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Abstract. The ignition of four different PVC-based electric cables was studied using
cone calorimeter and the influence of the charring phenomenon on ignition was
investigated. The thermophysical and optical properties of the sheaths before decom-
position were measured. The kinetics of charring was studied by photogrammetry. It
was shown that charring occurs for three cables before ignition at heat flux lower
than 45 kW/m?>. The lower is the heat flux, the higher is the char amount at ignition.
In spite of the char formation, it was observed that the time-to-ignition of the cables
can be properly calculated using the well-known Quintiere’s equation, considering an
apparent temperature of ignition. This apparent temperature at ignition was found in
the range 312°C to 349°C for the four electric cables.
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1. Introduction

Electrical cables make up the largest amount of combustible material present in
Nuclear Power Plants (NPPs) and therefore contribute significantly to fire hazard
in such facilities [1]. In order to assess this hazard, cable flammability has been
extensively studied for a long time. Nevertheless, in their recent comprehensive
review, Huang and Nakamura note that great efforts remain to be carried out to
better understand the flame spread in case of multiple cables, as cable trays, due
to interactions between them [2]. For example, Huang et al. have compared the
flame spread on vertical cable trays with different arrangements (0 or 8 mm spac-
ing between cables). They found that the flame spread is much faster when spac-
ing is § mm [3].

Among the approaches to predict the flame spread on cable trays, the FLASH-
CAT model was developed for horizontal ladder cable trays. Input of this model
includes thermophysical properties of the cables but also some important fire
parameters measured at small-scale, including the time-to-ignition [4].

Cone calorimeter is the most popular apparatus to study the fire behaviour at
bench scale. Works have already been carried out to correlate the fire performance
of cable trays at full scale with cone calorimeter results [5]. Especially due to the
simple geometry of the test, relations between the time-to-ignition (TTI) and the
temperature of the upper surface (T) in cone calorimeter have been proposed
(Egs. | and 2) assuming that ignition occurs when the surface temperature of the
sample reaches the so-called ignition temperature Tj,. Note that these Equa-
tions were proposed for flat samples.

Time-to-ignition for thermally thick materials can then be predicted using Eq. 1

[6].

2xkpe x (Ty— D)’

1] =

2 (1)
(2% HF = h(Ty ~ Ty) ~ eaT)



where HF is the external incident radiative heat flux (W/m?), 7, the initial surface
temperature (K), k the thermal conductivity (W/(m.K)), p the density (kg/m?), ¢
the specific heat (J/(kg.K)), ¢ the emissivity, / the heat exchange coefficient (W/
(m?.K)) and ¢ the Stefan Boltzmann constant.

Equation 2 was proposed for thermally thin materials [7].

Lpc x (Tiy — To)
(2% HF = h(Ty = Ty) = e}

ig

Tl =

(2)
)

where L (m) is the thickness of the sample.

Lyon and Quintiere have listed the ignition temperature for many pure poly-
mers [8]. Ignition temperature mainly depends on materials but is relatively inde-
pendent on heat flux [8, 9]. On the contrary, thermophysical properties change
continuously with temperature, i.c. when the material is heated. Nevertheless, it
has been shown that Eq. 1 allows the times-to-ignition to be calculated properly
by considering the thermophysical properties at room temperature (i.e. without
taking into account their change due to heating). More precisely, the product kpc
is supposed constant in Eq. 1 [6, 10].

Different authors have questioned the reliability of the Eqs. 1 and 2 and their
limits. Especially, these models fail to predict accurately the time-to-ignition when
in-depth absorption is not negligible [11]. For example, time-to-ignition of clear
PMMA (poly(methyl methacrylate)) is significantly different in different fire appa-
ratus because its heat absorption is strongly dependent on the emission spectrum
of the source: electrical cone heater or tungsten lamps [12]. Below 2 um, heat
transmission is significant for this polymer [13]. In PDMS (polydimethylsiloxane)
filled with very low content of multiwall carbon nanotubes, in-depth absorption
was also found to monitor the time-to-ignition [14]. Inaccurate predictions are
also found when thermo-physical or thermo-optical properties change during heat-
ing. Sonnier et al. have studied LDPE (low density polyethylene) samples coated
with semi-opaque to opaque LDPE films containing aluminium particles [15]. In
some cases, they showed that TTI can be well predicted but considering a lower
emissivity than expected because the aluminium particles accumulate gradually as
LDPE is degraded during pre-ignition. Time-to-ignition of PEEK (polyether ether
ketone) in cone calorimeter is also modified in presence of a very small amount of
moisture in the polymer due to surface bubble formation leading to a change in
thermo-optical properties [16].

