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h i g h l i g h t s

• Halogen-free electrical cables are studied using cone calorimeter tests.
• The influence of external heat flux and spacing is highlighted.
• Time-to-ignition is only dependent on the sheath properties.
• A critical heat flux corresponds to a significant change in fire hazard.
• Spacing between cables has a variable effect on fire properties.

a b s t r a c t

Fires involving electrical cables are one of the main hazards in Nuclear Power Plants (NPPs). Cables are
complex assemblies including several polymeric parts (insulation, bedding, sheath) constituting fuel
sources. This study provides an in-depth characterization of the fire behavior of two halogen-free flame
retardant cables used in NPPs using the cone calorimeter. The influence of two key parameters, namely
the external heat flux and the spacing between cables, on the cable fire characteristics is especially
investigated. The prominent role of the outer sheath material on the ignition and the burning at early
times was highlighted. A parameter of utmost importance called transition heat flux, was identified and
depends on the composition and the structure of the cable. Below this heat flux, the decomposition is
limited and concerns only the sheath. Above it, fire hazard is greatly enhanced because most often non-
flame retarded insulation part contributes to heat release. The influence of spacing appears complex, and
depends on the considered fire property.
Keywords:
Halogen-free flame retardant
Thermally thick behavior
Fire behavior
Cone calorimeter

Cable spacing

. Introduction

Several thousand kilometres of electrical cables are present
hroughout the nuclear power plants (NPPs). Power cables are used
or instance for supplying electricity to the pumps, turbines, trans-
ormers, heaters, or to the numerous electrical cabinets contained
n NPPs [1]. Furthermore, many cable trays also contain instru-

entation and control cables. The former are used for digital or
nalogic transmission for various types of transducers while the
atter serve for example for controlling valves or operating relays

nd contactors.

A serious cable fire occurred at the Browns Ferry NPP in 1975
2] resulting in loss of the emergency core cooling system of unit

∗ Corresponding author.
E-mail address: rodolphe.sonnier@mines-ales.fr (R. Sonnier).
1. Ever since, many efforts have been made on the most recent
nuclear installations all over the world to enhance the prevention
of cable fires, for instance by using flame retardant materials in
cables. Nevertheless, nearly seventy fire events from nuclear power
plants (NPPs) involving electrical cables as fuel were recorded in the
current OECD FIRE Database between the late 1980s and the end of
2010 [3].

Cable fires are therefore one of the main fire hazards which may
affect the safety of NPPs. The assessment of such fire hazard and of
their consequences largely relies on the use of fire models able to
forecast the fire spread over cable trays. Experimental research pro-
grammes on cable fires were conducted over the past four decades
for providing data at both small and large scale in order to develop

and to validate some fire models. For instance, the Lee correlation
[4] was built from the results of large-scale horizontal cable tray
fire tests [5] and the ones on fire behavior of cable samples obtained
at small-scale [6]. This correlation thus aims at assessing the peak

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhazmat.2017.08.027&domain=pdf
mailto:rodolphe.sonnier@mines-ales.fr
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f heat release rate (HRR) of horizontal cable trays fires by using
he HRR peak per unit area for cable samples measured in the fire
ropagation apparatus [7] or in the cone calorimeter [8] under an

rradiance of 60 kW/m2. In addition, the engineering FLASH-CAT
odel [1] was proposed to assess the time evolutions of the HRR

f a fire spreading over horizontal ladder cable trays located away
rom wall and ceiling. This model needs as input parameters the
hysical and thermal properties of the electrical cables as well as

ts main fire characteristics (ignition delay, HRR per unit area. . .), all
etermined at small-scale. The FLASH-CAT model was validated in
he scope of the CHRISTIFIRE programme [1] which involved both
arge-scale horizontal cable trays fires in open atmosphere condi-
ions and small-scale characterizations. Furthermore, small scale
haracterizations of the electrical cables [9] are also essential for
he development of pyrolysis models [10,11]. These last ones are
urrently implemented in fire field models for a detailed forecasting
f the fire spread over cable trays.

