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Abstract: With the development of the social economy and the improvement of electrification, cables
and wires play an important role in people’s lives and industrial development. Meanwhile, the large-
scale laying of cables has also made them a fire hazard that cannot be ignored in land construction
such as residential buildings, utility tunnels, nuclear power plants, refineries, marine systems such
as submarines and ships, and airborne systems such as spacecrafts and aircrafts. In this work,
studies on fire the characteristics of cables and wires over the last decades have been reviewed.
Based on different experimental forms and objects (laboratory wires and commercial cables), this
paper summarizes the theories of the fire dynamics in wire combustion, including the models of
ignition and flame propagation, the criteria for blowing off and quenching, and the critical conditions
for dripping behavior. The effects of materials, layouts, and environments on wire combustion
phenomena such as airflow, ambient pressure, oxygen, gravity, and orientation angle have been
discussed in detail according to the theories of heat transfer and combustion. In addition, test
standards and studies on the fire behavior and release of toxic gases of commercial cables have also
been fully described. Through the summary of the above content, it is expected to build a preliminary
theoretical framework and future research directions for researchers in the field of cable fires.

Keywords: fire characteristics; cable; laboratory wire; fire models

1. Introduction

In the face of the current socio-economic development situation, the demand for cables
in the fields of electric power transportation and information transmission is increasing, es-
pecially in power supply systems, nuclear power stations, utility tunnel systems, and other
industrial and mining enterprises. The use of cables is significant. As the lifeblood of na-
tional power and communication, the large number of combustible components contained
in the cable itself make it a fire safety hazard. According to the U.S. Fire Administration
statistics, the estimate of residential building fires due to electrical malfunction was over
20,000 per year for the 10-year period of 2012 to 2021 [1]. In the event of a fire in a place
where a large number of cables are laid, the potential hazards brought by it are mainly
manifested in the following aspects [2,3]:

e  First, the cable sheath and insulating materials are flammable, which can be ignited in
high-temperature situations;

e  Secondly, under good ventilation conditions, cable fires can accelerate their spread
along the cables. Due to the fact that cables are mostly connected to important places,
once a fire spreads to important places, the loss is significant;

e  Third, the burning process of cables can release toxic and corrosive gases such as
hydrogen chloride and carbon monoxide, which can cause significant damage to
people and equipment;

e  Fourth, the process of cable burning is often accompanied by a large amount of smoke,
greatly affecting the escape and rescue work.

Fire 2024, 7, 186. https:/ /doi.org/10.3390/ fire7060186 1
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Since the cable fire accident of the Browns Ferry nuclear power plant in 1975, scholars
have gradually begun to pay attention to the fire characteristics of cables, but have been
more inclined to industrial testing. Until the early 1980s, Bakhman et al. [4,5] began to use
PMMA and PE-wrapped copper and glass rods as simplified laboratory wires to study
the phenomenon of wire combustion. After that, Fernandez-Pello et al. [6] used a ther-
mogravimetric analyzer and an experimental apparatus consisting of a gas-fired radiant
panel, a specimen holder frame to study the ignition delay time and flame propagation
rate of several different wires under different external radiation effects. They classified
these types of wires into fire risk levels based on their combustion performance and flame
propagation ability. At the same time, Tewarson, A. et al. [7] and Babauskas, V. et al. [8]
also conducted studies on the fire behavior and test methods of commercial cables. During
this period, few scholars used the method proposed by Bakhman to study the combustion
behavior of wires until the late 1990s. Since 1998, domestic and foreign scholars have
re-used laboratory wires to conduct a large number of studies on the ignition [8-17], propa-
gation [18-75], extinction [18-25], and dripping [18,20,21,33,45,48,50,52,71,76,77] behaviors
of wires, as well as the impact of environmental factors and wire configuration in wire
combustion. In addition to the bench-scale laboratory wire fire tests and the small-scale
commercial cable tests such as the FPA (fire propagation apparatus) and cone calorimeter
mentioned above, medium- and large-scale experiments also run through the development
of cable fire research, providing many simulation methods and empirical formulas for
real-world cable fire behavior [2,3,78-112]. The above-mentioned studies will be elaborated
in Sections 2 and 3.

After decades of development, research on the behavior of cable and wire fires has
yielded significant results. Therefore, this work will systematically summarize the research
results of many scholars over the past decades based on different experimental scales and
experimental objects in the hope of establishing a relatively complete research framework
and summarizing the issues to be resolved.

2. Wire Combustion Characteristics

In wire fire experiments, coaxial peeled wires or self-made wires are widely used,
which are only composed of an insulating layer and a wire core. Commonly used insula-
tion and wire core materials are polyethylene (PE), ethylene-tetrafluoro-ethylene (ETFE)
and copper (Cu), iron (Fe), nickel-chromium alloy (NiCr), aluminum (Al), and stainless
steel (SS).

The research on wire fires is usually divided into different categories according to its
development process: ignition, flame propagation, melt and drip, extinction. Therefore, the
above research sites are reviewed separately in the following paragraphs, and the effects
of environmental factors and wire configurations on different combustion processes are
also discussed.

2.1. Ignition

Compared with other polymer fuels, due to the unique nature of the wire core, there
are three ignition models for wires:

(1) Piloted ignition under external heat sources like other fuels [113];
(2) Spontaneous combustion of the insulation layer caused by overcurrent [8,13,14,16];
(3) Arcignition [114].

2.1.1. Piloted Ignition by External Heating

The external heat source ignition process is usually as follows: The external heat
source heats the insulation. When the insulation surface temperature rises to the pyrolysis
temperature, the surface precipitates the pyrolysis gas and mixes with the air. As the
mixture reaches the ignition limit, it is ignited when encountering a hot surface, hot spot,
spark, or flame. The typical external heat source ignition phenomenon is shown in Figure 1.
As shown in Figure 1, for different insulation materials, there are differences in the form of



Fire 2024, 7, 186

the flame after piloted ignition. The flame of polyethylene insulation after being ignited
by an external heat source is usually presented as a candle-like stable flame, while it is
presented as a multi-point jet flame with insulation shrinkage and swelled for polyvinyl
chloride insulation. This is because the surface of PVC insulation will be charred when it
is heated, while PE insulation will not. A similar combustion phenomenon was found in
Gong's research [115], reporting that the PVC sheath under external heating swelled and
shrank under five stages before being ignited: inert, fluctuation, rapid swelling, shrinkage,
end stable, and a flame appearing as a jet flame.

WY

Figure 1. Ignition phenomenon of the NiCr-PE wire (d. = 0.7 mm, 8p =0.15 mm). Reprinted from

Ref. [15] with the permission of Elsevier.

There are usually three heat transfer protocols in the piloted ignition process of wire
due to external heating:

(1) The external radiation directly heats the insulation layer, and the core acts as a heat
sink [15,34,116];

(2)  External radiation directly heats the core, and the core acts as heat source [10,15];

(3) Internal Joule heat and external radiation joints heat the insulation [12,75].

Under this ignition mode, the following assumptions can be made [15]:

(1) The contact thermal resistance between the insulation layer and the wire core are
ignored;

(2) The materials are isotropic;

(3) The phase transitions and deformations are ignored;

(4) The radial heat transfer is ignored.

Based on the above assumptions, a one-dimensional heat transfer model can be estab-
lished. The energy conservation equation of the insulation and the core are as follows [117]:

oT, P*T. .
pCCCACT; = kcAcW; + q]‘ - qcp (1)
oT, o°T,
P P o
ppc,,Ap? = kpApsz +27ryq,, + ep 2)

where x is along the wire axis, and p, ¢, A, T, and k are the density, specific heat, cross-
section area, temperature, and thermal conductivity, respectively. The subscripts p and
c represent the insulation and the metal core. q]/ represents the Joule heating, which can

be calculated by q; = I’R. qu represents the heat conduction between the core and the

wire. (), represents the external radiation heat flux. The dot and apostrophe of the physical
quantities mentioned in this article indicate only the variable in time and space.

The three heat transfer protocols have different boundary conditions, and the forms of
Equations (1) and (2) will also change.

For protocol (1), Joule heat needs to be removed first, and secondly, the core acts as
a heat sink, so the heat conduction value is negative. In this case, the energy required
for pyrolysis and ignition comes from the net heat flux, which is the external heat flux
minus the heat conduction of the insulation to the core. When the external heat source with
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length L is heated locally, there is a critical heat flux for the piloted ignition of the wire as
follows [15,75]:

-1 -1 rC
Der,crt = Qjoss T Z(TIS - T°°)

©)

where T, and T represent the ignition temperature and the wire balance temperature.
q;’o <5 represents the heat loss from the wire surface in the heating zone.

When the external heating is global, the prediction model of ignition delay time under
the global external heating can be derived by referring to the classical thermally thin solid
ignition model [10,113] as follows:

tz‘g = tpy + bix + Echem = tpy = w (4)
Tnet

where Y (0cA) = (pcA), + (pcA),, Tpy is the pyrolysis temperature of the insulation, and
(et is the net heat flux. tpy, tyiy, and t g, represent the pyrolysis time, the mixing time,
and the gas-phase chemical time, respectively. If there is a piloted source such as a laser
spark, electrical spark, flame, or hot surface that is close to the gas mixture, ¢, and t .,
are usually much smaller than t,,. Hence, the ignition delay time of the piloted ignition
is usually characterized by the pyrolysis time, while the gas-phase kinetic effects can
be ignored.

As for Protocols (2) and (3), the difference mainly lies in the source of the net heat flux.
For the former, §,,,, mainly comes from the difference between the heat conduction of the
core and the heat loss of the outer surface of the insulation, while for the latter, it is from
the joint heating of the internal and external heat sources.

Figure 2 shows two examples (external coil heat and external radiation with laser
spark) of the ignition delay time changing with the external heating [10,15]. As shown
in Figure 2, the core material, insulation size, internal current, external heat flux, and
environment conditions (oxygen and gravity conditions) all affect the ignition delay time
of the wire.

25 — T T
240 1
w
L oo 4
—e—Cu-A
©
—s—CuB £ & é%
——Cu-C = 22r L 3§ ~ 1
——CuD z | i
—a—NiCr-B @ 21p % v . # .
a ]
5 20 .
2 %
2 19} J
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B 18} ]
a
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(@) (b)

Figure 2. Ignition characteristics under external heating. (a) External coil heat (A, B, C, D represent
the wires with different diameters and insulation thickness). Reprinted from Ref. [15] with the
permission of Elsevier; (b) external radiation with laser spark. Reprinted from Ref. [10] with the
permission of Elsevier.

It is obvious and common sense that with the increase of external heat flux, the piloted
ignition delay time will be significantly reduced. However, at a high heat flux, it will
gradually stabilize, and when the core is energized, the increase in current will reduce
the critical ignition heat flux to a certain extent. Additionally, piloted ignition will be
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more difficult to achieve, and the ignition delay time will be longer for the wire with
the higher thermal conductivity core, larger diameter, and thinner insulation [15]. This
can be explained by Equations (3) and (4). As for the gravity and oxygen concentration,
microgravity and a high oxygen concentration significantly increase the risk of wire fire.
The mechanisms of influence will be discussed at the end of Section 2.1.2.

2.1.2. Overcurrent Ignition

Overcurrent ignition caused by short circuit and overload is another important model,
which may be more in line with the actual wire and cable fire. When excess current passes
through the core, considerable Joule heat is generated. Under the significant amount
of Joule heat, the core is rapidly heated to show a red-hot glow. The heat generated by
the core is transferred to the insulation through thermal conduction, and the insulation
rapidly heats up to the melting temperature and further heats up to the pyrolysis tempera-
ture. The pyrolysis gas is produced at the interface between the core and the insulation.
After the gas mixes with air (released after the insulation is melted and broken for PE
insulation [8,16], bursting jetting from the bubble containing volatile compounds after
the insulation breakdown for FEP insulation [11], released after the swelled insulation
breakdown for PVC [115]), the mixture oxidizes and exotherms, which eventually leads to
gas-phase thermal explosion [118,119], spontaneous ignition, or assisted ignition by the
exposed high-temperature core [120].

The research on wire overcurrent ignition started from a series of combustion studies
in microgravity to improve the fire safety of spacecrafts. Kong and his team [17,121-124]
were pioneers in the study of overcurrent ignition. Different from previous microgravity
combustion experiments, Kong et al. adopted a functional simulation method to make
the Grashoff number (Gr = BgATL3/v®) of the environment the same as that of the micro-
gravity environment by adjusting the pressure and the height of the passage in the ground
conditions so as to simulate the buoyancy level of the microgravity environment. The focus
of their studies was to achieve pre-ignition characteristics of energized wire (the law of
temperature evolution before ignition, the characteristics of flue gas transport, and the
ignition delay time) that were similar to that in microgravity via functional simulation.
During the same period, Fujita and Shimizu et al. [13,14,16] conducted studies on short-
term overcurrent ignition and long-term sustained overcurrent ignition in a microgravity
environment achieved using tower drop and parabolic flight, respectively. Based on their
research results, as shown in Figure 3, it can be found that there are significant differences
in the ignition behavior of wires under microgravity and normal gravity conditions due
to the absence of buoyancy-induced convection. In a microgravity environment, when a
short-term overcurrent is introduced, the ignition point usually occurs on the surface of the
wire core and then develops into a tubular flame around the wire core, shown in Figure 4.
However, for a long-term overload current supply under normal gravity, the ignition point
is usually far away from the wire. However, it was found that this phenomenon can also be
observed for a short-term and small overcurrent under microgravity conditions in a subse-
quent study [120]. But the former phenomenon is unique to microgravity environments.
Additionally, another phenomenon that is unique to microgravity environments is that
ignition can occur after the current supply ends; that is, delayed ignition.

It is found that for both Studies by Kong’s and Fujita’s research teams on overcurrent
ignition of polymer-insulated wires under microgravity conditions, the fire risk of wires
under microgravity conditions is higher than that in normal gravity. As shown in Figure 5,
because of the elimination of the nature convection in microgravity, which results in a
longer residence time of the flammable mixture and a reduction in heat loss (compared
with the normal gravity environment, there is no natural convection heat loss), the ignition
limit (current and limit oxygen concentration) is more extensive in microgravity than in
normal gravity.
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Figure 3. Ignition behavior. Reprinted from Ref. [16] with the permission of Elsevier. (a) Short-term
excess current in microgravity; (b) continuous excess current in 0.8Gy.

Figure 4. Tubular flame. Reprinted from Ref. [16] with the permission of Elsevier.
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Figure 5. (a) Current value of ignition limit. Reprinted from Ref. [16] with the permission of Elsevier;
(b) the limit oxygen concentration under microgravity and normal gravity conditions. Reprinted
from Ref. [14] with the permission of Elsevier.

In addition to microgravity studies, other scholars have also studied the effects of
airflow environment [8], pressure [11], and inclination angles [125] under normal gravity
conditions on the ignition of wires under overcurrent conditions. These studies all show
that the gas-phase kinetic effects cannot be ignored for the ignition behavior of wires under
overcurrent conditions. Meanwhile, due to the large amount of Joule heat brought by the
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overcurrent, the pyrolysis time is greatly reduced compared with the external heat source,
which is comparable to the mixing time and chemical reaction time. This means that all the
three times of Equation (4) need to be considered.

For overcurrent ignition, ¢, will be changed to the following equation:

A L(pcA) (Tpy — Teo)
Py — -1 -1
9i — Dioss

©)

tmix can be calculated as follows [126]:

(6)

where D, and 6pp represent the diffusion coefficient and boundary layer thickness. Le is
the Lewis number. & is nature convective heat transfer coefficient, which should be changed
to the mixed convective heat transfer coefficient if there is external airflow.
The gas-phase chemical time ¢, consists of two parts: chemical induction time and
chemical reaction time:
tehem = tin + £ 7)

tin can be expressed as follows [113,127]:

poo 1 - 4c(2—p) cpsRTEa ®)
m 4a 62(1 — ‘32) AOAHRPg”WOXOZXf
where c is a proportionality constant, E is the gaseous reaction activation energy, n is
the reaction order, A is the pre-exponential factor, and f is coefficient and calculated as
B = Tspep,g/ XfAHR. Tsp is the spontaneous temperature. AHp is the reaction heat, and X
represents the volume fraction.

fr can be expressed as follows [113]:

B 0.623kT
~ a(E/RT)AAHge E/RT

tr ©)

It can be seen from Equations (3)—(9) that changes in gravity, pressure, oxygen con-
centration, air flow, and tilt angle affect different components of the ignition delay time.
For example, convective heat loss is positive with the heat transfer coefficient &, which
is positive with Gr'/%. Due to Gr « p?,g; o« o p?/3. With the decreasing ambient
pressure p, the pyrolysis time ¢, decreases according to Equation (5).

2.1.3. Arc Ignition

Arc failures can be induced in several ways [128-130]: (1) when the surface of the cable
insulation layer forms a conductive path due to carbonization, moisture, pollution, and
other factors, a high-temperature arc may be formed on the surface of the cable insulation
layer; (2) the high temperature generated by the fire or the formed arc will cause the
surrounding air to ionize, and the conductive gas may lead to the formation of a new
arc once it is in contact with other circuits; (3) the high temperature generated by fire or
the formed arc will lead to the pyrolysis of the insulation layer, reducing its insulation
and eventually leading to the formation of an arc. The arc temperature is about 6500 K at
the lowest current of the arc and gradually rises to tens of thousands of Kelvin at a high
current [131], which is much higher than the ignition temperature of any polymer.

Previous research on arc faults usually focuses on the detection method of arc faults.
Only a few scholars have studied the arc ignition characteristics of wires and cables. Cur-
rently, two methods are usually adopted to study the ignition and thermal characteristics
of wire arcs: arc fault simulation [70,114,132,133] and overload-induced arc [134,135], as
shown in Figure 6.
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Figure 6. Arcing mode. (a) Jacob’s ladder arc. Ref. [70]; (b) series arc generator by fixed electrode and
movable electrode. Reprinted from Ref. [114] with the permission of Elsevier; (c) overload-induced
arc. Reprinted from Ref. [135] with the permission of Elsevier.

The two experimental methods have their own characteristics. For the former, the
thermal behavior and ignition behavior under the action of a continuous arc can be studied.
For the latter, we can study the ignition characteristics of an open arc caused by a direct
current. It can be confirmed that for both modes, a Joule heating effect and arc ignition effect
exist simultaneously. For arc fault simulation, the ignition and non-ignition heat transfer
models are shown in Figure 7. The model satisfies the following assumptions [132]: (1) Both
the carbon electrode and polymer sheath are isotropic, meet the properties of thermally
thin materials, and ignore the contact thermal resistance. (2) The thermal inertia of the
polymer sheath is much smaller than that of the carbon electrode. (3) The deformation of
the electrode and sheath, axial heat conduction, heat absorption, and heat release of sheath
pyrolysis are ignored. (4) The arc flow is in a state of local thermodynamic equilibrium,
regardless of the chemical reactions involved in the arc. (5) The heat flux density of
the cylindrical arc space in each circular cross section along the radius (r) distribution
approximately fits the Gauss surface heat source model and is independent of the time of
arc discharge and the direction of arc length. Additionally, the current range has little effect
on the radius size of heating area formed by arc heat source. In this model, the externally
wrapped polymer receives energy from the arc at the point of arc generation while receiving
Joule heat from the current and heat conduction of the arc through the electrode away from
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the arc. The equilibrium temperature of the carbon electrode and ignition delay time of the
sheath can be expressed by Equation (10) and Equation (11), respectively.
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Figure 7. Heat transfer model. (a) Non-ignition (the red square represent control body). Reprinted
from Ref. [114] with the permission of Elsevier; (b) ignition. Reprinted from Ref. [132] with the
permission of Elsevier.

For overload-induced arc, the ignition process is very similar to the overcurrent ig-
nition process. The difference is that the overcurrent ignition source is the spontaneous
ignition of the pyrolysis mixture or high-temperature core-assisted ignition, but for the for-
mer, the pyrolysis mixture is ignited by the arc. Additionally, for multi-core wires, multiple
arc breakdown will occur before the core fuses due to the high temperature [134,135], as
shown in Figure 8. This means that there will be several ignition points and that the Joule
heating effect will persist, which indicates that the actual cable and wire fire scenario may
be much more dangerous than the single-core wire overcurrent or arc ignition.
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Figure 8. Multiple breakdown arc at 48A. Reprinted from Ref. [135] with the permission of Elsevier.

2.1.4. Ignition to Flame Propagation Transition

Regardless of the mode of ignition, it is not always possible to maintain combustion
and spread after ignition. This may be due to heat sink of the high thermal conductance core,
the inadequate heating energy, or the poor oxygen concentration leading to the reaction
rate being too low. In this case, the combustion cannot be sustained [15,34]. Under external
heating without an internal current, it is necessary for steady flame propagation that the
preheating length by the igniter (L;,), defined as the length from the center of heating region

to the temperature point being 6 = TZ{—T%; =1, should be larger than the preheating length

of the steady flame (LSNV%) [34]. The transition under arc ignition or overcurrent ignition

also needs to be studied because the flame spread distance varies with the overload current
value after the core fusing under Joule heat and flame heating [134,135].

2.1.5. Pyrolysis Model

In all the kinds of ignition models discussed above, only the gas—solid phase heat
transfer is usually considered, and the pyrolysis process of the material is ignored. In this
year’s research, more scholars began to consider the pyrolysis model within the ignition
model, such as Guo’s simulation of two ignition modes of continuous electric wires under
microgravity conditions [120], L. Courty’s simulation of the mass loss of wires and cables
under the action of external heat sources [136], etc. In the fire community, the commonly
used pyrolysis models are mainly the pyrolysis models of FDS, Thermakin, and GPYRO. A
brief description of the governing equations of the simplified pyrolysis model will be given
in the following paragraphs [137].

Condensed-phase mass conservation:

aj _ N

3 = ~Wre (12)

10
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Condensed-phase species conservation:

B(ﬁY) - -
atl =g —wy (13)

Condensed-phase energy conservation:
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where h = Y ;% Yih, k = Y37 Xik;, © = Y104 Yici, w wp = = f(a;)2 Ajexp(— )

The pyrolysis kinetic parameters such as A, E, n, and AH can be obtamed from
thermogravimetric analysis experiments. Scholars have conducted many studies on the
pyrolysis characteristics of commonly used cable and wire materials such as PE [138-140],
XLPE [141-143], EVA [144,145], PUR [146-148], and PVC [143,149-151], and the relevant
literature can be consulted according to the specific material.

2.2. Fire Spread

After the insulation is ignited, the fire spread phenomenon can occur after meeting
the conditions described in Section 2.1.4, the rate of which is another key to assessing the
fire risk of wires. According to the interaction between air flow and fire spread, fire spread
can be divided into opposed-flow fire spread and concurrent-flow fire spread [113]. The
fire spread can also be divided into vertical fire spread, horizontal fire spread, and inclined
fire spread according to the direction of fire spread. A schematic diagram is shown in
Figure 9. The classical fire spread formula can be used to qualitatively express different fire
spread behaviors.

In general, the process of flame propagation over the wire is generally considered
as a series of steps that heat the polymer insulator to the characteristic temperature (i.e.,
the pyrolysis temperature T)) at the pyrolysis front through inner core conduction and
gas-phase flame feedback. As can be seen from Figure 8, regardless of the type of fire
spread, the thermal effect affecting the flame spread in the control body comes from the
following parts: the burnout zone, the combustion zone/pyrolysis zone, and the preheating
zone [27,54,66,68]:

(1) the heat feedback of the flame to the preheating zone (including the convection
component and the radiation component);

(2)  the heat feedback from the core to the insulation in the preheating zone the heat feed-
back from the core to the insulation in the preheating zone (and joule heat generated
by the energized core if the wire is energized);

(3) the molten insulation in the liquid phase and Marangoni convection (and the heat
loss of dripping behavior if the molten insulation drips);

(4) the heat loss from the sample surface (convection and radiation).

One of the most important parameters to evaluate fire spread is the fire spread rate.
According to the heat balance equation, the expression of the fire spread rate can be
qualitatively given as follows:

o q}lf + q,c/ lC + 57;;11"1 - é];,msslp,luss
! E(pcA) (T — Two)

(15)

where the subscripts f, ¢, m, and p represent the flame, core, molten insulation, and insulation
surface, respectively. [ is the characteristic length of each heat transfer component.

11
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Figure 9. Schematic diagram of fire spread. (a) Horizontal fire spread. Reprinted from Ref. [71] with
the permission of Elsevier. (b) Vertical fire spread: upward fire spread (left) and downward fire spread
(right). Reprinted from Ref. [68] with the permission of Elsevier. (c) Inclined fire spread: upward
fire spread (left) and downward fire spread (right). Reprinted from Ref. [32] with the permission
of Elsevier.

Equation (15) is a simplified fire spread model that only considers the heat transfer
effect. The phase transition, chemical reaction process, and unstable fire spread behavior in
the actual wire fire spread process will affect the fire spread rate. Therefore, under different
experimental designs, the results are difficult to uniformly analyze using Equation (15). In
this case, only the research results of various scholars are summarized, and the influence
mechanism of each factor will be analyzed based on a simple theoretical analysis based on
previous studies.

2.2.1. The Metal Core

Different from other combustibles, wire fire has a unique phenomenon of core heat
conduction. In the process of wire fire spreading, there are two states of heat sink under
the burnout and burning zone and heat source under the preheat zone in different areas of
wire fire [48,59], as shown in Figure 10. The competition mechanism of the heat sink and
heat source is significantly different for different core materials and fire spread forms. The
horizontal flame spread increases with wire conductance [76], while the vertical downward
flame spread decreases with wire conductance [48], as shown in Figure 11b. This is mainly
because the heat transfer from the wire core plays an important role in horizontal fire spread.
With the increase in thermal conductivity, the preheating effect of the core is enhanced, and
the fire spread rate increases. When the vertical fire spreads, the molten insulation will
slide downward due to gravity, and the convection effect from Marangoni is enhanced,
while the heat source effect of the wire core is weakened. At the same time, the heating
of the burnout zone of the flame increases and the heat sink effect of the core with a high

12
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thermal conductivity is enhanced, so the fire spread rate decreases with the increase in
thermal inertia.
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Figure 10. The heat sink and heat source of the core. Reprinted from Ref. [19] with the permission
of Elsevier.
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Figure 11. Fire spread rate under different cores. (a) Horizontal fire spread rate over NiCr and
Cu wires under different oxygen concentrations. Reprinted from Ref. [76] with the permission of
Taylor & Francis. (b) Flame spread rate over LDPE wires as a function of the cross-section’s thermal
conductance. Reprinted from Ref. [48] with the permission of Elsevier.

