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Abstract: Electricity is the most important form of household energy and one of the most important
forms of energy for industry and transport. Electrical distribution in construction and transport is
almost exclusively implemented using electrical cables. One of the unresolved problems associated
with electrical cables is the release of smoke and the resulting reduction of visibility in case of fire in
the area. In this study, a new approach was developed to assess the reduction of visibility in an area
affected by an electrical cable fire. This approach is based on the determination of the critical ratio of
smoke volume (in the smoke layer and exhausted from the fire compartment) to the length of the
burning cable, through which the visibility of reflective and illuminated signs was reduced to a lower
limit value (a standard of 10 m). The input data for this approach was the extinction area of the smoke
released from one meter of burning cable and the length of the cables in the area. This approach was
used to test two power cables (CHKE-V ]3x1.5 and CHKE-R J3x1.5) and one signal cable ]-H(St)H 1 X
2 x 0.8 with the B2,, s1, d1, al fire reaction class. The smoke extinction area of the examined cables
was determined using a cone calorimeter at a heat flux of 50 kW/m?. The obtained data showed that
in order to maintain a visibility of 10 m for reflective signs, the critical ratio of smoke volume to length
of burning cable was 7.5 m3/m. For illuminated signs, the critical ratio was 2.8 m3/m. The relationship
between burning length and visibility allows the calculation of visibility in the fire compartment
affected by cable fire only from cables length.

Keywords: electrical cable; electrical energy; energy security; fire risk; safety; smoke;
visibility reduction

1. Introduction

Electricity is one of the most important forms of household energy and one of the most important
forms of energy for industry and transport (especially electric trains, trams, metro and trolleybuses).
With the increasing share of hybrid and electric vehicles, the importance of electricity is also growing
in automotive transport. Electricity distribution in households, industry, transport and construction is
mostly implemented using electrical cables and, to a lesser extent, by non-insulated electric conductors.

The use of electrical cable gives rise to two significant risks. The first is electric shock. Electric
shock has been extensively studied in several scientific papers, e.g., [1,2]. To suffer an electric shock
from an electrical cable it is necessary that the insulation of the cable is damaged. The insulation may
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be damaged either mechanically or thermally. The cause of thermal insulation damage is an increase
in the ambient temperature, in the area where the electrical cable is installed or through Joule heating
(heat released by the electric current through the electrical conductor). Joule heating is calculated from
the electrical resistance of the electric conductor and the current flowing through the conductor using
the Equation (1), the Joule-Lenz law. A more complex process used to calculate the local volumetric
Joule heating is described in the scientific paper [3]. The influence of the electrical current and the
environment on the electrical cable temperature has been studied in detail in scientific papers [4-6].

P=1-R, )

where P is Joule heating (W), I is the electrical current through a conductor (A) and R is the resistance
of electrical conductor (QQ).

The second major risk associated with the use of electric cables is fire. Electrical cables can be the
ignition source for a fire, the first object ignited during a fire; they can spread a fire and contribute to the
fire load in the fire compartment. Electrical cables are sized so that the heat they can dissipate is higher
than the Joule heating. Under normal operating conditions, electric cables cannot cause a fire. As a
result of an increase of the cable current, a reduction in the cross sectional area of the conductors (mainly
due to mechanical damage) or an increase in contact resistance at the point of contact to the electric
conductors (electrical cable) at the point of termination (mainly due to surface oxidation, insufficient
tightening of the screw in the terminal board or the rheological properties of the electric wires), the Joule
heating can rise to a value that exceeds the potential maximum level of heat dissipation from the
cable into the surroundings. The result could be a fire caused by the ignition of the cable insulation
by the Joule heating. In this case, the electrical cable is directly related to the cause of the fire, i.e.,
an overload or mechanical damage to the cable. Joule heating has been extensively studied in several
scientific papers, [7-9]. In addition to Joule heating, which is produced by the electrical cable due to
its load current, electrical cables can be ignited by heat from other sources, from a thermal appliance.
In this case, the electrical cable is the first item to be ignited, but it is not directly related to the cause
of the fire. The issue of the ignition of electrical cables and organic polymers (which are components
of electrical cables) by an external heat source has been dealt with by many scientific papers [10-12].
In most cases, however, electrical cables are neither the ignition source nor the first object ignited.
Nevertheless, the cables significantly affect the development of the fire. In the linear development phase
of a fire, the electrical cable can propagate the fire across the surface of the fire compartment and in
the fully developed phase of a fire they can spread fire to adjacent fire compartments. Electrical cables
further contribute to the total fire load of the fire compartment by the mass and combustion heat of the
polymer components in the insulation. Another unfavourable impact of fire on electrical cables is their
failure (thermal insulation damage and subsequent short circuit). The result of electrical cable failure
is the interruption of supply to powered devices. This impact is most unfavourable, particularly for
electrical equipment that must remain in operation for a certain period of time (generally, 30-120 min,
e.g., evacuation lifts and escape route emergency lighting). For these applications, special cables are
used that can maintain the integrity of the circuit during a fire. The issue of electrical cables and organic
polymers (which are components of electric cables) and the heat of combustion and circuit integrity
during a fire have been examined in many scientific papers [13-15].

All fires involving electrical cables release heat and combustion products into the environment.
The heat released has an adverse effect on building structures and, consequently, threatens the lives
and health of many people. The heat released during a fire involving electrical cables and organic
polymers has been examined in detail in scientific papers [16-18]. Combustion products adversely
affect the lives and health of people, as well as property (especially works of art and electronics).
The main adverse effects of the combustion products are their toxicity and the reduction in visibility.
Research into the toxicity of combustion products released during the pyrolysis of electrical cables
(and their polymer components) may be found in scientific papers [19-21]. Substantially less attention
has been paid to the study of the impact of fires in electrical cables on visibility in the area affected by
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the combustion products. At present, there is a lack of data on the production of smoke from electrical
cables. At the same time, there is no methodology available to assess the impact of an electrical cables
fire on the reduction in visibility in the area affected by the combustion products.

The visibility significantly influences the orientation of a person during an evacuation and thus
also the available safe escape time. In addition, visibility also affects the orientation of fire-fighters
and thus their actions during a fire (the search and rescue of people and fighting the fire). Visibility
generally depends on the dimensions and optical properties of the observed object. The observed
object can either emit or reflect light. The visibility of light-emitting objects increases with increasing
brightness. The visibility of light-reflecting objects increases with increasing reflectivity. In general,
objects which are illuminated are visible at a greater distance than reflective objects.