In the scope of the OECD PRISME-2 project [12], additional real-
cale cable tray fire tests were carried out in open atmosphere
13,14]. These fire tests involved new configurations such as hori-
ontal and slanted cable trays, both supported by a wall and filled
ith halogen-free flame retardant (HFFR) cable-types used in NPPs.

hese cable-types showed a strong impact on the fire characteris-
ics such as the ignition delay, the fire growth rate and the effective
eat of combustion (EHC) [13,14]. These original experimental
esults clearly highlighted the need of complementary fire tests
t small and large-scale to a better understanding of HFFR cable
re behavior and to perform a complete validation of fire models.
oreover, the cable arrangement, which is an important parameter

n NPPs [15], was not taken into account in the scope of these fire
ests. So there is also a particular interest for investigate the effect
f cable spacing on the fire characteristics.

Consequently, the current study first aims at investigating the
ole of the different cable components on the main fire character-
stics in the case of HFFR cables based on ethylene-vinyl acetate
opolymer and polyethylene (EVA-PE) matrix. The structure and
omposition of cables were analysed in detail and the thermo-
hysical and flammability properties of the outer sheath were
etermined. Then the burning behavior of the two cables was stud-

ed using the cone calorimeter. Time-to-ignition, HRR and EHC were
easured for different external heat fluxes. An attempt was made

o relate these parameters to the properties of the cable compo-
ent and more especially the outer sheath. Lastly the effect of cable
pacing on the time-to-ignition and the fire characteristics was
nvestigated.

. Experimental approaches

.1. Materials
Two halogen-free flame retardant cables are used in the present
tudy. The first, named cable A, has an external diameter and a
ass per unit length of 12 mm and 0.21 kg/m respectively. The

Fig. 1. Positioning of cables i
second one (cable B) has an external diameter of 21 mm, and a
mass per unit length of 0.67 kg/m. SEM-EDX (scanning electron
microscopy coupled energy-dispersive X-ray spectroscopy) obser-
vations carried out on sheath materials evidence the presence of
aluminum. The decomposition of sheath (the outer layer) under
nitrogen flow starts at 200 ◦C. This outcome confirms that the min-
eral flame retardant is probably aluminum hydroxide (ATH), the
most used metallic hydroxide in wire and cable industry [16]. Con-
sidering the weight residue obtained from anaerobic pyrolysis in
thermogravimetric analysis (around 40 wt%) it is possible to assess
the fillers content: between 60 and 62 wt% for both cable-types.
Indeed, polymer is fully decomposed and ATH leaves a residue of
35 wt%. This is typical of sheath formulations for such cable-type.
A more detailed description of the cables is provided in the results
section.

2.2. Cone calorimetry

Fire behavior was studied using a cone calorimeter [8]. There
have been a large number of studies that characterized cables under
such fire test equipment [1,17–21]. The first question arising when
testing cables is the preparation of specimens. Recommendations
from ISO 5660 standard were followed except the use of a grid.
Cables were cut in pieces of 10 cm long. These cable samples were
arranged one against one other without space as shown in Fig. 1.
8 and 5 cable samples were used respectively for cables A and B.
Specimen were wrapped in aluminum foil and insulated by rock
wool. The samples were exposed to various heat fluxes in well-
ventilated conditions (air volume flow rate of 24 L/s) in the presence
of a spark igniter to force the ignition. The distance between the
cable samples and the cone was fixed to 25 mm. The HRR was deter-
mined by oxygen depletion according to Huggett’s relation (1 kg
of consumed oxygen corresponds to 13.1 MJ of released energy)
[22]. In some experiments, the temperature of the upper surface
of the samples was measured during cone calorimeter test using
an infrared camera (Optris) to assess the temperature at ignition.
For these experiments, the distance between the cable samples and
the cone was fixed to 60 mm (instead of 25 mm) to allow a correct
measurement (The inclination of the infrared camera must be of
few degrees relative to the perpendicular position).

The use of a grid is recommended to avoid the distortion of
cables during the test [8]. However, a grid reduces the heat flux
absorbed by the sample and will, for instance, influence the time-
to-ignition. The data on this last parameter are intended to be used
in simple models for forecasting of real cable fire. Therefore in this
work, the grid was removed.

2.3. Pyrolysis-combustion flow calorimetry
The flammability of each component of cables was investigated
using a pyrolysis combustion flow calorimeter (PCFC from Fire Test-
ing Technology, UK) which was developed by Lyon and Walters
[23]. The sample (3 ± 0.5 mg) was heated from 80 to 750 ◦C at 1 ◦C/s

nto the sample holder.
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calculated from two different models (see below). For this purpose,
some properties of the sheath materials are needed. Table 2 pro-
vides the main data. The properties of both materials are similar.
The major difference concerns the sheath thickness.