2.2.2. Inclination Effect

As the angle changes, the position relationship between the flame and the wire will
change, thus changing the heat transfer mechanism [49]. The research on the inclination
effect was first carried out by Hu [54], according to which it was found that for a copper
conductor with high thermal conductivity, the fire spread speed increased with the increase
in the absolute angle. However, for a nickel-chromium conductor with a low thermal
conductivity, it almost remained unchanged at —90 °C~+15 °C, and +15 °C~+75 °C in-
creased with the increase in the angle, as shown in Figure 12. However, he did not propose
an analysis of the inclination effect, but instead carried out theoretical calculations based
on the flame characteristic lengths at different angles: the flame wrapping width Wyand
pyrolysis length L,,, combined with a heat transfer analysis. Lu [152] proposed in his study
on the interaction between inclination angle and horizontal wind that when the flame
becomes longer and tilts toward the wire, the width of the combustion zone will also
increase. The former enhances the convective heat flow of the flame to the preheating zone,

13
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while the latter increases the core temperature, which also explains the inclination effect to
a certain extent. Zhang [40] elaborated the inclination effect by considering the influence
of inclination angle on net heat flow and expressed the positive heat flow of the negative
angle and positive angle as shown in Equation (16) and Equation (17), respectively.

qdawnward - q/c/ + qf - qloss (16)
qupward - q/c/ + q; - qloss a7
q; ~ sinf (18)

90 — 6

) (19)

-1 .
Tross ~ 1- Sln(
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Figure 12. Fire spread over Cu and NiCr wires at different inclination angles. Reprinted from Ref. [54]

with the permission of Elsevier.

Here, q; and ;. represent the heat flux induced by the gravity and the heat loss from
the flame.

Other scholars such as Zhao [32] have considered the effects of the tilt angle on the
Nussel number, the characteristic convection size, and the flame preheating length. The
effects of the inclination angle on flame radiation were also considered in [31]. The above
methods can reflect the inclination effects well, but it is still necessary to systematically
summarize the inclination effects.

2.2.3. Oxygen Concentration

The effects of oxygen on combustion usually entail two aspects: (1) the pyrolysis rate
of the polymer is accelerated, and the pyrolysis temperature is reduced [115,153]; (2) The
gas-phase oxidation chemical reaction rate increases (explained by Equation (20)) and the
flame temperature and the heat flux of the flame increase, as shown in Figure 12. Because of
the enhancement in the heat flux of the flame and the decreased pyrolysis temperature, the
limit of the ignition energy of the external heating source or Joule heat is smaller [14,15] and
the fire spread rate increases, as shown in Figures 11a and 13b,c. However, for the vertical
downward fire propagation of high-thermal-conductance core wire, the fire propagation
rate shows a special non-monotonic change with the increase in oxygen concentration,
as shown in Figure 13c. In this case, the fire spread rate presents three states with the
change in oxygen concentration. The first state is a general monotone increase, which
is called the “temperature-dependent regime”. The second state is due to the increase
in the flame heat flux to the limit, while the flame length decreases with the increase in
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oxygen, resulting in a decrease in the thermal feedback from the flame received by the
core. This leads to the weakening of the heat conduction of the wire core to the preheating
zone, thus showing the phenomenon that the fire spread rate decreases with the increase
oinoxygen concentration, which is called “negative oxygen dependence”. However, for
the NiCr core with a low thermal conductivity, the heat transfer in the preheating zone
is not dominant. As a consequence, the decrease phenomenon does not exist. At a high
oxygen concentration, because the flame is flame, more soot is generated. Therefore, the
heat radiation from the flame is enhanced, and the fire spread rate increases [44].
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Figure 13. Fire spread rate varies with oxygen concentration. (a) The effects of oxygen concentration
and pressure. Reprinted from Ref. [76] with the permission of Taylor & Francis. (b) Horizontal fire
spread rate over SS (stainless steel) wire and Cu wire under different oxygen concentrations and
opposed airflow speeds. Reprinted from Ref. [45] with the permission of Elsevier. (c) Vertical fire
spread rate over Cu and NiCr wire under different oxygen concentrations. Reprinted from Ref. [44]
with the permission of Elsevier.

Given the important role of oxygen in combustion, the minimum oxygen concentration
at which ignition cannot occur or cannot maintain fire spread behavior after ignition—that
is, the limiting oxygen concentration (LOC)—can be used as a parameter to evaluate the
flammability of materials [154]. The LOC will change with different environments and
other factors, and many studies have been carried out to study these aspects [34,49,116,155].
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2.2.4. Ambient Pressure

Changes in pressure affect the process of mass transfer and convective heat transfer,
and the specific performance is as follows [58-60,74]:

MX%, GroP?, ReoP, Nuo P, ho P, Lo P™3 1)

According to Equation (21), it can be inferred that with decreases in pressure, the
convective heat loss decreases, making the fire spread rate increase, but the actual situation
is different.

The effects of low and high pressure on the wire flame shape are shown in Figure 14.
With increases in pressure, the fire spread rates are different for different cores and wire
sizes, as shown in Figure 15. The increase in pressure has a negative effect on the fire spread
rate of nickel-chromium alloy-core wire and has no obvious effects on the fire spread rate
of iron-core wire. Meanwhile, for copper-core wire, there are different effects according
to the different wire sizes. The main reason for this kind of wire core is that the wire core
and the preheating effects of the flame show different behaviors under different pressures.
Nakmura et al. [58] proposed a “flame-driven mode” and “wire-driven mode” to explain
this phenomenon, illustrated in Figure 16. However, they only considered the change in
the heating length of the gas phase and the solid phase with the pressure, and both of
them decreased with the pressure, which could not explain the change in the fire spread
of the copper core wire with the pressure. Based on this work, Hu [39] elaborated on the
conversion mechanism and heat transfer mechanism of the two modes by considering the
convective thermal feedback of the flame front supporting the flame-driven mode and the
thermal feedback supporting the wire-driven mode and combined them with the core size.
Zhao [31,47] also explained the effects of a high atmospheric pressure on the fire spread
rate by analyzing the convection and radiant heat feedback of the flame. By considering
the combustion efficiency and the characteristic scale of the wire core, Wang [72] gives
the expression of the change of the fire spread rate with the pressure and the wire size
(Vr  (P2L3)").

Pressure:
100kPa

Pressure:
200kPa

Pressure:
300kPa

Pressure:
400kPa

Figure 14. Flame shape under sub-atmospheric pressure. Reprinted from Ref. [31] with the permission
of Elsevier.
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Figure 15. Flame spread rate under various pressures over different wires. (a) Cu and SS wires under
sub-atmospheric pressure. Reprinted from Ref. [19] with the permission of Elsevier. (b) Cu wire
versus inclination angle in high atmospheric pressure. Reprinted from Ref. [31] with the permission
of Elsevier. (c) Fe and NiCr wire under sub-atmospheric pressure. Reprinted from Ref. [58] with the
permission of Elsevier.

2.2.5. Gravity

Under normal gravity conditions, the flame spreading over the wire is usually a
candle-like flame due to buoyancy, while in under microgravity conditions, it appears as a
symmetrical spherical flame due to the disappearance of the buoyancy effect, as shown in
Figure 17. The entire flame will be wrapped around the wire due to the curvature effect of
the wire [64]. A spherical flame also appeared under a low pressure, but the color of the
flame was different, as shown in Figure 18. This shows that the gas-phase transport process
under low pressure and microgravity conditions is similar, but the chemical reaction rate is
different [60]. In the absence of buoyancy, the thickness of the meteorological boundary
layer increases, causing the characteristic time of the gas relative flow and diffusion to
become longer. Additionally, the gas reaction may occur at low oxygen concentrations.
Therefore, the LOC to maintain fire spread under microgravity conditions is smaller than
that under gravity conditions [155,156].
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Figure 16. The heat transfer mechanisms of “wire-driven” and “flame-driven” modes. Reprinted

from Ref. [58] with the permission of Elsevier.
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Figure 17. The mechanism for the formation of the spherical flame in wire insulation burning under
microgravity conditions. Reprinted from Ref. [61] with the permission of Elsevier.
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Figure 18. Flame shape under microgravity (left) and low pressure (0.3Pp) (right) conditions.
Reprinted from Ref. [60] with the permission of Springer Nature.

As mentioned above, there are opposed-flow fire spread and concurrent-flow fire
spread modes. Under normal gravity conditions, due to the induced effect of buoyancy,
the upward spread of the flame in the vertical wire is also a special down-flow fire spread.
However, this fire spread cannot reach a stable state due to the melting dripping caused
by gravity, which causes the flame root to remain in the initial position until the flame
wraps the entire sample. This fire-spreading behavior also changes under microgravity
conditions [43]. Meanwhile, under microgravity conditions, according to the previous
analysis, the flame will wrap around the online core, and in the case of the disappearance of
natural convection, the preheating length will increase compared with that under normal
gravity. This enhances the flame heat feedback under microgravity conditions, while the
convective heat loss disappears. Therefore, the fire spread rate is greater than that under
normal gravity conditions, as shown in Figure 19.
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Figure 19. Flame spread rates in microgravity conditions and at normal gravity as a function of
ambient oxygen concentration. Reprinted from Ref. [64] with the permission of Elsevier.

2.2.6. Airflow

According to the relationship between the direction of air flow and the direction of fire
spread, it can be divided into opposed-flow, concurrent-flow, and transverse flow modes.

The influence of gas flow on the fire spread rate is mainly reflected in four aspects:
preheating length, stand-off distance, flame temperature, and transport state of pyrolysis
gas and oxygen. These produce four effects in the microgravity opposed-flow fire spread,
resulting in three forms of change of the spread rate of opposed-flow fire spread with
low-speed countercurrents, as shown in Figure 20 [62]. However, the flame behavior in
normal gravity is different from that in microgravity due to the existence of the buoyancy
effect, and the influence of opposed-flow velocity on the flame propagation rate seems
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to be related to the heat conduction relationship of the core from the inclined flame heat
feedback [20,59]. The fire spread rate varies with the air flow under normal gravity in three
states: (I) at a low flow velocity, the fire spread rate decreases significantly; (II) the fire
spread rate changes slightly at a medium flow velocity; (III) at a high flow velocity, the
fire spread rate changes rapidly. Nakamura [59] explains the effects on the inbound flow
and the effects of the core on the heat flow of the spreading flame. With increases in the
opposed-wind velocity, the heat from the flame to the preheating zone decreases, and the
heat transfer exposed to the wire core increases, thus increasing the heat transfer of the core
to the preheating zone. For wire cores with a high thermal conductivity, this also means
an increase in the heat loss caused by the heat sink. This explains the difference in the fire
spread rate trend varying with the opposed-wind mode for different conductance cores.
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Figure 20. Opposed flow under (a) microgravity. Reprinted from Ref. [62] with the permission of
Elsevier. (b) normal gravity. Reprinted from Ref. [20] with the permission of Elsevier.

However, with the opposed-wind mode, it does not always appear as the opposed-
flow fire spread, such as the upward fire spread under different inclinations with opposed
wind. This is because under normal gravity conditions, there will be buoyancy-induced air
flow in the vertical upward direction, and the component of the wire direction can offset
the opposed-wind velocity. This explains why there is the transition of concurrent fire
spread induced by the buoyancy and opposed fire spread induced by the high-opposed
wind velocity [49], as illustrated in Figure 21. At the transition of the concurrent fire spread
and the opposed fire spread, the flame tends to be perpendicular to the wire, and there is
a local maximum LOC because of the local minimum flame feedback and minimum heat
conduction from the core.

The opposite of the opposed-flow effect is concurrent flow. Compared to the opposed
flame spread, the concurrent fire spread is much faster, and with the velocity of the con-
current flow increasing, the fire spread rate (FSR) increases first in a nearly linear manner
and then reaches its maximum value. When it is at the blow-off velocity, the FSR decreases
slightly and is eventually blown off [42]. The trends of FSR under different concurrent-flow
velocities and the heat transfer before reaching the maximum FSP are shown in Figure 22.
As for the inclination wire, the change in the FSR is similar to that for horizontal wire.
However, for the horizontal wire, the flame cannot be parallel to the wire due to the role of
buoyancy, while for the inclined wire, there are three kinds of positions: the flame above
the wire, the flame parallel to the wire, and the flame below the wire [152], as shown in
Figure 23.
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Figure 21. Upward fire spread over inclined wires with opposed flow. Reprinted from Ref. [49]
with the permission of Elsevier. (a) The physical interpretation of local maximum LOC based on the
balance of buoyancy-induced flow in the wire’s direction with opposed-flow speed. (b) The LOC
varies with the opposed-flow velocity.
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Figure 22. The effect of the concurrent wind velocity. Reprinted from Ref. [42] with the permission
of Springer Nature. (a) Trends of the flame heat feedback, heat conduction from the core, and FSR.
(b) Diagram of the concurrent flame spread over a thin wire.

When the angle becomes 90 degrees, the opposed wind becomes the transverse wind,
and the fire spread rate varies with the wind speed except periodically. Ma [23] proposes a
theoretical model based on two characteristic lengths (flame-base width W¢ and gas-phase
length Lg), which explained the trends of FSR in the four regimes, as shown in Figure 24,
from the point of view of heat transfer and chemical reactions:

(1) Regime A (as-phase convection-enhanced regime): The enhancement in the gas
relative flow causes the enhancement of net heat flow in the low-velocity area.

(2) Regime B (cooling effect-enhanced regime): The heat loss because of the heat sink of
the core results in the net heat flux increasing.

(3) Regime C (liquid-phase Marangoni convection effect regime): The heat flux from
the molten material (liquid-phase Marangoni convection) and the solidified droplets
formed downstream prevent the cooling of the naked core due to airflow, eventually
causing an increase in the net heat flux.
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(4) Regime D (limited chemical reaction regime): The high transverse flow velocity results
in the limited chemical reaction rate.
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Figure 23. Flame behavior at different angles and parallel wind velocities. Reprinted from Ref. [152]
with the permission of Elsevier.
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Figure 24. Heat balance terms and FSR as a function of transverse flow velocity for Cu wire and the
NiCr wire. Reprinted from Ref. [23] with the permission of Elsevier.

2.2.7. Electric Current and Electric Field

The mechanism of conduction current and electric field on wire fire propagation is
significantly different. The effect of current on fire spread is usually to weaken the heat sink
of the core and promote its heat source. The presence of an electric field usually changes the
charged particles in the reaction zone, affecting the flame shape and thus changing the heat
transfer mode in the flame-spreading process. In addition, the chemical reaction rate related
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to the charged particles will also be affected, and the specific forms of these effects include
ionic wind effects, electrophoresis effects, electrospray effects, soot deposition effects, etc.

When the current is small, the fire spread rate and the size of flame are almost always
increased with increases in the current because of the enhanced preheating from the
core [29,74,75]. Additionally, because the core resistance and the convective heat loss
indicated by the wire are related to the wire size (core radius and insulation layer thickness),
there is usually a different trend for the fire spread rate with the increase in current, as shown
in Figure 25. However, at the large currents, due to the large amount of heat production
of the core, the softening of the insulation layer and the melting rate are enhanced, which
promotes the generation of molten dripping. The flame height goes through three stages
with the change in current: growth stage, steady stage, and drop stage, while the flame
width is almost constant [157]. A comparison and the mechanism are shown in Figure 26c.
Due to the enhanced dripping, the fire spread rate tends to remain constant at high currents,
which has been explained by Tang [66] based on an analysis of heat transfer.
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Figure 25. Flame spread rate as a function of currents for different-sized wires (the value in the
label, such as 0.3/0.6, indicates the core diameter/wire diameter). Reprinted from Ref. [29] with the
permission of John Wiley and Sons.

As mentioned above, the effect of the electric field on wire fire propagation mainly
comes from ionic wind effects, electrophoresis effects, electrospray effects, soot depo-
sition effects, etc. At low-frequency and high-frequency regimes of the electric field,
the voltage has different effects on the wire fire propagation rate, which can be divided
into three regimes, within which there are several distinct regimes depending on the
frequency [52,57], as shown in Figure 27. Additionally, the inclination angle [46], core
metal [24], and insulation thickness [41,69] also affect the effect of electric fields on fire
spread. Figure 28 shows the specific fire behavior under the electric field. The above studies
have explained the effects of electric fields on fire propagation to some extent. However,
due to the complex mechanisms of the effects of electric fields on wire fire propagation
behavior, the effect mechanism has not been explained by relevant theories, which deserves
further research.
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Figure 28. Specific fire behavior under an electric field. (a) Soot deposition. Reprinted from Ref. [52]
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formation of molten-PE film. (e) Globular molten PE near flame front and twisted molten PE related
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Reprinted from Ref. [69] with the permission of Elsevier.

2.3. Dripping

The melting rate of insulation can be represented as the sum of the burning loss and
the dripping loss [19]:
Nty = mlf) + ""’dr (22)

The simple criterion for dripping is that the average melting rate is larger than the
average burning rate, and the gravity of the accumulated molten ball exceeds its surface-
tension [71,76,116]:

§ile+ 4l ) dg h
o= M > i, = —LIn(1 + B) 23)
cpAp(Tp — Teo) Cg

B= YOZ(%yl*Xf)*Cg(TW*Tw) o
AHP!/ + [(q/s/,l + qg/[osg) + m:j/,AHm} /mZ
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Ambient pressure, P (kPa)

pargD? _

Odr
where B is the mass transfer number, Xf is the flame radiative loss fraction, ¢ is the
equivalence ratio, q;’r is the surface re-reradiation, qgl oss 18 the heat loss of the core, H;, is
the enthalpy of the molten PE dripping from the burning region, o, is the surface tension
of the molten ball, and Bo is the Bond number (or E6tvis number), the critical value of
which for dripping is 6. As illustrated by the above equations, variations in the oxygen
concentration and pressure will change the dripping behavior, which can be expressed
by Figure 13a. Fang [76] finds the dripping limit and the fire spread limit under various
oxygen concentrations and pressures, as shown in Figure 29.

7T
My,g = Pdr(gD3>g > 0oy (nD) or Bo = 6 (25)
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Figure 29. Dripping and fire spread limits of (a) Cu-core wire and (b) NiCr-core wire. Reprinted from
Ref. [76] with the permission of Taylor & Francis.

Another important parameter is the dripping frequency f, which can be expressed as
follows [71]:

g [+ AL+ 01y +
_ / .
4mp? <3£7§'> 25,[,6‘,,(Tp -T)

As Equation (26) illustrates, the dripping frequency is affected by the current, except
for the oxygen and pressure effects on the flame feedback, which are proportional to the
square of the current. Studies by He [50] and Wang [33] also confirm this. In addition to
the above effects, the droplet behavior is also affected by the inclination angels because of
the sliding over the inclination wire. The specific sliding velocity U can be described as a
dimensional version of Durbin’s solution [158]:

(26)

i

u=
uln [D(t)TCGO(l —e)V2/3uu1

] EplgD2(t)simx —300pe|,a #0 (27)

where 7. is the critical shear stress; 6y = (04 +6r)/2and e = (64 —6r)/(6 4 + 6r), and
64 and 0y are the advancing contact angle and the advancing contact angle of the droplet
attached to the wire. It is obvious that dripping only occurs when the velocity is zero. Thus,
there is a critical droplet size at U = 0 [18]:
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60 (7 — 26R)
018 sin

Although the formation conditions of the droplet behavior and related prediction
models have been studied and proposed, the droplet behavior still cannot be accurately
described because the relevant parameters of the material are temperature-dependent.
More studies are required to understand the complex phase change process and formation
process of droplets in wire fires.

1/2
Derinkal = |: :| a#0 (28)

2.4. Extinction

As with other fuels, the extinction of combustion comes from two aspects: the thin
combustible component and a flame that is not strong enough to pyrolyze the fuel, which
represent the blowoff and quenching, respectively. The Damkohler number (Da) [45,55],
defined as the ratio of the gas-phase residence time (t,) to the chemical reaction time (¢.), or
the strain rate under mixed-flow (a;,), defined as the ratio of the mixed flow velocity to the
radius of the wire [23,152], are used to explain the blow off:

. b ag E
Da* = — = ——p,YrYp, A —_ 29
! te urznix PeTrto P ( RTf> @

umi:( Usina, { 1o, 00 <a< 90O (30)

R R 7 \re=3ro, a=90"
For quenching, the characteristic parameters are the mass transfer number (B) or

Ripss [22,55]:
. _ Yo, (8H;/9) (1= xf) — e4(Ty — To)
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(3D

Rioss = (Qrad + Qc,loss) /Qgs (32)

where Uy, is the mixed flow velocity of the opposed flow and natural flow, Yr and Yo,
represent the volume fraction of fuel and oxygen, R represents the characteristic radius of
the wire near extinction, « is the inclination angle of the wire, Qraq is the radiation loss
rate from the insulation surface to the ambient condition, and Qc,loss is the heat loss rate of
the wire.

As expressed as above, the extincition of the wire fire is determined by the oxygen,
pressure, gravity, external flow, etc. Lower oxygen concentrations, pressures, and gravity
can make the flame weaker or even extinct, as shown in Figure 17, because of the heat loss
and burning rate, as illustrated in the preceding paragraph. Even if the flame is stronger,
the external flow can bring the gas mixture away from the reaction region, which results
in the extinction of the wire fire. Thicker insulation requires a higher flow velocity. In
fact, blow-off and quenching could play simultaneous roles in flame extiction [23], which
means that the boundary between combustion and extiction can be determined by the
characteristic numbers of quenching and blow-off events, as shown in Figure 30. Morever,
dripping, which removes significant amounts of heat and melt insulation, can also result in
extinction, and a sudden weak flame can be observed at the time after dripping [71]. Due
to the effects of electric fields on flame and heat transfer, extinction can also be observed
with increases in voltage and frequency, but this mechanism has not been clarified [24,52].
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3. Real Cable Fire Research

There are two aspects of cable fire studies: the combustion characteristics of cable
materials and cable tray fire behavior.

3.1. Combustion Characteristics of Cable Materials

In terms of material combustion characteristics, studies generally use cone calorimeters,
OSU calorimeters, and other equipment to study the ignition time, heat release rate, effective
combustion heat, and flue gas generation of the cable.

Matheson et al. [159] and Barnes et al. [160,161] studied the combustion characteristics
of halogenated and non-halogenated PVC cables and compared their fire resistance. They
found that adding halogen elements improved the fire resistance of the cables, but the
smoke production, toxicity, and corrosion were enhanced. Yang et al. [162] used a pyrolytic
combustion flow calorimeter to test the flammability of eight cable materials, analyzing
the heat release rate, ignition temperature, and total heat release. Romain et al. [163] also
used CONE to study two kinds of halogen-free flame-retardant cables under different heat
fluxes and cable spacing. The results showed that under the action of external radiation,
the thermal thickness ignition model could better predict the ignition time, and the increase
in cable spacing would slightly increase the ignition time. Gong [115] established a ring
heating experiment platform and carried out cable ignition experiments under the heating
condition of a t* heat source. He found five processes of thermal deformation of flame-
retardant PVC cable before a fire: the inert stage, wave stage, expansion stage, contraction
stage and stable stage. He also explained the special behavior of cable thermal expansion
and ignition based on a thermogravimetric analysis.

In recent years, aging cable materials have attracted extensive attention from scholars,
but the research conclusions are not the same or are even contradictory. Xie et al. [164]
studied the fire protection characteristics of old and new cables using TGA-FTIR and a
micro-calorimeter (MCC). The experimental results showed that when the temperature
was higher than 277 °C, the mass loss of the aging cable jacket was significantly greater
than that of the new cable jacket. The final residual mass of the old cable was much smaller
than that of the new cable. In addition, in air or nitrogen atmospheres, the initial mass
loss temperature of the new and old cables under various heating rates was generally the
same, but the mass loss during the pyrolysis process of the old PVC sheath was larger than
that of the new sheath, and the HCl release speed was slower than that of the new sheath.
However, the initial release time was earlier than that of the new sheath. The results of the
MCC showed that the old jacket burned more strongly and that the heat release per unit
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mass was higher than the new jacket. However, in this experiment, there was no guarantee
that the old and new jacket came from the same cable.

Li et al. [165] used a cone calorimeter to simulate the fire characteristics of crosslinked
polyethylene cables under fire conditions. The experimental results showed that with
increases in aging time, the ignition time first increased and then decreased, which may be
due to the volatilization of combustible components such as plasticizers and lubricants in
the initial insulation layer. In the later stage, due to the decrease in the thermal stability
of the insulating material, the ignition time decreased, while the heat release rate was
the opposite. Zhang et al. [166] used a cone calorimeter to study the effects of different
aging times and types (thermal oxygen aging, hydrothermal aging, ozone aging, and
xenon arc aging) on the fire resistance of two kinds of wires under a constant radiation
intensity. The results showed that aging had different effects on the ignition time and
heat release rate of different types of cables, but the ignition time was longer than that
of non-aging cables. Among the four types of aging, the ignition time of thermal aging
cables was longer than that of the other three types of aging, and the heat release rate
was also higher than that of other aging modes. Kim et al. [167] analyzed the fire risk in
the early, middle, and late stages of combustion of cables with different aging degrees
based on the fire performance index (FPI) and fire growth index (FGI). The experimental
results showed that in the early stage of combustion, with the extension of aging time,
FPI showed an increasing trend due to the loss of volatile components in the cables. FGI
showed a downward trend, and the fire risk was low, but in the middle and late periods,
HRR, THR, and MLR were greater than those of non-aged cables. The fire risk increased,
and the changes in CO,, CO, and HCI with the degree of aging also varied. Fang et al. [168]
conducted thermogravimetric analyses, differential scanning calorimetry tests, and fire
spread tests on aging wires. The results of the thermogravimetric analyses and differential
scanning calorimetry tests demonstrated that the aging wires showed different pyrolysis
temperatures and crystallinities at different aging temperatures. However, different py-
rolysis temperatures and crystallinities have different effects on the ignition delay time of
chemical kinetics under different pressures. Chemical kinetics control the ignition delay in
the low-pressure region, and heat transfer controls the ignition delay in the high-pressure re-
gion. The higher the pyrolysis temperature and crystallinity, the larger the chemical kinetic
control area of the wire. Wang et al. [169-174], combined with previous studies, conducted
a comprehensive study on aging cables from the aspects of pyrolysis, fire characteristics,
and flame propagation behavior and determined the reaction models and pyrolysis kinetic
parameters of LDPE and PVC with different degrees of aging based on thermogravimetric
experiments. Combined with Fourier infrared (FTIR), micro-scale combustion calorimetry
(MCC), and cone calorimetry, it was found that aging PVC sheath was easier to pyrolyze,
the combustion of which was weaker and incomplete, and at a high heat flux, the TTT and
PHRR of new and old cables are not significantly different. According to the results of XPS,
after thermal aging, the metal in the wire core will diffuse into the insulation layer, which
plays a catalytic role in the aging and pyrolysis of the insulation layer, and the fire spread
rate generally shows a downward trend with the aging time.

3.2. Cable Fire Behavior

Studies on cable fire behavior are closely related to test standards related to cable
combustion performance. The major European standards are shown in Table 1.

A cable tray is a common way of laying cables in nuclear power plants, the combustion
of which is also one of the most common types, as shown in Figure 31.

The fire behavior of cable trays has been widely studied by scholars, and full-scale
experimental studies are being led by several projects.
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Table 1. Testing standards of cables.

Title Content

Method of test for resistance to fire of unprotected small cables for

EN'50200:2015 [175] use in emergency circuits.

Methods of test for the assessment of vertical flame spread, heat
release, smoke production, and the occurrence of flaming
droplets/particles of vertically mounted electric cables under
defined conditions.