Visibility in a smoke-filled area is calculated using the Equation (2) derived by Jin [22] and detailed
in the scientific paper [23].

v = 1/kIn [L/(5c (0s/k) (E/m))], @

where v is the visibility of signs at the obstruction threshold (m), k is the smoke extinction coefficient
(1/m), L is the brightness of signs (cd/m?), & is the constant threshold of signs in smoke at the obscuration
threshold (-), o5 is the scattering coefficient (1/m) and E is the mean illuminance of illuminating light
from all directions in smoke (Im/m). The “(-)” sign means without unit.
The Technical Standard: IEC 60695-6-1:2005+AMD1:2010 CSV [24] specifies the Equation (2) in a
simplified form (3).
v=ylk, 3)

where 7 is the constant of proportionality between the visibility and the smoke extinction coefficient (-).

The Equations (2) and (3) are valid for a visibility distance calculation in the interval from
approximately 0.5 to 20 m.

The scientific paper [22] and the Technical Standard IEC 60695-6-1:2005+AMD1:2010 CSV [24]
recommend a constant of proportionality of y = 8 for light-emitting signs and a constant of
proportionality of y = 3 for light-reflecting signs. The extinction coefficient is calculated according to
the Equation (4), which is stated in the technical standard IEC 60695-6-1:2005+ AMD1:2010 CSV [24].
Similar equations are given in scientific papers [22,23,25].

k=S/V, (@)

where S is the smoke extinction area (m?) and V is the volume of smoke (m?).

The smoke extinction area is a basic parameter for each construction product or material which
cannot be calculated but is determined by experiment. The smoke extinction area is most often
measured using a cone calorimeter. The volume of smoke is given by the sum of the volume of the
smoke layer (in the fire compartment) and the volume of smoke exhausted from the fire compartment,
according to the Equation (5).

V = Vs + Vgo, &)

where Vg is the smoke layer volume (m?) and Vo is volume of the smoke exhausted out of the fire
compartment (m3).

The volume of the smoke layer, as well as the amount of smoke exhausted from the fire
compartment, depends on many parameters (the rate of heat release, the dimensions of the fire
compartment and the dimensions and mutual orientation of the openings in the fire compartment).
The detailed procedure for calculating the volume of the smoke layer and the smoke volume exhausted
from the fire department is specified in scientific papers [26-28].

To assess the impact of electrical cable fires on the reduction in visibility in the affected area, a new
approach has been developed in this study. This approach is based on the determination of a critical
ratio between the smoke volume (the sum of the smoke volume in the smoke layer and the smoke
volume exhausted from the fire compartment) and the length of the burning cable, which predicts
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a critical value of the reduction in visibility. This ratio reflects how many m?® of smoke should be
exhausted from the fire compartment per meter of burning cable to maintain the required visibility.
The length of burning electrical cables is given by the length of cables mounted on the surface in the
area or fire compartment. The smoke volume is calculated according to Equation (5). The critical
visibility value depends on the size of the area. Verification Method C/VM2:2014 [29] requires and
scientific paper [30] recommends a visibility of 10 m in smoke filled areas until the evacuation is
complete. Exceptions to this are spaces with a surface area of less than 100 m?, where C/VM2:2014 [29]
allows the visibility to drop to 5 m. However, different visibility limits are reported in selected scientific
works. The lowest level of visibility (1.2 m) is recommended by scientific paper [31]. Recommendations
from this reference [31] are still relevant. There have not been published studies that refute these
recommendations. This may be applied in spaces with a small floor area containing a small number of
people familiar with the premises (e.g., family houses). In these areas, however, electrical cables do
not represent a significant contribution to the fire load and thus do not significantly contribute to a
reduction in visibility. Scientific paper [23] provides more minimum visibility levels. The maximum
recommended value is 20 m. This should primarily be applied to very large areas (tunnels, airports,
bus and railway stations, metro stations, shopping centres and production halls) where visibility of
20 m is appropriate, not only during evacuation, but also during firefighting (good visibility in the
fire-affected area facilitates the activities of the fire brigades). The above-mentioned scientific papers
show that in the case of fire engineering, 1.2, 5, 10 and 20 m are considered as the critical visibility
values. The minimum visibilities recommended for different premises are illustrated in Table 1.

Table 1. Minimum visibilities recommended for different premises.

Visibility (m) Premises (-) Reference
12 Spaces with a small floor area [31]
5 Spaces with a surface area of less than 100 m? [29]
10 Most spaces [29]
20 Large areas (e.g., tunnels, airports, etc.) [23]

The proposed new method for the assessment of the impact of electric cable fire on visibility in a
confined space allows for the assessment and comparison of electrical cables in terms of their impact
on visibility during a fire. However, the significant benefit of the proposed new method is the fact that
the results may be directly used as an input into the calculation of the available safe escape time as
well as for the design of smoke and heat control systems or for the design of the openings to exhaust
fire products from the fire compartment.

Most European Union member states require (e.g., the Czech Republic and Slovakia) or recommend
(e.g., Germany and Spain) that surface mounted electrical cables in public areas with a high fire risk
(escape routes, kindergartens, nurseries, metro stations, railway stations, bus stations, road and rail
tunnels) should have fire reaction classes B2,, s1, d1, al. The purpose of the submitted scientific paper
is therefore to assess the impact of a fire involving the selected electrical cables (a cable that retains its
circuit integrity during a fire, power cables and signal cables) with fire reaction classes B2, s1, d1,
al on the visibility level in the area based on the determination of the critical ratio of smoke volume to
length of burning cable that reduces the visibility of illuminated and reflective signs to 20, 10, 5 and
1.2 m. Plan of the paper is determine of the ratio of smoke volume to length of burning cables with fire
reaction classes B2, s1, d1, and al that cause decrease of visibility below critical values. The plan is
also to assess whether there is a significant difference between different cables (with the same B2, s1,
d1, and al reaction to fire class) from the smoke extinction area per cable length point of view.