Concerning cables, two halogen-free flame retardant cables were studied by
Meinier et al. [17]. It was shown that these cables behaved as thermally thick
materials, and times-to-ignition were accurately predicted using the thermophysi-
cal properties of the cable sheath, measured at room temperature.

PVC-based electric cables were excluded from this first study, due to the occur-
rence of an additional phenomenon before ignition, namely charring. Indeed,
when charring occurs before ignition, it is obvious that the above approximation
(namely the constancy of the product Apc) can no longer be considered reliable.



The char expansion (intumescence) may limit the pyrolysis surface exposed to heat
flux and reduce the heat transmitted by heat conductivity to the underlying mate-
rial. Therefore, the prediction of time-to-ignition for such cables remains
unsolved. Gong et al. have studied the spontaneous ignition of a cable based on a
PVC outer sheath and a crosslinked polyethylene (XLPE) insulation with a special
device [18]. They observed that the PVC sheath swells and shrinks through five
stages. The authors concluded that the pyrolysis gases from XLPE insulation are
ignited by smoldering hot spot on charring PVC sheath. They did not attempt to
predict TTI taking into account the thermophysical properties of the materials.

The present article investigates in details the pre-ignition charring phenomenon
in PVC cables and its impact of their piloted TTI. Moreover, the reliability of the
Quintiere’s model for ignition (Eq. 1) in the context of charring materials is dis-
cussed. The objective is to check if TTI of such cables may be still properly asses-
sed despite the early formation of the intumescent charring layer from the
decomposition of external sheath. Providing accurate TTI analytical expression as
inputs for FLASH-CAT or other numerical models would be useful in order to
predict the development of cable trays fire.

2. Materials and Methods

Four PVC-based electric cables commonly found in NPPs [19, 20] are considered
in this study. They differ from their structure, geometry and composition. They
are labelled by a letter (A, B, C, D) followed by their diameter in mm. Cable A14
has been studied in details in a previous article [21]. A picture of their section is
shown in Fig. 1. Cable structures are described in Table 1.

2.1. Thermophysical Properties of Sheath Materials

Thermophysical properties were measured at room temperature on sheath materi-
als. Density, p (kg/m?), was assessed using a helium Pycnometer (Micromeritics
AccuPyc 1330). Specific heat, ¢ (J/kg.K), was measured using a Perkin Elmer dif-
ferential scanning calorimetry (Stepscan software). The measurement of heat diffu-
sivity, D (m?/s), was carried out using a Laser Flash apparatus (XFA600 from
Linseis). Sheaths were cut from cables and flattened by thermocompression at
170°C under 50 bars during 5 min within a 4 mm thick square mould. Samples

Figure 1. Structure of the four cables tested in this study (a-Cable
A14, b-Cable B29, c-Cable €16, d-Cable D28).



Table 1
Characteristics of the Four Electric Cables

Cable Al14 Cable B29 Cable Cl16 Cable D28
Cable diameter (mm) 14 29 16 28
Sheath thickness (mm) L5 2 1.3 2
Linear density (kg/m) 0.33 1.52 0.43 2.00
Sheath mass fraction 0.29 0.15 0.21 0.14
Copper mass fraction 0.44 0.39 0.18 0.59
Shield No Yes Yes No

were stamped from flat sheets and were coated with graphite on both surfaces.
Measurements were carried out in vacuum. Values were averaged over five mea-
surements. Thermal conductivity k, was calculated according to the Eq. 3:

k=Dxpxc (3)