EN 50399 [176]

Tests for electric cables under fire conditions—circuit integrity—

Part 1: Test method for fire with shock at a temperature of at least

830 °C for cables of rated voltage up to and including 0.6/1.0 kV
and with an overall diameter exceeding 20 mm.

Part 2: Test method for fire with shock at a temperature of at least
830 °C for cables of rated voltage up to and including 0.6/1.0 kV
and with an overall diameter not exceeding 20 mm.

Part 3: Test method for fire with shock at a temperature of at least
830 °C for cables of rated voltage up to and including 0.6/1.0 kV
tested in a metal enclosure.

IEC 60331 [177-179]

Test for vertical flame propagation for a single insulated wire or

EN 60332-1-2 [180] cable—Procedure for 1 kW pre-mixed flame.

Figure 31. Cable tray fire. Refs. [181,182].

From 1975 to 1987, Sandia National Laboratories conducted a series of studies on cable
fire behavior [183], mainly including an electrical starting cable fire test in 1976, isolated
cable tray fire test in 1978, cable fire test in exposed fire in 1977, cable tray fire corner
effect test in 1979, flame-retardant sheathed cable test in 1978, and cable fire burning mode
analysis in 1981. One of the findings was that the transverse cable bridge fire spreads
upward in a “V” shape, and the “V” shape deviates from the center of gravity line at an
angle of about 35°. The formation of this “V” shape spread mode is caused by the unequal
horizontal spread rate of each layer of cable; that is, the spread rate of the upper layer cable
is faster than that of the lower layer.

In 2000, several European national laboratories jointly carried out the FIPEC (Fire
Performance of Electrical Cables) project [184], which carried out cable fire experiments of
different sizes. Among them, according to the actual cable installation size, the real-size
cable bridge fire experiment and small-size cable material cone calorimeter experiment
were carried out. The real-size experiment was carried out in a relatively narrow corridor,
involving the combustion characteristics of the transverse cable bridge and the vertical cable
bridge. This established a relationship with the small-size experiment, which provided a
basis for the measurement of the subsequent fire heat release rate.
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A German study [109] carried out a vertical cable bridge fire experiment in open space
to study the influence of preheating on the fire spread and burning rate of vertical cables
and to simulate the different combustion characteristics of aging cables and new cables.
The authors also studied the influence of natural ventilation on the fire characteristics
of ordinary PVC cables and flame-retardant cables when laid vertically. The aim was to
provide fire model support for nuclear power plant fire safety assessments.

In 2007, The Cable Response to Live Fire Project (CAROLEFIRE) [185], including a
series of 78 small-scale tests and a second series of 18 intermediate-scale open burn tests,
provided data supporting the resolution of a “risk-informed approach for post-fire safe
shutdown circuit inspections” and improvements to fire modeling in the area of cable
responses to fires.

At the same time, the Cable Heat Release, Ignition, and Spread in Tray Installations
During Fire (CHRISTIFIRE) study [181,182] addressed the burning behavior of a fire beyond
the point of electrical failure and developed the fire model FLASH-CAT to predict the HRR
of horizontal cable tray fires, vertical cable tray fires, and the corridor fires. Then, Li
et al. [105] and Huang et al. [103] improved the model and proposed improved prediction
models for the fire release rate of vertical cable bridges and the fiery release rate of horizontal
cable bridges, respectively, and they carried out experimental verification.

The OECD PRIME fire research program led by the France IRSN in collaboration with
12 countries was carried out to understand the mechanisms of smoke and heat transmission
in multi-chamber fire scenarios and the impact of fires on targets, which included the
following [88]:

(1)  The effects of pressure induced by fires in forced ventilated enclosures;

(2)  The effects of oxygen depletion on the fuel mass loss rate;

(3) The relative effects of heat and mass transfers from the fire compartment to an
adjacent room;

(4) The effects of the ventilation flow rate on the velocity profiles from the fire room to
neighboring compartments;

(5) Cable performance testing;

(6) The effects of damper closure on the fire scenario;

(7)  The behavior of the activation of a sprinkler system in a fire scenario;

(8) The behavior of a cable fire in confined and ventilated fire scenarios;

(9) The behavior of an electrical cabinet fire in confined and ventilated fire scenarios.

In addition to the above large-scale projects on cable bridge fire research, there are also
several studies on the fire characteristics of full-size cables.

Huang et al. [91,92,98,101,102] carried out a series of cable tray fire experiments
including room fires with vertical cable tray fires in a confined compartment, the effects
of cable arrangements and the sidewall effect on the HRR of horizon cable trays. They
established several models for cable tray fire prediction.

Zhang et al. [96,100] proposed three new approaches (improved intra-variance, inte-
gral ratio, and N-percentage methods) in a three-layer zone model to predict the stratifica-
tion interface of fire smoke. Then, they developed a modified HRR prediction model in
the compartment by combining the carbon dioxide measurement of HRR and the three-
zone model.

Tang et al. [89] studied the fire characteristic sand hazards of two typical cables used
in nuclear power plants and considered the effects of the cable space, the results of which
indicated that NPP flame-retardant cables have a low sustained damage, fire development
rate, and overall fire risk. The distance has little effect on the burning time of the sheath,
but it promotes the burning of the insulation layer. The time from the first peak to the
second peak decreases with increases in the distance. Additionally, the effects of spacing
on cable bridge fires are not monotonous. The combustion of cables with a spacing of 10
mm has a higher fire risk, and its quality loss rate is the largest.

The cable spacing effect with the interlayer distance was also studied by An [94]. The
results illustrated that the larger the layer spacing, the higher the flame height and the
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smaller the flame width. When the distance between layers is greater than 10 cm, the flame
cannot spread to the upper layer of the cable. When the layer spacing is fixed, the flame
width decreases with increases in cable spacing, and the flame height increases first and
then decreases. When the cable spacing is 1.0 cm, the flame height is the largest.

Except for the spacing and interlayer distance, the effects of various fire loads and
ventilation speeds on the cable fire spread speed and smoke temperature in a mine was
also studied, which showed that the flame-retardant cable can be ignited and continuously
burnt at a certain wind speed, but the combustion can be restrained at high wind speeds.

As summarized above, a large number of scholars and projects have systematically
studied horizontal and vertical cable tray fires, as well as the effects of the ventilation status,
spacing, fire load, and other factors. They have proposed a large number of heat release rate
or ceiling temperature prediction models. For cable tray fires, in addition to experimental
studies, CFD simulations are also an important branch. The studies in this area fall into
two main categories.

On the one hand, some scholars use CFD simulation software, such as FDS, to sim-
ulate real cable tray fires. Tang et al. [186] simulated multi-layer cable fires using a fire
dynamics simulator (FDS). The effects of the cable bridge spacing, ignition position, and
tunnel ventilation speed on the fire characteristics were studied. Ferng et al. [187,188]
used FDS to simulate cable burning and typical nuclear power plant fire scenarios and
compared them with the experimental results. Qu et al. [189] established a multi-physics
simulation model of a double-layer cable shaft based on the theories of electromagnetism
fluid mechanics and thermodynamics. They also analyzed the temperature distribution of
electromagnetic flow in the cable shaft and the influence of the fire-blocking material under
rated working conditions.

On the other hand, based on the experimental data, inverse modeling can be carried
out using simulation software. The most influential of these studies has been the output
of the OECD PRIME Fire Research Project. Sophie et al. [83] used the CALIF3S/ISIS CFD
software developed by IRSN and took the measured heat release rate in the experiments
as the input data to simulate the fire of vertical and horizontal cable trays in the open
atmosphere as well as the fire in confined and mechanically ventilated compartments. The
differences between the pressure and gas temperature and the experimental results were
analyzed. W. Hay et al. [190] used the same method to simulate a fire in PVC cables on
a long cable tray in a large mechanical ventilation facility. Daniel et al. [191] and Verma
et al. [192] combined FLASH-CAT and FDS to propose a method for determining the HRR
of cable tray fires in a confined, ventilation-controlled environment. In addition to the
studies mentioned above, some researchers also used small-scale test data (from cone
calorimetry) to simulate full-scale cable tray fires [97,193,194].

3.3. The Release of Toxic Gases

As discussed in Chapter 1, toxic gases are a non-negligible potential threat to humans
from cable fires. The vast majority of toxic gases in cable fires originate from the organic
materials in insulation, sheathing, and other components. These toxic gases mainly include
the following types [195-197]: nitrogen oxides (NOy: nitrogen oxide (NO) and nitrogen
dioxide (NO,)); carbon oxide (CO) and carbon dioxide (CO,); various saturated and
unsaturated hydrocarbons; oxygen, hydrogen, fluorine, chlorine, sulfur, nitrogen, and
bromine compounds; sulfur oxides (mainly SO,), etc. For the toxicity testing of materials,
many countries and organizations have put forward standard test codes with different
focuses: DIN 53436 [198], NES713 [199], BS 7990:2003 [200], BS ISO 19703 [201], IEC/TS
60695-7-51 [202], etc.

The influences on the toxic gas composition in cable fires are mainly due to two aspects:
the cable composition material and the type of combustion (flame-burning or smoldering).
In recent years, some scholars have studied the release of toxic gases in cable fires for
different cable materials and under different external conditions according to the above
standard test codes or other test methods.
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T. Richard et al. [203] tested the yield of toxic products from five commercial cables
using the steady-state tube furnace method (IEC 60695-7-50 [204]) and compared them with
the static tube furnace method (NF X 70-100 [205]) and the results of large-scale cable fire
experiments. The results of the steady-state tube furnace method can be used to evaluate
the toxicity of combustion cables to a certain extent.

Katarzyna et al. [206] studied a PVC-insulated copper electric wire with an unknown
composition (PVC filled with chalk) using a steady tube furnace to examine the dependence
of the amount of CO, CO,, and HCI under ventilation-controlled conditions. They showed
that the values of the CO, yields of the wire were three times and two times lower than
the pure PVC and pure LDPE, respectively, while the values of the CO yield were four
times higher than the pure polymers under different ventilation conditions. The value of
the CO yield decreased with increasing ventilation, while the HCI yield was shown to be
independent of the ventilation conditions.

Rafal et al. [207] studied the effects of cable insulation materials and the type of
combustion on the generation of toxic gases and the response time of fire smoke detectors
in cable fires.

Hyun et al. [208] conducted an experimental study of the toxicity index of non-aged
to 40-year-old CR/EPR cables based on NES 713 [199], which showed that the evaluation
toxicity index of the aged cables was higher than that of the non-aged cable.

Min Ho and Seok Hui et al. [209,210] studied the combustion, smoke emission, and
toxic gas emission characteristics of four flame-retardant cables and two fiber optic cables
based on ISO 5660-1 [211] and NES 713 [199]. Based on the research results, they simulated
the cable laying room of a nuclear power plant and tested more advanced fire dynamics
simulations in order to accurately assess the harm of toxic gases released by cable fires
to humans.

In the above studies, the types and concentrations of toxic gases released by cable
fires vary with different cables and environments, so it may be necessary to build a large
database of toxic gases in cable fires under different conditions to achieve an accurate cable
fire toxicity assessment method.

4. Conclusions

This work reviews the current research progress of laboratory wire and commercial
cable fire research over the past decades. The influences of pressure, oxygen, gravity,
external air flow, voltage, and current, as well as the effects of the wire placement mode on
the ignition, fire spread, drip, and extinction of wires, are systematically discussed. Based
on the basic research results of heat transfer and combustion, the fire behavior of wires
under the above conditions was qualitative analyzed. Additionally, the ignition delay time
model of three ignition modes, the flame propagation model and the critical criterion of
dripping and extinction (blow off and quenching), were also discussed in detail. At the
same time, for the studies of commercial cable fires, several large research projects and
some researchers” works on real cable fire behaviors, numerical simulations, and the release
of toxic gases were summarized.

Although the current studies on both wires and cables have been extensive and the
consideration of various influencing factors is relatively comprehensive, there are still many
aspects that are worthy of further study. First of all, in the study of wire combustion, the
mixing and chemical processes of the gas phase, phase transition, and flow behavior of
the solid phase are usually ignored in the study of the combustion behavior of the wire
itself or the influence mechanism of environmental conditions on its combustion behavior.
These complex behaviors are crucial to the burning and extinguishing of wires. The neglect
of these components has led to the fact that the theoretical models and empirical or semi-
empirical prediction models proposed so far can only be qualitatively analyzed and cannot
simulate real wire combustion. Secondly, combustion under an electric field is essential for
both wires and cables, and the current study has not revealed its true mechanisms. Instead,
it has only explained the burning phenomenon of wires under electric fields. Finally, there is
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Author Contributions: Conceptualization, Y.Z. and S.W. (Shasha Wang); methodology, S.W. (Shijie Wang)
and K.T.; investigation, Y.L.; resources, S.W. (Shijie Wang) and Y.Z.; writing—original draft prepara-
tion, EY.; writing—review and editing, Y.Z. and EY.; visualization, S.W. (Shasha Wang); supervision
S.W. (Shijie Wang) and Y.Z; project administration, Y.Z and S.W. (Shasha Wang); funding acquisition,
Y.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (52374225,
52074202).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare no conflicts of interest.

Nomenclature
Symbol Implication Symbol Implication
A Cross-section area (m?)/ Nu Nusselt number
pre-exponential factor
a Strain rate (s~ 1) q/Q" Heat flux (kW /m?)
B Mass transfer number r Radius (m)
Bo Bond number t Time (s)
c Specific heat (k] /kg/K)/ T Temperature (K or °C)
proportionality constant
D Diffusion coefficient (m?/s)/diameter (m) U Sliding velocity (m/s)
Da Damkohler number X Wire axial direction
E Gaseous reaction activation energy 5 Thickness (m)
(kJ/mol)
f Frequency (s~ 1) B Coefficient
Gr Grashoff number o' Chemical reaction rate
(mol/L/s)
AH Reaction heat (k] /mol) X Volume fraction (%)
h Convective heat transfer coefficient o Density (kg/m?)
(W/(m?K))
I Electrical current (A) o Surface tension (Pa)
k Thermal conductivity (W/m/K) ¢ Equivalence ratio
L Heating length (m) T Critical shear stress (Pa)
Le Lewis number 0 Angle (°)
mm Mass loss rate (kg/s)

1. Residential Building Electrical Malfunction Fire Trends. Available online: https://www.usfa.fema.gov /statistics/residential-
fires/electrical.html (accessed on 9 April 2024).

2. Eaton, T.E. Electric Services and Building Fires. Fire Technol. 1992, 28, 70-86. [CrossRef]

3. Andersson, P; Rosell, L.; Simonson, M.; Emanuelsson, V. Small and Large Scale Fire Experiments with Electric Cables under
Well-Ventilated and Vitiated Conditions. Fire Technol. 2004, 40, 247-262. [CrossRef]

34



Fire 2024, 7, 186

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Bakhman, N.N.; Aldabaev, L.I; Kondrikov, B.N.; Filippov, V.A. Burning of Polymeric Coatings on Copper Wires and Glass
Threads: II. Critical Conditions of Burning. Combust. Flane 1981, 41, 35-43. [CrossRef]

Bakhman, N.N.; Aldabaev, L.I.; Kondrikov, B.N.; Filippov, V.A. Burning of Polymeric Coatings on Copper Wires and Glass
Threads: 1. Flame Propagation Velocity. Combust. Flame 1981, 41, 17-34. [CrossRef]

Fernandez-Pello, A.; Hasegawa, H.; Staggs, K.; Lipska-quinn, A.; Alvares, N. A Study Of The Fire Performance Of Electrical
Cables. Fire Saf. Sci. 1991, 3, 237-247. [CrossRef]

Tewarson, A.; Khan, M.M. Flame Propagation for Polymers in Cylindrical Configuration and Vertical Orientation. Symp. Int.
Combust. 1989, 22, 1231-1240. [CrossRef]

Jia, S.; Ma, Y.; Guo, Z.; Hu, L. Experimental Study of Spontaneous Ignition of Overloaded Electrical Wires under Transverse Wind.
Proc. Combust. Inst. 2023, 39, 4031-4039. [CrossRef]

Guo, F,; Kawaguchi, S.; Hashimoto, N.; Fujita, O. Effect of Pyrolysis Kinetic Parameters on the Overload Ignition of Polymer
Insulated Wires in Microgravity. Proc. Combust. Inst. 2023, 39, 3939-3947. [CrossRef]

Kobayashi, Y.; Konno, Y.; Huang, X.; Nakaya, S.; Tsue, M.; Hashimoto, N.; Fujita, O.; Fernandez-Pello, C. Laser Piloted Ignition of
Electrical Wire in Microgravity. Proc. Combust. Inst. 2019, 37, 4211-4219. [CrossRef]

Fang, J.; Zhao, S.; Wang, J.; Xue, Y.; He, X.; Zhang, Y. Sub-Atmospheric Bursting Ignition of Fluorinated Ethylene Propylene Wire
Insulation. Fire Saf. ]. 2018, 100, 45-50. [CrossRef]

He, H.; Zhang, Q.; Wang, X.; Wang, F.; Zhao, L.; Zhang, Y. The Influence of Currents on the Ignition and Correlative Smoke
Productions for PVC-Insulated Electrical Wires. Fire Technol. 2017, 53, 1275-1289. [CrossRef]

Shimizu, K.; Kikuchi, M.; Hashimoto, N.; Fujita, O. A Numerical and Experimental Study of the Ignition of Insulated Electric
Wire with Long-Term Excess Current Supply under Microgravity. Proc. Combust. Inst. 2017, 36, 3063-3071. [CrossRef]

Takano, Y.; Fujita, O.; Shigeta, N.; Nakamura, Y.; Ito, H. Ignition Limits of Short-Term Overloaded Electric Wires in Microgravity.
Proc. Combust. Inst. 2013, 34, 2665-2673. [CrossRef]

Huang, X.; Nakamura, Y.; Williams, F.A. Ignition-to-Spread Transition of Externally Heated Electrical Wire. Proc. Combust. Inst.
2013, 34, 2505-2512. [CrossRef]

Fujita, O.; Kyono, T.; Kido, Y.; Ito, H.; Nakamura, Y. Ignition of Electrical Wire Insulation with Short-Term Excess Electric Current
in Microgravity. Proc. Combust. Inst. 2011, 33, 2617-2623. [CrossRef]

Kong, W.; Wang, B.; Zhang, W.; Ai, Y.; Lao, S. Study on Prefire Phenomena of Wire Insulation at Microgravity. Microgravity Sci.
Technol. 2008, 20, 107-113. [CrossRef]

Zhang, Y.; Fang, J.; Wang, ].; Zhang, Y.; Song, L. Lower Pressure Dripping Limits of Inclined Polyethylene-Insulated Wires during
Flame Spreading under Different Oxygen Concentrations. Fire Saf. ]. 2021, 120, 103108. [CrossRef]

Kobayashi, Y.; Nakaya, S.; Tsue, M.; Takahashi, S. Flame Spread over Polyethylene-Insulated Copper and Stainless-Steel Wires at
High Pressure. Fire Saf. ]. 2021, 120, 103062. [CrossRef]

Gagnon, L.; Fernandez-Pello, C.; Urban, J.L.; Carey, V.P; Konno, Y.; Fujita, O. Effect of Reduced Ambient Pressures and Opposed
Airflows on the Flame Spread and Dripping of LDPE Insulated Copper Wires. Fire Saf. J. 2021, 120, 103171. [CrossRef]

He, H.; Zhang, Q.; Shi, L.; Li, H.; Huang, D.; Zhang, Y. Experimental Study on the Thermoplastic Dripping and Flame Spread
Behaviors of Energized Electrical Wire under Reduced Atmospheric Pressure. Polymers 2021, 13, 346. [CrossRef]

Nagachi, M.; Citerne, J.-M.; Dutilleul, H.; Guibaud, A.; Jomaas, G.; Legros, G.; Hashimoto, N.; Fujita, O. Effect of Ambient
Pressure on the Extinction Limit for Opposed Flame Spread over an Electrical Wire in Microgravity. Proc. Combust. Inst. 2021, 38,
4767-4774. [CrossRef]

Ma, Y.; Zhang, X.; Lu, Y,; Lv, ].; Zhu, N.; Hu, L. Effect of Transverse Flow on Flame Spread and Extinction over Polyethylene-
Insulated Wires. Proc. Combust. Inst. 2021, 38, 4727-4735. [CrossRef]

Kang, M.S.; Park, S.H.; Yoo, C.S; Park, J.; Chung, S.H. Effect of Core Metal on Flame Spread and Extinction for Horizontal
Electrical Wire with Applied AC Electric Fields. Proc. Combust. Inst. 2021, 38, 4747-4756. [CrossRef]

Guibaud, A.; Consalvi, ].-L.; Citerne, ].-M.; Legros, G. Pressure Effects on the Soot Production and Radiative Heat Transfer of
Non-Buoyant Laminar Diffusion Flames Spreading in Opposed Flow over Insulated Wires. Combust. Flame 2020, 222, 383-391.
[CrossRef]

An, W,; Tang, Y.; Liang, K.; Wang, T.; Zhou, Y.; Wen, Z. Experimental Study on Flammability and Flame Spread Characteristics of
Polyvinyl Chloride (PVC) Cable. Polymers 2020, 12, 2789. [CrossRef]

Guibaud, A.; Citerne, J.-M.; Consalvi, J.-L.; Legros, G. On the Effects of Opposed Flow Conditions on Non-Buoyant Flames
Spreading over Polyethylene-Coated Wires—Part II: Soot Oxidation Quenching and Smoke Release. Combust. Flame 2020, 221,
544-551. [CrossRef]

Guibaud, A.; Citerne, ].-M.; Consalvi, J.-L.; Legros, G. On the Effects of Opposed Flow Conditions on Non-Buoyant Flames
Spreading over Polyethylene-Coated Wires—Part I: Spread Rate and Soot Production. Combust. Flame 2020, 221, 530-543.
[CrossRef]

Wang, Z.; Zhou, T.; Wei, R.; Wang, ]. Experimental Study of Flame Spread over PE-insulated Single Copper Core Wire under
Varying Pressure and Electric Current. Fire Mater. 2020, 44, 835-843. [CrossRef]

Konno, Y.; Hashimoto, N.; Fujita, O. Role of Wire Core in Extinction of Opposed Flame Spread over Thin Electric Wires. Combust.
Flame 2020, 220, 7-15. [CrossRef]

35



Fire 2024, 7, 186

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Zhao, Y.; Chen, J.; Chen, X; Sheng, Y.; Lu, S.; Luo, S.; Deng, J. Influence of High Atmospheric Pressure on Flame Spread over
Electric Wire at Different Inclinations. Process Saf. Environ. Prot. 2020, 136, 66-75. [CrossRef]

Zhao, L.; Zhang, Q.; Tu, R;; Fang, J.; Wang, ].; Zhang, Y. Effects of Electric Current and Sample Orientation on Flame Spread over
Electrical Wires. Fire Saf. ]. 2020, 112, 102967. [CrossRef]

Wang, Z.; Wei, R.; He, J.; Wang, J. Melt Dripping Behavior in the Process of Flame Spread over Energized Electrical Wire at
Different Pressures. Fire Mater. 2020, 44, 58—64. [CrossRef]

Nagachi, M.; Mitsui, F; Citerne, ].-M.; Dutilleul, H.; Guibaud, A.; Jomaas, G.; Legros, G.; Hashimoto, N.; Fujita, O. Effect of
Ignition Condition on the Extinction Limit for Opposed Flame Spread over Electrical Wires in Microgravity. Fire Technol. 2020, 56,
149-168. [CrossRef]

Konno, Y.; Kobayashi, Y.; Fernandez-Pello, C.; Hashimoto, N.; Nakaya, S.; Tsue, M.; Fujita, O. Opposed-Flow Flame Spread and
Extinction in Electric Wires: The Effects of Gravity, External Radiant Heat Flux, and Wire Characteristics on Wire Flammability.
Fire Technol. 2020, 56, 131-148. [CrossRef]

Guibaud, A.; Citerne, ].-M.; Consalvi, J.-L.; Fujita, O.; Torero, J.; Legros, G. Experimental Evaluation of Flame Radiative Feedback:
Methodology and Application to Opposed Flame Spread Over Coated Wires in Microgravity. Fire Technol. 2020, 56, 185-207.
[CrossRef]

Guibaud, A.; Consalvi, J.L.; Orlac’h, ].M.; Citerne, ]. M.; Legros, G. Soot Production and Radiative Heat Transfer in Opposed
Flame Spread over a Polyethylene Insulated Wire in Microgravity. Fire Technol. 2020, 56, 287-314. [CrossRef]

Park, S.H.; Kang, M.S.; Cha, M.S,; Park, J.; Chung, S.H. Flame Spread over Twin Electrical Wires with Applied DC Electric Fields.
Combust. Flame 2019, 210, 350-359. [CrossRef]

Hu, L.; Zhu, K;; Lu, Y.; Zhang, X. An Experimental Study on Flame Spread over Electrical Wire with High Conductivity Copper
Core and Controlling Heat Transfer Mechanism under Sub-Atmospheric Pressures. Int. ]. Therm. Sci. 2019, 141, 141-149.
[CrossRef]

Zhang, Y.; Fang, J.; Wang, J.; Zhao, L.; Zhang, Y. The Effects of Angular Orientation and Ultraviolet Aging on ETFE Wire Flame
Spread. Fire Mater. 2019, 43, 393-400. [CrossRef]

Park, S.H.; Lim, S.J.; Cha, M.S,; Park, ].; Chung, S.H. Effect of AC Electric Field on Flame Spread in Electrical Wire: Variation in
Polyethylene Insulation Thickness and Di-Electrophoresis Phenomenon. Combust. Flame 2019, 202, 107-118. [CrossRef]

Lu, Y,; Huang, X.; Hu, L.; Fernandez-Pello, C. Concurrent Flame Spread and Blow-Off over Horizontal Thin Electrical Wires. Fire
Technol. 2019, 55, 193-209. [CrossRef]

Nagachi, M.; Mitsui, F,; Citerne, ].-M.; Dutilleul, H.; Guibaud, A.; Jomaas, G.; Legros, G.; Hashimoto, N.; Fujita, O. Can a
Spreading Flame over Electric Wire Insulation in Concurrent Flow Achieve Steady Propagation in Microgravity? Proc. Combust.
Inst. 2019, 37, 4155-4162. [CrossRef]

Konno, Y.; Hashimoto, N.; Fujita, O. Downward Flame Spreading over Electric Wire under Various Oxygen Concentrations. Proc.
Combust. Inst. 2019, 37, 3817-3824. [CrossRef]

Kobayashi, Y.; Konno, Y.; Huang, X.; Nakaya, S.; Tsue, M.; Hashimoto, N.; Fujita, O.; Fernandez-Pello, C. Effect of Insulation
Melting and Dripping on Opposed Flame Spread over Laboratory Simulated Electrical Wires. Fire Saf. ]. 2018, 95, 1-10. [CrossRef]
Lim, S.J.; Park, S.H.; Park, |.; Fujita, O.; Keel, S.I.; Chung, S.H. Flame Spread over Inclined Electrical Wires with AC Electric Fields.
Combust. Flame 2017, 185, 82-92. [CrossRef]

Zhao, Y; Chen, J.; Chen, X,; Lu, S. Pressure Effect on Flame Spread over Polyethylene-Insulated Copper Core Wire. Appl. Therm.
Eng. 2017, 123, 1042-1049. [CrossRef]

Kobayashi, Y.; Huang, X.; Nakaya, S.; Tsue, M.; Fernandez-Pello, C. Flame Spread over Horizontal and Vertical Wires: The Role of
Dripping and Core. Fire Saf. J. 2017, 91, 112-122. [CrossRef]

Hu, L.; Lu, Y,; Yoshioka, K.; Zhang, Y.; Fernandez-Pello, C.; Chung, S.H.; Fujita, O. Limiting Oxygen Concentration for Extinction
of Upward Spreading Flames over Inclined Thin Polyethylene-Insulated NiCr Electrical Wires with Opposed-Flow under Normal-
and Micro-Gravity. Proc. Combust. Inst. 2017, 36, 3045-3053. [CrossRef]

He, H.; Zhang, Q.; Tu, R.; Zhao, L.; Liu, J.; Zhang, Y. Molten Thermoplastic Dripping Behavior Induced by Flame Spread over
Wire Insulation under Overload Currents. |. Hazard. Mater. 2016, 320, 628-634. [CrossRef]

Citerne, J.-M.; Dutilleul, H.; Kizawa, K.; Nagachi, M.; Fujita, O.; Kikuchi, M.; Jomaas, G.; Rouvreau, S.; Torero, ].L.; Legros, G. Fire
Safety in Space—Investigating Flame Spread Interaction over Wires. Acta Astronaut. 2016, 126, 500-509. [CrossRef]

Lim, S.J.; Kim, M; Park, J.; Fujita, O.; Chung, S. Flame Spread over Electrical Wire with AC Electric Fields: Internal Circulation,
Fuel Vapor-Jet, Spread Rate Acceleration, and Molten Insulator Dripping. Combust. Flame 2015, 162, 1167-1175. [CrossRef]
Nakamura, Y.; Azumaya, K.; Iwakami, J.; Wakatsuki, K. Scale Modeling of Flame Spread Over PE-Coated Electric Wires. In
Progress in Scale Modeling; Saito, K., Ito, A., Nakamura, Y., Kuwana, K., Eds.; Springer International Publishing: Cham, Switzerland,
2015; Volume II, pp. 275-292. ISBN 978-3-319-10307-5.

