit-
ted by the radiant panels. For this work, the two pairs of radiant panels were
placed in the exposure zone during all tests. The fallback zone can host the two
radiant panels after and before a test to get easy access to the cable layer and the
related sensors. For this purpose, two chain-driven motorized systems allow to
move independently the two pairs of radiant panels. Figure 2 gives a top view of
the cable layer with, e.g., the working lower radiant panels while the upper ones
were removed in the fallback zone. The radiant panels aim at simulating the ther-
mal effects of surrounding burning cable trays on the studied cable layer by con-
trolling the heat fluxes imposed overall the cable layer, as further detailed
(Sect. 3.2). These panels were especially designed to ignite the cables on a 20 cm
long part of the studied cable layer, called the ignition area, and to preheat in a
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Figure 1. Overall set-up of the CISCCO flame spread test device with
the cable layer (1), the upper (2) and lower (3) pairs of radiant
panels shown in this picture in the exposure and fallback zones,
respectively. The two pairs of radiant panels were placed in the
exposure zone during all tests.

Figure 2. Top view showing the cable layer and the lower pair of
working radiant panels in the exposure zone while the upper pair one
was removed in the fallback zone. Ignition (1A) and spread (1B)
areas.



controlled way the cables on the 80 cm long another part, named the spread area
(Figure 2). Each panel is therefore composed of two parts, each equipped with six
halogen lamps that emit in a spectrum range that spreads from 0.5 pm (visible) to
4.5 pum (start of the mid-infrared region) [17]. The smaller part of the radiant pan-
els provides on the ignition area an incident heat flux (IHF) up to 70 kW/m?® for
igniting the cables while the longer one supplies on the spread area an IHF up to
30 kW/m”. The latter heat fluxes allow to preheat the cable outer sheath, prior to
the passage of the flame front, for studying the cable preheating impact on fire
spread along the cable layer. The maximal preheated sheath temperature, obvi-
ously lower than their ignition temperature, depends on the cable type and will be
specified further (see Sect. 5.1). Finally, given the different IHFs that can be
imposed in the ignition and spread areas, a 20 cm long transition area can exist
between the two previous zones where significant IHF gradients can be applied, as
further shown.

Before each test series, heat flux cartographies were conducted to control the
homogeneity of IHF over the ignition and spread areas. For this purpose, a car-
tography panel (Figure 3), that can host Gardon water-cooled total heat flux sen-
sors, was successively exposed to the lower and upper pairs of radiant panels that
usually work at 44 and 88% of their maximal electrical power. Figure 4 provides,
e.g., the heat flux cartography that was performed over the upper surface before
series3 for the higher setpoint of 88%. To obtain this cartography, IHF measure-
ments were first performed with the dedicated plate in the position seen in Fig-
ure 3 and then turned it to allow additional measurements for new locations.
Finally, for completing the cartography in the ignition area of five additional mea-
surements, the plate was first moved of 10 cm to match its first hole line with the
location X =0 (three new measurements), before being finally turned (two new
measurements).

The homogeneity of IHF is controlled for the ignition and spread areas with
the homogeneity parameter, H [16], expressed in%:

2X0
H:

x 100 (1)

where p and o are respectively the average value and the standard deviation of
IHF measurements over the ignition and the spread areas, both expressed in kW/
m>. 26 in Equation (1) specifies the expanded uncertainty of IHF distribution,
meaning that the measured IHFs fall in the [ — 2 x g, p+ 2 X o] range over all
the considered area with a confidence level of 95%. For the example of cartogra-
phy seen in Figure 4, H was assessed at 6% over the 20 cm long ignition area and
a width of 30 cm, with an average IHF of 64 kW/m? [16]. IHFs thus fall in the 60
to 68 kW/m? range over all the ignition area with a confidence level of 95%. For
the same example of cartography (Figure 4), H was evaluated at 11% over the
80 cm long spread area and a width of 30 cm, with an average IHF of 25 kW/m?.
IHFs thus fall in the 22 to 28 kW/m? range over all the spread area with a confi-
dence level of 95%. These outcomes show a satisfactory homogeneity of IHF over
a width larger than the wider cable layer used in this work (22 cm). The cartogra-



Figure 3. Cartography plate used to support the heat flux
cartographies.
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Figure 4. Heat flux cartography over the 120 cm long and 40 cm
wide upper exposed surface. IA ignition area, TA transition area, SA
spread area. The red crosses give the locations of IHF measurements.
The dashed lines specify the borders between the ignition, transition
and spread areas.

phies also led to determine the length (20 cm) of the transition area that exists
between the ignition and spread areas (Figure 4).