Table 1
Description of cables A and B with the weight and heat fraction of main components.

Cable A Cable B

Weight fraction Heat fraction Weight fraction Heat fraction

Sheath 0.538 0.721 0.224 0.413
Fig. 2. Description of

n a pyrolyzer under nitrogen flow and the degradation products
ere sent to a combustor where they are mixed with oxygen in

xcess at 900 ◦C. In such conditions, these products were fully oxi-
ized. The HRR was then calculated by oxygen depletion as in cone
alorimetry.

.4. Thermogravimetric analysis

Thermogravimetric analyses (TGA) were performed on sheath
nd insulation materials using a Setsys Evolution apparatus
Setaram). The samples (10 ± 2 mg) were heated under nitrogen
ow (100 mL/min) at a heating rate equal to 1 ◦C/s from room tem-
erature to 900 ◦C.

.5. Thermophysical properties of sheath materials

Additional analyses were performed on sheath materials only
t room temperature. Density, � (kg/m3), was measured using a
elium Pycnometer (Micromeritics AccuPyc 1330). Specific heat,
(J/kg.K), was measured using a Perkin Elmer differential scan-

ing calorimetry (Stepscan software). The heat diffusivity, D (m2/s),
as measured using a Laser Flash apparatus (XFA600 from Linseis).

heaths were flattened by thermocompression and then speci-
ens were stamped from flat sheets and coated with graphite on

oth surfaces. Measurements were carried out in vacuum. Values
ere averaged over five measurements. The heat conductivity, �

W/m.K), was calculated from D, � and c according to the Eq. (1):

= D × � × c (1)

. Results and discussion

.1. Description of cables

Cables are very complex materials containing several con-
tituent parts (sheath, bedding, insulation and copper). The
ammability of the whole cable depends on the chemical compo-
ition and morphology of each constituent part as well as on their

mount and the cable structure. Fig. 2 shows the cross-section of
he cables A and B with their main components.

Each component was separated, weighted and analysed using
CFC to calculate its contribution to the heat release (called heat
A (left) and B (right).

fraction). The heat fraction of component i is defined as follows
(Eq. (2)):

heatfractioni = THRi × Wi∑
jTHRj × Wj

(2)

With THRi and Wi are respectively the heat release of the compo-
nent i (in kJ/g) and the weight fraction of the component i.

The cable A contains only four components but the cable B can be
divided into seven components. Three of them were not perfectly
identified but they have a negligible contribution to weight and
heat release. One component is an aluminum film, others represent
a very small weight fraction with a moderate heat of combustion
− 16 kJ/g or less, probably poly(ethylene terephthalate) film. More-
over they burn only when the flame is already developed (when the
sheath is degrading) and they are too thin to prevent the heating of
the underlying PE insulation. Therefore they were not considered in
the following analysis. Table 1 provides the weight and heat frac-
tions of the four main components for both cables, representing
more than 95% of the weight and of the heat release. Compared to
the other non-metallic components, the contribution of sheath is
the most important for the cable A. The weight is more fairly dis-
tributed between the four main components of the cable B. Sheath
and insulation each represent around 40% of the heat release for
this last cable-type.

3.2. Ignition of cables

In order to assess if the sheath controls alone the ignition of the
cable, experimental time-to-ignition will be compared to the values
Bedding 0.082 0.064 0.173 0.158
Insulation 0.095 0.215 0.205 0.408
Copper 0.285 0 0.366 0
Total 1 1 0.968 0.979



Table 2
Main properties of sheath materials for cables A and B.

Cable A Cable B

Thickness L0 (mm) 2.5 2
Specific heat c (J/g.K) 1.52 1.59
Density � (g/cm3) 1.540 1.476
Heat diffusivity (mm2/s) 0.216 0.169
Heat conductivity � (W/cm.K) 5.03 × 10−3 3.82 × 10−3

Temperature to ignition Tign (◦C) 420 390

Table 3
Critical heat flux calculated for cables A and B according to thermally thin or ther-
mally thick models.