Hu, L.; Zhang, Y.; Yoshioka, K.; Izumo, H.; Fujita, O. Flame Spread over Electric Wire with High Thermal Conductivity Metal
Core at Different Inclinations. Proc. Combust. Inst. 2015, 35, 2607-2614. [CrossRef]

Takahashi, S.; Ito, H.; Nakamura, Y.; Fujita, O. Extinction Limits of Spreading Flames over Wires in Microgravity. Combust. Flane
2013, 160, 1900-1902. [CrossRef]

Takahashi, S.; Takeuchi, H.; Ito, H.; Nakamura, Y.; Fujita, O. Study on Unsteady Molten Insulation Volume Change during Flame
Spreading over Wire Insulation in Microgravity. Proc. Combust. Inst. 2013, 34, 2657-2664. [CrossRef]

36



Fire 2024, 7, 186

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.
78.

79.

80.

81.

82.

83.

84.

85.

Kim, M.K,; Chung, S.H.; Fujita, O. Effect of AC Electric Fields on Flame Spread over Electrical Wire. Proc. Combust. Inst. 2011, 33,
1145-1151. [CrossRef]

Nakamura, Y.; Yoshimura, N.; Ito, H.; Azumaya, K.; Fujita, O. Flame Spread over Electric Wire in Sub-Atmospheric Pressure. Proc.
Combust. Inst. 2009, 32, 2559-2566. [CrossRef]

Nakamura, Y.; Yoshimura, N.; Matsumura, T.; Ito, H.; Fujita, O. Opposed-Wind Effect on Flame Spread of Electric Wire in
Sub-Atmospheric Pressure. J. Therm. Sci. Technol. 2008, 3, 430-441. [CrossRef]

Nakamura, Y.; Yoshimura, N.; Matsumura, T.; Ito, H.; Fujita, O. Flame Spread over Polymer-Insulated Wire in Sub-Atmospheric
Pressure: Similarity to Microgravity Phenomena. In Progress in Scale Modeling; Saito, K., Ed.; Springer: Dordrecht, The Netherlands,
2008; pp. 17-27. ISBN 978-1-4020-8681-6.

Umemura, A.; Uchida, M.; Hirata, T.; Sato, J. Physical Model Analysis of Flame Spreading along an Electrical Wire in Microgravity.
Proc. Combust. Inst. 2002, 29, 2535-2543. [CrossRef]

Fujita, O.; Nishizawa, K.; Ito, K. Effect of Low External Flow on Flame Spread over Polyethylene-Insulated Wire in Microgravity.
Proc. Combust. Inst. 2002, 29, 2545-2552. [CrossRef]

Fyjita, O.; Kikuchi, M.; Ito, K.; Nishizawa, K. Effective Mechanisms to Determine Flame Spread Rate over Ethylene-
Tetrafluoroethylene Wire Insulation: Discussion on Dilution Gas Effect Based on Temperature Measurements. Proc. Combust. Inst.
2000, 28, 2905-2911. [CrossRef]

Kikuchi, M.; Fujita, O.; Ito, K.; Sato, A.; Sakuraya, T. Experimental Study on Flame Spread over Wire Insulation in Microgravity.
Symp. Int. Combust. 1998, 27, 2507-2514. [CrossRef]

Huang, X.; Zhou, Z.; Gao, J.; Hu, J.; Wang, C.; Zhang, X. Effect of Copper Core Diameter on Heat Transfer and Horizontal Flame
Spread Behaviors over Electrical Wire. Case Stud. Therm. Eng. 2021, 27, 101296. [CrossRef]

Tang, K.; Wu, S.; Zhang, H.; Li, C.; Yuan, B.; Zhang, Y. Analysis of Heat Transfer during Flame Spread over Energized-Wire under
High Currents. Int. |. Therm. Sci. 2022, 171, 107191. [CrossRef]

Huang, X.; Zhou, Z.; Hu, J.; Shao, Y.; Liu, Z.; Liu, Y. Experimental Study on Flame Spread Characteristics of Double PE-Insulated
Wires with Different Spacing Distances. Case Stud. Therm. Eng. 2022, 31, 101822. [CrossRef]

Ma, Y.; Hu, L, Jia, S.; Lv, J.; Xiong, S. Analysis of Upward- and Downward Flame Spread over Vertical Installed Polyethylene-
Insulated Electrical Wires. Combust. Flame 2022, 238, 111896. [CrossRef]

Kang, M.S.; Park, J.; Chung, S.H.; Yoo, C.S. Effect of the Thickness of Polyethylene Insulation on Flame Spread over Electrical
Wire with Cu-Core under AC Electric Fields. Combust. Flame 2022, 240, 112017. [CrossRef]

Li, C; Chen, J.; Zhang, W.; Hu, L.; Cao, J.; Liu, J.; Zhu, Z.; Wu, S. Influence of Arc Size on the Ignition and Flame Propagation of
Cable Fire. Energies 2021, 14, 5675. [CrossRef]

Zhang, Y.; Zhang, W.; Li, K.; Tang, K.; Liu, Z. Dripping Behavior Effects on Flame Propagation along Electrical Wires under High
Currents. Fire Saf. |. 2021, 123, 103368. [CrossRef]

Wang, Z.; Wang, J. Experimental Study on Flame Propagation over Horizontal Electrical Wires under Varying Pressure. Int. J.
Therm. Sci. 2020, 156, 106492. [CrossRef]

Wang, Z.; Wang, ]. A Comprehensive Study on the Flame Propagation of the Horizontal Laboratory Wires and Flame-Retardant
Cables at Different Thermal Circumstances. Process Saf. Environ. Prot. 2020, 139, 325-333. [CrossRef]

He, H.; Zhang, Q.X.; Zhao, L.Y,; Liu, J.; Wang, ].J.; Zhang, Y.M. Flame Propagation Over Energized PE-Insulated Wire Under Low
Pressure. Int. ]. Comput. Methods Exp. Meas. 2017, 5, 87-95. [CrossRef]

Wang, X.; He, H.; Zhao, L.; Fang, ].; Wang, J.; Zhang, Y. Ignition and Flame Propagation of Externally Heated Electrical Wires
with Electric Currents. Fire Technol. 2016, 52, 533-546. [CrossRef]

Fang, J.; Zhang, Y.,; Huang, X.; Xue, Y,; Wang, J.; Zhao, S.; He, X,; Zhao, L. Dripping and Fire Extinction Limits of Thin Wire: Effect
of Pressure and Oxygen. Combust. Sci. Technol. 2021, 193, 437-452. [CrossRef]

Huang, X. Critical Drip Size and Blue Flame Shedding of Dripping Ignition in Fire. Sci. Rep. 2018, 8, 16528. [CrossRef] [PubMed]
Xie, Q.; Gong, T.; Huang, X. Fire Zone Diagram of Flame-Retardant Cables: Ignition and Upward Flame Spread. Fire Technol.
2021, 57, 2643-2659. [CrossRef]

Lee, J.; Kim, B.; Jung, Y.H.; Lee, S.; Shin, W.G. Numerical Study to Reproduce a Real Cable Tray Fire Event in a Nuclear Power
Plant. Nucl. Eng. Technol. 2023, 55, 157-1584. [CrossRef]

Pretrel, H.; Zavaleta, P.; Suard, S. Experimental Investigation of the Effects of a Sidewall and Cable Arrangement on a Horizontal
Cable Tray Fire in an Open Atmosphere. Fire Mater. 2022, 47, 718-732. [CrossRef]

Zavaleta, P.,; Suard, S.; Audouin, L. Cable Tray Fire Tests with Halogenated Electric Cables in a Confined and Mechanically
Ventilated Facility. Fire Mater. 2019, 43, 543-560. [CrossRef]

Suard, S.; Van Hees, P.; Roewekamp, M.; Tsuchino, S.; Gonzalez, R. Fire Development in Multi-Compartment Facilities: PRISME 2
Project. Fire Mater. 2019, 43, 433-435. [CrossRef]

Bascou, S.; Zavaleta, P.; Babik, F. Cable Tray FIRE Tests Simulations in Open Atmosphere and in Confined and Mechanically
Ventilated Compartments with the CALIF3S/ISIS CFD Software. Fire Mater. 2019, 43, 448-465. [CrossRef]

Klein-Hefling, W. Validation of the Lumped Parameter Code COCOSYS against Large-scale OECD PRISME 2 Fire Experiments.
Fire Mater. 2019, 43, 591-609. [CrossRef]

Plumecocq, W.; Audouin, L.; Zavaleta, P. Horizontal Cable Tray Fire in a Well-confined and Mechanically Ventilated Enclosure
Using a Two-zone Model. Fire Mater. 2019, 43, 530-542. [CrossRef]

37



Fire 2024, 7, 186

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111

112.

113.
114.

115.

Zavaleta, P.; Hanouzet, R.; Beji, T. Improved Assessment of Fire Spread over Horizontal Cable Trays Supported by Video Fire
Analysis. Fire Technol. 2019, 55, 233-255. [CrossRef]

Pelzer, M.; Klein-Hefling, W. Validation of COCOSYS Pyrolysis Models on OECD PRISME Fire Experiments. Fire Saf. J. 2013, 62,
174-191. [CrossRef]

Audouin, L.; Rigollet, L.; Prétrel, H.; Le Saux, W.; Rowekamp, M. OECD PRISME Project: Fires in Confined and Ventilated
Nuclear-Type Multi-Compartments—Overview and Main Experimental Results. Fire Saf. ]. 2013, 62, 80-101. [CrossRef]

Tang, K.; Zhang, Y,; Jiang, S.; Li, C.; Ma, C,; Liu, G.; Zhang, H.; Yuan, B. A Comparative Study on Fire Hazards of Cables Used in
Nuclear Power Plants Based on Small- and Large-Scale Experiments. . Therm. Anal. Calorim. 2022, 147, 14659-14671. [CrossRef]
Yang, H.; Zou, L.; Song, Z.; Wang, X.; Sun, Y.; Duan, Y. Identification of the Ignition Point of High Voltage Cable Trenches Based
on Ceiling Temperature Distribution. Symmetry 2022, 14, 1417. [CrossRef]

Huang, P; Ye, S.; Qin, L.; Huang, Y.; Yang, J.; Yu, L.; Wu, D. Experimental Study on the Maximum Excess Ceiling Gas Temperature
Generated by Horizontal Cable Tray Fires in Urban Utility Tunnels. Int. ]. Therm. Sci. 2022, 172, 107341. [CrossRef]

Huang, X.; Zhu, H.; He, L.; Peng, L.; Cheng, C.; Chow, W. Improved Model for Estimating Sidewall Effect on the Fire Heat Release
Rate of Horizontal Cable Tray. Process Saf. Environ. Prot. 2021, 149, 831-838. [CrossRef]

Huang, X.; Wang, Y.; Ren, Z.; Li, Z.; Cheng, C.; Chow, W. Experimental Investigation on Maximum Ceiling Jet Temperature
Generated by a Vertically Spreading Cable Fire. Fire Saf. ]. 2021, 120, 103125. [CrossRef]

An, W.; Wang, T,; Liang, K.; Tang, Y.; Wang, Z. Effects of Interlayer Distance and Cable Spacing on Flame Characteristics and Fire
Hazard of Multilayer Cables in Utility Tunnel. Case Stud. Therm. Eng. 2020, 22, 100784. [CrossRef]

Ke, G.; Zimeng, L.; Jinzhang, J.; Zeyi, L.; Yisimayili, A.; Zhipeng, Q.; Yaju, W.; Shengnan, L. Study on Flame Spread Characteristics
of Flame-Retardant Cables in Mine. Adv. Polym. Technol. 2020, 2020, 1-7. [CrossRef]

Zhang, Y.; Liu, Z; Lin, Y.; Fu, M.; Chen, Y. New Approaches to Determine the Interface Height of Fire Smoke Based on a
Three-layer Zone Model and Its Verification in Large Confined Space. Fire Mater. 2020, 44, 130-138. [CrossRef]

Hehnen, T.; Arnold, L.; Mendola, S.L. Numerical Fire Spread Simulation Based on Material Pyrolysis—An Application to the
CHRISTIFIRE Phase 1 Horizontal Cable Tray Tests. Fire 2020, 3, 33. [CrossRef]

Huang, X.; Zhu, H.; Peng, L.; Zheng, Z.; Zeng, W.; Bi, K.; Cheng, C.; Chow, W. Thermal Characteristics of Vertically Spreading
Cable Fires in Confined Compartments. Fire Technol. 2019, 55, 1849-1875. [CrossRef]

Siemon, M.; Riese, O.; Forell, B.; Kronung, D.; Klein-Hefling, W. Experimental and Numerical Analysis of the Influence of Cable
Tray Arrangements on the Resulting Mass Loss Rate and Fire Spreading. Fire Mater. 2019, 43, 497-513. [CrossRef]

Zhang, Y.; Tang, K.; Duan, H.; Niu, Y.; Huang, X.; Chen, B.; Liu, Z.; Chen, Y. Modified Carbon-Dioxide Measurement to Predict the
Heat Release Rate of Fire Burning in a Compartment Based on the Three-Zone Model. Fire Mater. 2019, 43, 256-265. [CrossRef]
Huang, X.; Zhu, H.; Peng, L.; Zheng, Z.; Zeng, W.; Bi, K.; Cheng, C.; Chow, W. Burning Behavior of Cable Tray Located on a Wall
with Different Cable Arrangements. Fire Mater. 2019, 43, 64-73. [CrossRef]

Huang, X.; Ren, Z.; Zhu, H.; Peng, L.; Cheng, C.; Chow, W. A Modified Zone Model on Vertical Cable Tray Fire in a Confined
Compartment in the Nuclear Power Plant. J. Fire Sci. 2018, 36, 472-493. [CrossRef]

Huang, X.; Zhu, H; Peng, L.; Zheng, Z.; Zeng, W.; Cheng, C.; Chow, W. An Improved Model for Estimating Heat Release Rate in
Horizontal Cable Tray Fires in Open Space. |. Fire Sci. 2018, 36, 275-290. [CrossRef]

Zavaleta, P.; Audouin, L. Cable Tray Fire Tests in a Confined and Mechanically Ventilated Facility. Fire Mater. 2018, 42, 28—43.
[CrossRef]

Li, L.; Huang, X.; Bi, K,; Liu, X. An Enhanced Fire Hazard Assessment Model and Validation Experiments for Vertical Cable Trays.
Nucl. Eng. Des. 2016, 301, 32-38. [CrossRef]

Beji, T.; Verstockt, S.; Zavaleta, P.; Merci, B. Flame Spread Monitoring and Estimation of the Heat Release Rate from a Cable Tray
Fire Using Video Fire Analysis (VFA). Fire Technol. 2016, 52, 611-621. [CrossRef]

Passalacqua, R.; Cortes, P; Taylor, N.; Beltran, D.; Zavaleta, P.; Charbaut, S. Experimental Characterisation of ITER Electric Cables
in Postulated Fire Scenarios. Fusion Eng. Des. 2013, 88, 2650-2654. [CrossRef]

McGrattan, K.; Lock, A.; Marsh, N.; Nyden, M.; Dreisbach, J.; Stroup, D. Understanding the hazards of grouped electrical cables.
In Proceedings of the 2010 14th International Heat Transfer Conference, Washington, DC, USA, 8-13 August 2010.

McGrattan, K.B. Evaluation of Fire Models for Nuclear Power Plant Applications: Benchmark Exercise #3: International Panel Report;
National Institute of Standards and Technology: Gaithersburg, MD, USA, 2007; p. NIST IR 7338.

Khan, M.M,; Bill, R.G.; Alpert, R.L. Screening of Plenum Cables Using a Small-Scale Fire Test Protocol. Fire Mater. 2006, 30, 65-76.
[CrossRef]

Hees, P.V.; Axelsson, J.; Green, A.M.; Grayson, S.J. Mathematical Modelling of Fire Development in Cable Installations. Fire Mater.
2001, 25, 169-178. [CrossRef]

Alvares, N.; Fernandez-Pello, A.C. Fire Initiation and Spread in Overloaded Communication System Cable Trays. Exp. Therm.
Fluid Sci. 2000, 21, 51-57. [CrossRef]

Quintiere, J. Fundamentals of Fire Phenomena; Wiley: Hoboken, NJ, USA, 2006; ISBN 978-0-470-09113-5.

Ge, F; Qiu, T.; Zhang, M.; Ji, ]. Experimental Research on the Thermal Characteristic of Low-Voltage Alternating Current (AC)
Arc Faults. Fire Saf. ]. 2023, 136, 103732. [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]

38



Fire 2024, 7, 186

116.

117.

118.

119.
120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Miyamoto, K.; Huang, X.; Hashimoto, N.; Fujita, O.; Fernandez-Pello, C. Limiting Oxygen Concentration (LOC) of Burning
Polyethylene Insulated Wires under External Radiation. Fire Saf. ]. 2016, 86, 32-40. [CrossRef]

Huang, X.; Nakamura, Y. A Review of Fundamental Combustion Phenomena in Wire Fires. Fire Technol. 2020, 56, 315-360.
[CrossRef]

Merzhanov, A.G.; Sirignano, W.A.; De Luca, L. Advances in Combustion Science: In Honor of Ya. B. Zel’Dovich; American Institute of
Aeronautics and Astronautics: Reston, VA, USA, 1997.

Buckmaster, J. The Mathematical Theory of Combustion and Explosions. Combust. Flame 1987, 67, 185. [CrossRef]

Guo, F,; Kawaguchi, S.; Hashimoto, N.; Fujita, O. Identifying Two Ignition Modes of Polymer Insulated Wires with Continuous
Excess Current in Microgravity. Fire Saf. ]. 2023, 141, 103925. [CrossRef]

Kong, W.; Lao, S.-Q.; Zhang, P.-Y.; Zhang, X.-Q. Study on Wire Insulation Flammability at Microgravity by Functional Simulation
Method. Ranshao Kexue Yu Jishu J. Combust. Sci. Technol. 2006, 12, 1-4.

Wang, K.; Wang, B.; Ai, Y.; Kong, W. Study on the Pre-Ignition Characteristics of Wire Insulation in the Narrow Channel Setup.
Sci. China Technol. Sci. 2012, 55, 2132-2139. [CrossRef]

Wang, K.; Wang, B.; Kong, W.; Liu, F. Study on the Pre-Ignition Temperature Variations of Wire Insulation under Overload
Conditions in Microgravity by the Functional Simulation Method. |. Fire Sci. 2014, 32, 257-280. [CrossRef]

Wang, K.; Xia, W.; Wang, B.; Ai, Y.; Kong, W. Study on Fire Initiation of Wire Insulation by a Narrow Channel at Low Pressure.
Microgravity Sci. Technol. 2016, 28, 155-163. [CrossRef]

Wang, W.; Lu, C; Ji, X.; Zhao, X.; Lyu, H. Research on Overcurrent Heating Characteristics of Copper Wires at Different Inclination
Angles. |. Therm. Anal. Calorim. 2023, 148, 4833-4842. [CrossRef]

Incropera, EP,; DeWitt, D.P; Bergman, T.L.; Lavine, A.S. Fundamentals of Heat and Mass Transfer, 6th ed.; John Wiley & Sons:
Hoboken, NJ, USA, 2006; ISBN 978-0-471-45728-2.

Fernandez-Pello, A.C. The Solid Phase. Combust. Fundam. Fire 1995, 2, 31-100.

Babrauskas, V. Research on Electrical Fires: The State of the Art. Fire Saf. Sci. 2009, 9, 3-18. [CrossRef]

Noto, F; Kawamura, K. Tracking and Ignition Phenomena of Polyvinyl Chloride Resin under Wet Polluted Conditions. IEEE
Trans. Electr. Insul. 1978, EI-13, 418-425. [CrossRef]

Fisher, R.P; Stoliarov, S.I.; Keller, M.R. A Criterion for Thermally-Induced Failure of Electrical Cable. Fire Saf. ]. 2015, 72, 33-39.
[CrossRef]

Babrauskas, V. Ignition Handbook: Principles and Applications to Fire Safety Engineering, Fire Investigation, Risk Management and
Forensic Science; Fire Science Publishers: Issaquah, WA, USA, 2003; ISBN 978-0-9728111-3-2.

Kang, N.; Zhao, Z.; Lin, J.; Lu, S. Ignition of Silicone Rubber Sheaths by Series Arcs at Different Currents and Durations. Fire Saf. |.
2023, 136, 103753. [CrossRef]

Du, J.-H.; Tu, R.; Zeng, Y.; Pan, L.; Zhang, R.-C. An Experimental Study on the Thermal Characteristics and Heating Effect of
Arc-Fault from Cu Core in Residential Electrical Wiring Fires. PLoS ONE 2017, 12, 0182811. [CrossRef] [PubMed]

Deng, J.; Lin, Q.-W.; Li, Y.; Wang, H.-B.; Wang, C.-P.,; Zhao, Y.-H.; Lyu, H.-E; Shu, C.-M. Ignition and Flame Spreading Features of
Excessively Overloaded Polyvinyl Chloride Copper Wires. Fire Technol. 2023, 59, 3589-3607. [CrossRef]

Li, Y,; Sun, Y.; Gao, Y.; Sun, J.; Lyu, H.-F; Yu, T,; Yang, S.; Wang, Y. Analysis of Overload Induced Arc Formation and Beads
Characteristics in a Residential Electrical Cable. Fire Saf. ]. 2022, 131, 103626. [CrossRef]

Courty, L.; Garo, ].P. External Heating of Electrical Cables and Auto-Ignition Investigation. . Hazard. Mater. 2017, 321, 528-536.
[CrossRef] [PubMed]

Kim, M.E. Engineering Guide for Estimating Material Pyrolysis Properties for Fire Modeling; Worcester Polytechnic Institute: Worcester,
MA, USA, 2012.

Ogawa, S.; Mizukami, H.; Bando, Y.; Nakamura, M. The Pyrolysis Characteristics of Each Component in Municipal Solid Waste
and Thermal Degradation of Its Gases. |. Chem. Eng. Jpn. 2005, 38, 373-384. [CrossRef]

Singh, A.; Kumar, R.; Soni, PK.; Singh, V. Investigation of the Effect of Diisocyanate on the Thermal Degradation Behavior and
Degradation Kinetics of Polyether-Based Polyurethanes. ]. Macromol. Sci. B Phys. 2020, 59, 775-795. [CrossRef]

Balme, Q.; Rozaini, M.T.; Marias, F.; Lemont, F.; Charvin, P; Sedan, ]. Modeling the Rate of Batch-Mode Thermal Degradation of
Polyethylene Suspended in an Oven. Waste Biomass Valoriz. 2021, 12, 4549-4566. [CrossRef]

Suraci, 5.V.; Spinazzola, C.; Fabiani, D. Analysis on the Impact of Additives on Space Charge Behavior of Thermally Aged XLPE
Plaques. In Proceedings of the 2022 IEEE Conference on Electrical Insulation and Dielectric Phenomena (IEEE CEIDP 2022),
Auburn, AL, USA, 6-9 October 2022; IEEE: New York, NY, USA, 2022; pp. 41-44.

Boukezzi, L.; Rondot, S.; Jbara, O.; Boubakeur, A. Charging Kinetics of XLPE Insulation Cables Under E-Beam Irradiation in
SEM: Effect of Thermal Aging. In Proceedings of the 2017 5th International Conference on Electrical Engineering—Boumerdes
(ICEE-B), Boumerdes, Algeria, 29-31 August 2017; IEEE: New York, NY, USA, 2017.

Salivon, T.; Colin, X.; Salivon, T.; Comte, R. Degradation of XLPE and PVC Cable Insulators. In Proceedings of the 2015 IEEE
Conference on Electrical Insulation and Dielectric Phenomena (CEIDP), Ann Arbor, MI, USA, 18-21 October 2015; IEEE: New
York, NY, USA, 2015; pp. 656-659.

Zeng, D.W.; Born, M.; Wambach, K. Pyrolysis of EVA and Its Application in Recycling of Photovoltaic Modules. J. Environ. Sci.
2004, 16, 889-893.

39



Fire 2024, 7, 186

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

Soudais, Y.; Moga, L.; Blazek, J.; Lemort, F. Comparative Study of Pyrolytic Decomposition of Polymers Alone or in EVA/PS,
EVA/PVC and EVA /Cellulose Mixtures. |. Anal. Appl. Pyrolysis 2007, 80, 36-52. [CrossRef]

Coralli, I.; Gossmann, I.; Fabbri, D.; Scholz-Boettcher, B.M. Determination of Polyurethanes within Microplastics in Complex
Environmental Samples by Analytical Pyrolysis. Anal. Bioanal. Chem. 2023, 415, 2891-2905. [CrossRef] [PubMed]

Yao, Z.; Yu, S.; Su, W.; Wu, D.; Liu, J.; Wu, W,; Tang, ]. Probing the Combustion and Pyrolysis Behaviors of Polyurethane Foam
from Waste Refrigerators. J. Therm. Anal. Calorim. 2020, 141, 1137-1148. [CrossRef]

Lapcikova, B.; Lapcik, L. TG and DTG Study of Decomposition of Commercial PUR Cellular Materials. J. Polym. Mater. 2011, 28,
353-366.