2.2. Emissivity of Sheath Materials

Hemispherical spectral reflectance of sheath R(1) was measured in the wavelength
range from 4; = 0.4 pym to 4, = 22.2 um. Four wavelength ranges were used:
[1.67 um to 22 um]: Infragold® integrating sphere, KBr beamsplitter, Globar
source, HgCdTe detector; [0.91 um to 2.22 pum], spectralon® integrating sphere,
CaF, beamsplitter, halogen source, InGaAs detector; [0.67um to 1.11 um], spec-
tralon integrating sphere, CaF, beamsplitter, halogen source, Silicon detector. For
these three ranges, a Bruker® Vertex 80 V® IRTF spectrometer was used. The
last spectral range [0.4 um to 0.8 pm] was covered by using a Cary 500® grating
spectrometer with a spectralon integrating sphere. Spectral absorbance «(1) was
calculated as 1 — R(Z) assuming that sheaths are opaque materials. In order to
determine the absorbance o, which corresponds to the part of the heat flux emit-
ted by the source which is absorbed by the material, the radiant cone was consid-
ered as a blackbody. The temperature of the equivalent black emitter 7,, for the
different tested heat fluxes was chosen according to the values obtained by Boulet
et al. [12, 22] and varies from 840 K for a heat flux of 20 kW/m” to 1450 K for a
heat flux of 80 kW/m?. o was then calculated as follows (Eq. 4):

f/lz ]bb(;H Tbb) X Ot(}v)dl
xa(Typ) = : (4)
137 Ion (2 Tpp)d).

where I, (4, Tpp) is the spectral emittance (in W m~2 m~") of the blackbody heated
at temperature 7;,. Note that for opaque materials as the sheaths, the emissivity ¢
used in Quintiere’s model is equal to the absorbance o.



2.3. Thermogravimetric Analysis

Thermogravimetric analyses (TGA) were carried out on sheath materials using a
Setsys Evolution apparatus (Setaram). The samples (10 + 2 mg) were heated
under nitrogen flow (100 mL/min) at a heating rate equal to 1 K/s from room
temperature to 900°C.

2.4. Cone Calorimeter Tests

Ignition was studied using a cone calorimeter (Fire Testing Technology) according
to the ISO 5660 standard. Tests were carried out on the four electric cables at var-
ious heat fluxes (especially in the range 20 kW/m? to 45 kW/m? to highlight the
influence of charring on ignition) in well-ventilated conditions (24 1/s) and in pres-
ence of a spark igniter to force ignition. The distance between the cone and the
top of the cable section was fixed to 25 mm. One section of cable (10 cm long)
was used for each test (for cables B29, C16 and D28). In order to check the influ-
ence of the amount of cables on ignition, tests with filled sample holder (the num-
ber of sections depends on the cable diameter) were also performed (see
supporting information S1). The results show that the number of cables has no
influence on TTI. For cable Al4, tests were performed only with filled sample
holder. Figure 2 shows the layout of cables when the sample holder is filled for
white cable.

In order to study char formation in detail, some tests were interrupted before
ignition, and the section of cables was carefully picked up for further analysis.

Figure 2. Sample holder with cables D28 for cone calorimeter test.



2.5. Photogrammetry

The volume of the char formed on the cable was measured by photogrammetry.
The whole cable exposed under the cone calorimeter is removed at a specific time.
The removal of the char from the cable sample is a delicate operation. Therefore,
the char is 3D reconstructed with the rest of the cable sample. Therefore, only the
apparent volume of the char is being studied.

The cable sample with the formed char is then placed on a rotating plate. After-
wards, 36 pictures of the char were taken using a Nikon D850 as follows. The
sample placed on the plate was shot every 10°. The artificial lightening is moni-
tored because a difference between photos can prevent the parallax recognition.
For that, a spotlight was installed above the sample to ensure the reconstruction
without moving the camera. A reconstruction software (Agisoft PhotoScan) was
used to isolate and generate an image of the char from the 36 pictures recorded.
The device as well as an example of char volume rebuilt using this procedure is
presented in Fig. 3.

Spotlight Rotatingplate  Sample  Photo camera :

Figure 3. Picture (a) and scheme (b) of device for photogrammetry
measurement and example of rebuilt volume for the cable D28 (c).



3. Results and Discussion
3.1. Times-to-Ignition of Cables and Char Appearance

Times-to-ignition of cables were recorded over a large range of heat fluxes and
more especially at low to moderate heat flux because charring is clearly noticeable
before ignition only for heat flux lower than 45 kW/m? (see an example in movie
S2—Supporting information). Charring before ignition is very limited (almost neg-
ligible) for the cable Al4. For the three other cables, the char amount is signifi-
cant (see for example Fig. 4) even if it is higher for the cables B29 and C16 than
for the cable D28. Note that charring is covering the surface at various rates
according to cable (compare cables B29 and D28).