2. Materials and Methods

The time dependencies of the critical ratios of smoke volume to burning cable length was
determined for three types of cables with fire reaction classes B2¢,, s1, d1, and al, manufactured



Safety 2019, 5, 44 50f 16

and supplied by VUK]I, a.s., Slovakia. The electrical cables examined were marked CHKE-V J3x1.5
(hereinafter CHKE-V), CHKE-R J3x1.5 (hereinafter CHKE-R) and J-H(St)H 1 x 2 X 0.8 (hereinafter
J-H(St)H). The samples examined are shown in Figure 1.
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CHKE-V CHKE-R J-H(St)H

Figure 1. Examined cable samples: (1) Outer sheath, (2) Bedding, (3) Insulation, (4) Mica tape,
(5) Copper wire, (6) Aluminum foil, (7) Polyethylene terephthalate foil, (8) Drain wire.

The CHKE-V is a fixed power cable that is resistant to flame spread on the surface while maintaining
the integrity of the circuit for 60 min during a fire. It is used to supply electrical equipment that must
remain functional during a fire (e.g., evacuation lifts) in areas where there is a requirement to limit
flame spread over the surface of electric cables (nuclear power stations, rail and road tunnels, airports,
bus and railway stations, metro stations, schools and medical facilities). It consists of three copper
conductors with a nominal cross-section of 1.5 mm?. Each copper wire is wrapped in a mica-glass
tape and insulated using an ethylene-based polymer. The sheath of the cable is an ethylene-based
polymer. The bedding between the insulated copper conductors and the cable sheath is an ethylene
based polymer filled with metal hydroxides (Al(OH); and Mg(OH);) and chalk. The cable diameter is
9 mm. The nominal voltage rating of the CHKE-V electrical cable is 600 V AC (alternating current) or
1000 V DC (direct current).

The CHKE-R cable is a power cable designed for fixed installations, resistant to flame spread
over the surface. It is used to power electrical equipment that is not required to remain functional
during a fire (e.g., conventional electrical appliances) in areas where there is a requirement to limit
the spread of flame over the surface of electric cables (nuclear power stations, rail and road tunnels,
airports, bus and railway stations, metro stations, schools and medical facilities). It consists of three
copper conductors with a nominal cross-section of 1.5 mm? and is isolated using an ethylene-based
polymer. The sheath of the electric cable is an ethylene-based polymer. The bedding between the
insulated conductors and the cable sheath is an ethylene based polymer filled with metal hydroxides
(Al(OH)3; and Mg(OH),) and chalk. The cable diameter is 8 mm. The nominal voltage rating of the
CHKE-R electrical cable is 600 V AC or 1000 V DC.

The J-H(St)H cable is a signal cable for use in fixed installations. It is used to control electrical
devices and transmit electrical signals. It consists of two copper conductors with a nominal cross section
of 0.5 mm? and is isolated using an ethylene-based polymer. The insulated conductors are wrapped
in an aluminium shielding foil. The sheath of the cable is an ethylene-based polymer. The bedding
between the insulated conductors, wrapped in aluminium shielding film and the sheath, is filled with
an ethylene based polymer filled with metal hydroxides (AI(OH); and Mg(OH),) and chalk. The cable
diameter is 7.2 mm. The nominal voltage rating of J-H(St)H electrical cable is 225 V AC and DC.

The mass of the polymer and metal components per unit length of the electrical cables examined
is shown in Table 2.
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The critical ratio of smoke volume to burning cable length was determined for visibilities of
v =20, 10, 5 a 1.2 m for light-emitting signs (y = 8) and light-reflecting signs (y = 3). In the first step,
the extinction coefficients were calculated from Equation (3) for visibilities of v =20, 10,5a 1.2 m
and constants of proportionality vy = 8 and 3. In the second step, smoke volumes were calculated
from Equation (4). The extinction coefficients (calculated in step 1) were used in Equation (4) and the
smoke extinction areas were measured using a cone calorimeter. The smoke extinction areas used in
Equation (4) were calculated per meter for the electrical cables examined, resulting in critical ratios
for smoke volume to length of the samples examined, at which the visibility dropped to the defined
values (v =20, 10, 5 and 1.2 m).

Table 2. Mass of metal and polymer components per unit length of cable examined.

Cable Mass of Metal Components Mass of Polymer Components Total Mass
) (g/m) (g/m) (g/m)
CHKE-V 38 95 133
CHKE-R 38 73 111
J-H(SHH 12 59 71

Both the cone calorimeter and the test method complied with ISO 5660-1:2015 [32]. ISO 5660-1:2015
specifies the exact test procedure; the only test conditions that may be modified is the heat flux and the
sample orientation. Fire conditions are best simulated using a heat flux of 50 kW/m?. This is confirmed
by the majority of scientific papers, e.g., [33-35], that examined organic polymers on a cone calorimeter
using a heat flux of 50 kW/m2, and almost all scientific papers, e.g., [36-38], examined the natural
and organic polymers using a horizontal orientation. Also, most surface mounted electrical cables in
buildings are horizontally oriented. Therefore, in this study, the extinction area of the smoke released
per meter of cables was determined at a heat flux of 50 kW/m? with a horizontally oriented sample.

The basic scheme of the cone calorimeter is in Figure 2. The experiments have been done in the
Fire Testing Laboratory of the Slovak University of Technology in Bratislava, Faculty of Materials
Science and Technology in Trnava. The cone calorimeter was made and supplied by the Fire Testing
Technology, Ltd. (East Grinstead, UK). The photograph of used cone calorimeter and detail photograph
of tested cables in the sample holder are illustrated in Figure 3. Uncertainty of measured values (the
extinction area of smoke per sample length) was below 1% (based on uncertainty of the used cone
calorimeter components). All details regarding the cone calorimeter and testing procedure are in the
ISO 5660-1:2015 [32] standard.
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Figure 2. Basic scheme of cone calorimeter: (1) Scales, (2) Sample, (3) Cone heater, (4) Hood with
exhaust duct, (5) Extinction area of smoke measuring device.
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(a) (b)

Figure 3. Photograph of cone calorimeter and samples in holder: (a) Cone calorimeter, (b) Samples
in holder.