Jakic, M.; Vrandecic, N.S.; Klaric, I. Thermal Degradation of Poly(Vinyl Chloride)/Poly(Ethylene Oxide) Blends: Thermogravi-
metric Analysis. Polym. Degrad. Stab. 2013, 98, 1738-1743. [CrossRef]

Krongauz, V.V.V.; DePolo, W. Kinetics of Poly(Vinyl Chloride) Thermal and Thermo-Mechanical Degradation in the Presence of
Epoxidized Plasticizer. Induction Effect. J. Appl. Polym. Sci. 2023, 140, e53482. [CrossRef]

Krongauz, V.V,; Lee, Y.-P.; Bourassa, A. Kinetics of Thermal Degradation of Poly(Vinyl Chloride). J. Therm. Anal. Calorim. 2011,
106, 139-149. [CrossRef]

Lu, Y.; Huang, X,; Hu, L.; Fernandez-Pello, C. The Interaction between Fuel Inclination and Horizontal Wind: Experimental Study
Using Thin Wire. Proc. Combust. Inst. 2019, 37, 3809-3816. [CrossRef]

Kashiwagi, T.; Ohlemiller, T.].; Werner, K. Effects of External Radiant Flux and Ambient Oxygen Concentration on Nonflaming
Gasification Rates and Evolved Products of White Pine. Combust. Flame 1987, 69, 331-345. [CrossRef]

Fujita, O. Solid Combustion Research in Microgravity as a Basis of Fire Safety in Space. Proc. Combust. Inst. 2015, 35, 2487-2502.
[CrossRef]

Osorio, A.F; Mizutani, K.; Fernandez-Pello, C.; Fujita, O. Microgravity Flammability Limits of ETFE Insulated Wires Exposed to
External Radiation. Proc. Combust. Inst. 2015, 35, 2683-2689. [CrossRef]

Olson, S.L. Piloted Ignition Delay Times of Opposed and Concurrent Flame Spread over a Thermally-Thin Fuel in a Forced
Convective Microgravity Environment. Proc. Combust. Inst. 2011, 33, 2633-2639. [CrossRef]

Zhang, Y.; Tang, K.; Liu, Z.; Chen, Y. Experimental Study on Thermal and Fire Behaviors of Energized PE-Insulated Wires under
Overload Currents. J. Therm. Anal. Calorim. 2021, 145, 345-351. [CrossRef]

Kim, H.-Y.; Lee, H.J.; Kang, B.H. Sliding of Liquid Drops Down an Inclined Solid Surface. J. Colloid Interface Sci. 2002, 247, 372-380.
[CrossRef] [PubMed]

Matheson, A.F; Charge, R.; Corneliussen, T. Properties of PVC Compounds with Improved Fire Performance for Electrical Cables.
Fire Saf. ]. 1992, 19, 55-72. [CrossRef]

Barnes, M.A_; Briggs, PJ.; Hirschler, M.M.; Matheson, A.F.; O'Neill, T.J. A Comparative Study of the Fire Performance of
Halogenated and Non-Halogenated Materials for Cable Applications. Part II Tests on Cable. Fire Mater. 1996, 20, 17-37.
[CrossRef]

Barnes, M.A.; Briggs, PJ.; Hirschler, M.M.; Matheson, A.E; O'Neill, T.J. A Comparative Study of the Fire Performance of
Halogenated and Non-Halogenated Materials for Cable Applications. Part I Tests on Materials and Insulated Wires. Fire Mater.
1996, 20, 1-16. [CrossRef]

Yang, H.; Fu, Q.; Cheng, X.; Yuen, RK.K.; Zhang, H. Investigation of the Flammability of Different Cables Using Pyrolysis
Combustion Flow Calorimeter. Procedia Eng. 2013, 62, 778-785. [CrossRef]

Meinier, R.; Sonnier, R.; Zavaleta, P.; Suard, S.; Ferry, L. Fire Behavior of Halogen-Free Flame Retardant Electrical Cables with the
Cone Calorimeter. J. Hazard. Mater. 2018, 342, 306-316. [CrossRef] [PubMed]

Xie, Q.; Zhang, H.; Tong, L. Experimental Study on the Fire Protection Properties of PVC Sheath for Old and New Cables.
J. Hazard. Mater. 2010, 179, 373-381. [CrossRef] [PubMed]

Li, J.M.; Zhang, ].Q.; Li, Q.; Guo, Z.D. Thermal Aging Effects on Fire Performance of the Cross-Linked Polyethylene Insulated
Cable. Mater. Sci. Forum 2017, 898, 2399-2404. [CrossRef]

Zhang, B.; Zhang, ].; Li, Q.; Wang, L.; Xie, H.; Fan, M. Effects of Insulating Material Ageing on Ignition Time and Heat Release
Rate of the Flame Retardant Cables. Procedia Eng. 2018, 211, 972-978. [CrossRef]

Kim, M.H.; Seo, H.J.; Lee, S.K.; Lee, M.C. Influence of Thermal Aging on the Combustion Characteristics of Cables in Nuclear
Power Plants. Energies 2021, 14, 2003. [CrossRef]

Zhang, Y.; Fang, J.; Wang, J.; Zhao, L.; Zhang, Y. Ignition and Flame Spread over Thermal Aging Electrical Wires in Subatmospheric
Pressure. |. Thermoplast. Compos. Mater. 2021, 34, 1428-1439. [CrossRef]

Wang, Z.; Wang, ]. Comparative Thermal Decomposition Characteristics and Fire Behaviors of Commercial Cables. J. Therm. Anal.
Calorim. 2021, 144, 1209-1218. [CrossRef]

Wang, Z.; Wang, J. An Experimental Study on the Fire Characteristics of New and Aged Building Wires Using a Cone Calorimeter.
J. Therm. Anal. Calorim. 2019, 135, 3115-3122. [CrossRef]

Wang, Z.; Wei, R;; Ning, X.; Xie, T.; Wang, J. Thermal Degradation Properties of LDPE Insulation for New and Aged Fine Wires.
J. Therm. Anal. Calorim. 2019, 137, 461-471. [CrossRef]

Wang, Z.; Wei, R.; Ouyang, D.; Wang, J. Investigation on Thermal Stability and Flame Spread Behavior of New and Aged Fine
Electrical Wires. . Therm. Anal. Calorim. 2020, 140, 157-165. [CrossRef]

40



Fire 2024, 7, 186

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.
196.

197.
198.

199.

Wang, Z.; Xie, T.; Ning, X; Liu, Y.; Wang, J. Thermal Degradation Kinetics Study of Polyvinyl Chloride (PVC) Sheath for New and
Aged Cables. Waste Manag. 2019, 99, 146-153. [CrossRef] [PubMed]

Wang, Z.; Wei, R.; Wang, X.; He, J.; Wang, J. 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]

BS EN 50200:2015; Method of Test for Resistance to Fire of Unprotected Small Cables for Use in Emergency Circuits. British
Standards Institution: London, UK, 2015.

EN 50399; Common Test Methods for Cables under Fire Conditions—Heat Release and Smoke Production Measurement on
Cables during Flame Spread Test—Test Apparatus, Procedures, Results. CENELEC: Brussels, Belgium, 2022.

IEC 60331-1:2018; Tests for Electric Cables under Fire Conditions—Circuit Integrity—Part 1: Test Method for Fire with Dhock
at a Temperature of at least 830 °C for Cables of Rated Voltage up to and Including 0.6/1.0 kV and with an Overall Diameter
Exceeding 20 mm. IEC: Geneva, Switzerland, 2018.

IEC 60331-2:2018; Tests for Electric Cables under Fire Conditions—Circuit Integrity—Part 2: Test Method for Fire with Shock at a
Temperature of at least 830 °C for Cables of Rated Voltage up to and Including 0.6/1.0 kV and with an Overall Diameter not
Exceeding 20 mm. IEC: Geneva, Switzerland, 2018.

IEC 60331-3:2018; Tests for Electric Cables under Fire Conditions—Circuit Integrity—Part 3: Test Method for Fire with Shock at
a Temperature of at least 830 °C for Cables of Rated Voltage up to and Including 0.6/1.0 kV Tested in a Metal Enclosure. IEC:
Geneva, Switzerland, 2018.

IEC 60332-1-2:2004; Tests on Electric and Optical Fibre Cables under Fire Conditions—Part 1-2: Test for Vertical Flame Propagation
for a Single Insulated Wire or Cable—Procedure for 1 kW Pre-Mixed Flame. IEC: Geneva, Switzerland, 2018.

McGrattan, K.B.; Lock, A.J.; Marsh, N.D.; Nyden, M.R. Cable Heat Release, Ignition, and Spread in Tray Installations during Fire
(CHRISTIFIRE): Phase 1—Horizontal Trays; NIST: Gaithersburg, MD, USA, 2012.

McGrattan, K.B.; Bareham, S.D. Cable Heat Release, Ignition, and Spread in Tray Installations During Fire (CHRISTIFIRE) Phase 2:
Vertical Shafts and Corridors; NIST: Gaithersburg, MD, USA, 2013.

Nowlen, S.P. A Summary of Nuclear Power Plant Fire Safety Research at Sandia National Laboratories 1975-1987; US Nuclear Regulatory
Commission (NRC): Washington, DC, USA; Div. of Engineering; Sandia National Lab. (SNL-NM): Albuquerque, NM, USA, 1989.
Grayson, S.J.; Van Hees, P.; Green, A.M.; Breulet, H.; Vercellotti, U. Assessing the Fire Performance of Electric Cables (FIPEC). Fire
Mater. 2001, 25, 49-60. [CrossRef]

NUREG/CR-6931 Volume 1, “CAROLFIRE Test Report Volume 1: General Test Descriptions and the Analysis of Circuit
Response Data, Draft for Public Comment,” and NUREG/CR-6931 Volume 2, “CAROLFIRE Test Report Volume 2: Cable
Fire Response Data for Fire Model Improvement, Draft for Public Comment-Revision 1”7, 30645 [E7-10611]. Available online:
https:/ /regulations.justia.com/regulations/fedreg/2007/06/01/E7-10611.html (accessed on 19 April 2024).

Tang, Z.; Gao, K.; Shan, Y.; Zhu, C.; Liu, Z.; Liu, Z. Study of the Fire Behavior of Multilayer Cables in a Mine Tunnel. Energies
2022, 15, 2059. [CrossRef]

Ferng, Y.M.; Liu, C.H. Investigating the Burning Characteristics of Electric Cables Used in the Nuclear Power Plant by Way of 3-D
Transient FDS Code. Nucl. Eng. Des. 2011, 241, 88-94. [CrossRef]

Lin, C.-H.; Ferng, Y.-M.; Pei, B.-S. Development of CFD Fire Models for Deterministic Analyses of the Cable Issues in the Nuclear
Power Plant. Nucl. Eng. Des. 2009, 239, 338-345. [CrossRef]

Qu, B.; Xiang, X.; Wu, S.; Li, K.; Li, X.; Zheng, Z. Simulation Analysis of Electromagnetic-Fluid-Temperature Field in Cable Shafts
of High-Rise Buildings. Math. Probl. Eng. 2023, 2023, e7825964. [CrossRef]

Hay, W.; Seguillon, J.; Boyer, G. Numerical Simulations of a PVC Cable Fire on Long Cable-Trays in a Mechanically Ventilated
Large Scale Facility. Fire Saf. |. 2023, 138, 103799. [CrossRef]

Tyas, D.; Bagshaw, D.; Plummer, J.; Nyogeri, L. Modelling the Heat Release Rate of PRISME Experimental Cable Fires in a
Confined, Ventilation Controlled, Environment Using FLASH-CAT and FDS. Fire Saf. J. 2023, 139, 103828. [CrossRef]

Verma, N.; Hostikka, S.; Vaari, J.; Korhonen, T. Adapted FLASHCAT Methodology to Model Horizontal Cable Tray Fires Using
Computational Fluid Dynamics. Fire Saf. ]. 2023, 138, 103814. [CrossRef]

Beji, T.; Merci, B. Numerical Simulations of a Full-Scale Cable Tray Fire Using Small-Scale Test Data. Fire Mater. 2019, 43, 486-496.
[CrossRef]

Alonso, A.; Lazaro, D.; Lazaro, M.; Alvear, D. Numerical Prediction of Cables Fire Behaviour Using Non-Metallic Components in
Cone Calorimeter. Combust. Sci. Technol. 2023, 195, 1509-1525. [CrossRef]

Pitts, W.M. Toxic Yield; NIST: Gaithersburg, MD, USA, 2001.

Blomgqvist, P.; Rosell, L.; Simonson, M. Emissions from Fires Part I: Fire Retarded and Non-Fire Retarded TV-Sets. Fire Technol.
2004, 40, 39-58. [CrossRef]

Blomqvist, P; Rosell, L.; Simonson, M. Emissions from Fires Part II: Simulated Room Fires. Fire Technol. 2004, 40, 59-73. [CrossRef]
DIN 53436; Producing Thermal Decomposition Products from Materials in an Air Stream and Their Toxicological Testing. DIN:
Berlin, Germany, 2015.

NES713; Determination of the Toxicity Index of the Products of Combustion from Small Specimens of Materials. NES: Washington,
DC, USA, 1990.

41



Fire 2024, 7, 186

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

BS 7990:2003; Tube Furnace Method for the Determination of Toxic Product Yields in Fire Effluents. British Standard: London,
UK, 2003.

BS ISO 19703:2018; Generation and Analysis of Toxic Gases in Fire. Calculation of Species Yields, Equivalence Ratios and
Combustion Efficiency in Experimental Fires. British Standard: London, UK, 2018.

GSO IEC/TS 60695-7-51:2015; Fire Hazard Testing—Part 7-51: Toxicity of Fire Effluent—Estimation of Toxic Potency: Calculation
and Interpretation of Test Results. IEC: Geneva, Switzerland, 2015.

Hull, T.R.; Lebek, K.; Pezzani, M.; Messa, S. Comparison of Toxic Product Yields of Burning Cables in Bench and Large-Scale
Experiments. Fire Saf. ]. 2008, 43, 140-150. [CrossRef]

IEC/TS 60695-7-50: 2002; Fire Hazard Testing Part 7-50: Toxicity of Fire Effluent Estimation of Toxic Potency Apparatus and Test
Method (Inactive). IEC: Geneva, Switzerland, 2002.

NF X70-100; Fire Behavior Tests—Analysis of Pyrolysis and Combustion Gases—Pipe Still Method. NF: La Plaine Saint-Denis,
France, 2006.

Kaczorek-Chrobak, K.; Fangrat, ]. PVC-Based Copper Electric Wires under Various Fire Conditions: Toxicity of Fire Effluents.
Materials 2020, 13, 1111. [CrossRef] [PubMed]

Porowski, R.; Kowalik, R.; Ramiaczek, P.; Bak-Patyna, P.; Stepien, P.; Zielecka, M.; Popielarczyk, T.; Ludynia, A.; Chyb, A_;
Gawdezik, J. Application Assessment of Electrical Cables during Smoldering and Flaming Combustion. Appl. Sci. 2023, 13, 3766.
[CrossRef]

Seo, HJ.; Kim, N.K; Lee, M.C.; Lee, S.K.; Moon, Y.S. Investigation into the Toxicity of Combustion Products for CR/EPR Cables
Based on Aging Period. J. Mech. Sci. Technol. 2020, 34, 1785-1794. [CrossRef]

Kim, M.H.; Lee, S.H.; Jeong, S.Y.; Lee, S.K.; Lee, ] .E.; Kwark, ]. H.; Lee, M.C. Investigation of Combustion, Smoke, and Toxicity
Characteristics of Flame-Retardant and Fiber-Optic Cables Used in Nuclear Power Plants. J. Mech. Sci. Technol. 2023, 37, 987-999.
[CrossRef]

Lee, S.H.; Kim, M.H,; Jeong, S.Y.; Lee, SK.; Lee, ].E.; Lee, M.C. Fire Dynamics Simulation in a Cable Spreading Room of a Nuclear
Power Plant Using Fire Test Results of Heat Release and Toxic Gas Emission. ]. Mech. Sci. Technol. 2024, 38, 1517-1532. [CrossRef]
ISO 5660-1:2015; Reaction-to-Fire Tests—Heat Release, Smoke Production and Mass Loss Rate. ISO: Geneva, Switzerland, 2015.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

42



Review

A New Perspective on Hydrogen Chloride Scavenging at High
Temperatures for Reducing the Smoke Acidity of PVC Cables in
Fires. I: An Overview of the Theory, Test Methods, and the
European Union Regulatory Status

Gianluca Sarti

Citation: Sarti, G. A New Perspective
on Hydrogen Chloride Scavenging at
High Temperatures for Reducing the
Smoke Acidity of PVC Cables in Fires.
I: An Overview of the Theory, Test
Methods, and the European Union
Regulatory Status. Fire 2022, 5, 127.
https://doi.org/10.3390/ fire5050127

Academic Editors: Ying Zhang,
Boyun Liu, Xiaoyu Ju

and Xianjia Huang

Received: 11 August 2022
Accepted: 24 August 2022
Published: 27 August 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the author.
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 (https://
creativecommons.org/licenses /by /
40/).

Reagens S.p.A., Via Codronchi, 4, 40016 San Giorgio di Piano, BO, Italy; gianluca.sarti@reagens-group.com

Abstract: In the European Union, according to the second basic requirement for construction works
of Regulation (EU) n. 305/2011, cables permanently installed in residential and public buildings
must be classified in terms of reaction to fire, smoke production, flaming droplets, and acidity.
The classification is harmonized; nevertheless, every European Union country decides what kind
of classification a cable must have to be installed in a specific location, depending on its fire risk,
following the assumption that the higher the fire risk of the area, the higher the fire performance of
the cable. According to Regulation (EU) n. 305/2011, the acidity is indirectly assessed by performing
EN 60754-2, giving an additional class based on pH and conductivity measurements. Hydrogen
chloride (HCI) is one of the gases PVC cables release when they burn. In some applications out of
the scope of the Regulation, acid scavengers are commonly used in special-grade PVC compounds
to reduce the emission of acidic smoke. In this first part of the paper, the European rules on smoke
acidity are presented, a review of the literature on HCl scavenging is performed, and an introduction
on HCl scavenging at high temperatures is outlined. The paper shows how different experimental
conditions and geometries of the test apparatuses used for assessing the smoke acidity can affect the
emission of HCl in the gas phase and what critical issues affect the efficiency of acid scavengers at
high temperatures in trapping HCI.

Keywords: acid scavengers; PVC; cables; smoke acidity

1. Introduction

HCl is released when a PVC cable burns, making the smoke acidic. Some fire scientists
claim that its diffusion in a fire scenario can incapacitate and hinder a safe escape [1].
Nevertheless, many others highlight that its evaluation is not a critical measure in fire
safety and that asphyxiant gases such as carbon monoxide (CO) drive the tenability and,
after flashover, CO becomes the dominant intoxicant in fires [2-4]. However, the nature
and quantity of toxic substances in smoke modestly depend on the kind of materials in
fires. CO is released by all polymers, regardless of their chemical nature (approximately
20% of their weight after flashover) [3,5]. Additionally, CO reaches a high concentration
before other intoxicants or irritant substances, such as HCl, can evolve to the gas phase,
compromising the tenability conditions [6].

Furthermore, HCl decays quickly in real fire scenarios, and its content is much less
than expected from the stoichiometric value in PVC-finished items. HCl is absorbed by
“sorptive surfaces”, trapped by fillers in PVC compounds, and washed away by water
vapors, and its concentration in the gas phase rapidly goes down [2,3,7].

The heat released by the finished item, particularly the heat release rate, is crucial
for assessing whether a small and controllable fire can turn into a large and deadly one,
and therefore if the people can escape unharmed before the flashover is reached [8,9].
Furthermore, the smoke obscuration impedes people from escaping from the fire scenario
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and being found by rescuers. Therefore, evaluation of the smoke production of the finished
items is another strategic parameter, while the assessment of smoke acidity “has no general
validity in fire hazard” [3]. Despite these considerations, since 2006 in the European Union
(EU), an additional classification for acidity has been introduced in cables permanently
installed in buildings, stopping the use of PVC cables in some locations. This paper explains
the central principles for creating PVC compounds for cables with extremely low smoke
acidity, aiming to get the best classification for acidity. The paper is divided into five parts.
Part I is an introduction on the topic of acid scavenging at high temperatures and gives a
review of the test methods for assessing smoke acidity, focusing on regulatory status in the
EU and particularly on EN 60754-2. It also describes the basic concepts of acid scavenging
at high temperatures in the condensed phase and its consequences on flame retardance,
smoke production, and acidity.

The following parts show new data clarifying aspects presented in a series of confer-
ences between 2017 and 2022, particularly AMI cables 2019, AMI cables 2020, and AMI
formulation 2021: those conferences, regulatory context, and the research on low smoke
acidity PVC compounds are described in this letter [10].

The parts are the followings:

Part II: “Some examples of acid scavengers at high temperatures in the condensed phase”;
Part III: “EN 60754-2 and focus on the species in solution affecting pH and conductivity”;
Part IV: “The impact of acid scavengers on flame retardance and smoke emission”;
Part V: “Comparison between EN 60754-1 and EN 60754-2: what happens to acidity
with the introduction of the thermal profile of EN 60754-1 in EN 60754-2".

2. Methods, Regulatory Status in the EU, the Pattern to Low Smoke Acidity
PVC Compounds

2.1. List of Abbreviations and Acronyms
HCl—hydrogen chloride;
CO—carbon monoxide;
PVC—poly(vinyl chloride);
EU—European Union.

2.2. Smoke Acidity Test Methods

Several bench-scale tests can measure the concentration of acidic gases released during
material combustion. They can measure the acid content statically or dynamically. The
static test methods have a test apparatus based on a combustion chamber, a conveying
system, and trapping devices, where the acidic substance is scavenged, analyzed, and
quantified (titration, back titration, pH, conductivity, and ion chromatography). The test
apparatus of the EN 60754 series and other “old” ones described in the past [11-14] are static
methods. Methods with different sample quantities, heating regimes, and test apparatus
geometries do not give comparable results.

The dynamic methods follow the concentration of the evolving gas during the com-
bustion of the test specimen. TGA-FTIR, TGA-FTIR-GC-MS, and TGA-MS are the most
common ones. FTIR sensors, capable of detecting the released gases and those responsible
for making the smoke acidic, can be installed in a cone calorimetry test apparatus. In this
way, acidic gases can be viewed “dynamically” during the combustion of the matrix.

The furnace tube is the most common test apparatus for assessing smoke acidity
or corrosivity, particularly in some standards, such as the EN 60754 series. The sample,
weighted in a combustion boat, is introduced into the quartz tube with a specific heating
regime, according to the standard. A normalized air stream collects the fumes in some
bubbling devices, where the ions are analyzed: directly by ion chromatography and
titrimetric methods or indirectly by pH and conductivity measures. Methods based on the
furnace test apparatus indirectly assess the smoke acidity generated by the burning sample.
Measurements in tube furnaces are strongly affected by sample size. If the dimensions
of the slices of the test specimen in the combustion boats are too big, char formation can
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prevent the sample’s total combustion, affecting the HCI concentration in the gas phase.
The humidity should be carefully checked because moisture in the air flux can bring some
chlorides to hydrolysis, freeing the trapped HCl in the gas phase. Even the geometry of the
quartz tube and its connectors to the bubbling devices play a significant role. The terminal
parts of the quartz tube, external to the furnace, are colder than the inner part. Here, the
gas-phase substances can condensate and trap HCI, underestimating its concentration in
bubbling devices. The release of trapped HCI can contaminate the successive runs, and
therefore terminals should be introduced in the inner part of the furnace to evaporate all
condensates before starting a new run.

For the same reason, the tubes, the connectors, the end connectors, and the bubbling
devices must be washed carefully, recovering all dissolved HCl. All seals should be well-
tightened to prevent the loss of HCl, and tubes must be sized as short as possible to recover
all analytes easier during the washing procedures. Without those precautions, furnace tube
measurements give poor repeatability and reproducibility.

The temperature and the heating rate strongly affect the emission of HCI of the sample
in all kinds of bench-scale tests. If the test is performed at different temperatures and
heating regimes, the concentration of HCl in the gas phase will differ [14-20].

2.3. Additional Classification for Acidity in the EU

Regulation (EU) n. 305/2011 (Construction Product Regulation, or CPR) lays down
harmonized conditions for marketing construction products in the EU. One of the seven
basic requirements of CPR is safety in case of fire; therefore, construction products must
meet certain specific requirements in terms of reaction to fire. In the countries of the EU,
tests, requirements, classifications, markings, and controls of construction products must
be the same. They must have a harmonized classification according to EN 13501-1 and
EN 13501-6.

In 2006, the Commission Decision of 27 October 2006, amending the Decision 2000/147/
EC and implementing Council Directive 89/106/EEC (CPD), came into effect. It stated that
cables permanently installed in the building had to be considered buildings and construction
products, and additional classification for acidity had to be assessed. CPR, entered into force
in 2017, has implemented the indications of CPD in terms of acidity without any modification
in requirements or test methods. EN 13501-6 and EN 50575 lay down the test methods,
requirements for getting the reaction to fire classification and the additional classifications for
cables, CE marking, and declaration of performance (DoP).

The classes in terms of reaction to fire are the following: Aca, Blca, B2ca, Cca, Dca, Eca,
and Fca (A is more performant than F). The additional classifications for smoke (sla, s1b,
s2, and s3; s3 is less performant), flaming droplets (d0, d1, and d2; d2 is less performant),
and acidity (al, a2, and a3; a3 is less performant) complete the classification of the cable.

EN 13501-6 requires that acidity is indirectly assessed by performing EN 60754-2. The
test apparatus of EN 60754-2 is a tube furnace where the sample is introduced and burnt for
30 min in isothermal conditions at temperatures between 935 °C and 965 °C. Two bubbling
devices collect the smoke, and pH and conductivity are measured. Table 1 gives the pH
and conductivity requirements for getting a specific additional class for acidity according
to CPR.

Table 1. Additional classification for acidity and requirements according to EN 13501-6.