Times-to-ignition and times for char appearance (¢, determined with naked
eye) are listed in Table 2. Both times depend on heat flux according to a power
law (exponent — 0.5), in agreement with the thermally thick behaviour expected
for these cables (Fig. 5).

Critical heat flux for ignition has been calculated (by extrapolating the curve
TTI7%3% = f(HF) to TTI-°3 = 0) from data obtained for heat fluxes in the range
20 kW/m? to 45 kW/m?: its value is similar for the three charring cables (12 kW/

e
4

45 40 35 30 25 20 kw/m?

Figure 4. Aspect of cables B29 (a) and D28 (b) at ignition for
various heat fluxes.



Table 2
Times-to-Ignition and Temperatures of Char Appearance for Various
Heat Fluxes

Heat flux (kW/mz) TTI (S) Lehar (S) %
Cable A14

25 72 - -
35 27 - -
40 23 - -
55 12 - -
70 6 - _
80 4 - -
Cable B29

20 480 100 0.79
25 165 60 0.64
30 90 36 0.60
35 51 28 0.45
40 32 20 0.38
45 20 16 0.20
Cable C16

20 560 100 0.82
25 170 50 0.71
30 96 32 0.67
35 58 25 0.57
40 40 20 0.50
45 27 15 0.44
Cable D28

20 300 150 0.50
25 130 90 0.31
30 72 50 0.31
35 47 36 0.23
40 27 22 0.19
45 18 16 0.11

m’ to 15 kW/m?) but lower for cable Al4 (6 kW/m?). The critical heat flux for
char appearance was also calculated (by extrapolating the curve @?jf = f(HF) to

;05 = 0): its value is very low for cables B29 and C16 (2 kW/m* to 3 kW/m?)
and slightly higher for cable D28 (9 kW/m?). All values are listed in Table 3.

Pre-ignition can be divided in two periods for cables B29, C16 and D28: the
first period before charring (i.e. from 0 s to tu,,,) and the second period between
char appearance and ignition (i.e. from t,, to TTI). The relative duration of this
second period (= m%) increases when heat flux decreases (see Table 2 and Fig-
ure S3 in supporting information). This second period is also relatively longer for
cables B29 and C16, in comparison to cable D28.

Char volume has also been assessed at ignition by photogrammetry for the
three cables at different heat fluxes (Fig. 6). It is clear that the char at ignition is
more and more developed when heat flux decreases. Note that the measurement



-ITl-O.S (S-O. 5)

tchar-o'5 (S-O. 5)

0.25

0.2

0.15

0.1

0.05

0.25

0.2

0.15

0.1

0.05

® Al4 o
829 9
.’/ a/
C16 et
oD28 A
2 .7
. .0
/, #
/, /'
,’, A//
’ 4 ,’
/’, /,
10 20 30 40 50
Heat flux (kW/m?)
®B29
c16 B
oD28 D e
/’./
©°°.0
G
2 2
& O
227 0

10 20 30 40 50
Heat flux (kW/m?)

Figure 5. J%ﬁ (a) and \/flu.T (b) versus heat flux.

Table 3

Critical Heat Fluxes for Ignition and Char Appearance

Cable A14 Cable B29 Cable C16

Cable D28

CHEF for ignition (kW/m?)

6 15 13

CHF for char appearance (kW/m?) -

12

was not carried out at 20 kW/m? because the char cannot be properly separated
from the remaining cable. Even if the relation between V., and heat flux is not
clearly linear, it is obvious that the char volume at ignition becomes null (or at
least negligible) when the heat flux is higher than 45 kW/m? to 50 kW/m?. Which-
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Figure 6. Char volume at ignition for various heat flux.

ever the heat flux, the char volume at ignition is the highest for cable C16 and the
lowest for the cable D28.

Cone calorimeter tests at 30 kW/m? were interrupted at various times before
ignition and the volume of char was systematically measured using the procedure
previously described. Figure 7 shows the aspect of cables B29 and D28 at various
times. Figure 8 shows the change in char volume versus t-ty,,,, i.c. the time from
which char is appearing (determined with the naked eye). This value te,,, is 36, 32
and 50 s respectively for cables B29, C16 and D28 at 30 kW/m”. Except the final
data point at ignition for cable D28, all the data points follow a same tendency.
The increase rate of char volume is similar for the three cables. The highest
amount of char at ignition for cable C16 is correlated to the longest period
between char appearance and ignition. On the contrary, the low amount of char
at ignition for cable D28 corresponds to earlier ignition.