2.2. Instrumentation

Figure 5 shows an example of a cable layer equipped with 12 pairs of 1.5 and
1 mm K-type thermocouples, separated from each other by 10 cm, between X; =
10 cm and X7, =120 cm. The twelve 1.5 mm K-type thermocouples (7 _X;, i=1
to 12) were inserted by 1 to 2 mm in the cable sheath for measuring the solid
phase temperature while the 1 mm K-type thermocouples (7,_X;, i =1 to 12) were
placed nearly and above the cable layer for measuring the gas phase temperature.
Figure 6 shows the Gardon heat flux sensor placed at the cable layer extremity,
opposite to the ignition area.

This gauge aims at measuring the total incident heat flux (TIHF) that includes

the flame ((q'}) and radiant panel (IHF) heat fluxes incident to the cable layer. In

this study, this sensor was only used during two experiments to preserve it given



Figure 5. Temperature measurements performed in the gas phase
{(above the cable layer (1)) and in the solid phase (cable outer sheath

(2)).

Figure 6. The Gardon water-cooled heat flux sensor (3) placed at the
cable layer extremity.

its contact with flames when they reach its location. Cameras were used to follow
the spreading of the flame front along the cable layer from the side and top views.
Furthermore, for the last test series, concentrations of carbon dioxide, carbon
monoxide and oxygen, gas temperature, volume flow rate and relative pressure



were also measured in the exhaust ventilation duct connected to the hood located
above the CISCCO test device (Figure 1). These measurements allowed assessing
the HRR for all tests of the last series. Figure 7 provides the schematic diagram
of the CISCCO test device including all instrumentation above described.

3. Presentation of the Experiments
3.1. Test Matrix and Objectives

Table 1 provides the test matrix of the first flame spread experiments on a hori-
zontal cable layer, that used the CISCCO device. This device was placed in a
large-scale facility where the conditions are similar to open atmosphere conditions.

All test series used one layer of tight cables, as depicted in Figure 5. The first
three series used a 11 cm wide cable layer while the last one involved a 22 cm
wide cable layer. Seriesl, 3 and 4 used the same polyvinyl chloride (PVC)-based
cable, named PVC cable, while series2 used a halogen free flame retardant
(HFFR) poly(ethylene—vinyl acetate)/polyethylene (EVA/PE)-based cable, labelled
HFFR cable. The main characteristics of these cables are specified in Table 2. The
properties of the outer sheath of the two cables were determined in previous
works [18, 19] that also showed that these sheaths were thermally thick materials.
The PVC cable is considered as a low qualified (LQ) cable since it only meets the
requirement of the IEC/EN 60332-1-2 standard test [20] that is not challenging
regarding the cable reaction to fire. Note that this standard test corresponds to
the Eca class of the recent Euroclass EN 50575 [21], as specified in Table 2. Con-
versely, the HFFR cable is stated as a well-qualified (WQ) cable since it satisfies
more demanding cable reaction to fire standards regarding the fire spread (IEC/
EN 60332-3-23 [22] and NF C 32-070 (C1) [23]) and also standard tests related to
smoke density and acidity (IEC/EN 61034-2 [24] and 60754-2 [25], respectively).
For the WQ cable, its class according to the Euroclass EN 50575 is unknown.

As previously mentioned, the overall objectives of this work were to investigate
the impact of the cable preheating on the flame spread on a horizontal preheated
cable layer. The studied flame spread parameters were especially the flame spread
velocity and the heat release rate. Furthermore, additional goals were also pur-
sued such as the study of the impact on the flame spread of the cable type (the
LQ PVC cable for seriesl&3 vs the WQ HFFR cable for series2) and the cable
layer width (11 cm for series1&3 vs 22 cm for series4). A last specific purpose was
to check the consistency of seriesl and series3 that were specified identically but
the former was conducted in 2020 [16] and the latter in 2022.

3.2. Test Protocol

The test protocol of the CISCCO experiments successively includes the preheating,
ignition, spread and decay stages, as illustrated in Figure 8 by TIHF and the
sheath temperature measured at the cable layer extremity (Figure 6). The first
stage aims at pre-heating the cables up to the desired setpoint temperature mea-
sured at the centre of the spread area (i.e., X =80 cm) by an optical pyrometer.
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Figure 7. Schematic diagram of the CISCCO test device.