Class Requirement Performing EN 60754-2
Class a; pH > 4.3, Conductivity < 2.5 (uS/mm)
Class ap pH > 4.3, Conductivity < 10 (uS/mm)
Class a3 not aj or ap

If the classification is harmonized at the European level, national codes and regulations
of the countries in the EU define the classes the cables should have to be placed in locations
depending on their specific fire risk. Thus, cables for medium and high-fire-risk locations
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must have the best classes regarding reaction to fire, smoke production, flaming droplets,
and acidity. Infrastructures, health and care facilities, educational facilities, commercials,
industrials, and residentials have different fire risks. For example, in Italy, according to CEI
UNEL 35016 and CEI 64-8 V4, cables in class B2ca sla d1 al are needed for high-fire-risk
locations. High-fire-risk locations are infrastructures such as air terminals, railway stations,
marine stations, subways, road tunnels longer than 500 m, and railway tunnels over 1000 m
long. In medium-fire-risk locations, such as health and care facilities such as hospitals,
nursing homes, assisted residences, entertainment, educational facilities such as cinemas,
theatres, discos, schools, museums, and residentials with more than 24 m height, cables Cca
s1b d1 al are needed. Other locations, such as residential and commercial buildings less
than 24 m in height (houses, bars, restaurants, shops, and medical offices) need bunched
cables in class Cca s3 d1 a3 and single wires in class Eca. PVC compounds are suitable
for manufacturing cables to match the class B2ca s1 d0 a3 [19,20], but nowadays there
is no PVC compound for cables in class al or a2. Therefore, PVC cables are excluded in
medium- and high-fire-risk locations. According to CPR, cables are the only buildings and
construction products with an additional classification for acidity. The same is not required
for other finished items such as flooring, linear insulation for pipes, and all finished items
ruled by EN 13501-1.

In the EU, the market share of PVC compounds for wires and cables was 65% in 2000,
which will be 35% in 2023, as forecasted in [21]. CPR has driven the growth of halogen-
free cables [21], but other standard products, excluding a priori PVC compounds, do the
same. The research in developing PVC compounds with a low smoke acidity lies in this
regulatory context.

2.4. Definition of Acid Scavengers at High Temperatures

An acid scavenger is a “tool” for trapping acid substances through a reaction or
a physical absorption, and it can even be designed to trap specific acidic substances.
Acid scavengers discussed in this paper are specific to HCl. Acid scavengers acting as
co-stabilizers for processing PVC compounds can be organic and inorganic substances.
However, for working at high temperatures, the acid scavenger must be inorganic and
stable during and after the combustion of the finished item. HCI scavengers have two main
action mechanisms: scavenging in the gas phase and scavenging in the condensed phase.

An alkaline gas, neutralizing HCI, can reduce the smoke acidity in the gas phase,
yielding products able to be transported by convention in the gas-phase stream. If EN
60754-2 is performed, these products can reach bubbling devices and dissolve electrolytes.
In this kind of acid scavenging, the conductivity is therefore severely affected by the
dissolved electrolytes. An example of this scavenging is when some precursors of NH;
(such as melamine, urea derivatives, and ammonium octamolybdate) are used as flame
retardants. In halogen-free systems, the TPU typically gives this kind of behavior, a high
pH but extremely high conductivities, when EN 60754-2 is carried out due to specific flame
retardants and charring agents releasing ammonia. For example, some TPU jackets for
charging cables for electric vehicles must be flame retarded according to EN 50620 and IEC
62893 and cannot reach conductivities less than 10 uS/mm.

The action mechanism in the condensed phase is triggered by a solid acid scavenger
trapping the gaseous HCl in a solid or liquid reaction product. This scavenging minimizes
the contribution of other electrolytes in bubbling devices, except for non-scavenged HCl.
Therefore, HCl is the driving force behind pH and conductivity.

This paper discusses scavenging in the condensed phase.

2.5. Acid Scavenger at High Temperatures in the Condensed Phase: Failures and Success
2.5.1. Where, When, and How

When a PVC compound is subjected to heat flux, the temperature increases, and
three main zones can be identified: (a) pre-pyrolysis and combustion zone; (b) pyrolysis
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and combustion zone; and (c) post-pyrolysis and combustion zone. Scheme 1 visually
represents the three main zones.

Pre pyrolysis and

combustion zone

Pyrolysis Post Pyrolysis
& Combustion &Combustion
Zone Zone

Acid scavengers Z

RXN products stable @ 810°C

Acid scavengers Z°

RXIN products stable @ 965°C

23 50 77 104 131 158

185 212 239 266f

A28 455 4B2| 509 536 563 590 617 644 671 6GR 725 751 790 BOO B0 | 237 864 891 O35 OMB 965 | 975

Scheme 1. Identification of the three main zones. The blue zone is the temperature range of EN
60754-1, and the orange one of EN 60754-2. Temperature in °C, “@” means “at”.

The pre-pyrolysis and combustion zone is where thermal fluxes are low, and stabilizers
play their fundamental role in preventing thermal degradation through HCI’s well-known
“zip elimination” [22]. In Scheme 1, the ranges of this zone are determined by all ingredients
affecting the thermal stability of the compound, thus mainly stabilizers, but also the PVC
resins, flame retardant fillers, plasticizers, and fillers. As the temperature increases over
270-300 °C, stabilizers end their action, the PVC compound starts the pyrolysis, and the
evolving gases start their combustion. The PVC compound contains organic and inorganic
additives. When the compound pyrolyzes, it makes free flammable and inflammable
volatiles. Flammable volatiles burn, and the fire is supported by species such as -H and
-OH, bringing energy to the flame. HCl is the primary, inflammable substance in the
gas phase and plays a strategic role in trapping those radicals [23]. This phenomenon is
common for all halogenated polymers and is called “flame poisoning”. It is the reason for
the inherent flame retardancy of PVC.

Wu and others have described the pyrolysis mechanism of PVC resin by a two-stage
pyrolysis model [24]. However, the pyrolysis and combustion of PVC compounds for
cables are made more complex by the presence of some additives. The kind and quantity
of the volatiles released in the gas phase depend on the ingredients in the compound. The
volatiles in the first stage of the degradation are mainly plasticizers, HCl, CO,, CO, and
benzene, while aliphatic hydrocarbons, CO,, and CO are released in the second stage. If
there is CaCOj3, another step centered at 750-850 °C is visible, related to its decarbonation.
When all the organic substances are entirely burnt, the post-pyrolysis zone starts, where
the stability of the reaction products coming from the reaction of the acid scavengers with
HCl is crucial for getting low values of smoke acidity. Therefore, a substantial reduction
of smoke acidity depends on the effectiveness of acid scavengers in holding and trapping
HCl in solid ashes without any decomposition up to the maximum temperature required
by the acidity test method. Performing EN 60754-1, the reaction product must be stable up
to 810 °C and up to 965 °C if EN 60754-2 is carried out (Scheme 1).

2.5.2. Single-Step Reaction Versus Multiple-Step Reaction

References [16,17] claimed that acid scavengers could react through single- and
multiple-step reactions. In their opinion, a single-step reaction involves just one acid
scavenger following Scheme 1.

References [16,17] also claimed that, in PVC compounds, depending on the kind
of ingredients, it is possible to also have multiple-step reactions involving more than a
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single teammate, following the “relay race scheme” in Scheme 2. Here the performant
acid scavenger A can react with HCI, creating A-Cl. If A-Cl is unstable, the second less-
performant acid scavenger B gets HCI from A-Cl decomposition. If this HCI release is
slower than that coming from PVC, and if B-Cl is stable, this “relay race scheme” brings a
synergistic effect and increases the scavenging efficiency. Acid scavenger B can be added
to the dry blend, or a precursor of B can yield B during the combustion. Multiple-step
reactions can use more than two teammates. Part IT of this paper will enter more into the
details of multiple-step reactions, providing some examples.

Pre pyrolysis and

combustion zone

Acid scavenger B less performant

Acid scavengers A more performant A

23 50 77 104 131 158 185 212 239 1_ 428 455 482] 509 536 563 590 617 644 671 698 725 752) 790 800 810|837 864 891/ 935 948 965 975

Pyrolysis Post Pyrolysis
&Combustion &Combustion
Zone Zone

B-Cl1 stable over

Scheme 2. Multiple-step reactions in HCl scavenging at high temperature. Temperature in °C, “@”

means “at”.

2.5.3. Main Failure Cases

Following the schemes mentioned above, the failure cases generating high smoke
acidity should be mainly two: the kinetics of the scavenging action by an acid scavenger
and the decomposition of the acid scavenger or its reaction products. If an acid scavenger
has a slow kinetic in its reaction with HCI and the kinetic of the evolution of HCl is too fast,
most of the HCI quickly reaches bubbling devices.

The Kinetics

Kinetics are strictly linked to the following:
The chemical nature of the acid scavenger;
Its particle size;

Its dispersion properties;

The test temperature and heating regimes.

— e ® o o

Chemical nature
The higher reactivity of the acid scavenger, the quicker its reaction with HCl. So
strong bases, such as hydroxides or oxides, are more efficient than weak scavengers, such
as carbonates.
2. Particle size

The smaller the particle size, the more efficient the reaction is. Therefore, ground calcium
carbonates (GCCs) are less efficient than ultrafine precipitated calcium carbonates (PCCs).
3. Dispersion

The better the acid scavenger dispersion, the more intimate contact with PVC, and
the quicker the reaction with HCl. Furthermore, the zones in which acid scavenger misses
emit massive amounts of HCL. Tt is worthy of mention that a finer particle size additive can
bring about a worse dispersion of an acid scavenger in the matrix.
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4. Temperature and heating regimes

The higher the temperature, the quicker the evolution of HCI from the burning matrix,
and the more complex the chance for a solid acid scavenger to trap gaseous HCl. High
temperatures give a severe drop in efficiency, and the presence of a heating regime and
lower temperatures give more time to acid scavengers to trap HCl efficiently.

Decomposition of Acid Scavengers and Their Reaction Products

Suppose an unstable acid scavenger decomposes before the “pyrolysis and combustion
zone”, or its reaction product decomposes before reaching the test temperature. In that
case, we will have an open door allowing HCI to get the bubbling devices. So many
common organic acid scavengers used as long-term thermal stabilizers cannot be used as
acid scavengers at high temperatures.

2.6. Definition of Efficiency of the Acid Scavenger

O’Mara proposed the Molar Absorption Efficiency (MAE) as a measure of the efficiency
of an acid scavenger. MAE is the amount of HCl absorbed divided by the theoretical amount
that could be absorbed by each filler [25]. Chandler and others defined efficiency based on
the stoichiometry of reaction between CaCO3 and HCI [14]. For calculating the efficiency
of an acid scavenger through [25] or [14], we need to know precisely the reactions of all the
involved actors. With multiple-step reactions, this cannot be feasible. It is better to propose
a new definition of efficiency, considering not the moles of reactants and products but just
the measure of the “effects” of the acid-scavenging reactions, whatever they are. The best
candidate is an equation representing the efficiency E as a linear function of pH. Thus,
performing EN 60754-2, we can propose Equation (1) as the definition of the efficiency of
an acid scavenger at high temperature in the condensed phase:

_ (pH — pHs)
E =100 x m (1)

where pH € [pHw, pHs].

Equation (1) is a straight line, where the measured pH cannot stay outside its “existence
region” (pHw-pHs). pHs is the minimum pH reachable when the stoichiometric quantity
of HCl reaches the bubbling devices. It is a theoretical value and can be calculated directly
from the sources of HCI in the formulation. pHw is the double deionized water (DDW)
pH; i.e., the maximum reachable pH when HCI coming from the smoke is negligible. If the
measured pH equals pHs, the efficiency is 0%, while if the measured pH equals pHw, the
efficiency is 100%.

So, we can quickly get the efficiency of a specific acid scavenger in a single-step
reaction or a “team” of acid scavengers in a multiple-step reaction by measuring the pH of
the samples and DDW and calculating the pHs of the used formulations.

2.7. The Driving Force of pH and Conductivity in Solution

Reference [17] shows that, in aqueous solutions of HCI at different concentrations,
conductivity and pH are linked by Equation (2):

c=a x el~bxpH) )

where a and b are constants.

Suppose the scavenging of HCl is in the condensate phase and the contribution by
the evaporation of reaction products is negligible. Performing EN 60754-2, the pH values
and conductivities should fit Equation (2) very well. Therefore, ion chromatography (IC)
should measure CI- as the main species, being the concentration of other cations and anions
insignificant. In this context, pH can be derived indirectly through IC measurements.
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Part III of this paper enters more into the details of this topic, comparing the theoretical
values coming from standard solutions of HCI, those calculated by Kohlrausch and Debye—
Hiickel-Onsager equations, and the experimental data coming from EN 60754-2.

2.8. Impact of Acid Scavengers on Flame Retardancy and Smoke Suppressant Properties

Acid scavengers interfere with the flame retardant mechanism in the gas and con-
densed phases, inhibiting flame retardancy. References [26-28] show the impact on the
Limiting Oxygen Index (LOI) of several calcium carbonates with different particle sizes.
In particular, the behavior of 0.1-micron calcium carbonate is better as acid scavengers
compared to 14-micros and 1-micron ones. As expected by an inert filler, 14-micron calcium
carbonate does not affect LOI, and LOI slightly increases as the filler concentration increases.
However, 0.1-micron calcium carbonate is reactive. Getting in HCI with high efficiency,
0.1-micron calcium carbonate reduces LOI up to its stoichiometric value when the exact
quantity of CaCOj is available for reacting completely with the potentially released HCL.
After that, it increases again, behaving as an inert filler. The 1-micron calcium carbonate
shows both characteristics; i.e., a constant trend up to stoichiometric value and a slight
increase after. All these confirm that the higher the HCl scavenging, the lower the flame
retardance. PVC with acid scavengers loses its inherent flame retardance. The scavenging
of HCl also interferes with some conventional flame retardants used in PVC. Antimony
trioxide (ATO) is a common flame retardant working only in the gas phase through the
formation of SbCl3, trapping the hot radicals feeding the flame [23]. Since SbCl; is less
volatile than HCI or HBr, it stays longer in the flame, enhancing flame retardancy in PVC
compounds. When a powerful acid scavenger at high temperatures is introduced into
the compound, all HCl is trapped as chloride in the condensed phase, which prevents
the formation of SbCl3 and the reactions trapping the hot radicals. The consequence is a
dramatic LOI drop, as reported in [16-18].

Furthermore, the scavenging of chlorine by acid scavengers interferes with the charring
mechanism of some incipient Lewis acids used as flame retardants and smoke suppressants
in PVC. Most of these precursors are metal oxides or salts reacting with HCI and yielding
chlorides acting as potent Lewis acids. Starnes and co-workers [29,30], Jiangi Wang [31]
and Li [32], and Rodolfo and Innocentini-Mei [33] studied some of them. Starnes and
others [29,30] claimed the precursor of Lewis acid as an inhibitor of benzene formation
from cis-trans polyene sequences to justify the smoke suppressant properties and the flame
retardancy of some molybdenum compounds. In Starnes’s theory in [29], Lewis acids seem
to advantage parallel reactions, yielding to the production of crosslinked solid char through
the following steps: the creation of preferential pathways bringing to all-trans sequences
(Pathways 3 and 4 in Figure 1) and Diels—-Alder reactions and Friedel-Crafts alkylations
catalyzed by Lewis acid (Pathways 5 and 6 in Figure 1).

—» Benzene — »| Smoke
2
> Cis-trans polyene
5
3 Crosslinking | »| Char
v —>
6

All-trans polyene

Figure 1. Pathways bringing to char and smoke in PVC combustion.

Without the Lewis acid, benzene is produced following Patterns 1 and 2 in Figure 1.
The reaction is an intramolecular cyclization, as described by O” Mara [34]. Benzene is
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formed during Stage 1 of the pyrolysis and combustion [24] and is a potent source of soot
and smoke during PVC combustion.

Therefore, potent acid scavengers, inhibiting the reactions bringing about the forma-
tion of metal chlorides, switch off all pathways yielding the char, causing a substantial
release of smoke, as reported in these proceedings [16,17]. All smoke suppressants involv-
ing chlorides, acting as Lewis acids promoting char, are, therefore, useless in low-smoke
acidity compounds. Even the smoke suppressants avoiding cationic cracking at high tem-
peratures in large fires [35,36] lay in that category. This topic will be discussed in detail in
Part IV of the paper.

3. Conclusions

The acid scavenging of HCl at a high temperature can pass through a single-step or
multiple-step reaction in which HCl is released and captured by different actors. Multiple-
step reactions can be used to get the advantage of synergism capable of increasing the
efficiency of the HCl scavenging. An acid scavenger at a high temperature in the condensed
phase can fail or succeed, depending on how quickly it reacts with the HCI, the thermal
stability of its reaction products, and how fast HCI evolves from PVC. Therefore, the acid
scavenger’s chemical nature, the particle size, how much disperses, the test temperature,
and the heating regimes affect the efficiency of the scavenging. This topic will be discussed
in detail in Part II of this paper.

Particularly, the temperature and heating regimes are critical parameters influencing
the scavenging efficiency. Therefore, EN 60754-2 and EN 60754-2 with thermal profiles of
EN 60754-1 have been compared in Part V of this paper.

Furthermore, EN 60754-2 is designed for collecting fumes in bubbling devices con-
taining water, and it is strategic to know which species affect the pH and conductivity to
“design” a good acid scavenger at high temperatures in the condensed phase. Suppose
a mechanism of scavenging in the condensed phase is involved, and the volatility of the
reaction products is low. In that case, the pH and conductivity are ruled only by the HCl
reaching the bubbling device. IC should find Cl- as the predominant species, ICP and
IC should determine the low concentration of all cations in the solution, and pH and
conductivity should be linked by the mathematical formulation indicated in (2). This topic
will be discussed in detail in Part III.

Lastly, HCI scavenging inhibits radical trapping and interferes with the char mecha-
nisms of the PVC compound in case of fire. Therefore, the low smoke acidity compound
can have less fire performance, with low flame retardance and more dense smoke. This
drawback highlights the need to introduce a new generation of flame retardants and smoke
suppressants if we want to keep the low smoke acidity, high flame retardancy, and minor
smoke release together in a PVC compound. This topic will be discussed in detail in
Part IV, where formulations containing potent acid scavengers giving low smoke acidity
compounds reduce flame retardance and increase smoke release.
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Abstract: In the European Union, according to Regulation (EU) n. 305/2011, cables permanently
installed in residential and public buildings need additional classification for acidity. EN 60754-2 is the
test method for assessing acidity, and three classes are provided: al, a2, and a3 (less performant). The
research on PVC compounds with low smoke acidity helps to produce cables in the best additional
classes for acidity, giving the PVC cables the possibility to be used in medium and high fire risk
locations. This paper shows the behavior of some acid scavengers at high temperatures performing
EN 60754-2 in isothermal conditions at different temperatures between 400 °C and 950 °C. The test
apparatus is a tube furnace where the test specimen is burnt, and the released gases are trapped
in bubbling devices containing double deionized water. pH and conductivity are measured, the
efficiency of the acid scavengers is assessed, and chemical analysis of the ashes is performed. That
allows us to understand why some substances succeed and others fail in trapping hydrogen chloride
(HCI). The most important conclusion in this paper is that the higher the temperature, the lower
the performance of the acid scavenger, showing that HCI concentration in the gas phase depends
strongly on the heating conditions of the test specimen.

Keywords: acid scavengers; PVC; cables; smoke acidity

1. Introduction

In the European Union (EU) in 2006, separate classes of reaction-to-fire performance
were established for electric cables, including the additional classification for acidity, accord-
ing to the Commission Decision of 27 October 2006, amending the Decision 2000/147 /EC
and implementing Council Directive 89/106/EEC, called Construction Product Directive or
just CPD. At that time, the test method used to assess acidity was EN 50267-2-3 [1]. Since the
Construction Product Regulation (Regulation (EU) n. 305/2011, or CPR) entered into force
in 2017, EN 50267-2-3 became the test method for assessing smoke acidity, substituted later
by EN 60754-2 [2]. EN 60754-2, EN 60754-1 [3] are similar to their siblings EN 50267-2-2 [4]
and EN 50267-2-1 [5], used in EN 50525 series (see EN 50525-1 [6], annex B, table B2) to
assess if a compound can be considered “halogen-free;” therefore, both are standards used
by halogen-free producers. The paradox is that, while EN 60754-1 is a well-known and
corroborated test method for PVC compound producers, EN 60754-2 is entirely unknown to
them. The result is a historical lack of data on the pH and conductivities of PVC compounds
for cables and difficulties in understanding how the classes a2 and al can be reached.

Some acid scavengers in the condensed phase at high temperatures are special calcium
carbonates with fine particle sizes. In particular, precipitated calcium carbonate (PCC) was
and still is the more suitable HCl scavenger for decreasing PVC compound smoke acidity.
However, other extremely fine ground calcium carbonates (GCC) can be used [7,8]. In
the past, the behavior of some HCI scavengers was evaluated, dynamically and statically,
using different test apparatuses and conditions [9-12]. In particular, [12] shows how
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different heating regimes can affect the evolution of HCI in the gas phase revealing how
high temperatures and the absence of “gradual heating runs” hinder the action of the acid
scavenger in trapping HCL.

This paper illustrates the behavior of 5 acid scavengers, alone and in combinations,
performing EN 60754-2 in isothermal conditions for 30 min at 400 °C, 500 °C, 600 °C, 800 °C,
and 950 °C. The performance has been evaluated through pH, conductivity, and efficiency.
The efficiency has been calculated by the equation indicated in Part 1 of this paper [13]. This
new way of evaluating the efficiency of acid scavengers has been proposed because simple
and fast, involving a measure, the pH, directly quantified by EN 60754-2. The scientific
community should test and evaluate it to establish its functionality and robustness.

Despite this, two main aspects can be highlighted when the potent acid scavengers
have been evaluated in this research performing EN 60754-2 with isothermal profiles at
different temperatures:

- the increase in the temperature severely affects their scavenging performance.

- at 950 °C, they go into crisis due to the too fast evolution of HCl in the gas phase.
This research has been developed in the regulatory context of smoke acidity in the EU,

as explained in Part 1 of this paper [13].

2. Materials and Methods
2.1. Materials

Table 1 shows the first series of formulations. The amount of ingredients is expressed
per hundred resin (phr). The formulation F50.0 represents the typical PVC jacket compound
used in low voltage cables. The remaining formulations have been derived by F50.0,
substituting CaCOj5 with different quantities of acid scavengers at high temperatures.

Table 1. First series of formulations: DINP means Di Iso Nonyl Phthalate. ESBO stands for Epoxidized
Soy Oil Bean. The used antioxidant is Arenox A10, which is Pentaerythritol tetrakis(3-(3,5-di-tert-
butyl-4-hydroxyphenyl)propionate), CAS number 6683-19-8. COS stands for Calcium Organic
Stabilizer. PCC means Precipitated Calcium Carbonate. AS-1B and AS-6B are potent acid scavengers
at high temperatures.

. F50.0 F50.1 F50.2 F50.3 F50.4 F50.5
Raw Materials Trade Name [pht] [phr] [phr] [phr] [phr] [phr]
PVC Inovyn 271 PC 100 100 100 100 100 100
DINP Diplast N 50 50 50 50 50 50
ESBO Reaflex EP/6 2 2 2 2 2 2
Antioxidant Arenox A10 0.1 0.1 0.1 0.1 0.1 0.1
COS RPK B-CV/3037 3 3 3 3 3 3
CaCOs Riochim 90 0 0 0 0 0
Al(OH)3 Apyral 40 CD 0 90 0 0 0 0
Mg(OH), Ecopyren 3.5 0 0 90 0 0 0
PCC Winnofil S 0 0 0 90 0 0
HTAS 1 AS-1B 0 0 0 0 90 0
HTAS 2 AS-6B 0 0 0 0 0 90

The formulations in Table 2 are designed to test the effect on the efficiency of PCC
and Mg(OH), at high loading levels. Here we focused on the synergism increasing the
scavenging efficiency and the growth of smoke acidity due to dispersion phenomena.

Table 3 displays the third series of formulations focused on the Mg(OH), /PCC synergism.

The following materials have been used to perform EN 60754-2: Double Deionized
Water (DDW) is internally produced by an ion exchange deionizer. The pH of DDW
must be between 5.50 and 7.50, and the conductivity less than 0.5 uS/mm. Buffer and
conductivity standard solutions come from VWR International (pH: 2.00, 4.01, 7.00, and
10.00, conductivity: 2.0, 8.4, 14.7, 141.3 uS/mm).
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Table 2. Second series of formulations. pH and conductivity are measured according to EN
60754-2 at 950 °C. DINP means Di Iso Nonyl Phthalate. ESBO stands for Epoxidized Soy Oil
Bean. The used antioxidant is Arenox A10, which is Pentaerythritol tetrakis(3-(3,5-di-tert-butyl-4-
hydroxyphenyl)propionate), CAS number 6683-19-8. COS stands for Calcium Organic Stabilizer.
PCC means Precipitated Calcium Carbonate.

Raw Trade Name F50.6 F50.7 F50.8 F50.9 F50.10
Materials [phr] [phr] [phr] [phr] [phr]
PVC Inovyn 271 PC 100 100 100 100 100
DINP Diplast N 50 50 50 50 50
ESBO Reaflex EP/6 2 2 2 2 2
Antioxidant Arenox A10 0.1 0.1 0.1 0.1 0.1
COS RPK B-CV /3037 3 3 3 3 3
CaCO3 Riochim 0 0 0 0 0
Al(OH)3 Apyral 40 CD 0 0 0 0 0
Mg(OH), Ecopyren 3.5 0 130 40 80 104
PCC Winnofil S 130 0 90 180 234

Table 3. Synergism of PCC/Mg(OH), couple. The measures are performed according to EN
60754-2 at 950 °C. DINP means Di Iso Nonyl Phthalate. ESBO stands for Epoxidized Soy Oil
Bean. The used antioxidant is Arenox A10, which is Pentaerythritol tetrakis(3-(3,5-di-tert-butyl-4-
hydroxyphenyl)propionate), CAS number 6683-19-8. COS stands for Calcium Organic Stabilizer.
PCC means Precipitated Calcium Carbonate.

Raw Teade Name 506 50.7 50.18 50.8 50.19 50.20 50.21 50.22 50.23
Materials [phr] [phr] [phr] [phr] [phr] [phr] [phr] [phr] [phr]
PVC In""Pyé‘ 271 100 100 100 100 100 100 100 100 100
DINP Diplast N 50 50 50 50 50 50 50 50 50
ESBO Reaflex EP6 2 2 2 2 2 2 2 2 2
Antioxidant  Arenox A10 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
RPK
cos B.CV /3037 3 3 3 3 3 3 3 3 3
Mg(OH),  Ecopyren3.5 0 130 30 40 90 100 0 0 0
PCC Winnofil S 130 0 100 90 40 30 100 90 40

2.2. Test Apparatus

Table 4 gives the list of utilized test apparatuses.

Table 4. Main test apparatuses utilized.