Critical heat flux (kW/m2) Cable A Cable B
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Thermally thin cable 34.2 25.7
Thermally thick cable 12.8 10.6

The time-to-ignition of flat sheets in cone calorimeter changes
ith the external heat flux accordingly to Eqs. (3) and (4) for respec-

ively thin and thick specimens [24–26].

ign = L0�c

(
Tign − T0

q̇" − CHF

)
(3)

ign = �

4
��c

(
Tign − T0

q̇" − CHF

)2

(4)

ith q̇" the external heat flux (kW/m2), CHF the critical heat flux
kW/m2), T0 the room temperature (28 ◦C) and L0, c, �, � and Tign the

aterial properties defined in Table 2. In order to identify the ther-
al behavior of the cables, critical heat flux (CHF) can be calculated

y plotting the curves 1√
tign

= f
(

q̇"
)

or 1
tign

= f
(

q̇"
)

respectively for

hermally thick and thermally thin models. Critical heat flux is then
he value of q̇" for which the ordinate is null (i.e. below the critical
eat flux, no ignition occurs). Table 3 provides the critical heat flux
or both cases according to the two models. The values calculated
rom thermally thin model appear to be probably too high. Indeed,
ormulations (EVA filled with 60 wt% of ATH or MDH − magne-
ium hydroxide) similar to that of the sheath have already been

Fig. 3. Experimental versus modelled time-to-ignition values for cables
tested using cone calorimeter and ignition was observed even at
25 kW/m2 [27]. The critical heat flux according to thermally thick
model is similar for both cables and quite reasonable. Fontaine et al.
found a similar value (10.5 kW/m2) for a 10 mm diameter cable
whose sheath mainly contains EVA and ATH (i.e. very similar to
cable A) studied in the same configuration [28].

To confirm the thermally thick behavior of the cable, it is pos-
sible to compare the experimental times-to-ignition to the values
calculated from the Eqs. (3) and (4) by using the calculated crit-
ical heat flux and the properties measured for sheath materials
(Table 2). Figs. 3 and 4 provide this comparison for cables A and
B respectively. In both cases, thermally thick model allows fitting
well the experimental values. On the contrary, the thin model fails
to predict accurately the time-to-ignition for all heat fluxes. Such
results are in agreement with previous works about various types
of cables [28–32]. This result also shows that the ignition depends
only on the properties of the sheath. Indeed, TTI calculated from Eq.
(4) were obtained considering only the thermophysical properties
of the sheath (and not of the whole cable).

It is noteworthy that Eq. (4) remains suitable for cables although
the surface is not flat as for a sheet. No correction seems neces-
sary to take into account the curvature of cables as proposed by
Delichatsios [33].

3.3. Heat release rate

Figs. 5 and 6 represent the HRR curves at various heat fluxes for
cables A and B respectively. The sheath is of course the first compo-
nent to be degraded. The burning of EVA-PE filled with ATH is well
documented. EVA and PE are non-charring polymers. Therefore
these polymers are pyrolyzed in fuels feeding the flame while ATH
releases water. Only alumina remains in condensed phase, forming
a mineral layer able to limit the heat transfer. Other components of
the cables, especially PE insulation, are progressively heated. If the
temperature reaches the pyrolysis temperature, PE from insulation
can also feed the flame and promote the fire propagation.
After ignition, the HRR increases sharply up to a first peak
(pHRR1). Then the HRR decreases slowly during several hundreds
of seconds. For low fluxes (38 kW/m2 for the cable A and 35 and
50 kW/m2 for the cable B) this decrease leads to flame out. For

A − black circles: experimental data, dotted lines: calculated data.



r cabl

h
I
r
t
p
i
b
i
o
r
r

(
i

Fig. 4. Experimental versus modelled time-to-ignition values fo

igher heat flux levels, the burning behavior is somewhat different.
ndeed, after 500–1000s, the decomposition is accelerated, the heat
elease rate increases and leads to a second peak (pHRR2) higher
han the first one except for the cable B exposed at 80 kW/m2. This
eak occurs earlier when increasing the heat flux. However, dur-

ng this second period, distortion of cables is sometimes observed
ecause no grid was used. This random phenomenon can mod-

fy the surface exposed to the flame (flame may reach the bottom
f the cables). Therefore, the intensity of this second peak is not
eproducible and does not follow a consistent tendency. All these
emarks are common for both cables.
For both cables pHRR1 increases when increasing heat flux
Fig. 7). However, there is a strong difference between cables. The
ncrease in pHRR1 is relatively slow for cable A and faster for cable

Fig. 5. Heat release rate for cable
es B − circles: experimental data, dotted lines: calculated data.