Table 1
Test Matrix of the Flame Spread Experiments

Test series Cable layer width [cm] Cable type Number of tests
Seriesl 11 PVC 11
Series2 11 HFFR 18
Series3 11 PVC 9
Series4 22 PVC 10

PVC polyvinyl chloride, HFFR halogen-free flame retardant

This pre-heating was performed according to a temperature ramp that was fixed
at 6.5C/min for this study and controlled by an automaton that relied on the
cable layer surface temperature measurements provided by the optical pyrometer.
Note that to reach the thermal equilibrium of the outer sheath, the preheating
stage was extended of 5 min once the preheated temperature setpoint is achieved.
The value of the temperature ramp (6.5C/min) was estimated from gas tempera-
tures measured close to electrical cables during real-scale fire tests [26] that led to
assume a plausible outer sheath temperature of about 200C after a 30-min fire
duration. The preheating stage aims at reproducing the cable preheating before
their ignition as it occurred in multiple cable tray fire tests [6] when the cables are
preheated by far-field convective and radiative effects of the fire [8]. Next, the igni-
tion phase starts by the very fast increase of IHF imposed on the ignition zone up
to a value that can vary between 30 kW/m? and 70 kW/m? according to the cable
type (Figure 9A). Few seconds to few 10 s later, an electrical igniter provokes the



Table 2
Specification of the Cables Used for the Flame Spread Experiments

v };’{ !)

Cable ID PVC cable HFFR cable
Cable reference Low voltage cable NYM- Low voltage cable 74C068 SH P 3X2.5 Cu2
J 5G 25 mm? (RM) K1 NA

Cable diameter (mm) 28 12

Main non-metallic materi- PVC, PE, CaCOj; and EVA, PE and ATH
als plasticizer

Properties of the cable outer sheath

Thickness (mm) 2 2.5

Thermal conductivity, 0.23 0.50
k(W/(m.K))

Density, p (kg/m?) 1520 1540

Specific heat, C,(J/(kg.K)) 1110 1520

IEC and NF cable reaction IEC 60332-1-2 NF C 32-070 (C1), IEC 60332-1-2, IEC
to fire standard tests (EN 50575-Eca) 60332-3-23, IEC 61034-2, IEC 60754-2

ATH aluminium tri-hydroxide, CaCOj; calcium carbonate, EVA poly(ethylene-vinyl acetate), HFFR halogen free
flame retardant, PE polyethylene, PV'C polyvinyl chloride, JEC international electrotechnical commission, NF norme
Francaise
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Figure 8. Test protocol illustrated by the total incident heat flux (A)
and the sheath temperature (B) measured at the cable layer extremity
(the cable layer length was reduced to 1.1 m for the two tests that
used a heat flux sensor in order to allow its implementation).

cable ignition in this 20 cm long zone (Figure 9B). Then, when the flame front
reaches the position located at 40 cm from the extremity of the ignition zone,
which is the border between the transition zone and the spread zone (Figure 4),
the spreading stage starts. Flame spreads up to the cable layer extremity located
at 120 cm from the start of the ignition area, as depicted in Figure 10. During the
ignition and spread stages, the radiant panels provide a constant heat flux on the
spread area, as seen in Figure 8 A before the arrival of the flame front. Finally, the
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Figure 9. Ignition stage of the cable layer (seen from camera 1). (A)
Increase of IHF imposed on the ignition zone. (B) Ignited cable layer
in the ignition zone.
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Figure 10. Spreading stage. Flame front at X=40 c¢cm (A seen from
camera 1) and at X=120 cm (B seen from camera 2).

fourth and last stage (decay stage) starts after the shutdown of the four radiant
panels.

The use of these radiant panels offers several advantages for CISCCO experi-
ments, such as the rapid achievement of IHF setpoints, the homogeneous radia-
tion over distinct areas and the easy control of the cable heating. However, given
the emission of the halogen lamps from the visible (0.5 um) up to the start of the
mid-infrared region (4.5 um), as previously mentioned, the absorbance (part of the
heat flux emitted by the source which is absorbed by the material), can be differ-
ent for samples exposed in the CISCCO device than those used, e.g., in the cone
calorimeter for which the electric heater fully emits in the mid-infrared region [27].
This discrepancy was clearly observed in the latter work for clear PMMA which
weakly absorbs radiation in the near infrared, but less pronounced for electrical
cables [16]. For example, the latter study assessed for the studied HFFR cable an
absorbance of about 0.72 and 0.84 when it was exposed to the CISCCO device
lamps and the cone calorimeter heater, respectively. This can imply some differ-
ences, e.g., on the time to cable ignition between the two above devices but with
no significant impact on the current work for which the main goal was to conduct
flame spread experiments on a preheated cable layer. To this end, besides the igni-
tion of the cable layer in the ignition zone, the key purpose of the used radiant
panels was to preheat the spread zone and maintain this preheating during the



whole spread stage. Afterwards, the spread was ensured by the flame itself given
the heat transfer from flame to the unburnt cables, as fully described further.