3. Results and Discussion

The smoke extinction areas determined for the electrical cables examined are shown in Table 3.
The data comparison in Tables 1 and 3 shows that the smoke extinction area is not a linear function of
the mass of the polymer components (despite the similar chemical composition), because the CHKE-V
cable has a higher mass of polymeric components per meter (Table 1) and a smaller smoke extinction
area (Table 3) than the CHKE-R cable. This is caused by the influence of the mass ratio of the metal
components (copper electric conductors) to the polymeric components on the heat transfer inside the
sample (during the exposure of the surface to the external heat flux from the cone emitter). Results
from scientific papers [39-41] show that the thermal conductivity of the sample (as well as the thermal
conductivity of the material under the sample) has a significant effect on the process and products
of combustion. Moreover, scientific paper [41] demonstrates the significant influence of the thermal
conductivity of the material under the sample (during cone calorimeter test) on the smoke extinction
area of natural and synthetic polymers. With an increase in the mass of polymer components (sheath,
insulation and bedding) per meter of the electrical cable, its thermal conductivity decreases. In this
respect, the results obtained (Tables 1 and 3) are in line with the results of scientific paper [41], according
to which the smoke extinction area of the smoke from polyethylene and polypropylene increases with
increasing thermal conductivity.

Few scientific papers have studied the determination of the extinction area for smoke released
from electrical cables, e.g., [42]. In the cited paper, [42], the smoke extinction area is determined for 25
different electrical cables using the methods, at that time valid, in IEC 60332-3-24:2000 [43] and EN
13823:2002 [44]. The cables examined in the scientific paper, [42], show smoke extinction areas from 1.5
to almost 1900 m2. The reason for the differences between the data in Table 3 and the data published
in scientific paper [42] is the fact that the presented scientific paper examines only non-halogenated
electric cables with B2,, s1, d1 and al fire reaction classes (the cables used in areas with the highest
risk to the lives and health of people), while the cited scientific paper, [42], examines various electrical
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cables. The second reason is that the smoke extinction areas in Table 3 are calculated per unit length
of cable. The smoke extinction area per unit length provides significantly more information and has
greater practical use, while the results in scientific paper [42] established using methods according
to [43,44] are practically impossible to calculate back to the unit length of cable. Hence a comparison of
the data obtained with that in the cited scientific work is complicated.

Table 3. Extinction area of smoke per meter of cable examined.

Time (s)/Cable (-) Extinction Area of Smoke per Sample Length (m?/m)
CHKE-V CHKE-R J-H(StHH

60 0.08 0.07 0.09
120 0.43 0.33 0.38
180 0.73 0.58 0.68
240 1.07 0.64 0.96
300 1.32 0.67 1.06
360 1.45 0.74 1.13
420 1.51 0.91 1.29
480 1.55 1.26 1.48
540 1.62 1.7 1.69
600 1.76 2.11 2.25
660 1.95 2.52 3.26
720 2.19 2.95 4.02
780 25 3.63 4.28
840 2.92 4.67 441
900 3.67 5.78 4.43
960 4.57 6.73 4.44
1020 5.44 722 4.44
1080 5.95 7.44 4.44
1140 6.13 7.51 4.44
1200 6.24 7.53 4.44
1260 6.3 7.54 4.44
1320 6.35 7.54 4.44
1380 6.37 7.54 4.44
1440 6.38 7.54 4.44
1500 6.39 7.54 4.44
1560 6.4 7.55 4.44
1620 6.41 7.55 4.44
1680 6.42 7.55 4.44
1740 6.43 7.55 4.44
1800 6.44 7.55 4.44

The critical ratios of smoke volume to burning cable length for the reduction of the visibility of
light-emitting signs and reflective signs, for values of 20, 10, 5 and 1.2 m are shown in Figures 4-6.

The evaluation of the influence of electric cable fire on visibility reduction through the critical
ratio of smoke volume to length of burning cable is the original methodology developed in this paper.
Therefore, papers with results, with which the data in Figures 4-6 could be compared, have not yet
been published. The values in Figures 4-6 were calculated from the data in Table 3 and are comparable
to the results from scientific paper [42]. However, the practical interpretation of Figures 46 is of
greatest importance. The critical ratio of smoke volume to length of cable (at a specific time interval)
represents the minimum volume, into which the smoke released from one meter of cable must be
dispersed (the sum of the volume of the smoke layer and the volume of smoke exhausted from the fire
compartment through windows, doors and artificial ventilation) to maintain the required visibility.
In the practical design for the fire safety of buildings, it is sufficient to know the length of surface
mounted electrical cables in the area, the required minimum visibility (most often at least 10 m),
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and the values in Figures 4-6 allow a simple calculation of the smallest amount of smoke that must be
exhausted from the fire compartment to maintain the required visibility.

Ratio of smoke dispersion
volumeto cable length (m3/m)

= N W BB O o
o o o o o o O

|

(a)

o

Visibility ——20m

500 1000 1500 2000
Time (s)

===5m = =12m

Ratio of smoke dispersion
volumeto cablelength (m3/m)

=N W R U o
© O O © © © ©O

{b)

o

Visibility —— 20 m

Time (s)

Smebim = =L

Figure 4. Critical ratios of smoke volume to length of the burning CHKE-V cable, by which the visibility
of signs drop to 20, 10, 5 and 1.2 m for: (a) light-emitting signs; (b) light-reflective signs.
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Figure 5. Critical ratios of smoke volume to length of the burning CHKE-R cable, by which the visibility

of signs drop to 20, 10, 5 and 1.2 m for: (a) light-emitting signs; (b) light-reflective signs.
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Figure 6. Critical ratios of smoke volume to length of the burning J-H(St)H cable, by which the visibility
of signs drop to 20, 10, 5 and 1.2 m for: (a) light-emitting signs; (b) light-reflective signs.

In Figures 4-6, approximately over the time interval of 600 to 1000 s (Figure 4), from 600 to 1000 s
(Figure 5) and from 500 to 700 s (Figure 6), there is a very rapid increase in the critical ratio of smoke
volume to length of the burning cable. The cause of this rapid increase is that the outer sheath is
burnt through and the subsequent burning (thermal decomposition) of the filling and insulation of the
electrical conductors. Figures 4-6 also show that after approximately 700 s (Figure 6), 1000 s (Figure 5)
and 1200 s (Figure 4), the critical ratio of smoke volume to burning cable length is practically constant.
This is caused by the practically complete burnout of the polymer components of the cables (virtually
no additional smoke is released).