B. Therefore, at high heat flux, the pHRR1 becomes significantly
higher for cable B. Note that pHRR1 for cable A is in the range
90–150 kW/m2 in good agreement with previous findings from
Fontaine and coworkers for a similar cable [28]. Time to pHRR1
also tends to decrease when increasing heat flux (Figs. 5 and 6). But
the difference between time-to-ignition and time to pHRR1 ranges
between 20 and 50 s for heat flux higher than 40 kW/m2. Only at
low heat flux, this difference tends to increase but remains lower
than 100 s.

The pHRR1 is followed by a sharp and continuous decrease.
This may be related to the accumulation of mineral fillers (alu-

mina from the thermal decomposition of ATH) on the cable top by
ablation of non-charring polymers from the sheath [34]. The min-
eral layer is able to slow down the heat transfer from the flame to

s A at different heat fluxes.
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he underlying polymer (i.e. PE and EVA from the sheath and PE
rom insulation) and then the pyrolysis rate decreases. Neverthe-
ess, as already mentioned, at high heat flux, a further increase in
RR occurs after 500–1000s leading to a second pHRR. Obviously

he decomposition of the whole cable becomes much more signif-
cant as revealed by the total heat release (Fig. 8). THR increases
ontinuously when increasing heat flux. Nevertheless, at low heat
ux, if flame out is observed without pHRR2, THR remains lim-

ted (<50 MJ/m2). As soon as the pHRR2 occurs, THR becomes much
igher: higher than 180 and 300 MJ/m2 for cables A and B respec-
ively. It means that not only the polymers from the sheath but also
he PE from insulation are pyrolyzed and contribute to the flame.

The transition between a limited and a more intense decompo-
ition is sharp for both cables but does not occur in the same range.
his “transition heat flux” is ranged between 38.5 and 47 kW/m2

or cable A versus 52 and 57.7 kW/m2 for cable B. It is noteworthy

hat Fontaine et al. have not observed such behavior: the total heat
eleased from the burning of a cable at first glance similar to cable
is constant on the whole range of external heat flux investigated

25–75 kW/m2) [28].

Heat flux (kW/m²)

Fig. 8. Total heat release for cables A and B at different heat fluxes.



Fig. 9. Effective heat of combustion for cables A at two heat fluxes (curves were smoothed).
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A. 3 sample cables for cable-type A were used for each experiment.
Fig. 10. Position of cabl

The transition is related to the capacity of the sheath to protect
he inner layers of the cable. To confirm this assumption, the effec-
ive heat of combustion is plotted in Fig. 9 for the cable A at two
eat fluxes (38 and 76 kW/m2, respectively lower and higher than
he transition heat flux). At 38 kW/m2, EHC does not exceed 18 kJ/g
nd decreases slowly up to flame out. This decrease may mean that
he fraction of water (from ATH decomposition, which decomposes
rom 200 ◦C, i.e. at a lower temperature than the pyrolysis of EVA
nd PE) in released gases increases continuously. Moreover, it can
e assumed that only the outer layer (i.e. the sheath) has been
artially pyrolyzed during the test. At 76 kW/m2 (i.e. above the
ransition heat flux), the EHC is also in the range 13–20 kJ/g dur-
ng the first 600 s. But when the HRR starts to increase again, EHC
lso increases up to around 35 kJ/g. This continuous increase may
e due to two phenomena occurring more or less simultaneously.
irst, ATH is fully decomposed and no water release can dilute the
uels from EVA and PE pyrolysis. It has already been shown that
he change in EHC in polymers filled with metallic hydroxides evi-
ences the depletion of water released by the fillers decomposition
35]. Second, the pyrolysis of inner layers starts (as proved by the

act that THR is too high to be only due to the burning of the sheath).
owever, the inner layers (i.e. mainly PE insulation) are less flame

etarded than the sheath. In particular, heat of complete combus-
ith changing spacings.

tion for insulation (calculated from PCFC) is much higher than for
sheath (41.1 kJ/g versus 19.8 kJ/g).