Test Apparatus Producer Model Additional information
Plasticorder Brabender Palatograph EC 50 cm® chamber
Thermostat Liebisch Labortechnik ~ LT-PVC-210-36-5 Test at 200 °C +/— 0.5°C

Halogen Acid Gas SA Associates Standard model ~ Porcelain combustion boats
test apparatus
Multimeter Mettler Toledo 5213 standard kit
Conductivity Mettler Toledo 5213 standard kit
electrode
pH electrode Mettler Toledo 5213 standard kit
FTIR-ATR Thermo f1§her 120 ATR corre.ct{on to
Scientific transmission
WD-XRF Thermo Fisher PERFORM'X Borate Beads
Scientific
Tensile t?s‘ang Hounsfield H10KS Specimen typ§ 1A,
machine 500 mm/min
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2.3. Sample Preparation

PVC compound samples are prepared by weighing the stabilizers’ ingredients in the
0.001 g balance. PVC, plasticizers, fillers, flame retardants, and acid scavengers are weighed
in the 0.1 g balance. PVC and all the ingredients are mixed in a 20 L turbo-mixer up to
105 °C, producing 3 Kg dry-blend. The dry blend is processed in the plasticorder for 10 min
at 160 °C, 30 rpm, getting 60 g kneaders. The kneaders are pressed at 160 °C for 4 min
in 0.5 mm, 1 mm, and 6 mm sheets from which test specimens are obtained for the tests
indicated in Tables 5 and 6.

Table 5. Tests for the main properties of the compound.

Standard Measurement Temperature Note
. o Test specimens conditioned
1SO 527-1 [14] Elongation at break 23 °C for 24 h at 23 °C
. o Test specimens conditioned
1SO 527-1 [14] Tensile strength 23°C for 24 h at 23 °C
1SO 1183 [15] Specific Gravity 23°C After24h °2f3c‘;’rc‘d‘“°“mg at
o Shore A at 15, test specimens
150 868 [16] Hardness 3C conditioned for 24 h at 23 °C
s o Test specimens conditioned
TEC 60811-405 [17] Thermal Stability 200 °C for 24 h at 23 °C
Table 6. Tests for acidity assessment.
Technical Standard Measurement Temperature [°C] Note
DDW, pH, and
conductivity.

EN 60754-2 Smoke acidity 950 The general method,
according to the 2014
version.

DDW, pH, and
conductivity.

Internal Method 2 Smoke acidity 400, 500, 600, 800 The general method is
according to the 2014
version.

2.4. Internal Tests and International Technical Standards Used

Tables 5 and 6 recall the used technical standards.

General method of EN 60754-2 is performed as follows: a calibrated reference thermo-
couple is used to control the temperature. The probe is introduced in the central part of
the quartz glass tube, where an empty combustion boat is carried from the sample carrier.
The temperature measured by the reference thermocouple is adjusted to 950 +/— 5 °C,
maintaining it for at least one hour. The tube furnace is ready for the first run when the
temperature is stable. Then, a sample of 1.000 +/— 0.001 g is weighed in a combustion
boat. The porcelain combustion boat has dimensions according to the standard. It is
quickly introduced into the quartz glass tube, moving the magnet along the sample carrier,
while the countdown is activated when the combustion boat reaches the central part of the
quartz glass tube. The smokes are purged in the bubbling devices containing DDW for
30 min by a normalized air flux (set according to the standard EN 60754-2 considering the
geometry of the quartz glass tube). After 30 min, the connectors are disconnected, and the
magnet extracts the combustion boat from the quartz glass tube. The water of the bubbling
devices and from washing procedures is collected in a 1 L volumetric flask filled to the
mark, and pH and conductivity are measured. The precautions indicated in Part I of this
paper have been adopted to minimize the errors, which lead to poor repeatability and
reproducibility [13].
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Internal method 2 is performed as EN 60754-2 but applies different isothermal profiles.
That procedure permits the evaluation of the performance of an acid scavenger at different
temperatures, evaluating pH, conductivity, and efficiency. pH and conductivity measures
are taken at 25 +/— 1 °C with the following procedure: the multimeter is calibrated with
standard solutions before each measurement. The pH is calibrated at two points (4.01 and
7.00). Conductivity is calibrated at 1 point at 141.3 uS/mm. The solutions closer to the
measured values are chosen as correction standards, and the measurements are corrected
accordingly through a correction factor. pH and conductivity electrodes have a reference
thermocouple that adjusts the fluctuation of temperature.

The smoke acidity measurements usually have low repeatability, especially if the
temperature is high. This weakness is intrinsic to dynamics affecting the sample burning
in a tube furnace. Samples do not burn the same way, and passivation can lead to some
fluctuations in the results. Furthermore, as indicated in Part 1 of this paper [13], most
procedures are done manually, which is the most significant source of errors. Therefore, a
series of three measurements for each sample is performed, and this statistical method is
used to calculate the mean value and outliers: from three test determinations, the mean
value (y), standard deviation (SD), and coefficient of variation (CV) are calculated for pH
and conductivity using the following formulations:

1 N
Ux = = ) X (1)
! Nizl
LS e %)
Ni:l l *
SD,
cv, = 3
* = T (3)

If the CV is higher than 5%, further three measurements are performed, and the
mean value, standard deviation, and coefficient of variation are recalculated, including
the previous values. That is the general method according to EN 60754-2:2014. EN 60754-
2/A1:2020 [18] has introduced a new procedure for evaluating the data not considered in
this paper.

Appendix B, Figures A12 and A13 give a schematic diagram of the sample preparation
and testing process.

3. Results
3.1. First Series of Formulations

Table 7 shows the main properties of the first series of formulations. The main proper-
ties give a preliminary indication if the compound is suitable for manufacturing jackets
according to EN 50525 series.

Internal method 2 has been performed at different temperatures, 400 °C, 500 °C, 600 °C,
800 °C, and EN 60754-2 at 950 °C. Table 8 shows the results of pH and conductivity for each
formulation. Table 9 reports the elements found in ashes determined by XRF spectrometry.
Figures A1-A6 show the FTIR spectra of the ashes of F50.0-F50.5 at different temperatures.
Figures A7-A11 display the FTIR spectra of some standards compared to the FTIR spectra
of F50.0-F50.5 ashes. Table 10 gives the principal FTIR bands of the substances found in
the ashes.
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Table 7. Focus on the main properties

deviations are reported.

of the compounds.

The mean values and the standard

Formulation F50.0 F50.1 F50.2 F50.3 F50.4 F50.5
Specific Gravity 1.542 1.505 1.503 1.542 1.445 1.446
[g/cm?] +/—0.012 +/—0.021 +/— 0.004 +/—0.007 +/—0.014 +/— 0.009
S}[‘t"yr;eH:r‘f;‘,?]ss 88+/—1 89+/—1 89+/—1 88+/—1 90+/—1 90+/—1
Te‘&”f;f;fi‘]gfh 13.0+/- 08 11.8+/-05 11.7+/-08 134+/— 11 13.0 4/ 1.0 138.1+/-07
Elongation at 246.4 236.1 233.1 240.1 2215 2255
break [%] +/—38 +/—49 +/—25 +/—24 +/—17 +/—15
Them;fiiit]ablhty 104+/— 3 79+/—2 734/ 4 76+/—5 291 +/— 11 299 +/— 12
Table 8. Mean values and SD of pH and conductivities at 400 °C, 500 °C, 600 °C, 800 °C, and 900 °C.
Method 2 at 400 °C F50.0 F50.1 F50.2 F50.3 F50.4 F50.5
pH 248 +/— 0.06 2.37 +/— 0.06 2.81+/— 0.07 3.71+/—0.03 403 +/- 019 3.88+/— 0.12
C‘[’Sg;‘;txty 1429 +/— 3.6 1794 +/— 15 887 +/— 35 81+/—03 40+/-01 53+/—0.1
Method 2 at 500 °C F50.0 F50.1 F50.2 F50.3 F50.4 F50.5
pH 248 +/— 0.04 241 +/—0.03 241 +/— 0.09 3.73+/— 0.10 370 +/—0.15 3.69+/— 013
C‘[’L‘gﬁ;’}ty 139.1+/— 12 1772 +/— 2.5 1773 +/— 62 7.7+/-03 82+/— 04 8.6+/—03
Method 2 at 600 °C F50.0 F50.1 F50.2 F50.3 F50.4 F50.5
pH 2.51+/— 0.02 2.30+/—0.01 231+/—0.03 3.69+/— 0.07 3.70+/—0.10 3.65+/— 0.05
C‘[’Sg}ﬁ‘m"ity 132.6 +/— 3.7 2017 +/— 4.1 195.7 +/— 5.0 92+/— 04 78+/—03 95+/-02
Method 2 at 800 °C F50.0 F50.1 F50.2 F50.3 F50.4 F50.5
pH 263+/—0.13 2.30 +/— 0.09 229 +/— 0.09 3.26+/—0.11 3.52+/— 0.02 320+/— 0.03
C?:g;ﬁ;ity 1004 +/— 4.4 2064 +/— 2.5 2089 +/— 7.8 237 +/— 0.6 135+/—02 257 +/— 0.6
Method 2 at 950 °C F50.0 F50.1 F50.2 F50.3 F50.4 F50.5
pH 2.62+/— 0.03 227 +/—0.10 227 +/— 0.02 2.74 +/— 0.06 2.89+/— 0.08 2.79 +/— 0.02
C‘[’L‘g;ﬁgity 973 +/—37 2215+/— 84 2243 +/—3.1 740+/—16 701 +/—0.7 701 +/— 2.0
Table 9. Main elements in ashes detected by XRE.
Formulation  F50.0 F50.1 F50.2 F50.3 F50.4 F50.5
400 °C Ca, Cl Mg, C1 Al Cl Ca, Cl n.a. n.a.
500 °C Ca, Cl Mg, Cl Al Cl Ca, Cl n.a. n.a.
600 °C Ca, Cl Mg, Cl Al Cl Ca, Cl n.a. n.a.
800 °C Ca, Cl Mg, Cl Al Cl Ca, Cl n.a. n.a.
950 °C n.a. n.a. n.a. n.a. n.a. n.a.
n.a. = not available.
Table 10. Main FTIR bands in the ashes.
1[em—1] 2 [em—1] 3[ecm—1] 4 [em~1] 5[em~1] 6 [em—1]
CaCO3 2509.64 1794.92 1417.26 873.10 846.70 710.66
MgCl, 1616.43 1606.44
CaCl, 1628.43 1614.21
MgO Broadband centered at 548 cm ™!
AL,O3 Broadband between 400 and 900 cm !

The ashes are analyzed through the following procedure. After the combustion boat
is extracted from the tube furnace, it is left to cool down and put in a PE zip lock bag.
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Before the measurement, the combustion boat and standards are dried for 2 h in the oven at
105 °C. Metal oxides or chlorides are in the ash residue and are highly hygroscopic. During
FTIR measurements, we cannot exclude the possibility that the samples can reabsorb some
water. The measurement should be taken as fast as possible. XRF is conducted using
borate-fused beads.

3.2. Second Series of Formulations

Table 11 shows the pH and conductivity of the second series of formulations used to
evidence the Mg(OH), /PCC synergism.

Table 11. Synergism of PCC/Mg(OH); couple. The measures are performed according to EN 60754-2
at 950 °C. The mean values and the SD are reported.

Formulation F50.6 F50.7 F50.18 F50.9 F50.19 F50.20 F50.21 F50.22 F50.23
H 2.93 2.34 3.19 3.75 2.65 2.51 2.90 2.89 2.33
p +/—0.06 +/—0.04 +/—0.11 +/—0.08 +/—0.02 +/—0.04 +/—0.01 +/—0.00 +/—0.02
Conductivity 494 183.8 28.8 8.4 106.2 133.5 56.9 51.6 193.0
[1S/mm] +/—14 +/—9.0 +/—03 +/—03 +/—42 +/—62 +/—23 +/—18 +/—3.0

3.3. Third Series of Formulations

Table 12 shows the main properties of the formulations F50.6-F50.10 and pH and
conductivities, focusing on the couple PCC/Mg(OH), and the effect of its high loading level
on acidity (the decrease of the smoke acidity performance due to the reduced dispersion of
both additives). The smoke acidity has been measured using EN 60754-2 at 950 °C.

Table 12. Second series of formulations. Main properties of the compound. Mean values and SD

are reported.
Formulation F50.6 F50.7 F50.8 F50.9 F50.10
pH 293 +/—0.06 2.34+/—0.02 3.32+/—0.06 3.75+/—0.08 3.75+/—0.09
Conductivity [uS/mm] 494 +/—-6.1 183.8 +/—9.0 20.7+/—2.6 84+/—1.0 84+/—1.0
Specific Gravity [g/cm®] 1.644 +/—0.011 1590 +/—0.014  1.627 +/— 0.002 1.853 +/— 0.007 1.946 +/— 0.007
Hardness [SHA 15”] 91+/—-1 92+/—-1 91+/—-1 97 +/—1 98 +/—1
Tensile strength 82+/-05 58+/ 03 75+/— 07 23+/-13 12+/-13
[N/mm~]
Elongation at break [%] 2103 +/—32 1951 +/—52 205.0+/—1.1 177.0+/—7.5 172.0 +/— 8.5
Thermal Stability [min] 76 +/—5 71+/-3 61+/—2 57+/—4 38+/—3

3.4. The Efficiency of Scavenging

Tables 13-15 display the efficiency values, performing EN 60754-2 and the internal
method 2 at the indicated temperatures.

Table 13. The mean efficiency and the SD of formulations F50.0-F50.5: EN60754-2 at different temperatures.

Temperature

rc F50.0 F50.1 F50.2 F50.3 F50.4 F50.5

400 80+/—15 51+/—16 169+/—19 400+/—08 508+/—51 451+/—-3.1
500 81+/—-1.0 63+/—07 63+/—24 40.6+/—26 418+/—41 402+/—34
600 8.6+/—04 31+/-03 34+/—-07 397+/—18 409+/-27 389+/—12
800 120+/-35 33+/-25 31+/—23 282+/—28 369+/—-07 271+/—09
950 122+/-07 24+/-26 23+/—-04 147+/-15 187+/-22 160+/—04

Table 14. The mean efficiency and SD of formulations F50.6-F50.10: EN60754-2 at 950 °C.

F50.6 F50.7 F50.8 F50.9 F50.10
950 °C 184+/—16 24+/—-05 288+/—15 375+/—23 349+/-27
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Table 15. The mean efficiency and SD of formulations F50.18-F50.23: EN60754-2 at 950 °C.

F50.18 F50.19 F50.20 F50.21 F50.22 F50.23
950 °C 252+/—-28 108+/—04 70+/—09 185+/—03 186+/—00 63+/—05

4. Discussion

4.1. Description of Used Acid Scavengers and Why They Have Been Selected
The acid scavengers have been chosen for different needs:

- GCC and PCC highlight the impacts of particle size on scavenging efficiency.

- AS-1B and AS-6B are mixtures of basic substances (different kinds and concentrations),
comparing their performances with PCC, the standard acid scavenger for PVC.

- Al(OH)j; shows the behavior of an inert and scarcely reactive acid scavenger.

- Mg(OH), shows what happens when the reaction product with HCl decomposes.

4.2. Effect of Chemical Properties of a Substance on Efficiency

The chemical properties of acid scavengers greatly influence efficiency. For exam-
ple, AS-6B (a mix of basic substances) shows higher efficiency than GCC or Al(OH)3
(Tables 8 and 13). That confirms what was outlined by O’'Mara in [19] and Brown and
Martin in [20]. Thus, substances with high reactivity with HCl are always a good start-
ing point for their evaluation as acid scavengers at high temperatures in the condensed
phase. Figure 1 shows the efficiency of AS-6B, GCC, and Al(OH); at different temperatures,
performing internal method 2.

600
Temperature [°C] mATH EAS-6B mGCC

Figure 1. Efficiency % (T) of F50.5 (Orange), F50.0 (Gray), and F50.2 (Blue). Standard deviation ranges
are reported. ATH stands for AI(OH);.
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4.3. Effect of Particle Size on Efficiency

GCC has less efficiency than PCC (Tables 8 and 13), which is valid for all temperatures.
F50.0 contains a GCC with a mean particle size of around 2 microns, while F50.3 has
Winnofil S, a PCC having a particle size in the scale of nanometers and a BET between
15 m?/g and 24 m?/g [21]. O'Mara made the same assumption without any measurement
in [19], claiming that the Molar Absorption Efficiency (MAE) depends on several variables,
such as acid scavengers’ dispersion efficiency and particle size. Matthews and Plemper
in [7,8] have also shown how the reactivity of CaCOj is linked to particle size, and it can
cause a substantial effect on flame retardancy. We will discuss this aspect in detail in Part
IV of this paper.

In conclusion, substances with finer particle sizes show more reactivity with HCI
because of a higher BET, which means more probability of intercepting gaseous HCl
molecules. For this reason, PCC is more performant in scavenging than GCC.

One of the points to be highlighted is that the advantage of PCC is reduced as tem-
perature increases, and at 950 °C, none of the acid scavengers at high temperatures can
compete with the fast evolution of HCI (Table 13 and Figures 1 and 2).

40.6

28.2

12.2
- 14.7

500 600 800 950

Temperature [°C]

GCC mPCC

Figure 2. The efficiency % (T) of F50.0 containing 90 phr of GCC (gray), and F50.3, containing 90 phr
of PCC (yellow). Standard deviation ranges are reported.

4.4. Effect of Dispersion on Efficiency

The formulation F50.8 contains PCC and Mg(OH),, 90 phr, and 40 phr, respectively,
with a ratio of PCC/Mg(OH); of 2.25. That is the best ratio found for the best efficiency.
The efficiency of this acid scavenger couple is 28.8% (Table 14, Figure 3), with a pH of 3.32
(Table 12). By doubling the quantity of the couple with the same ratio, 37.5% of efficiency
with a pH of 3.75 are reached (Tables 12 and 14). With a further improvement of the dosage,
no further advantages are obtained (Table 14 and Figure 3). This behavior indicates poor
dispersion as the dosage increases, impacting the scavenging performances. An inadequate
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distribution weakens the intimate contact between PVC chains and acid scavengers. If this
contact is missing in some zones, HCl is released, lowering the efficiency of acid scavengers.
Sometimes, this can be compensated by increasing the shear during the process and using
some tricks during the blending. Nevertheless, nanoscale fillers and substances prone to
uptake water, such as Mg(OH),, are always inclined to give bad dispersion if we enhance
their dosage. O’ Mara in [19] claimed the impacts of the dispersion of acid scavengers on
their efficiency.

F50.8 F50.9 F50.10

Temperature [°C]

F50.8 ®F50.9 mF50.10

Figure 3. Efficiency % (T) of formulations containing PCC/Mg(OH); at different dosages. Standard
deviation ranges are reported.

4.5. Effect of Temperature on Efficiency

AS-6B gives stable reaction products with HCl, so the efficiency is only due to the
kinetic of the reactions involved in trapping HCI. Its acid scavenger efficiency falls dramat-
ically as temperature increases (Figure 4). The efficiency of other good acid scavengers,
such as PCC, shows a similar trend (Figure 2). The explanation lies in the competition
between two reactions. HCl evolves from the burning matrix, and acid scavengers try to
fix it in ashes. The higher the temperature, the quicker the evolution of HCI. Over certain
temperatures, the solid acid scavenger is too slow to trap HCl efficiently, and the system
goes into crisis. Chandler and alt. in [12] and Bassi in [22] highlighted this phenomenon.
Finally, a non-performant acid scavenger such as AI(OH); fails at all tested temperatures.
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Figure 4. Efficiency % (T) of formulation F50.1 (blue) and F50.5 (orange) as a function of temperature.
Standard deviation ranges are reported. ATH stands for AI(OH)s.

4.6. Effect of Decomposition of Reaction Products on Efficiency

Kipouros and Sadoway claimed the MgCl, decomposition last step at 550 °C [23].
Galwey and Laverty between 350 °C and 550 °C [24]. The efficiencies reported in Figure 5
and FTIR spectra in Figure A3 confirm that over 400 °C, MgCl, decomposes. The ashes
at 400 °C are black, and the FTIR spectrum at 400 °C shows the presence of an unknown
substance, probably a mix of a variety of crosslinked organic compounds forming a black
and solid char. Here, the second stage of pyrolysis and combustion zone starts, and the
formation and rearrangement of the crosslinked matrix are expected. However, the FTIR
spectrum shows the presence of weak MgCl, bands at 1616.4 cm~! and 1606.1 cm™!,
confirming that MgCl, is diluted in the black char (Figure A3 at 400 °C). The signal of
the organic crosslinked char entirely disappears at 500 °C, and therefore the MgCl, bands
become evident. Nevertheless, at 500 °C, the principal band at 546.2 cm~! confirms
the presence of MgO (Figures A3, A9, and A11, Tables 9 and 10). MgCl, bands vanish
completely at 600 °C, where MgO is the only source of Mg (Figures A3 and A1l and
Tables 9 and 10). The decomposition of MgCl, is why the efficiency of Mg(OH), decreases
after 400 °C. Therefore, by performing internal method 2, Mg(OH), shows the maximum
efficiency at 400 °C (16.9%), and its efficiency drops to 2.3% at 950 °C.
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Figure 5. Efficiency % (T) of the formulation F50.2 containing Mg(OH),, Standard deviation ranges
are reported.

4.7. Focus on the Single Acid Scavenger
4.7.1. Single-Step Reaction: GCC

GCC reacts with HCl in a single-step reaction, yielding CaCl,, CO,, and water. Its
reaction product, CaCly, is stable up to 950 °C. The efficiency of GCC in F50.0 remains
low, slightly increasing from 400 °C to 950 °C (Table 13), probably due to the formation of
small quantities of CaO, which is more likely to happen at 800 °C and 950 °C, acting as a
potent acid scavenger. This phenomenon gives a slight advantage to all kinds of CaCOs3 in
the scavenging at temperatures over 800 °C. In PCC, this advantage is not visible (F50.3)
because “covered” by PCC’s high scavenging performances. FTIR (Figures Al and A10,
and Table 10) and XFR (Table 9) point to the involved reactions. At 400 °C, 500 °C, and
600 °C, CaCOj3 and CaCl, are in the ashes. At 800 °C, the decarbonation of CaCOj takes
place when its bands disappear, leaving only CaCl, bands. Chandler and others highlight
the tendency of CaCl, to be hydrolyzed over its fusion point by water vapor when water-
saturated air fluxes are used [12]. Nevertheless, with dry air fluxes at 950 °C, CaCl, is a
stable, transparent liquid, not showing any tendency to be hydrolyzed.

4.7.2. No Reaction: AI(OH)3

Al(OH); starts the decompositions between 180 °C and 200 °C, releasing water [25].
Therefore, during the combustion, the actual substance in the matrix is alumina (Al,O3).
Al,Oj3 is an inert substance not capable of reacting with HCI. Figure A2 shows the FTIR
spectra of the ashes of formulation F50.1 at different temperatures. Figure A8 indicates
that all spectra of Figure A2 have an excellent match with Al,Oj3 (see also Table 10), and
therefore alumina is in the ashes obtained at 400 °C, 500 °C, 600 °C, 800 °C, and 950 °C.
The presence of Al is confirmed by XFR (Table 9), and chlorine is probably due to HCI
trapped in the alumina surface. Additional measurements should clarify the presence of
Cl in the F50.1 ashes. All these considerations explain why formulation F50.1 gives low
and constant efficiency values at different temperatures (Figure 4 and Table 13). Hence,
Al(OH)j3 is an extremely weak acid scavenger at high temperatures due to the chemical
inertia of its reaction product, Al,O3.

4.7.3. Single-Step Reaction: Mg(OH),

Mg(OH); reacts fast with HCI generating MgCl,. Mg(OH); starts the decompositions
between 300 °C and 320 °C, releasing water [25]. Thus, it is a perfect flame retardant;
nevertheless, it is an ineffective acid scavenger at temperatures over 500 °C. The for-

65



Fire 2022, 5, 142

mulation F50.2 gives maximum efficiency at 400 °C, suddenly dropping down due to
the instability of its reaction product, MgCl, (Table 13). Water vapor hydrolyzes MgCl,
through the reactions reported in [23,24]. The result is the production of 2 moles of HC]
and 1 mole of MgO per mole of decomposing MgCl,. The ashes analysis (FTIR measures in
Figures A3, A9 and A11, and Table 10) shows that the MgCl, hydrolysis is almost complete
over 600 °C. Table 9 indicates that chlorine remains trapped in ashes (maybe passivation,
preserving small quantities of MgCl, but further measurements should clarify this point).

All this puts in evidence a single-step reaction failing the scavenging at high tempera-
ture because Mg(OH), yields an unstable product rereleasing HCI.

Table 8 shows how the formulations F50.1 and F50.2 reach almost the same pH and
conductivities, indicating high acidity for different causes. As AI(OH)3, Mg(OH); is a very
ineffective acid scavenger at high temperatures in the condensed phase, and therefore it
does not show any effect in efficiency as temperature increases (Table 13). Again, a weak
acid scavenger usually performs poorly at all temperatures.

4.7 4. Single-Step Reaction: PCC

Tables 8 and 13 show that PCC alone is a good acid scavenger. PCC is not a strong
base, and due to its small particle size, it can scavenge HCl with good efficiency, yielding
CaClp, CO,, and water. CaCly is stable at 950 °C. FTIR spectra confirm the formation of
CaCl, and the disappearance of CaCO3 bands (Figures A4 and A7, and Table 10) starting
from 800 °C. The XRF measurements (Table 9) show the presence of chlorine and calcium.
PCC shows good scavenging up to 800 °C.

4.7.5. Multiple-Step Reaction: PCC and Mg(OH),

Table 14 indicate that, if alone, Mg(OH), shows a low impact on smoke acidity re-
duction. At 950 °C, the efficiency of F50.2 is extremely low, 2.3%. On the contrary, PCC
performs better, and the efficiency reaches 14.7% in F50.3. Table 14 also shows that they
have a strong synergism when used together. Figure 6 represents the efficiency at different
ratios of loadings. Mg(OH), and PCC reach maximum efficiency (28.8%) when PCC is
90 phr and Mg(OH); 40 phr (F50.8). That efficiency is much more than the sum of the
efficiency of Mg(OH), and PCC alone (14.7% and 2.3%, respectively). The maximum is
reached when the ratio PCC/Mg(OH), is 2.25, as Figure 6 shows. Probably the ratio that
gives the maximum efficiency depends on the quantity of the pair and particle size of
PCC and Mg(OH), because both substantially affect the scavenging performance. The
synergism can be explained by a double-step reaction through which Mg(OH), and PCC
help each other. As a strong base, Mg(OH); is the primary acid scavenger in the pyrolysis
and combustion zone, and MgCl, is the main reaction product. The reactions during the
matrix combustion are the following:

Mg(OH); + 2HCl (g) — MgCl, (s) + 2H,O (v) 4)
MgO (s) + 2HCI (g) — MgCl, (s) + HyO (v) )

The second acid scavenger, PCC, reacts with HCl in less extent through reaction 6.
CaCOs (s) + 2HCI (g) — CaCl, (s, 1) + CO; (g) + HyO (v) 6)

MgCl, is formed but decomposes between 350 °C and 550 °C [23,24] with a slow
kinetic passing back its HCI to PCC. The synergism is explainable with a slow HCI release
from MgCl, to PCC, enhancing the efficiency of PCC. All these aspects should be clarified
deeper by FTIR-TGA measurements, pointing to the IR signals of HCl and CO, in the
range 350 °C-550 °C. That will be discussed in a separate article. Schemes 1-3 represent
the hypothesis on the synergism between PCC and Mg(OH)s,.
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Figure 6. The efficiency of the formulations F50.7 (Mg(OH), = 130; PCC = 0), F50.8 (Mg(OH),
= 40; PCC = 90), F50.18 (Mg(OH), = 30; PCC = 100), F50.19 (Mg(OH), = 90; PCC = 40), F50.20
(Mg(OH); = 100; PCC = 30). Standard deviation ranges are reported.
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Scheme 1. The single-step reaction of PCC in HCI scavenging at high temperatures in the con-
densed phase.
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Scheme 2. The single-step reaction of Mg(OH), in HCI scavenging at high temperatures in the
condensed phase.
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Scheme 3. Multiple-step reactions of PCC/Mg(OH), in HCl scavenging at high temperatures in the
condensed phase.