In most areas the Verification Method C/VM2:2014 [29] requires a visibility of 10 m during a fire
until the evacuation is completed. The maximum allowed evacuation time in most areas does not
exceed 10 min. Figures 4-6 show that, in order to meet these requirements for reflective signs, it is
necessary to ensure the removal of approximately 6 m> of smoke (CHKE-V), 7 m® (CHKE-R) 7.5 m3
(J-H (St) H) from the fire compartment per meter of cable length. To ensure the required visibility of
light-emitting signs, it is necessary to ensure the removal of approximately 2.2 m3 of smoke (CHKE-V),
2.6 m3 (CHKE-R) 2.8 m3 (J-H(St)H) from the area per meter of cable. Since the differences among the
examined electric cables are relatively small, it is possible to conclude from the obtained data that in
order to maintain visibility of reflective signs, for a fire with halogen-free cables with diameters in the
range of 7-10 mm and a fire class of B2¢,, s1, d1, al, it is necessary to ensure total smoke removal (in the
time interval from 0 to 600 s) of at least 7.5 m® per meter of cable length. To ensure that light-emitting
signs are visible at 10 m during a fire with the same electric cables, over the same time interval, it is
necessary to ensure smoke removal from the fire compartment of at least 2.8 m® per meter of cable.
However, in smoke and heat control systems design, the nonlinear nature of the time dependence of
the critical ratio of smoke volume to the length of burning cable must be considered (Figures 4-6).

In addition to evacuation, visibility is also an important factor in extinguishing the fire.
The duration of fire extinguishing operations is normally 30 min. Figures 4-6 show that in order
to maintain visibility of reflective signs, it is necessary to provide smoke removal from the area of
approximately 21.5 m3 (CHKE-V), 25 m® (CHKE-R) or 15 m? (J-H(St)H) per meter of cable. In order to
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maintain the stated visibility with light-emitting signs, it is necessary to provide smoke removal from
the area of approximately 8 m® (CHKE-V), 9.5 m® (CHKE-R) or 5.5 m® (J-H(St)H) per meter of cable.
At the 30-min interval, therefore, the difference between the power cables (CHKE-V and CHKE-R) and
the signal cable (J-H(st)H) is quite pronounced. This is probably due to the lower mass of polymer
components per unit length in the J-H(St)H signal cable compared to the CHKE-V and CHKE-R power
cables (Table 1).

For practical application of data in Figures 46 it is needed to know the flame spread rate over
cables surface. However, investigated cables have been classified as B2.,. Cables with this classification
virtually not spread flame during pre-flashover phase (they only burn on their surface that is directly
exposed to the fire—it is one of the condition for classification to this class). Another case is a flashover.
After flashover the cables start burning over their entire surface immediately. Second possible scenario
is ignition by the Joule heating (overhead). Entire surface of overloaded electrical cable will start
burning immediately in this case.

Application to Selected Fire Scenario

Obtained data are applied to selected fire scenario. In this scenario five investigated cables (one
next to another) are installed under ceiling of production hall. The dimension of production hall is
20 x 10 x 8 m. Windows and doors are closed. The production hall is in Figure 7. All cables are ignited
by Joule heating (overload). Total length of cables is 5 x 20 = 100 m.
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Figure 7. Scheme of production hall used in scenario: (1) Door, (2) Production hall, (3) Electrical cables.

The smoke layer height (measured from smoke layer border and ceiling) was calculated according
to Equation (6) [26].

zi = H — [(0.076:0.7Y3-a3)/(A)-(2/(n + 3))-t1 + 3 4 (1/H3)] 7372, (6)

where zp; is the smoke layer height measured from smoke layer border to ceiling (m), H is the fire
compartment height (m), « is the fire growth coefficient (kW/s?)—for this scenario it is 0.003 kW/s?,
A is the fire compartment area (m?), 1 is coefficient of fire type (-)—for t-quadratic fire it is 2 and ¢ is
time after time ignition (s).

Equation (6) proves that smoke volume is not a material parameter, but is determined by geometry
of the fire compartment. Material parameter is extinction area of smoke.

From smoke layer height the smoke volume (as product of smoke layer height and fire compartment
area) was calculated. The results are in Table 4. From data in Table 4 and in Figures 4-6 or from data in
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Table 3 was calculated smoke extinction coefficient according to Equation (4). Values of the smoke
extinction coefficient are in Table 5. Visibilities during selected fire scenario are in Table 6.

Data in Table 6 prove that between electrical cables classified to the same fire class (B2, s1, d1,
and al) are significant differences from visibility, during the same fire scenario, point of view. Therefore,
only fire class of the electrical cable should not be sufficient for comprehensive fire risk assessment of
the electrical cable. The exact value of the smoke extinction area of the electrical cable should be taken
into consideration for this purpose.

Table 4. Smoke layer height and smoke volume for selected fire scenario.

Time (s) Smoke Layer Height (m) ~ Smoke Layer Volume (m?3)

60 3.37 673.7
120 4.03 805.9
180 473 945.5
240 5.35 1070.3
300 5.87 1173.6
360 6.28 1256.0
420 6.60 1320.7
480 6.86 1371.4
540 7.06 1411.1
600 7.21 1442.5
660 7.34 1467.5
720 7.44 1487.5
780 7.52 1503.8
840 7.59 1517.0
900 7.64 1527.9
960 7.69 1537.0

1020 7.72 1544.6
1080 7.76 1551.0
1140 7.78 1556.5
1200 7.81 1561.1
1260 7.83 1565.1
1320 7.84 1568.6
1380 7.86 1571.6
1440 7.87 1574.2
1500 7.88 1576.5
1560 7.89 1578.5
1620 7.90 1580.3
1680 791 1581.9
1740 792 1583.3
1800 7.92 1584.6

Table 5. Smoke extinction coefficients for selected fire scenario.

Time (s)/Cable (-) Smoke Extinction Coefficient (m~1)
CHKE-V CHKE-R J-H(SHH
60 0.012 0.010 0.013
120 0.053 0.041 0.047
180 0.077 0.061 0.072
240 0.100 0.060 0.090
300 0.112 0.057 0.090
360 0.115 0.059 0.090
420 0.114 0.069 0.098
480 0.113 0.092 0.108
540 0.115 0.120 0.120
600 0.122 0.146 0.156
660 0.133 0.172 0.222
720 0.147 0.198 0.270

780 0.166 0.241 0.285
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Table 5. Cont.

