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SYNTHÈSE :

La DER développe depuis une dizaine d'années, à travers le logiciel MAGIC,
un programme de modélisation de la propagation d'incendies en centrale. Les
principaux combustibles rencontrés sont d'une part les huiles contenues dans les
machines et les circuits de commandes, d'autre part les câbles électriques. Ces derniers
présentent une combustion plus complexe en raison de leur conception résistante au
feu.

Pour l'étude de leur combustion, deux bancs d'essais ont été associés : le four à
pyrolyse PITCAIRN et le CALORIMETRE EDF/CNRS. Ce rapport présente
brièvement l'installation expérimentale puis commente les premiers résultats
expérimentaux obtenus lors d'une campagne effectuée sur deux types de câbles, un
câble PVC et un câble EPR-Hypalon.

Dans le four PITCAIRN, la pyrolyse se déroule en atmosphère inerte, puis la
combustion en phase gazeuse est réalisée dans le CALORIMETRE, version évoluée du
calorimètre de TEWARSON. On accède ainsi simultanément aux évolutions
dynamiques de la perte de masse et du Pouvoir Calorifique d'échantillons de câbles
électriques soumis à des flux contrôlés pouvant atteindre 3 W/cm2.

Trois méthodes différentes sont utilisées pour l'estimation du Pouvoir
Calorifique : l'une s'appuie sur le bilan thermique, la seconde sur la consommation
d'oxygène et la dernière sur la production de dioxyde de carbone.

Les câbles testés ont été sélectionnés parmi ceux couramment utilisés dans les
centrales nucléaires françaises et présentent des composants complexes (ignifugeants
chimiques, blindages mécaniques). Les résultats démontrent que le comportement au
feu de ces câbles ne peut être réduit à la simple association d'une courbe de perte de
masse et d'un Pouvoir Calorifique constant Sur le câble PVC, le Pouvoir Calorifique
varie peu au début de la dégradation de S kJ.g-1 à 10 kJ.g'1, puis augmente rapidement
jusqu'à 30 kJ.g-1. Pour le câble EPR-Hypalon, on observe un accroissement continu et
modéré du Pouvoir Calorifique de lkJ.g-1 à 20kJ.g-1 environ, puis une rapide
augmentation jusqu'à 40 iJ.g"1 en fin de pyrolyse. Ces résultats confortent la thèse de
la dilution des espèces combustibles par des ignifugeants, qui abaissent le Pouvoir
Calorifique mais semblent s'épuiser en fin de combustion. Le rôle retardant du
blindage est également mis en évidence.

Par sa précision et la bonne reproductibilité des essais, le banc d'essai
PITCAIRN/CALORIMETRE s'avère un outil puissant pour l'étude quantitative de la
combustion des câbles et fournit des résultats essentiels à la modélisation des feux de
câbles dans un code de modélisation globale d'incendie tel que MAGIC.
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EXECUTIVE SUMMARY :

The R&D D has been developing for about ten years, through the MAGIC
software, a modeling program on the propagation of fire in power plants. The potential
fuels in a power plant are mainly limited to the oils existing in engines and control
systems, and electric cables. Those cables present a complex combustion due to their
fire-resistant design.

In order to study that combustion, two test benches, the PITCAIRN oven and
the CALORIMETRE EDF/CNRS have been linked. This report presents briefly the
experimental installation, then it comments on the first experimental data obtained with
two types of samples, a PVC and an EPR-Hypalon cable.

In the PITCAIRN oven, pyrolysis takes place in neutral atmosphere, then the
gas phase combustion is done into the CALORIMETRE, which is based on and
improves the principle of the TEWARSON calorimeter. By this way, one obtains
simultaneously the transient loss of mass rate and the Heat of Combustion of electric
cables under a controlled flux up to 3 W/cm2.

Three different Heat of Combustion measurement methods are performed :
thermal balance, quantity of oxygen consumption, carbon dioxide production.

The tested cables are selected from those commonly used in French Nuclear
Power Plants. They present complex components (fire-retarding chemical agents,
mechanical reinforcement).

The data show that the behavior of those cables cannot be reduced to a mass
loss rate associated to a constant Heat of Combustion. The Heat of Combustion of the
PVC cable tested varies little at the beginning of the pyrolysis from 5 kJ.g-1 to
10 kJ.g-1, then increases quickly up to 30 kJ.g-1. In the same way, the EPR-Hypalon
cable shows a continuous and slow increase of the Heat of Combustion from 1 kJ.g-1 to
20 kJ.g-1 during the pyrolysis, then rises quickly up to 40 kJ.g-1 at the end. Those data
corroborate the thesis of the dilution of flammable species by fire-retarding agents,
which lower the Heat of combustion but seems to disappear at the end of the pyrolysis.