3.3. Studied Parameters

This section presents how the main studied parameters are evaluated, from the
measurements, on the first seventies centimeters of the spread area (X =40 to
110 cm). The last portion of this area (X =110 to 120 cm) was indeed not consid-
ered given boundary effects. The preheated sheath local temperature, 7),,_X;, with
i=4 to 11, due only to the external heating (radiant panels), must be evaluated
before it is impacted by the heat flux of the progressing flame front. To this end,
T,,_X; is obtained from the sheath temperature measured at the same location,
T, X, when the flame front approaches the previous location X; — ;. This is con-
sidered when the sheath temperature 7, X; - ;, measured at X; _ ; reaches the
value of 300C (f300-catx, ), as illustrated in Figure 11. This evaluation assumes
that the thermal influence of the flame front is negligible beyond 100 mm. Finally,
for every experiment, the preheated sheath average temperature, 7y, is assessed
from the eight T),;_X;, such as follows:

T, Xi(t300°Carx;.,) (2)

The flame front position, X, is identified at every location JX;, with i=4 to 11,
when the related measured gas phase temperature, 7, X;, reaches the value of 500°
C (ts00°c arx;)- This threshold is indeed considered as a suitable criterion showing
the presence of flame [28]. The flame spread local velocity, Vf.,., ., is assessed (in
mmy/s) as the ratio of the distance separating two thermocouples located in the gas
phase (i.e., 100 mm) to the time required for the flame front to move between
these two locations

100
VfX:H —x; — (3)
1500°C atxiy — 1500°C at X;

Next, for every test, the flame spread average velocity, Vf, is assessed from the
seven evaluations of Vfy,, ., such as follows:

1 i=10

W = ?Z I/f;fx”rl*xi (4)

i—4

Vf is also assessed from the temperatures measured in the cable sheath in the
same way as above indicated. The final Vf is taken as the average of the two eval-
uations. Examples of the local flame spread velocities assessed from the tempera-
tures measured in the gas phase and in the cable sheath are given in Figure 12.
Furthermore, the HRR is calculated from the carbon dioxide generation (CDGQG)
and the oxygen consumption (OC) calorimetry methods. Given that the CISCCO
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Figure 11. Measured sheath temperatures at three locations during
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Figure 12. Example of flame spread local velocities assessed over
the spread zone (X=40 to 110 c¢m), from the temperatures measvred
in the gas phase and in the cable sheath.

experiments were conducted in open atmosphere conditions, the two evaluations
Ocpc and Qpc were assessed considering negligible production of CO and soot

species, as detailed in [29]. The final HRR (Q) is then obtained as the average of
the two previous contributions:



Q _ (QCDG;’ QOC) (5)

4. Flame Spread Theory

Visual observations of the flame front during its progress as part of the current
experiments seem indicate that the flame front tends to lean towards the burning
area. This suggests an opposed flow flame spread configuration, as ideally repre-
sented in Figure 13 [8]. The opposed flows would be induced by the spreading
flame itself due to local buoyancy effects, as previously mentioned, and also by
the smoke extraction' in the hood located above the CISCCO device (Figure 1).
In addition, it was also noticed that the flame front sporadically leant towards the
unburnt cable layer, but to a much lesser extent than the situations for which it
tilted towards the burning area. An opposed flow flame spread regime is therefore
assumed for the CISCCO experiments, even if the observed regime can occasion-
ally differ from the ideal representation for opposed flow spread (Figure 13). The
following now aims at briefly mentioning the simplified formulations of the flame
velocity for an opposed flow flame spread. The flame spread is assumed steady
and is depicted as being blown by a wind with a constant velocity V. The heat
flux from the flame (q'}) that is applied over a distance, A, named the length of
flame heating, is also supposed constant. A is the distance from the pyrolysis front
at the ignition temperature, 7T;,, to the region at the solid temperature, T, ther-
mally not affected by the flame. However, T; can be impacted by an external heat-
ing caused, e.g., by far-field convective and radiative effects of the fire, as already
mentioned.

Considering the above assumptions and also thermally thick materials, Quin-
tiere [8] proposed the following formulation for Fj:

4(q7) A
(kpCp) (Tig - T5)

> (6)

r =
Y

where k, p and C, are the thermal conductivity, density and specific heat, respec-
tively of the solid phase. Furthermore, deRis [10] proposed a formulation for Vy
with consideration of the gas and solid phases:

) ValkoGy), (T; — 1)’
= 2 (7)
kPCp(Tig - Ts)

where Ty is the flame temperature (C) and (kpC,) , correspond to the product of
the thermophysical properties (thermal conductivity, density and specific heat,

! Given the maximal extraction flow rate of 3000 m*/h and the hood diameter of 1.5 m, the maximal
average air velocity in the hood duct, before fire, was close to 0.5 m/s.
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Figure 13. Illlustration of the modelling of opposed flow flame
spread on a horizontal solid [8]. A, distance from the pyrolysis front
at the ignition temperature, T;,, to the region at the solid tempera-
ture, T.; V;, flame spread velocity; V,, wind velocity.

respectively) of the gas phase (¢). In addition, DeRis and Quintiere [30] considered
that for the specific configuration of lateral flame spread, the following equation,
inspired by both Equations (6) and (7), can be useful for determining the essential
parameters describing opposed flow flame spread parameters on thick materials:

(0]
Vp=—— (8)
kPCp(Tig - Ts)
where @ depends on Vj, the ambient oxygen concentration and the studied mate-
rial. However, for limited velocities of natural convection flows (lower than 0.3 m/
s [8]) in air, @ is assumed constant for a given material.