The knowledge of the transition heat flux is of first importance
in order to predict the fire propagation. Indeed, at low heat flux,
the burning concerns only the sheath and the heat released is lim-
ited. Above the transition heat flux, the heat release increases six to
eight times. This additional release obviously makes fire more haz-
ardous. The transition heat flux is higher for cable B. This may be
ascribed to the mass per unit length which is higher for this cable.
Indeed, small cables flame retarded with ATH (diameter 6–7 mm
− sheath thickness 0.7 mm or less) do not exhibit such transition.
Cables completely burn even at low heat flux (data not shown).

Another parameter in cable tray is of course the spacing between
cables. The next section is devoted to the influence of this parameter
on the flammability assessed using cone calorimeter tests.

3.4. Influence of spacing between cables

The influence of spacing on flammability was studied for cable
The distance between the cables was ranged between 0 mm (cables
in contact) to 27 mm (see Fig. 10). The HRR was still calculated con-
sidering the whole surface of sample-holder (i.e. 100 cm2) even if
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he exposed surface of cables was reduced. The tests were carried
ut at 40 kW/m2 for the cable A. In these conditions, the HRR curves
how two peaks and an intense decomposition of the cables. In
ther words, the heat flux is higher than the so-called transition
eat flux defined previously.

Figs. 11 and 12 show the HRR and EHC versus time for 4
ifferent spacings. Almost all main data are changing with the dis-
ance between cables: time-to-ignition, pHRR1, pHRR2 and time to
HRR2 (Figs. 13 and 14). Only total heat release remains almost con-
tant (data not shown): while heat flux is higher than the transition
eat flux, the decomposition is very important in all cases and flame

ut occurs when fuel is depleted. Fig. 12 confirms that EHC increases
fter 400–700 s from a low value (<20 kJ/g) to 35 kJ/g: whichever

Fig. 12. Effective heat of combustion for different distances betw
ces between cables A (heat flux 40 kW/m2).

the spacing, the inner layers of the cables are decomposed. Only
the duration to reach the pyrolysis of these layers changes.

The first part of the HRR curve is the least influenced by the
spacing. Indeed, time-to-ignition increases only moderately when
increasing spacing: from 220 to 280 s. This increase is observed
only for spacing higher than 9 mm (Fig. 13). Below this value, time-
to-ignition appears unchanged. PHRR1 also increases from 60 to
110 kW/m2 when the spacing increases. Taking into account the
uncertainties on HRR measurements (typically 15% on heat release
rate), the scattering of results for spacing higher than 9 mm is not
surprising. In all cases, this first pHRR1 is lower than the second

pHRR (from 100 kW/m2 to 200–240 kW/m2 − see Fig. 14). The
ratio between the second and the first peaks is relatively constant,
between 1.8 and 2.5.

een cables A (heat flux 40 kW/m2) (same colors as Fig. 11).
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The second part of the HRR curve is the most influenced by the
pacing. In particular, the time to pHRR2 decreases from 1100 to
00 s when spacing increases (Fig. 14). As for time-to-ignition, this
ecrease is observed for spacing lower than 9–12 mm. Increasing
pacing above this threshold does not change the time to pHRR2
nymore. The scattering of pHRR2 value is important due to the
istortion of cables when no grid is used. PHRR2 increases when
pacing increases from 0 to 9 mm. Once again, no further increase
eems to be apparent for higher spacing.

Spacing has a non-negligible effect on flammability. More pre-

isely, a threshold close to 10 mm is observed. Most flammability
roperties are modified when spacing changes below this thresh-
ld. Above this threshold the spacing has no more influence except
or time-to-ignition. Time-to-ignition starts changing when spac-

Fig. 14. Time at pHRR2 (TpHRR2) and pHRR2 for different distances between
between cables A (heat flux 40 kW/m2).

ing increases above the threshold. This threshold may be rather
expressed as a ratio between the spacing and the cable diameter.
For cable A (diameter 12 mm), the threshold is close to 1. Other
cables must be investigated to confirm this assumption.