Its accuracy and the fairly good reproducibility of experiments make the
PITCAIRN + CALORIMETRE tests bench a powerful tool for the quantitative study
of cable combustion, and enable a consequent progress towards the modeling of cable
fire in a global fire simulation tool as MAGIC.
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EXPERIMENTAL STUDY ON THE HEAT OF COMBUSTION
OF ELECTRIC CABLES :

PITCAIRN/CALORIMETRE TEST BENCH

B. Gautier G. Bosseboeuf
EDF

Direction des Etudes et Recherches
6 quai Watier 78401 Chatou - France

1 • INTRODUCTION

The Research and Development Division of Electricité de France has been developing for
about ten years, through the MAGIC software, a modelling program on the propagation of
fire in power plants. The potential fuels in a power plant are mainly limited to the oils existing
in machines and electric cables. The characteristics of combustion are now well-known in the
case of oils [1]. On the contrary, because of their heterogeneous structure (see figure 2) and
the presence of fire-retardant agents, the cables have a rather more complex combustion.

For this reason, together with the LCSR laboratory of Orleans (Laboratory of Combustion
and Reagent Systems), an unusual calorimeter bench has been designed and built, based on
and improving the principle of the TEWARSON calorimeter [2] widely used for the
determination of the combustible properties of materials.

This test bench called CALORIMETRE EDF/CNRS is put into operation together with the
PITCAIRN pyrolysis oven (figure 1). This new approach enables the separation and the
control of the two major phenomena occurring during a cable fire in dynamic operation : the
thermal deterioration of the sheath and the combustion in the gas phase of the products issued
from this deterioration, which is called pyrolysis.

This presentation reports the results of measurement campaigns performed on two types of
cables selected in the French Power Plants [3].

Firstly, the operating principles and the means of measurement of the CALORIMETRE
and PITCAIRN test benches [4] [5] [6] will be considered.

2 - TEST BENCH

2.1 - CALORIMETRE EDF/CNRS PRINCIPLE

This device enables us to perform on samples of polymers or electric cables and gases,
certain combustion tests and measurement of the following parameters :

- the loss of weight of the sample ;
- the total thermal power produced by the combustion ;
- the thermal power radiated by the flame (estimation) ;
- the temperature of the flame ;
- the temperature of the combustion gases before and after dilution ;
- the contents in CO, CO2, HnCm and O2 of the combustion gases ;
- the flow rate of combustion air or of the oxydant mixture.



The Heat of Combustion of a material or gas studied is determined by means of three
different approaches :

- by thermal balance based on the measurement of the flow rate and the
temperature of the combustion gases at the exit of the calorimeter (convection heat)
and on the measurement of the water flow rate and the temperature in the water coil
(radiated heat) ;

- by the measurement of the quantity of oxygen consumed during the
combustion. Indeed, it can be observed that for numerous materials, the quantity of
heat produced by the consumption of oxygen is a constant close to 13.1 kJ/g.

- by the measurement of the quantity of carbon dioxide produced.

The latter two methods present the advantage of supporting no effect due to loss of heat at
the walls and showing a mastered inertia. On the other hand, they require an accurate
measurement of the oxygen and carbon dioxide rates and assume a perfect combustion, since
the presence of any unburned agents would induce an underestimated Heat of Combustion.

remn-L

Figure 1: The PITCAIRN + CALORIMETRE test bench

2.2 - DESCRIPTION OF THE CALORIMETER

The combustion precinct is a vertical cylindrical volume of 230 mm of diameter.
An air supply which can be enriched in oxygen is injected around the input of combustible

gas. TEWARSON [7] has shown that this supply should be at least twice as high as the
quantity of oxygen consumed by the flame in order to avoid a limitation of the speed of
combustion by the input of oxygen.

The gas lighting is made by a pilot light continuously fed.
Copper coils are brazered on the external side of the precinct. They are separated into three

sections whose outputs aie equipped with thermo-sensors. These measures associated with
the water flow rate enable the calculation of the transferred quantity of heat for each section.
Thus we approach the heat radiated by the fire. However the results have shown that a part of
the exchange by convection may occur along the pipes.

The combustion gases are sucked by a hood placed at the exit of the chamber of
combustion. The exhaust shaft sucks all the combustion gases and also an excess of air which
enables a decrease in temperature and a dilution of the combustion products. The dilution
reduces the corrosive character of the gases, in particular for experiments on PVC.



2.3 • DESCRIPTION OF THE PITCAIRN OVEN

The pyrolysis precinct is composed principaly of a stainless steel pipe of 1.3 m long,
0.2135 m of internal diameter. It is heated by electric rings which enable a temperature of
560°C on the surface of the internal wall of the shell. A forced helium current goes through
the oven, enables the evacuation of the pyrolysis gases and avoids the oxidation.