This section presents the outcomes of the flame spread experiments and discusses
the effect of the cable preheating on /; and the HRR. Before it, Figure 14 shows
pictures of the flame front development over the 22 cm wide cable layer (series4)
when it reaches the locations X = 50, 70, 90 and 110 cm. This figure illustrates the
slight deformation of the flame front that can occur during some experiments
from around X =90 cm (Figure 14C) and also observed beyond, at X =110 cm
(Figure 14D). However, the authors assume that this deformation of the flame
front profile that remains moderate from X =90 to 110 cm, does not change sig-
nificantly the flame spread velocity (assessed from X =40 to 110 cm, see Sect. 3.3)
compared to that obtained when the profile is always flat. Such alteration could
be due to a slight dissymmetry of the cable layer heating, despite the homogeneity
of the incident heat flux evaluated at about 10% over the spread area (see
Sect. 2.1).



Figure 14. Illlustration of the flame front development over the
22 cm wide cable layer (series4) at X=50 ¢m (A), 70 ¢cm (B), 90 cm
(C) and 110 cm (D).
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5.1. Effect of the Cable Preheating on the Flame Spread Velocity

This section aims at studying the effect of 7y on V, for the four test series
(Table 1). The related data are shown in Figure 15 and for every series, a power
law that fits the best the data, according to the least square method, is specified:

A

(B-T,)° ®)

I/}»:

A and B values are given in Table 3 for the three studied cable layers. The simi-
larity between the experimental laws (Equation (9)) and the theoretical one (Equa-
tion (8)) proposed for an opposed flow flame spread could therefore corroborate
the assumption that this flame spread regime would best represent that obtained
during the current experiments. Atreya et al. [15], that studied horizontal flame
spread on wood samples, also found experimental laws for flame spread calcula-
tion similar to Equation (9), provided that the surface temperature (7y) is defined
as the temperature due to external radiation alone. This specification is the same
than that defined in this study (Sect. 3.3) for the preheated sheath temperature
(Ty).

Furthermore, the comparable experimental laws proposed for series] and series3
(see Figure 15A and Table 3 for the A and B values), suggest a satisfactory con-
sistency of these series that were specified identically, but performed at 2-year
interval by distinct operators.

In addition, the B value for the HFFR cable layer of series2 (421°C, Table 3) is
nearly the same than 7;, measured in the cone calorimeter (420°C) for the same
cable [18]. Conversely, for the PVC cable, the comparison between the B value
(around 270C for the 11 and 22 cm wide PVC cable bundles, see Table 3) with T},
measured in the cone calorimeter needs to be a little more commented. The latter
measurement was indeed challenging due to the significant formation of char prior
to the ignition of the PVC cable in the cone calorimeter [19]. Nevertheless, an
“apparent” T;, of about 320C was determined in the latter work to be consistent
with the experimental ignition delays that were impacted by the char formation.
In the CISCCO experiments, the progressive increase of IHF applied on the cable
layer during the preheating stage (contrarily to the immediate exposure to THF
setpoint in the cone calorimeter) did not lead to the formation of char prior to the
ignition and spread stages. Otherwise, softening and swelling (Figure 14A) of the
sheath were observed. Accordingly, the different thermal degradation states of the
cables observed before their ignition in the CISCCO experiments and cone
calorimeter could substantiate distinct 7j,. (around 270 and 320C for the first and
second test device, respectively).

To discuss further the consistency between the experimental (Equation (9)) and
theoretical (Equations (6) and (8)) laws, the experimental values of A and ¥} are
compared with those obtained from below Equation (10) for A (deduced from
Equations (6), (8) and (9)) and from Equation (6) for /7.



Table 3
A and B Values of the Experimental Power Laws Giving the Flame
Spread Velocity for the Three Studied Cable Layers

11 cm wide PVC cable layer 11 cm wide HFFR cable 22 cm wide PVC cable
Parameter (series1&3) layer (series2) layer (series4)
A (1’1;1/8‘0 S (seriesl) and 6.1 (series3) 5.3 5.1
B ("ch 276 (seriesl) and 277 (series3) 421 264
4(4“)2A
a-2 / (10)

“kpC,  w(kpC,)

The theoretical values of A and V; are calculated for the last test of series2 (11 cm
wide HFFR cable layer) and the first one of series4 (22 cm wide PVC cable layer)
that both implemented a heat flux sensor placed at the cable layer extremity (Fig-
ure 6). This sensor measured TIHF that includes q';i and IHF, both incident to the
cable layer, as earlier specified in Sect. 2.2. Figure 16 provides gy therefore
deduced from the difference between TIHF and the constant IHF (since the end
of the preheating stage) at 17.5 and 10.5 kW/m? for the related tests of series2
and 4, respectively.