Interestingly the spacing has an apparent opposite effect on the
different parts of HRR curves. High spacing delays the ignition but
increases the peaks of heat release rate and promotes an earlier
pHRR2. In the whole, spacing seems to promote a fast decompo-
sition of cables. Further investigations are needed to assess the
influence of spacing in greater detail and to understand which phe-
nomenon is precisely modified by spacing. Several assumptions

can be listed: spacing may influence the surface exposition to the
heat flux, the heat transfer by conduction and/or convection, or the
concentration of fuels in the flaming zone.

cables A (heat flux 40 kW/m2) − Dotted lines are guidelines to the eye.
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. Conclusions

Two halogen-free flame retardant cables were studied in cone
alorimeter by varying the heat flux and the spacing between
ables. It appears that the first part of the heat release rate curves
up to 500 s) is only driven by the sheath (outer layer) both at low
nd high heat flux. Indeed, time-to-ignition is well predicted by
he so-called thermally thick model considering only the sheath
roperties. Moreover, the effective heat of combustion is almost
onstant during the first 500 s of the burning and its value is close
o that of the sheath.

However, the fire behavior of the cables is highly dependent on
he heat flux. A dramatic transition occurs at a different heat flux
ccording to the cable. Below this heat flux threshold (called tran-
ition heat flux), the flame is vanishing before the cable core starts
egrading. Above this critical value, the heat release rate increases
trongly after 500–1000s leading to a second peak of heat release
ate and a much higher heat release. In that case, the inner layers
f the cable are decomposing. The knowledge of the transition heat
ux is surely of prime importance to predict the fire propagation
long cables or cable trays.

The influence of the spacing between cables was also investi-
ated for cable A at a heat flux higher than the transition heat flux.
ncreasing the distance between cables leads to a slightly higher
ime-to-ignition and a higher first peak (or plateau) of heat release
ate. Moreover, the second pHRR occurs earlier and is much higher.
owever, above a distance between cables higher than 10 mm, no

urther influence of spacing is observed for fire properties (except
or time-to-ignition).

. Contribution to the study of real fires

Fire safety analyses show that the rooms in NPPs devoted to their
peration, control or/and safe-shutdown, such as the switchgear
oom or the control room, are identified as the main fire hazard
ontributor locations [36]. As these rooms contain a high concen-
ration of electrical cables mainly distributed in electrical cabinets
nd in cable trays, a cable fire in such rooms may indeed result in
ufficient damage to various safety systems such that the ability to
chieve a safe shutdown could be severely challenged. For instance,
t the Browns Ferry NPP, over 1600 cables were damaged by the
re and caused short circuits between energized conductors. These
hort circuits caused certain systems to operate in an unexpected
anner [37]. The use of a fire model to forecast the fire spread over

able trays, and the resulting HRR, is thus required to assess the
amage on the functionality of various safety-related equipment.

The small-scale data provided in this study on HFFR cables, com-
leted by the large-scale data obtained from the previous cable tray
re tests using same cables [12–14], will thus contribute to the vali-
ation of the simple cable fire spread models [1,4] briefly discussed
arlier. However these models cannot predict the cable trays igni-
ion that is however a required condition for the proper assessment
f the fire spread. Thus, the validation of the time-to-ignition law
t small-scale, showed in this investigation for the HFFR cables A
nd B, will lead us to study it for a real cable tray configuration.

In addition, the transient heat flux, as highlighted in this study,
ould be correlated to the required time for achieving a self-
ustained cable tray fire. Indeed, large-scale fires which used the
FFR cables A and B were considered as self-sustained about 10
nd 12 min after the starting of a gas burner (used as an ignition
ource) vs about 2 min for the fires which used halogenated flame

etardant cables containing polyvinyl chloride (PVC) [13]. For the
atter cables, the transition heat fluxes were estimated as lower
han 25 kW/m2 from tests conducted in the cone calorimeter for a
imilar PVC cable [1], while they were measured in this study in

[

[

the 38–58 kW/m2 range for the former cables. So the larger would
be the transient heat flux and the more important would be the
required time for achieving a self-sustained fire. Additional experi-
ments at both small and large-scales are needed in order to confirm
the above trend for both similar and different cable-types.

Finally, this study also supports the analysis of the fire behavior
highlighted at real-scale, such as the EHC time evolutions for the
cable trays fire. Indeed, for the cable trays filled with the HFFR cable
B, the EHC indicates time evolutions from 10 to about 40 MJ/kg [14]
similar as the ones observed in the cone calorimeter. These last
ones are due to the progressive consumption of the ATH (as earlier
described in this study) while the fire propagates over the cable
trays.
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