This building principle allows an increase speed of 100°C/mn in temperature and enables
the maintaining of a constant thermal flux on the surface of the wall.

The weighing is performed in an isolated enclosure placed in the upper part of the oven.
The continuous weighing of the specimen of the cable during the test is performed with a

Mettler weighing machine which enables a maximal weight of 2.1 kg with a decigram of
accuracy.

In the association PITCAIRN oven with CALORIMETRE, a pipe with regulated
temperature brings the gases produced by the pyrolysis to a burner located in the combustion
chamber of the CALORIMETRE.

2.4 - DETERMINATION OF THE HEAT OF COMBUSTION

The Heat of Combustion is obtained by the thermal method through the following
equation:

c Q T 7
mcomb

where Q T = rhw xCp w x (Ts - Te) + vg x Cpg x(Tg - Ta) / Vmol

with
Te,Ts : output and input temperature of water (K)
Tg, Ta : gas temperature (output) and air temperature (input) (K)
AHc : Heat of Combustion (J.kg"l )
Q T : Total heat release rate (J.s~l)
rh w : mass flow rate of the water (kg.s"* )
Cpw : specific heat of the water (J.kg"* .K"* )
vg : volume flow rate of gases (m3.h" 1 )
Cpg : specific heat of the gas (J.mole"! .K~l )
Vmoi : molar volume at theTg temperature for the gas (m^.mole" * )
m comb : speed of combustion of material (kg.s" * )

The calculation from the quantity of oxygen consumed is made by :

mcomb
with

rho2 : speed of consumption of oxygen (kg.s~* )

Qo 2 : heat produced by the consumption of oxygen (J-kg"1 )

Another method based on the quantity of carbon dioxide produced has been tested. We
determine a stoichiometric volumetric ratio deduced from the chemical combustion equation of
the polymer being the major component of the cable to be tested. This value is equa1 to the
number of oxygen moles required for a neutral and total combustion of a polymer mole on the
number of carbon dioxide moles produced.



The calculation of the Heat of Combustion from the quantity of carbon dioxide produced is
obtained by :

mCO2 xQo 2 xsvr
AHC=-

with
svr

mcomb

: stoichiometric volumetric ratio
: speed of formation of carbon dioxide (kg.s'l )

A correction of the response time of the measurements of concentration and temperature
during acquisition is performed.

3 - TEST RESULTS

3.1 - CABLES TESTED

The tests have concerned samples of PVC cables (polyvinyl chloride) and EPR (Ethylene
Propylene Rubber), representative of the cables existing in the French Power Plants.

Figure 2: The tested cables structures

Characteristics of the EPR test specimen
Cable reinforced with 3 conductors of 1.

Material
Length
Diameter
Weight
Weight of pyrolysable matter

:EPR
:25 cm
: 18.5 mm
:129g
: 83.5 g

Characteristics of the PVC test specimen :

Cable reinforced with 4 conductors of 1.5
Material : PVC
Length : 25 cm
Diameter : 15 mm
Weight : 91.8 g
Weight of pyrolysable matter : 57.4 g



3.2 - TEST CONDITIONS

During the tests the sample of cable is submitted to a flux of 3 W.cm"2 in the PITCAIRN
oven (flux measured with a flux-meter maintained at 20°C, in helium atmosphere). In the
CALORIMETRE, the combustive mixture is enriched : 1.4.S"1 plus 0.4 to 0.6 l.s"1 of
oxygen according to the tests. The flow rate of the exhaust stack amounts to 83m"3.h~l.

Three tests have been performed, respectively at 0.4,0.5 and 0.6 l.s"* for the PVC cable,
2 tests respectively at 0.5 and 0.6 l.s'1 of O2 for the EPR cable.

A complementary test has been performed on the EPR cable with the aim of observing the
influence of the non-combustible elements : the stainless steel strap, the fiber glass tape, and
the mica bonding wire. For this purpose, we have removed these protective materials, then
we have reconstituated the sample of cable around the electrical conductors.

3.3 - MASS LOSS

0.20 0.20

0.00
400 600 800

Time (s)

PVC

1000 1200
o.oo

200 400 600 800 1000 1200 1400
Time (s)

EPR

Figure 3: Curves of mass loss in the different experiments for both cables

The curves of speed of mass loss have the aspect of a bell, with a maximum around 0.16
g/s for PVC and 0.13 g/s for EPR. One upper ridge for the PVC and 2 for the EPR can be
observed. The complementary test without any protection makes the first disappear, thus
showing the influence of the structure of the cable.

The use of a programmable automate in the test procedure on the PITCAIRN oven makes
the mass loss fairly easy to reproduce (figure 3).