In addition, q’}’» is averaged over its growth period (tgrowm) that ends at the first
peak (Figure 16). This peak coincides with the arrival of the flame front at the
cable layer extremity. The average q;’, q_’f’, is thus evaluated at about 2 and 5 kW/
m? for the last test of series2 and the first one of series4, respectively. The wider
cable layer and the use of the low-qualified PVC cable for the latter test (instead
of the well-qualified HFFR cable for the former test) could explain the above dif-
ferences of q_’f’ that will be used to assess V; from Equation (6). Furthermore, in
absence of flame heating length (A) measurements, this last one is fixed at 0.05 m,
which corresponds to the half of the maximal flame front thermal influence length
(0.1 m), that is assumed in this study (see Sect. 3.3). Finally, for the related tests

of series2 and series4, T, was measured at 362 and 204C, respectively, and, as pre-
viously commented, 7, is rounded to 420C (HFFR cable) and 270C (PVC cable),
respectively. Accordingly, based on the above values of q'_}’-, A, Ty, Tiy, and the ther-
mophysical properties of the HFFR and PVC cables (Table 2), Equations (10)
and (6) provide the theoretical values of A and V/}, respectively. For the first test
of series4 (22 cm wide PVC cable layer), the calculated values of A (4.1 m/sC?)
and V; (0.94 mm/s) are comparable to those obtained experimentally for A
(5.1 m/siC?, see Table 3) and Vy (0.82 mm/s measured for T =204C, see Fig-
ure 15C). This shows the consistency of the experimental law (Equation (9)) and
the theoretical ones (Equations (6) and (8)) for this test using a PVC cable. In
contrast, for the last test of series2 (11 cm wide HFFR cable layer), the calculated
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Figure 16. Flame heat flux incident to the unburnt cables and
measured at the cable layer extremity. (A) Last test of series2 (11 ¢cm
wide HFFR cable layer). (B) First test of series4 (22 ¢cm wide PVC cable
layer).

values of A (0.2 m/s’C?) and Vy (0.06 mm/s) are significantly lower than those
obtained experimentally for A (5.3 m/s:C?, see Table 3) and Ve (1.12 mm/s mea-
sured for T; of 362C, see Figure 15B). One explanation to substantiate such dis-
crepancy is related to the change of the thermophysical properties of the cable
outer sheaths when they are exposed to an external heat flux [31, 32]. This is espe-
cially true for the outer sheath of the HFFR cable for which the mass content of
the ATH flame retardant (Table 2), initially of about 60% [18], should clearly
decrease due to its dehydration [33] that occurs during the preheating of the
sheath up to about 360C. Accordingly, after this stage, the outer sheath density is
supposed clearly lower given the density of ATH at 20C (2400 kg/m? [33]) higher
than those of EVA and PE materials (both close of 1000 kg/m® [33]). In addition,
Girardin et al. [31] showed that the thermal conductivity of a EVA/ATH mixture
significantly decreased up to about 0.2 W/(m.K) at 400C. Finally, it is also
assumed that the cable preheating up to 380°C could start to degrade the poly-
meric materials (EVA, PE) of the outer sheath, which could decrease 7;, com-
pared to that measured in the cone calorimeter for the studied HFFR cable (4204
C) [18]. Accordingly, it is suggested to consider in Equations (10) and (6), a lower
value for Tj, arbitrarily set at 400C, and the values of 0.2 W/(m.K) and 1000 kg/
m® for k and p, respectively, that could be similar to those obtained after the pre-
heating up to about 360C. These equations therefore give the values of 0.84 m/s’
C? for A and 0.6 mm/s for V; while the experimental values for the HFFR cable
are equal to 5.3 m/s’C? and 1.12 mm/s, respectively, as above mentioned. Thus,
despite the change of the cable sheath property values, the discrepancy between
the experimental and theoretical values remains significant for the HFFR cable
type. Future work are therefore required for such cable type and could especially
include efforts devoted to the measurements of q_;l and A, that are also essential to

a proper assessment of A (Equation (10)) and Vf(Eq((6)) These works will also



allow to consolidate for another PVC cable types the satisfactory outcome
obtained for the studied PVC cable.