Time (s)/Cable (-) Smoke Extinction Coefficient (m~1)
CHKE-V CHKE-R J-H(StH
840 0.192 0.308 0.291
900 0.240 0.378 0.290
960 0.297 0.438 0.289
1020 0.352 0.467 0.287
1080 0.384 0.480 0.286
1140 0.394 0.483 0.285
1200 0.400 0.482 0.284
1260 0.403 0.482 0.284
1320 0.405 0.481 0.283
1380 0.405 0.480 0.283
1440 0.405 0.479 0.282
1500 0.405 0.478 0.282
1560 0.405 0.478 0.281
1620 0.406 0.478 0.281
1680 0.406 0.477 0.281
1740 0.406 0.477 0.280
1800 0.406 0.476 0.280

Table 6. Light-emitting and reflective signs visibilities for selected fire scenario.

Time (s)  Visibility of Light-Emitting Signs (m)  Visibility of Reflective Signs (m)
Cable () CHKE-V CHKE-R J-H(StYH  CHKE-V CHKE-R J-H(SHH

60 >20 >20 >20 >20 >20 >20
120 >20 >20 >20 >20 >20 >20
180 >20 >20 >20 >20 >20 >20
240 >20 >20 >20 >20 >20 >20
300 >20 >20 >20 >20 >20 >20
360 >20 >20 >20 >20 >20 >20
420 >20 >20 >20 >20 >20 >20
480 >20 >20 >20 >20 >20 >20
540 >20 >20 >20 >20 >20 >20
600 >20 >20 >20 >20 >20 19.23
660 >20 >20 >20 >20 17.47 13.50
720 >20 >20 >20 >20 15.13 11.10
780 >20 >20 >20 18.05 12.43 10.54
840 >20 >20 >20 15.59 9.75 10.32
900 >20 >20 >20 12.49 7.93 10.35
960 >20 18.27 >20 10.09 6.85 10.39
1020 >20 17.11 >20 8.52 6.42 10.44
1080 >20 16.68 >20 7.82 6.25 10.48
1140 >20 16.58 >20 7.62 6.22 10.52
1200 >20 16.59 >20 7.51 6.22 10.55
1260 19.87 16.61 >20 7.45 6.23 10.58
1320 19.76 16.64 >20 741 6.24 10.60
1380 19.74 16.67 >20 7.40 6.25 10.62
1440 19.74 16.70 >20 7.40 6.26 10.64
1500 19.74 16.73 >20 7.40 6.27 10.65
1560 19.73 16.73 >20 7.40 6.27 10.67
1620 19.72 16.75 >20 7.40 6.28 10.68
1680 19.71 16.76 >20 7.39 6.29 10.69
1740 19.70 16.78 >20 7.39 6.29 10.70
1800 19.68 16.79 >20 7.38 6.30 10.71

4. Conclusions

This paper examines an important safety aspect of electrical cables the impact of fire on the
visibility in the affected area, which are currently an irreplaceable element of energetics. The study
provides a new method for the assessment of the impact of an electric cable fire on visibility in an area.
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This method assesses the impact of fire in electrical cables on visibility based on the critical smoke
volume ratio (the sum of the smoke volume in the smoke layer and the volume of smoke removed
from the fire compartment) to burning cable length, at which the visibility is reduced to a defined
limit (most often 10 m). The advantages of this method are its independence of the dimensions and
geometry of the area, in which the reduction in visibility is evaluated, as well the independence of the
length and characteristics of the evaluated electrical cables and the optical properties (reflectivity or
brightness) of the signs and the simple practical application of the data thus obtained.

This approach is used to assess the impact of three non-halogen (two power and one signal)
electrical cables with diameters from 7 to 9 mm and with B2.,, s1, d1, and al fire reaction classes on the
visibility in the area. In the first ten minutes, the cables examined showed only minimal differences in
the critical ratio of smoke volume to length of burning cable. To ensure visibility of 10 m (for the first
10 min) for reflective signs, it is necessary to remove at least 8 m> of smoke per meter of length of cables
from the fire compartment. To ensure the same visibility over the same time interval for light-emitting
signs at least 2.8 m? of smoke per meter of cable should be exhausted from the fire compartment. After
30 min, the differences between the power cables and the signal cable are noticeable as the signal
cable shows a significantly smaller critical ratio of smoke volume to length of burning cable than the
power cables. The time dependence of the critical ratio of smoke volume to burning cable length for
all the electrical cables examined is non-linear (with the maximum increase over the time interval of
approximately 500-1000 s).
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Constant of Proportionality Between the Visibility and the Smoke Extinction Coefficient (-)
Constant Threshold of Signs in Smoke at the Obscuration Threshold (-)
Scattering Coefficient (1/m)

Smoke Extinction Coefficient (1/m)

Visibility of Signs at the Obstruction Threshold (m)

Mean Illuminance of Illuminating Light from all Directions in Smoke (Im/m)
Electrical Current Through Conductor (A)

Brightness of Signs (cd/m?)

Joule heating (W)

Resistance of Electrical Conductor ()

Smoke Extinction Area (m?)

& &

Volume of Smoke (m?)
Volume of the Smoke Exhausted Out of the Fire Compartment (m3)
SL Smoke Layer Volume (m3)

~ < <WwRTYD—=ma =
les]
@]

References

1. Nguyen, T.A.; Basiri, A.; Shupp, ].W.; Pavlovich, A.R; Jordan, M.H.; Sanford, Z.; Ramella-Roman, C. A Novel
Model of Skin Electrical Injury. In Proceedings of the 26th Southern Biomedical Engineering Conference,
College Park, MD, USA, 30 April-2 May 2010; Herold, K.E., Bentley, W.E., Vossoughi, J., Pavlovich, A.R.,
Eds.; Springer: Berlin, Germany, 2010.