It is important to notice that during a direct combustion of the sample in the
CALORIMETRE, a similar part of deteriorated mass is obtained (table 1) which corroborates
the representativity of the PFTCAIRN oven, compared to combustion pyrolysis.

device

Calorimètre
Calorimètre
Tewarson LCIE devic
PITCAIRN

atmosphere

air-combustion
air-combustion
air-combustion
helium - pyrolysis

material

block of PVC
PVC cable
PVC cable
PVC cable

pyrolysed matter
/ pyrolysable matter
69 - 75 %
63%
55 - 59 %
63%

Table 1 : comparison of the part of deteriorated mass



3.4 - COMBUSTION
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Figure 4: Consumption or production of différents species during the experiments

CO rates : the rates remain very low, which confirms a good combustion.
Hydrocarbons rates : small peaks can be observed at the beginning of the combustion.

They correspond to the beginning of the deterioration and to the presence of a poor
combustible mixture which does not enable a hot combustion. This phenomenon occurs again
at the end of the deterioration, in a more perceptible way in the case of the EPR cable.

During the hot combustion, the quantity of hydrocarbon is very low in the smoke, which
demonstrates a satisfactory oxidation.

O2 consumption and CO2 production : Qualitatively, the consumption of oxygen
follows the mass loss. However, if we drew the stoechiometric ratio O2 consumed/mass loss,
one could see that this term evolves (ex: for the EPR 0.6 for *he first peak, 1.35 for the
second), which characterizes the evolution of the composition of the pyrolysis gas confirmed
by the evolution of the Heat of Combustion (§ 3.5).

The curve of consumption of oxygen reflects the total production of energy, which is in
fact the main purpose of the study of energetics.
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3-5 HEAT OF COMBUSTION:
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Figure 5: Dispersion of the measurment of He between the different experiments

Little dispersion is observed in the Heat of Combustion curves during the time between the
various tests on the same kind of cable (figure 5). This shows that the
PITCAIRN+CALORIMETRE test is fairly easy to reproduce.

On the other hand, as shown on the curves (figure 6), the various methods of balance of
the Heat of Combustion present little deviation for a given test. The thermal method and the
method by oxygen consumption are very close. The method by carbon dioxide consumption
brings higher values.
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Figure 6: Curves of He obtained by the different methods

The deviations are mainly encountered at the beginning and at the end of the combustion.
These also correspond to the lowest flow rates of mass loss and therefore to less reliable
measures.



In theses figures, we can see in what extent the aspect of the evolution of the Heat of
Combustion depends on the cable used.

The Heat of Combustion of the PVC cable tested varies slowly at the beginning of the
deterioration, from 5 kJ.g"1 to 10 kJ.g'l, then increases rapidly until 30 kJ.g^. Similarly,
for the EPR cable, a continuous and moderate increase of the Heat of Combustion from 1
kJ.g'l to about 20 kJ.g'l can be observed, then a rapid increase until 40 kJ.g-1 at the end of
the pyrolysis.

4- CONCLUSION

The electric cables existing in power plants are heterogeneous materials which present a
complex combustion.

The results obtained on the PITCAIRN+CALORIMETRE test bench show that their
behaviour cannot be reduced to a curve of mass loss associated to a constant Heat of
Combustion. Both parameters evolve with the influence of the structure of the cable and the
chemistry of its components.Thus variations from 1 to 10 of the Heat of Combustion on the
PVC and EPR cables studied during the first tests were obtained.

This corroborates the thesis of the dilution of the combustible species by fire-retardant
agents which delay the propagation of fire by decreasing the Heat of Combustion of pyrolysis
gas. These results confirm those formerly obtained on homogeneous materials (PVC and
EPDM) ().

This campaign has shown the cred'bility of the measurement principles used by the test
bench, and also that the experiments were fairly easy to reproduce. The dissociation of
pyrolysis and combustion enables us to disregard the coupling between the behaviour of the
flame and of the material.

The test conditions are of course difficult to relate to real-life conditions and test on middle
and large scale remain necessary on cable layers. Moreover we did not examine the
propagation of the flame here.

However, the PITCAIRN+CALORIMETRE tests enable a consequent progress towards
the modelling of the combustion of the cable fire , by analysing the mass loss under a
controlled flux and the combustion in the gas phase separately. Developments have been
initiated in 1995 to introduce a model of cable combustion in the MAGIC software.

Within a short period of time, the evolution anticipated on the test bench consists in
obtaining more information on the end of pyrolysis, by increasing the size of the sample. We
wish to validate the design of the test bench by approaching the results obtained in a
calorimetric bottle or by micro-gravimetrics. A major point seems to be the increase of power
of the pyrolysis oven to obtain a more complete pyrolysis and to be able to anticipate the flux
comparable to those emitted by the highly energetic flames.
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