Moreover, Table 4 reports additional outcomes of the temperature dependence
of the flame spread velocity such as the minimal sheath temperature allowing
flame spread [8], T un, that was experimentally determined for the three studied
cable layers (Figure 15). This parameter is notably lower for the 11 cm wide PVC
cable layer (170C) than for the 11 cm wide HFFR cable layer (280°C). Table 4
also indicates that the measured Vf are higher for the preheated PVC cable layers
(0 to 5.5 mmy/s) than for the preheated HFFR cable layer (0 to 1.5 mm/s) while 7
values are lower for the preheated PVC cable layers (170 to 250°C) than for the
preheated HFFR cable layer (280 to 370°C). The whole above outcomes are con-
sistent with the classification of the PVC cable (low-qualified) and that of the
HFFR cable (well-qualified). Similar trends were obtained between PVC and
HFFR cables in work [14] that measured vertical flame spread velocities in the 3
to 24 mm/s range for a preheated (22 to 190C) PVC cable and in the 0 to 4 mm/s
range for a preheated (22 to 293C) HFFR cable.

Finally, when examining both Figure 15A and C, it appears that for a given 7
higher than 210C, Vf is slightly higher for the wider PVC cable layer. The fire of
the latter layer is indeed assumed leading to a larger flame front that would
increase the flame heat flux to the unburnt cables and thus would accelerate the
flame spread. This result cannot be unfortunately confirmed by the q'}’ increase
observed between the last test of series2 and first test of series4 (Figure 16) since
two parameter changed between the latter (the cable layer width and the cable
type). Furthermore, it can be noticed that the maximum Ff for the 11 and 22 cm
wide cable layers are both close to 5.5 mmy/s. This value was indeed obtained for a
higher 7; (244C) for the 11 cm wide cable layer (Figure 15A) than those imple-
mented (232 and 234C) for the wider cable layer (Figure 15C). Finally, it is worth
noting that the Vf measurement ranges [0 to 5.5 mm/s] on the PVC cable layers
are consistent with those [0 to 5 mm/s] obtained on the horizontal cable trays of
the real-scale fire tests that used the same PVC cable [28]. These first outcomes are
promising regarding the representativeness of the flame spread experiments using
the CISCCO test device.

5.2. Effect of the Cable Preheating on the Heat Release Rate (Series4)

This section discusses the effect of the cable preheating on the HRR that was
measured only for the last test series. Figure 17 shows the HRR for all tests of
series4 that were performed for 7, measured in the 200 to 235C range. This fig-
ure exhibits that the peak of the HRR, pHRR, increases with 7. The following lin-
ear correlation (coefficient of determination, R2:0.88) 1s shown between these
two parameters (Figure 18):pHRR = 0.738 - Ty — 121.5 (pHRR is given in kW). The
PHRR values for all tests of series4 are provided in Table 5. The latter table also
reports the times to reach pHRR from the onset of the fire, t,urr (s), and the cable
fire growth rate, CFGR (kW/s), especially specified for the CISCCO flame spread
experiments, as follows:



Table 4
Additional Outcomes of the Temperature Dependence of the Flame
Spread Velocity for the Three Studied Cable Layers

11 cm wide PVC cable layer 22 cm wide PVC cable 11 cm wide HFFR cable
Parameter (series1&3) layer (series4) layer (series2)
Ts.min(C) 170 <200 280
Studied T [170 to 250C] [200 to 235C] [280 to 370°C]
range
Studied Vf [0 to 5.5 mmy/s] [0.5 to 5.5 mm/s] [0 to 1.5 mm/s]
range

234 C
232C
228 C
226 C

217 C

HRR (KW)

211 C

204 C

0 500 1000 1500 2000 2500
t(s)

Figure 17. Heat release rate (HRR) measvred for all tests of series4
(t=0 s corresponds to the cable ignition time for all tests).

PHRR

IpHRR

CFGR = (11)

Figure 19 gives CFGR as a function of T, revealing its temperature dependence
according to the following power law:

0.08

CFGR = —————
(260 - ;)

(12)

This law is similar to the temperature dependence law for Vf of series4 (Equa-
tion (9) and Table 3). Finally, the below linear correlation (R*=0.93) is found
between these two fire dynamic parameters (Figure 20):
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Figure 18. Peak of the HRR (pHRR) as a function of the preheated
sheath temperature (series4).

Table 5
Peur(s of the Heat Release Rate (HRR) and of the Cable Fire Growth
Rate (CFGR) for Series4

Test ID Preheated sheath Peak of HRR,  Time to reach the peak Cable fire growth
of series4 temperature, 7; (C) PHRR, (kW) of HRR, t,urr (5) rate, CFGR (kW/s)
Test 1 204 32.1 1466 0.022

Test 2 211 30.2 954 0.032

Test 3 211 37 1277 0.029

Test 4 213 35.6 1006 0.035

Test 5 217 34.6 773 0.045

Test 6 224 45 623 0.072

Test 7 226 44.2 585 0.076

Test 8 228 46.1 658 0.070

Test 9 232 54.0 502 0.108

Test 10 234 49.8 432 0.115

Vf =49.5 - CFGR (13)

The appropriateness of the latter correlation can be substantiated such as devel-
oped below. The HRR of a cable layer fire can be assessed as follows [5]:

HRR = Ay, - HRRPUA (14)



016 [

0.14 [
0.12 _ A Series4

04 | |—CFGR=0.08/(260-Ts)2

0.08 |

CFGR (kW/s)

0.06
0.04

0.02 |

0_li||l|A|AI(||AI||||l||||I
190 200 210 220 230 240

Preheated sheath temperature (°C)

Figure 19. Cable fire growth rate (CFGR) as a function of the
preheated sheath temperature (series4).