As already noted from Fig. 4, the surface covering of the char seems to be dif-
ferent, higher for cables B29 (and C16) and lower for cable D28. Moreover, the
char properties may influence its role to prevent heat transfer. The volume of char
is probably not the only parameter to take into account to assess the role of char
on ignition. Nevertheless, it would be expected that the pre-ignition charring may
have a major effect on time-to-ignition.

As explained in the introduction part, the main motivation of this work is to
assess if Eq. 1 given by [6] allows the time-to-ignition of PVC-based cables, mea-
sured in cone calorimeter, to be predicted in order to provide accurate inputs for
numerical modelling. In the present configuration, the temperature on the upper
surface is no longer homogeneous and therefore Eq. Ishould not be effective.
Indeed, both charred and uncharred surfaces exhibit two different temperatures
and the volumes under these surfaces contribute to release pyrolysis gases. More-
over, the char modifies the heat transfer because its thermal conductivity, density
and specific heat change from the values of initial material [23]. Finally, the char
expands and its thickness contributes to thermal insulation.



Figure 7. Aspect of cables B29 (a) and D28 (b) at various times
before ignition (heat flux 30 kW/m?).
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From a practical point of view, it may be still possible to find a set of values (k,
c, p, & Tiz) which allows to calculate properly the TTI. These values would be
only apparent ones. In the following, the thermophysical and thermo-optical
properties (k, ¢, p, €) will be kept constant to the initial values. Then, T;, will be
chosen to fit at best the TTIs measured on cables.

3.2. Thermophysical and Optical Properties of Sheaths

Thermophysical and thermo-optical properties of sheath materials for PVC-based
cables are listed in Table 4. Emissivity is high in all cases as expected for polymers
filled with various additives. Its value tends to decrease when heat flux increases
(i.e. when the cone temperature increases). The highest value is found for cable
Al4. For this cable, the emissivity is almost independent on the heat flux. Ther-
mal inertia (y/cpk) is relatively similar for the four sheaths (531 W s"?/m? K to
704 W s'?/m? K), i.e. around 1.5 to 2 times less than halogen-free cables studied
in our previous article (~ 1000 W s?/m? K for cable A in [17]). This observation,
as well as the significantly lower apparent temperature of ignition of PVC-based
cables (see below) explain why these cables ignite much earlier. Note that cable
A14 exhibits the lowest thermal inertia. It means that the surface temperature of
this cable increases faster. Consequently, the temperature at ignition should be
reached faster: this may explain why the charring seems not to develop before
ignition. The delay between the appearance of char and the ignition is too short.
Courty and Garo have investigated the piloted ignition of a PVC-based cable (di-
ameter 1.5 cm). They found TTI comparable to those measured on cable Al4
(around 44 s at 20 kW/m? and 25 s at 30 kW/m?). The authors did not mention
any charring before ignition for this cable, as for our own black cable [24].

Table 4
Thermophysical and Thermo-Optical Properties of Sheath Materials
{Measured at Room Temperature)

HFFR Cable A in

Cable A14 Cable B29 Cable C16 Cable D28 [17]
Specific heat ¢ (J/kg.K) 1320 1282 1320 1110 1520
Density p (kg/m?) 1336 1382 1483 1520 1540
Heat diffusivity (mm?/s) 0.091 0.158 0.102 0.136 0.216
Heat conductivity k (W/ 0.16 0.28 0.2 0.23 0.503

m K)

Vepk(W s'?/m? K) 531 704 626 623 1085
Emissivity &* 0.95 to 0.89 to 0.90 to 0.92 to ~ 1

0.94 0.79 0.87 0.85

“For heat flux ranged from 20 kW/m? to 80 kW/m>



3.3. Determination of Apparent Temperature at Ignition for Cables

Times-to-ignition were calculated using Eq. 1 and choosing Tj, to minimize the
difference between experimental and calculated TTI over the whole range of heat
flux (see Figs. 9 and Table 5). From Figs. 9, it is clear that the choice of Tj, in the
range 312°C to 349°C (depending on the cable) allows fitting accurately TTI over
the whole range of heat flux. In other words, time-to-ignition can be accurately
predicted using Eq. land considering a unique “apparent” Tj, for each cable (see
Table 5). Predicted TTI are slightly less satisfying for cable B29 while they are
systematically underevaluated by 15 s to 20 s. A temperature of 317 °C may allow
a much better fit over the range 25 kW/m? to 45 kW/m?, but a larger gap between
experimental and calculated TTI at 20 kW/m?. Figure 9b shows the calculated
TTTI for cable B29 using these two different temperatures at ignition (with T;, =
329 or 317 °C). Note that there is no great change in the range 25 kW/m~ to
45 kW/m?>.