2. Salehi, S.H.; Fatemi, M.].; Asadi, K.; Shoar, S.; Ghazarian, A.D.; Samimi, R. Electrical injury in construction
workers: A special focus on injury with electrical power. Burns 2014, 40, 300-304. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.burns.2013.05.019
http://www.ncbi.nlm.nih.gov/pubmed/23816398

Safety 2019, 5, 44 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

Cole, K.D,; Cetin, B. Modeling of Joule heating and convective cooling in a thick-walled micro-tube. Int. J.
Therm. Sci. 2017, 119, 24-36. [CrossRef]

Ruan, J.; Zhan, Q.; Tang, L.; Tang, K. Real-time temperature estimation of three-core medium-voltage cable
joint based on support vector regression. Energies 2018, 11, 1405. [CrossRef]

Adi, N.; Vu, TT.N,; Teyssedre, G.; Baudoin, F,; Sinisuka, N. DC model cable under polarity inversion and
thermal gradient: Build-up of design-related space charge. Technologies 2017, 5, 46. [CrossRef]

Fassarela, J.E.V.; Fortes, M.Z.; Sotelo, G.G. Measurement, evaluation and proposed solution for power
distribution arrangements with electrical cables in parallel. Measurement 2018, 119, 196-204. [CrossRef]
Hooshmand, P; Gatabi, H.R.; Bagheri, N.; Pirzadeh, I.; Hesabi, A.; Jamalabadi, M.Y.A.; Oveisi, M. Numerical
study of the magnetic field effects on the heat transfer and entropy generation aspects of a power law fluid
over an axisymmetric stretching plate structure. Entropy 2017, 19, 94. [CrossRef]

Duong, T.T; Tung, T.; Tanaka, H.; Tsuzuki, N.; Kawai, H.; Kikura, H. Effect of cooling temperature of
electrodes on Joule-heating flow in cubic cavity. Prog. Nucl. Energy 2015, 82, 165-175. [CrossRef]

Kim, S.H.; Lee, KW. Numerical approach to joule heating analysis for electrical parts using MSC Marc.
J. Mech. Sci. Technol. 2015, 29, 2081-2087. [CrossRef]

Zope, 1.S.; Dasari, A.; Yu, Z.Z. Influence of polymer-clay interfacial interactions on the ignition time of
polymer/clay nanocomposites. Mater 2017, 10, 935. [CrossRef]

Courty, L.; Garo, J.P. External heating of electrical cables and auto-ignition investigation. . Hazard. Mater.
2017, 321, 528-536. [CrossRef]

Gong, T.; Xie, Q.; Huang, X. Fire behaviors of flame-retardant cables part I: Decomposition, swelling and
spontaneous ignition. Fire Saf. ]. 2018, 95, 113-121. [CrossRef]

Gallucci, R.H.V.; Metzger, B. Statistical characterization of heat release rates from electrical enclosure fires for
nuclear power plant applications. Fire Technol. 2017, 53, 1249-1271. [CrossRef]

Naef, R. A Generally applicable computer algorithm based on the group additivity method for the calculation
of seven molecular descriptors: Heat of combustion, LogPow, LogS, refractivity, polarizability, toxicity and
LogBB of organic compounds; scope and limits of applicability. Molecules 2015, 20, 8279. [CrossRef]
Polansky, R.; Polanska, M. Testing of the fire-proof functionality of cable insulation under fire conditions via
insulation resistance measurements. Eng. Fail. Anal. 2015, 57, 334-349. [CrossRef]

Shi, L.; Chew, M.Y.L.; Novozhilov, V.; Joseph, P. Modeling the pyrolysis and combustion behaviors of
non-charring and intumescent-protected polymers using firescone. Polymers 2015, 7, 1979-1997. [CrossRef]
Xie, Q.; Zhang, H.; Tong, L. Experimental study on the fire protection properties of PVC sheath for old and
new cables. |. Hazard. Mater. 2015, 179, 373-381. [CrossRef]

Coutin, M.; Plumecocq, W.; Melis, S.; Audouin, L. Energy balance in a confined fire compartment to assess
the heat release rate of an electrical cabinet fire. Fire Saf. . 2012, 52, 34-45. [CrossRef]

Martinka, J.; Rantuch, P.; Sulova, J.; Martinka, F. Assessing the fire risk of electrical cables using a cone
calorimeter. J. Therm. Anal Calorim. 2018, 135, 3069-3083. [CrossRef]

Wang, Z.; Wei, R.; Wang, X.; He, J.; Wang, ]. Pyrolysis and combustion of polyvinyl chloride (PVC) sheath for
new and aged cables via thermogravimetric analysis-Fourier transform infrared (TG-FTIR) and calorimeter.
Materials 2018, 11, 1997. [CrossRef]

Huggett, C.; Levin, B.C. Toxicity of the pyrolysis and combustion products of poly(vinyl chlorides):
A literature assessment. Fire Mater. 1987, 11, 131-142. [CrossRef]

Jin, T. Visibility through fire smoke. ] Fire Flammabl. 1978, 9, 135-157.

Yamada, T.; Akizuki, Y. Visibility and human behavior in fire smoke. In SFPE Handbook of Fire Protection
Engineering, 5th ed.; Hurley, M.]., Ed.; Springer: New York, NY, USA, 2016; Volume 1, pp. 2181-2206.

IEC 60695-6-1:2005+ AMD1:2010 CSV. Fire Hazard Testing. Part 6-1: Smoke Obscuration - General Guidance,
2nd ed.; International Electrotechnical Commission: Geneva, Switzerland, 2010; 84p.

Yamada, T.; Kubota, K.; Abe, N.; Iida, A. Visibility of Emergency Exit Signs and Emergency Lights Through
Smoke. In Proceedings of the 6th Asia-Oceania Symposium of Fire Safety Science and Technology, Daegu,
Korea, 17-20 March 2004; International Association for Fire Safety Science: London, UK, 2004; pp. 560-569.
Kucera, P; Kaiser, R.; Pavlik, T.; Pokorny, J. Methodical Proceeding of Different Way of Realizing Technical
Conditions of Fire Safety, 1st ed.; SPBI: Ostrava, Czech Republic, 2008; 204p.