— B
= r
E Series4 /
E 5 [ | —Vf=49.5%CFGR
= -
3 r R2=0.93
o) C
> 3 r
- i
o r
S s
cu L /
e 1r
= -
el -
O oy i s e s b b & g b 4 g i1 § 0 1 € 5 4 1 & 3 i)
0 0.02 0.04 0.06 0.08 0.1 0.12

Cable fire growth rate (kW/s)

Figure 20. Flame spread velocity (Vf) as a function of the cable fire
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where A, is the burning area of the cable layer (m?) and HRRPUA, the average
heat release rate per unit area of the cable layer fire (kW/m?). Furthermore,
assuming a steady flame spread along the cable layer, Equation (14) can be writ-
ten as:

HRR =w- Vf -t - HRRPUA (15)



where w is the cable layer width and ¢, the time from the ignition. Thus, Vf can be
expressed:

1 HRR
" w-HRRPUA ¢ (16)

vr

The steady flame spread assumption also implies that the HRR grows linearly
with t (Equation (15)). Accordingly, the latter equation can be written:

B 1 PHRR |

- w-HRRPUA type w- HRRPUA

vf CFGR (17)

To complement this analysis, given w =22 cm for the PVC cable layer width used
for series4 and the average HRRPUA for the studied PVC cable measured in the
cone calorimeter at about 105 kW/m? [28], 1/w- HRRPUA gives 43.5 mm/kW. This
value is consistent with the coefficient 49.5 of the above correlation (Equa-
tion (13)).

6. Conclusions

The new CISCCO test device was developed to conduct flame spread experiments
on a preheated horizontal cable layer to support the development and validation
of cable fire models. Four test series were conducted to first investigate the tem-
perature dependence of the flame spread velocity. Test seriesl, 2 and 3 used a
11 cm wide cable layer while test series4 involved a 22 cm wide cable layer. Test
seriesl, 3 and 4 used the same polyvinyl chloride (PVC)-based cable, named PVC
cable, while test series2 used a halogen free flame retardant (HFFR) and poly
(ethylene—vinyl acetate)/polyethylene-based cable, labelled HFFR cable. The PVC
and HFFR cables are considered as a low-qualified (LQ) cable and a well-quali-
fied (WQ) cable, respectively, since the former meets the requirement of only one
not challenging fire standard while the latter satisfies several and more demanding
fire standards. Temperature measurements performed in the solid phase (cable
outer sheath) and in the gas phase (above the cable layer) allowed to assess the
preheated cable layer temperature and the flame spread velocity. A first attempt of
flame heat flux measurements was also conducted in this work.

All series highlighted a temperature dependence of the flame spread velocity,
Vf, according to experimental power laws. The tests also revealed that the mini-
mal sheath temperature leading to the flame spread was notably lower for the
11 cm wide PVC cable layer (170C) than for the 11 cm wide HFFR cable layer
(280°C). In addition, Vf" were measured higher for the preheated PVC cable layers
(0 to 5.5 mmy/s) than for the preheated HFFR cable layer (0 to 1.5 mm/s) while
the related preheated sheath temperatures, 7y, are lower for the preheated PVC
cable layers (170 to 250C) than for the preheated HFFR cable layer (280 to 37(°
C). The whole above outcomes are consistent with the classification of the PVC
cable (low-qualified) and that of the HFFR cable (well-qualified). Furthermore,



for a given Ty higher than 210C, it appears that the wider the PVC cable layer, the
higher the flame spread velocity, under the conditions of the tests. However,
regardless of the width of the cable layer, Vf of the PVC cable layers remains in
the same order of magnitude [0 to 5.5 mm/s] than that measured during previous
real-scale cable tray fire experiments using the same PVC cable [0 to 5 mm/s].
Furthermore, the last test series that used the 22 cm wide PVC cable layer and
implemented heat release rate (HRR) measurements studied the impact of the
cable preheating on HRR. First, it was shown that the HRR peak increases lin-
early with T;. This series also showed that the cable fire growth rate (CFGR),
such as specified in the CISCCO experiments, is dependent on 7 according to a
power law similar to that for 7f. A linear correlation between CFGR and Vf was
finally proposed.
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