The Thermal Response Parameter (TRP = ;/%cpk(T,-g —Tp)) can be calculated
using this temperature at ignition (Table 5). The values are found in the range
127 kW s m™ to 178 kW s> m™2 in agreement with values in literature for
PVC-based cables. Courty et al. deduced a TRP of 141 kW s> m~2 from the
slope of the curve TTI~%° = f(HF) [24]. Tewarson gives TRP values in the range
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Figure 9. Experimental and calculated times-to-ignition versus heat
flux for the four cables—a/Cable A14; b/Cable B29; ¢/Cable €C16; d/
Cable D28.



Table 5
Calculated Apparent Temperature at Ignition for Cables

Tig (°C) Thermal response parameter (kW s'/? m~2)
Cable A14 312 127
Cable B29 329* 178%*
Cable CI6 349 168
Cable D28 325 155

*Or 317 °C alternatively
#*Or 171 kW.s"> m™2 alternatively

156 kW s'?> m~2 to 341 kW s? m~2 for similar PVC-based cables [25]. Cable A14
exhibits the lowest TRP value reflecting its ability to ignite faster.

3.4. Thermogravimetric Analysis of Cable Sheaths

The apparent temperatures at ignition are much lower than that found by Lyon
and Quintiere in the case of pure PVC (395°C to 530°C) [8]. The reason is that
PVC sheath contains high amount of volatile phthalates which are released in gas
phase at low temperature. Indeed, in our previous work on the cable Al4, it was
found that PVC accounts for only 41% of the weight of the sheath, other compo-
nents were dioctyl phthalates, calcium carbonate and lead-based stabilizers. There-
fore, the flammability of these cables strongly depends on plasticizer and not only
on PVC matrix [21]. Gong et al. have also obtained a high temperature at ignition
(500°C) for a cable based on a PVC outer sheath [18]. Nevertheless, in their work,
they studied specifically the spontaneous (not piloted) ignition. Spontaneous igni-
tion occurs at much higher temperature than piloted one.

Hence, the decomposition profile of sheaths is quite complex. Thermogravimet-
ric curves for the four sheaths are shown in Fig. 10. DTG curves are shown in
Supporting Information (S4). It is obvious that the composition of the sheaths is
different even if the same decomposition steps can be found. Relying on our previ-
ous paper [21], three decomposition steps can be identified in the range 250°C to
320°C, 400°C to 460°C and 700°C to 760°C but their intensity depends on the
material. The first step can be assigned to the dechlorination of PVC as well as
the decomposition/volatilization of the plasticizer. The first mass loss is clearly
split in two steps in the case of cable B29 sheath. The mass loss corresponding to
this main step differs from 40% (for sheath from cable D28) to more than 60%
(for sheaths from cables A14 and B29). The second step is related to the decom-
position of the main chain of PVC (polyenes). The temperature of the third step
(if any) corresponds to the decomposition of a mineral additive as calcium car-
bonate. In a previous article, we have shown that calcium carbonate is present in
sheath from cable A14 but it reacts at much lower temperature with PVC to form
CaCl, [21]. Therefore, we assume that calcium carbonate should be present in
higher amount in sheaths from cables C16 and D28 and a fraction of unreacted
calcium carbonate decomposes at around 750°C. Note also that the residue con-
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Figure 10. Thermogravimetric curves for the four sheaths (anaerobic
pyrolysis).

tent at 800°C is in the range 19% to 36% depending on the sheath. It is higher
for sheaths from cables C16 and D28 for which we suggest that they contain more
calcium carbonate.

Despite these differences, it can be noted that the decomposition starts in the
same range for the four sheaths. The temperature at the first peak of mass loss
rate (T,) is in the range 268°C to 308°C, which is roughly 40°C lower than the
apparent Tj,. Therefore, even if there is no accurate correlation between the
decomposition temperature and the apparent temperature at ignition, this last one
is close to the temperature at with HCI and phthalates are released for all cables.
It confirms that the combustion is probably driven by the ignition of phthalates
while the heat of combustion is small for gases released by PVC during the first
decomposition step.