Karlsson, B.; Quintiere, ].G. Enclosure Fire Dynamics, 1st ed.; CRC Press: Boca Raton, FL, USA, 2000; 336p.


http://dx.doi.org/10.1016/j.ijthermalsci.2017.05.010
http://dx.doi.org/10.3390/en11061405
http://dx.doi.org/10.3390/technologies5030046
http://dx.doi.org/10.1016/j.measurement.2018.01.056
http://dx.doi.org/10.3390/e19030094
http://dx.doi.org/10.1016/j.pnucene.2014.07.042
http://dx.doi.org/10.1007/s12206-015-0429-y
http://dx.doi.org/10.3390/ma10080935
http://dx.doi.org/10.1016/j.jhazmat.2016.09.042
http://dx.doi.org/10.1016/j.firesaf.2017.10.005
http://dx.doi.org/10.1007/s10694-016-0633-z
http://dx.doi.org/10.3390/molecules201018279
http://dx.doi.org/10.1016/j.engfailanal.2015.08.001
http://dx.doi.org/10.3390/polym7101495
http://dx.doi.org/10.1016/j.jhazmat.2010.03.015
http://dx.doi.org/10.1016/j.firesaf.2012.05.002
http://dx.doi.org/10.1007/s10973-018-7556-5
http://dx.doi.org/10.3390/ma11101997
http://dx.doi.org/10.1002/fam.810110303

Safety 2019, 5, 44 16 of 16

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Klote, J.H. Smoke control. In SFPE Handbook of Fire Protection Engineering, 5th ed.; Hurley, M.]., Ed.; Springer:
New York, NY, USA, 2016; Volume 1, pp. 1785-1823.

C/VM2:2014. Verification Method: Framework for Fire Safety Design, 4th ed.; Ministry of Business, Innovation &
Employment of New Zealand: Wellington, New Zealand, 2014; 74p.

Rasbash, D.J. Sensitivity Criteria for Detectors used to Protect Life. In Proceedings of the 7th International
Seminar on Problems of Automatic Fire Detection, Aachen, Germany, 23-24 October 1975; Tech Hoch:
Aachen, Germany, 1975; pp. 137-154.

Kingman, EE.T. The products of combustion in burning buildings. J. Appl. Chem. 1953, 3, 463-468. [CrossRef]
ISO 5660-1:2015. Reaction to fire tests. Heat Release, Smoke Production and Mass Loss Rate. Part 1: Heat Release
Rate (Cone Calorimeter Method) and Smoke Production Rate (Dynamic Measurement), 3rd ed.; International
Organization for Standardization: Geneva, Switzerland, 2015; 55p.

Gunther, M.; Lorenzetti, A.; Schartel, B. Fire phenomena of rigid polyurethane foams. Polymers 2018, 10, 1166.
[CrossRef] [PubMed]

Barabad, M.L.M.; Jung, W.; Versoza, M.E.; Kim, M.; Ko, S.; Park, D.; Lee, K. Emission characteristics of
particulate matter, volatile organic compounds, and trace elements from the combustion of coals in Mongolia.
Int. J. Environ. Res. Public. Health 2018, 15, 1706. [CrossRef] [PubMed]

Wang, Z.; Shen, X.; Qian, T.; Wang, J.; Sun, Q.; Jin, C. Facile fabrication of a PDMS@Stearic acid-kaolin
coating on lignocellulose composites with superhydrophobicity and flame retardancy. Materials 2018, 11, 727.
[CrossRef] [PubMed]

Malkappa, K.; Bandyopadhyay, J.; Ray, S.S. Thermal degradation characteristic and flame retardancy of
polylactide-based nanobiocomposites. Molecules 2018, 23, 2648. [CrossRef] [PubMed]

Yin, L; Jiang, Y.; Qiu, R. Combustion behaviors of CIGS thin-film solar modules from cone calorimeter tests.
Materials 2018, 11, 1353. [CrossRef]

Zhu, S.E.; Wang, L.L.; Chen, H.; Yang, W.; Yuen, A.C.Y.; Chen, T.B.Y.; Luo, C.; Bi, WM.; Hu, E.Z; Zhang, ].;
et al. Comparative studies on thermal, mechanical, and flame retardant properties of PBT nanocomposites
via different oxidation state phosphorus-containing agents modified amino-CNTs. Nanomaterials 2018, 8, 70.
[CrossRef]

Schartel, B.; Bartholmai, M.; Knoll, U. Some comments on the use of cone calorimeter data. Polym. Degrad.
Stab. 2005, 88, 540-547. [CrossRef]

Carvel, R;; Steinhaus, T.; Rein, G.; Torero, J.L. Determination of the flammability properties of polymeric
materials: A novel method. Polym. Degrad. Stab. 2011, 96, 314-319. [CrossRef]

Martinka, J. Cone Calorimeter Application on the Comprehensive Research of Fire Risk of Selected Organic
Polymers and Combustible Liquids. Habilitation Thesis, Slovak University of Technology in Bratislava,
Bratislava, Slovakia, 26 May 2016.

Breulet, H.; Steenhuizen, T. Fire testing of cables: Comparison of SBI with FIPEC/Europacable tests.
Polym. Degrad. Stab. 2005, 88, 150-158. [CrossRef]

IEC 60332-3-24:2000. Tests on Electric Cables under Fire Conditions. Part 3-24: Test for Vertical Flame Spread of
Vertically-mounted Bunched Wires or Cables: Category C, 1st ed.; International Electrotechnical Commission:
Geneva, Switzerland, 2000; 25p.

EN 13823:2002. Reaction to Fire Tests for Building Products: Building Products Excluding Floorings Exposed to the
Thermal Attack by a Single Burning Item, 1st ed.; European Committee for Standardization: Brussels, Belgium,
2002; 98p.

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/jctb.5010031005
http://dx.doi.org/10.3390/polym10101166
http://www.ncbi.nlm.nih.gov/pubmed/30961091
http://dx.doi.org/10.3390/ijerph15081706
http://www.ncbi.nlm.nih.gov/pubmed/30096940
http://dx.doi.org/10.3390/ma11050727
http://www.ncbi.nlm.nih.gov/pubmed/29751575
http://dx.doi.org/10.3390/molecules23102648
http://www.ncbi.nlm.nih.gov/pubmed/30332755
http://dx.doi.org/10.3390/ma11081353
http://dx.doi.org/10.3390/nano8020070
http://dx.doi.org/10.1016/j.polymdegradstab.2004.12.016
http://dx.doi.org/10.1016/j.polymdegradstab.2010.08.010
http://dx.doi.org/10.1016/j.polymdegradstab.2004.01.031
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