4. Discussion

While the apparent temperature at ignition is in the same range for the four
cables: 312°C to 349°C, it may be desirable to consider only one mean tempera-
ture for the four PVC-based cables (i.e. 329°C). The Figure S5 in supporting
information shows how the calculated time-to-ignition changes when the mean
temperature at ignition is considered. The error on time-to-ignition remains quite
limited (except for cable C16 at 20 kW/m?). Note that TTIs are significantly dif-
ferent between the four cables. Anyway, even if the apparent temperature at igni-
tion is found to be similar, the difference between TTI for the different cables is
due to their thermophysical and optical properties. Especially, if the cable Al4
ignites faster than the other ones, it is especially due to its higher emissivity and
lower thermal inertia. From a practical point of view, this result shows that it is
possible to predict the TTI of an unknown PVC-based cable with a relative accu-



racy considering a temperature at ignition around 329°C and to provide suit-
able data for numerical modelling.

This is an apparent paradox: Quintiere’s model remains suitable to predict the
time-to-ignition in cone calorimeter. TTIs were correctly predicted by Quintiere’s
model using the thermophysical and optical properties measured at room temper-
ature and an apparent temperature at ignition. Note that our approach mainly
consists to fit experimental values by adjusting only one parameter: the “‘appar-
ent” temperature at ignition. It does not mean that the other (thermophysical and
optical) properties are unchanged during the test. It means that the resulting vari-
ation of all the material properties is fully captured by this parameter.

However, this parameter is very similar for all the cables studied (whether or
not there is charring before ignition). Three cables are charring before ignition,
namely B29, C16 and D28. Char obviously modifies the thermophysical and opti-
cal properties and changes the heating kinetics of the material. Nevertheless, for
these three cables as for the fourth one (A14), the apparent temperature at igni-
tion is in the same range.

This paradox could mean that pre-ignition char has no significant influence on
ignition or it occurs too late. Another assumption is that there is a compensation
effect in the change of the thermophysical or optical properties. The expected
decrease in heat conductivity or density or the increase in emissivity due to char-
ring may accelerate the heating rate of the top surface but the porous char (with
low heat conductivity) could limit the heat transfer so that a smaller volume may
be heated.

Nevertheless, there may be some indices of the influence of char on TTI. First,
higher is the char volume at ignition (as shown in Fig. 8), higher is the tempera-
ture at ignition (Tjg). Non-charring A14 exhibits the lowest TTI while C16 shows
the highest TTI and char volume. A second indication would concern the gap
between the temperature of the first peak of mass loss rate (T;,) in TGA and Ti,.
Of course, the heating in TGA and in cone calorimeter is different and then there
is no reason that the Tj, corresponds closely to T,. Nevertheless, it is clear that
the ignition is produced by the combustion of gases released during this first
decomposition step, especially plasticizers. T, is 308°C for non-charring cable
Al4, i.e. very close to the apparent Tj, of this cable (312°C). For the three other
cables, the gap between T, and T;, is significant. This gap reaches 30°C for the
cable D28, 21°C-33°C for the cable B29 (depending on the choice of Tj,) and up
to 82°C for the cable C16 which shows the highest ability to form char before
ignition. The charring during pre-ignition may shift the Tj, towards higher tem-
peratures.

The pre-ignition period of four PVC-based cables was investigated with a special
emphasis on the char formation and its potential role on ignition. Char amount at
various times and heat fluxes was measured using photogrammetry.



The thermophysical and thermo-optical properties at room temperature were
measured and the thermal inertia was found to be significantly lower than halo-
gen-free flame retardant cables. Together with a lower temperature at ignition,
this explains why the ignition of PVC-based cables occurs much earlier.

Three cables are developing char to varying degrees when heat flux is lower
than 45 kW/m? to 50 kW/m?. Char amount at ignition increases when heat flux
decreases. Nevertheless, for the four cables, times-to-ignition can be accurately
predicted using Quintiere’s equation and considering a unique ‘“‘apparent’ temper-
ature at ignition for all the heat fluxes. This temperature at ignition varies in a
narrow range, i.e. 312°C to 349°C whether or not the cables are charring before
ignition. Considering a mean value (329°C) for the four cables allows to predict
the TTI with a satisfying accuracy and provides suitable inputs for numerical sim-
ulations.
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