5. Conclusions

Acid scavengers at high temperatures in the condensed phase differ in chemical
nature and particle size, and some of them have been tested with different thermal profiles,
performing EN 60754-2. AI(OH); and Mg(OH); are not efficient acid scavengers. When the
matrix burns, the former generates an inert substance, alumina, while the latter reacts with
HCl, yielding MgCl,, which decomposes over 500 °C, rereleasing HCI.

GCC is not a good acid scavenger, but its efficiency increases as its particle size
decreases. PCC is, therefore, more efficient in scavenging HCIl than GCC. It reacts well
with HClI in a single-step reaction, yielding CaCl, stable up to 950 °C. When Mg(OH),
and PCC work together, PCC scavenges the HCI from MgCl, decomposition. Probably the
synergism happens because MgCl, releases HCl slower than the PVC matrix, and PCC can
scavenge it more efficiently. Poor dispersion eliminates all advantages of the synergism
when the quantity of Mg(OH), and PCC is too high.
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Another aspect emerging from the data is the effect of temperature on the kinetic of
HCl release. The higher the temperature, the lower the acid scavenger efficiency. This aspect
confirms other researchers’ past observations [12,22]. The rapid HCI evolution causes the
collapse of the efficiencies of acid scavengers at high temperatures. Acid scavengers are
solid substances, and while some advantages are obtained when a lower particle size grade
is used, they are annihilated when temperatures are too high.

In conclusion, it must be highlighted that different heating regimes give different
acidity results. This aspect confirms how difficult it is to estimate the HCl concentration in
real fire scenarios from bench-scale tests because HCI concentration in the gas phase will
depend not only on its decay [26-28] but also on temperatures reached in the fire.

Supplementary Materials: The supporting information can be downloaded at: https:/ /www.mdpi.
com/article/10.3390/ fire5050142 /s1.
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Glossary/Nomenclature/Abbreviations

PVC  poly(vinyl chloride);

HCl  hydrogen chloride;

EU European Union;

CPD Construction Product Directive;
CPR Construction Product Regulation;
PCC Precipitated Calcium Carbonate;
CCC Ground Calcium Carbonate;

Phr Part per Hundred Resin;

DINP  DiIso Nonyl Phthalate;

ESBO  Epoxidized Soy Bean Oil;

COS Calcium Organic Stabilizer;
DDW  Double Deionized Water;

n Mean
SD Standard Deviation;
Ccv Coefficient of variation;

MAE  Molar Absorption Efficiency
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Appendix A. FTIR Spectra of the Acid Scavengers at Different Temperatures and
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Appendix B. A Schematic Diagram of the Sample Preparation and Testing Process
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Figure A12. A schematic diagram of the sample preparation.
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Figure A13. A schematic diagram of the testing process and main conditions.
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Abstract: The electric field fire extinguishing technology is an efficient, clean, and new fire extinguish-
ing technology that can be operated at a long distance. In order to study the synergistic mechanism
of “electric-flow-heat” in the process of transverse AC electric field fire extinguishing, the ionic
wind formed by the influence of electric field on each charged particle during the burning process
of ethanol-air diffusion flame is simulated by the non-premixed combustion model, and the ex-
perimental phenomenon of flame quenching in the transverse AC electric field is reproduced by
means of numerical simulation. The accuracy of the numerical model was verified by comparing the
temperature and flow velocity in the region obtained from the simulation with the data measured in
the experiment. According to both simulated and experimental phenomena, we present a hypothesis
of how the flame is quenched under the influence of an electric field. The next research directions
are: (1) improving the accuracy of numerical simulation by building fine models; (2) studying the
dynamic mechanism of real flames by particle image velocimetry technology.

Keywords: computational fluid dynamics; chemical reactions; equilibrium; particles; dynamic simulation

1. Introduction

A flame is a weakly ionized plasma, in the role of the applied electric field its internal
contains a large number of charged particles that will produce directional movement, and
the formation of ionic wind, affecting the shape, stability, products, and other combustion
characteristics of the flame [1-5]. The U.S. Defense Advanced Planning Agency (DARPA)
has funded Harvard University’s White Edge Research Group to carry out research on
electric field fire extinguishing technology [6], the results of which show that electric
field fire extinguishing technology in limited space for small and medium-sized flame
extinguishing effect is good but cannot be applied to and open areas of large firefighting
work. While most of the ships and ships at sea are metal structures, the cabin space is
closed and narrow, electric field fire extinguishing technology is an auxiliary means of
fire extinguishing and because of its repeated work and no residual harmful substances
after extinguishing [7-9], has a greater prospect of application on surface ships [10]. The
current research on electric field-driven flame dynamics is mostly focused on the influence of
the electric field on the combustion characteristics of small flames, and less on the medium-
sized flame combustion characteristics affected by the electric field and focus on the electric
field on the flame of the direction of the promotion of combustion, stable combustion effect
research, electric field fire extinguishing effect of research is scarce. The study of the flame
quenching process caused by the application of a uniform transverse AC electric field can help
to understand the mechanism of electric field fire extinguishing and has important significance
for the design and development of marine electric field fire extinguishing devices.

Drews et al. in the research group of Whitesides found that time-oscillating electric
fields applied to plasmas in flames can produce stable gas flow. AC electric fields can
manipulate flames at certain distances without the need for proximal electrodes [11,12].
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Belhi et al. [13-16] studied the effect of the AC electric field on three different values of
ion mobility for the same flame and the effect of negative ions on ion wind. It was concluded
that negative ions play a crucial role in the formation of the ion wind effect, especially
when a negative potential or alternating potential is applied to the electrode. Belhi also
demonstrated the role of the ion wind effect in influencing flame kinetics by means of a
detailed computational model with three-dimensional simulations to reproduce laminarly
premixed methane—-air native flames subjected to a transverse DC electric field in the
saturated state. Based on the response of the laminar premixed methane-air native flame
under this condition, it also proposes a skeleton mechanism to predict the fundamental
properties of combustion in methane-air flames and an ionization optimization mechanism,
which contributes to the study of the charged particle mechanism of hydrocarbon fuels.

In China, Yunhua Gan and Yanlai Luo [17-20] explored the combustion characteristics
and chemical reaction mechanism of ethanol-air non-premixed combustion flame under the
action of the electric field and proposed a detailed chemical reaction mechanism of ethanol-
air flame combustion containing charged particles based on the skeleton mechanism of the
basic properties of combustion in methane—-air flame proposed by Belhi, which contains
64 components and 423 reactions. Di Renzo et al. [21,22] combined Belhi’s results to develop
a spatial model of counter-current diffusion flame mixing fraction with a sub-breakdown
electric field, and the computational results of this two-dimensional model agreed well with
experimental data and significantly reduced computational costs. Research results [23,24],
simulated the ethylene diffusion flame containing charged particles, and the flow of smoke
particles in the flame under DC electric field.

Cui Wei carried out a theoretical simulation study on the effect of ions on the chemical
kinetic properties of flames in methane-air premixed flames and the results further revealed
that the effect of electric field on cyclonic flames is mainly caused by the ion wind effect
which changes the position and shape of the flame surface [25]. Yan Limin conducted
simulations and experiments on the interaction between electric field and small flame
found that certain electric field conditions can strengthen the tiny-scale combustion, but
too strong electric fields will blow out the small-scale flame [26].

In summary, the main research object of electric fields influencing flame is laminar small-
scale flame, and the main research purpose is to enhance combustion stability of electric field.
However, for the confined environments, such as naval ship cabins, the electric field fire
extinguishing technology for large-scale flames has great application prospects.

In this study, the distribution of charged particles in ethanol flames is simulated by
ANSYS FLUENT 2021R1 software; the electric field equations are integrated into the simu-
lation to simulate the electric field force applied to the charged particles in the combustion
region; the electric field extinguishing experiment is compared with the simulation of
ethanol-air diffusion flames under the action of electric field to study the effect of electric
field on the charged particles in ethanol-air diffusion flames and the flow field in the
combustion region. The flame quenching phenomenon under the effect of transverse AC
electric field was investigated.

2. Experimental Setup and Methods

The experimental setup consists of four main systems, namely the fuel supply system,
the combustion system, the applied condition system, and the detection system. As shown
in Figure 1 the fuel supply system used in this experiment is a micro-peristaltic pump
with a flow error of less than 1%, maximum traffic rate is 8 L/h. The combustion system
consists of atomized nozzles and an arc igniter. Pressure limit valve and filter screen in
atomizer, starting pressure is 4.5 bar. The liquid fuel is ignited by an arc igniter at the
outlet of the atomizer nozzle to form a diffusion flame, and the atomizer has an injection
angle of 60. The influencing factor used in this paper is the transverse electric field. The
transverse electric field is generated by a high-voltage AC power supply and two flat plate
electrodes, the electric field strength of the AC power supply can be achieved by adjusting
the voltage or changing the distance between the plates. The detection system consists of an
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NPX-GS6500UM high-speed camera, an SG-313 wind speed probe, an S-sex thermocouple,
and a computer. As shown in Figure 1, a sensor monitoring point is set at 0.05 m above
each of the burner’s present nozzles to detect the temperature and flow field velocity at
that point.

Adjustable Resistance  Power Supply
= |

— L

Gi'ounding
Peristaltic Pump

Computer

Liquid Fuel Source [ ~1--
Figure 1. Experimental platform.

The fuel for this study was anhydrous ethanol and the thermophysical properties of
298 K anhydrous ethanol are shown in Table 1.

Table 1. Thermophysical properties of 298 K ethanol.

Specific Heat Electrical Surface

. e 3 S . ivi -7

Purity Density/g-cm Viscosity/mPa-s Capacity/]-g 1K1 Condusc.tlr:—ltl},/m Tension/10—3 N-m
>99.7% 0.798 1.16 2.58 1.35 22.8

3. Numerical Simulation of Ethanol-Air Diffusion Flames under the Influence of
Electric Fields

3.1. Chemodynamic Model

The formation of ions and electrons in hydrocarbon flames is the result of the inter-
action of CH and O radicals, so an accurate prediction of these two radicals is necessary
to correctly determine the distribution of charged material. The literature [14] suggests
that the CH and O radicals interact to produce positive ions and electrons during the
combustion of hydrocarbon fuels:

CH+0O = HCO" + e~ €]

To study the charged particles in ethanol-air diffusion flame affected by electric field
forces, Luo [20] combined the mechanism proposed above for the charged particle skeleton
reaction of methane containing 40 ionic reversible reactions and six charged substances
(HCO*, H30%, e, 0?-,0" and OH™). In this study, a non-premixed model was used to
predict the distribution of each component during ethanol combustion by compiling a
custom function in Fluent software, selecting six charged substances (HCO*, H30", e, 0%,
O~ and OH") in PDF (probability density function model) according to the literature [18],
applying electric field forces to them, and simulating ethanol combustion in the directional
movement of charged particles formed by the electric field force.
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3.2. External Electric Field Model

In this study, the flow and combustion processes of the mixture follow conservation
equations, including continuity, momentum, energy, and conservation of components as
the controlling equations [27]. In this paper, a two-dimensional model simulation is used.

The continuity equation:

d(pu) la(rpv)_o
ox roor

@

where p is the density of the fluid, u is the velocity of the fluid in the x direction and v is
the velocity of the fluid in the » direction.

Conservation of momentum equation:

x Directions:
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7 or (W%) +iar (W%) +F
r Directions:
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where 1 is the dynamic viscosity of the fluid, p is the pressure on the fluid cell, F, is the
volume force in the x direction on the fluid cell and F, is the volume force in the r direction

on the fluid cell.
Conservation of energy equation:

%%%) n %%(%% — Ak 190u])  3w) | 10(z0) 4 g ®)
where k is the effective heat transfer coefficient, /; is the enthalpy of component i, J; is
the diffusive flux of component i, cp is the constant pressure specific heat capacity of the
mixture, T is the viscous dissipative stress and Sy, is the volumetric heat source term.

An electric field can affect the movement of a particle through an electric force, which
appears as a source term in the momentum equation [28]:

N
F,= queE,nk
k

N

Fr=)  qreEpny
3

(6)

where g and 1y are the number of charges of the charged substance, respectively, and
k is the density. N is the number of species considered in the reaction mechanism,
e=1.602 x 1071 C is the fundamental charge, and E is the electric field vector, defined by

Gauss’s law [15]:
%W”k

— 2y —
VE=-VV = e )
V-E = V-E, + V-E;
V is differential operator, V is the potential, ) is the vacuum dielectric constant

€o = 8.854 x 107 12Fm~1, n is the charge of the charged material and k is the density.
The particle diffusion velocity Vy is corrected to include the electric field effect

Wi
PYiVi = —pDy—E VX + LkPYkaE (8
w |k |
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where X;, Yy, Wy and Dy are the molar fraction, mass fraction, molar mass and diffusion
coefficient of component k, respectively. p and W are the mass-averaged density and molar
mass, respectively. The first term to the right of the equal sign in Equation (8) is molecular
diffusion as expressed by Fick’s law of diffusion and the second term is the flux of charged
particles drifting due to electromobility p.

In this paper, we study the ethanol-air diffusion flame characteristics under the action
of an applied transverse electric field. The supply voltage is connected to the left and
right ends of the combustion system, and an electric field is formed between the electrode

plates [20,24]:
d [V 10 (V)  en
E)x<ax>+;ar(rar>_iso ©)

where V is the potential, ¢ is the charge density, . is the net charge density, and ¢ is the
vacuum dielectric constant.

The calculated electric field forces were added to the source term (DEFINE_SOURCE)
of the momentum equation using the user-defined function (UDF) in Fluent software to
solve the calculation and finally obtain the ethanol-air diffusion small flame combustion in
the presence of an applied electric field.

The electric field strength between the electrode plates when the resulting applied AC
electric field is not calculated, as shown in Figure 2. Where the applied electric field voltage
U =5KYV, the electrode distance is L = 150 mm, and the length of the electrode plate is 100 mm.

Electric (V/m)

57824.625 |
54844.961
51865.297
48885.633 |
45905.969
42926.305
39946.641
36966.977
33987.313
31007.652
28027.988
25048.324 |/
22068.660 |/,
19088.996
16109.332
13129.668
10150.004
7170.340

4190.677

1211.013

Figure 2. Electric field intensity of AC electric field.

3.3. Gridding and Boundary Conditions

In this paper, the ICEM meshing software is used to mesh the physical model created.
Considering the difference between the solid and fluid zones, the calculation area is divided
into the solid zone of the atomizer nozzle, the flow, and the combustion zone. The structure
of the model is relatively regular in shape, so a map-type grid is used and the grid cell-type
format is quad. As shown in Figure 3, the meshing and boundary condition settings for the
numerical simulation in this paper are shown.
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Figure 3. Two-dimensional physical model of combustion system. (a) Schematic diagram of a
two-dimensional physical model; (b) grid division.

In this study, three grid quantities, 54,021, 60,610, and 70,800, were set and the change
in flame temperature was used to assess grid independence. When the grid number
changed from 54,021 to 60,610, the flame temperature changed by 5.4%, and when the
grid number changed from 60,610 to 70,800, the flame temperature changed by 1.1%.
Therefore, the final choice of meshing with a mesh number of 60,610 gives a more accurate
result. To facilitate the detection of changes in characteristic parameters during combustion,
monitoring points are established at 0.05 m, 0.10 m, 0.15 m, 0.2 m, and 0.25 m above the
burner sub-nozzle, and an isometric detection line is established at 0.2 m above the nozzle
with the vertical center line of the jet as the axis of symmetry.

Before the simulation calculation, 15 sets of stable combustion experiments were
carried out. The simulation calculation boundary conditions were measured by the experi-
ment: the fuel flow rate is 0.0007 kg /s, and the fuel outlet speed is about 3 m/s, with the
standard deviation less than 0.00001 and 0.1, respectively.

3.4. Solution Method

According to the chemical reaction process of ethanol-air diffusion flame, the non-
premixed combustion model is selected for the study object, and the numerical simulation
is based on the pressure solver with an implicit method to linearize the discrete control
equations. The two-dimensional axial plane model is chosen, the absolute velocity is
selected for the computational velocity, and the least squares cell is chosen for the gradient
of the cell center variable. Pressure and velocity coupling is performed using the coupled
algorithm. The finite volume method is used for discretization. The second-order upwind
discretization format is used for momentum, energy, and components, and the standard
discretization format is used for pressure. The energy residuals were set to 10-6 and the
residuals of other parameters were set to 0.001. Based on the setup of the solution method
described in this section, the results of the combustion process of the ethanol-air diffusion
flame under the conditions of this study were calculated.

4. Numerical Simulation and Analysis of Experimental Results
4.1. Flame Temperature and Velocity

Figure 4 shows a comparison of the experimentally captured visible flame image with
the calculated flame temperature profile when no electric field is applied. The results
show that the temperature distribution obtained from the simulation is very similar to the
flame profile given by the experimentally captured visible image of the flame, numerical
simulated temperature distribution changes are close to the experimental measurements. A
similar trend can be obtained by comparing the flame luminosity distribution measured
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by Domenico et al. [29,30] with the temperature flame measured at a point above the
equivalent burner.

Numerical Simulation of Temperature
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Figure 4. Contour of flame temperature and flame image in the experiment without electric field.
(a) Flame temperature clouds; (b) experimental flame image; (c) comparison of simulated temperature
distribution with experimentally measured temperature.

During the experiment, the fluid velocity was measured using an SG313 wind speed
probe at 0.05 m intervals directly above the fuel nozzle. Figure 5 shows a cloud plot of
the predicted flow field in the ethanol-air flame from this model and a comparison of
the predicted fluid velocity in the combustion field with the experimental measurements.
The results show that the velocity of the flow field above the burner obtained from the
simulation is similar to the experimentally measured velocity and has a similar trend.

Velocity

6345
5.949

Numerical Simulation of Velocity
®  Experimental Measurement of Velocity

o

T T T T T T T 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Position (m)
(b)

Figure 5. Prediction of flow velocity in combustion zone and experimental measurement data.
(a) Flow field velocity vector diagram; (b) comparison of predicted flow rates with experimental

{ms1)

measurement data.

4.2. The Electric Field Acts on the Flame to Produce lonic Wind

The local magnification of the flow field between the pole plate is shown in Figure 6.
Through the observation, it can be seen that between the pole plate, particles are charged
by the action of the electric field force. From the original stable combustion state in the
vertical upward motion direction, two strands change, respectively, to the nearest pole plate.
Additionally, the formation of ion wind in this paper is called the electric field force-ion wind.
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Figure 6. Schematic diagram of flow field vector variation (a-d).

The electric field force—ionic wind affects the flow field between the pole plates.
Figure 7a shows the variation of flow velocity with time at points 0.05 m, 0.10 m, 0.15 m,
0.2 m, and 0.25 m above the burner nozzle. It can be seen from the images that the flow
velocity at the monitoring points of y = 0.15 and y = 0.20 points between the pole plates
is growing under the influence of the transverse electric field force, i.e., the flow velocity
between the pole plates is growing.
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Figure 7. (a) Initial application of electric field variation of static pressure with time at points 0.05 m,
0.10 m, 0.15 m, 0.2 m, 0.25 m above the burner nozzle; (b) initial application of electric field variation
of flow velocity with time at points 0.05 m, 0.10 m, 0.15 m, 0.2 m, 0.25 m above the burner nozzle.

The Bernoulli integral according to the Euler equation has:
v? dp
_ g 1
>t / 0 c (10)

where v is the fluid velocity, p is the pressure per unit volume of fluid, p is the density per
unit volume of fluid and C is a constant.

From Figure 6 b, it can be seen that as the flow velocity between the pole plates
increases, the local low-pressure region rolls up the surrounding fluid and changes the
fluid flow velocity and direction in the combustion field. By observation, it can be seen that
the appearance of local low pressure further increases the flow velocity between the pole
plates. From Figure 2, it can be seen that the electric field intensity between the pole plates
is higher than the area outside the plates. The paraelectric effect is known according to the
literature [28].

Pe = %pvz = %SEZ

pe+pg = (%5E2> + 2RT — Constant (1)
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From the above equation, we can know that the electrostatic gradient between the
poles is greater than the electrostatic gradient above the poles, then the pressure gradient
between the poles is smaller as shown in Figure 8a, the surrounding gas at a higher
pressure will flow to this part of the region, so the paraelectric effect. From Figure 8b it can
be seen that the charged particles move to the part of high electric field strength, forming a
high-speed gas flow.
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Figure 8. (a) Variation of static pressure with time at points 0.05 m, 0.10 m, 0.15 m, 0.2 m, 0.25 m
above the burner nozzle; (b) variation of velocity with time at points 0.05 m, 0.10 m, 0.15m, 0.2 m,
0.25 m above the burner nozzle.

In summary, the flow field changes in the flame under the action of the transverse
electric field can be divided into three stages.

(1)  Electric field accelerated charged particles: In the initial stage of applying transverse
AC electric field, charged particles in the combustion region between the pole plates
are subjected to electric field force to form directional movement, forming electric
field force-ion wind.

(2)  Bernoulli effect to generate local low pressure: in this stage, the electric field force—
ion wind increased the local flow velocity of the flow field, according to Bernoulli
principle flow velocity increases dynamic pressure rises static pressure decreases, the
formation of the local low-pressure region.

(3) Low-pressure suction formation paraelectric effect-ion wind: Bernoulli effect between
the polar plates generated by the local low-pressure region will be formed on the
surrounding fluid suction, that is, the air in the combustion region from low voltage
gradient to high voltage gradient movement to form paraelectric effect-ion wind as
shown in Figure 9, the flame impact.
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Figure 9. Flame by the lateral effect of the formation of paraelectric effect-ion wind (a-e).

4.3. Ionic Wind Fire Extinguishing

According to Equation (10), as C, p remains constant, the pressure per unit volume
of fluid p decreases as the flow rate v within the combustion field increases. A local low-
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]

pressure zone is formed at the 0.25 m detection point attachment above the nozzle as shown
in Figure 9b. The appearance of the local low pressure resulted in the external fluid being
sucked into the low-pressure area and forming a hedge with the rising fluid between the
pole plates as shown in Figure 9¢,d, the hedge of the fluid also resulted in, a reduction in the
velocity of the flow field between the pole plates and a rise in static pressure at the remaining
four detection points as shown in Figure 10a when the static pressure at the 0.25 m monitoring
point above the burner nozzle continued to fall during the period 1.5139 s-1.5147 s.

Time = 15148131 Time = 15183 3] Time = 15158151

Figure 10. Numerical simulation of the change in temperature distribution of fire extinguishing by
transverse AC electric field.

As the electric field continues to influence, as shown in Figure 11, by 1.5147 s all
five monitoring points show a decreasing trend in static pressure, and by 1.5151 s all five
monitoring points are at low pressure, the fluid outside the pole plate is sucked into the
low-pressure region of the pole plate. As shown in Figure 11, a large amount of high-
velocity fluid enters the combustion region in a short period of time resulting in a sudden
drop in temperature between the plates, a decrease in reactant concentration, interruption
of the combustion reaction, and flame extinction.
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Figure 11. (a) Temperature change over time at each monitoring point; (b) ethanol concentration
change over time at each monitoring point.

4.4. Experimental and Simulation Analysis

According to the literature [31,32], it is known that the hydrocarbon fuel flame air
unaffected by the electric field enters the combustion area from the bottom of the flame or
on both sides of the flame, and the charged particles are concentrated in the upper part of
the combustion area and the movement area is vertically upward. Because the model uses
a two-dimensional plane model for calculation and simulation, the air can only enter the
plate into the combustion area from the gap above the plate and between the plate and the
bottom of the grid, so the temperature decreases from the top down to below the ignition
point in the numerical model.

When the flame is affected by the electric field, the large number of charged particles
contained in the flame will produce a directional movement. The movement of the charged
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Time =0 [s]

particles causes the surrounding air to flow accordingly, and the flow rate in the combustion
area is greater than the external flow rate. According to the Bernoulli phenomenon, the
pressure between the plates is lower than the external standard atmospheric pressure, and
the external air is pressed into the combustion area to form a strong air flow, that is, the
isoelectric effect-ionic wind, which affects the material distribution and temperature in
the combustion field, as shown in Figure 4, and eventually causes the flame extinguishing.
However, during the experiment, the air can enter the flow field from the left and right
sides of the plate and above the plate at the same time, so the strong air flow enters the
negative pressure area between the plates from both sides of the plate, causing the flame to
be extinguished from the bottom up, as shown in Figure 12.

Time =0.010 [s] Time =0.015 [s] Time =0 020 s] Time =0.025 [s] Time =0 030 s] Time =0 035 [s] Time=0.040 [s] Time =0 045 [s]

Figure 12. Flame luminosity changes in the transverse AC electric field experiment.

From the macro level, the basic elements of the combustion of ethanol and other
liquid combustible materials are: combustible materials, oxide, ignition point, and chain
reaction. Any combustion condition needs to meet the above four combustion factors, as
long as any element of the four elements can be removed, it can prevent the occurrence
of fire or extinguish the fire. The horizontal electric field causes the synergistic effect, ion
wind, and low-pressure suction in the combustion area, which affects the temperature and
combustible distribution in the combustion area, the temperature is reduced below the
ethanol ignition point; ethanol is blown from the plate area, so the plate area does not
meet the ethanol combustion conditions, ethanol diffusion flame is extinguished under the
influence of the horizontal electric field.

At the micro-level, the time required for fuel combustion consists of two parts: the
time (75) when the fuel is mixed with the air, and the time (7.) when the fuel performs
a chemical reaction. The laminar flame theory proposes that all the different flameout
phenomena of the laminar flame can be explained by a single standard the number of
Damkdohler, which is defined as the ratio of the fuel oxidant mixture characteristic time to
the chemical characteristic time, i.e.,

Da = 15/ (12)

In the diffusion flame, when Da > 1 the mixing process is slower than the chemical
reaction process (the mixing characteristic time is greater than the chemical characteristic
time), it is the combustion state; when Da < 1 the mixing process is faster than the chemical
reaction process (the mixing holding time is less than the chemical characteristic time), it is
the flameout state.

The mixing time of the fuel can be indicated by:

Ts = 6/ uy (13)

In this formula: & for the flame thickness, uy for the flow rate of ethanol steam.
Flame thickness can be obtained by the temperature distribution:

TL-T
max(’%w

T; for the initial fuel temperature, T; for the adiabatic flame temperature.

oL = (14)
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Generally, the reaction time of ethanol vapor oxidation is about 0.002 s [33], and the
flame thickness in this study is 3.2 cm. Additionally, the substitution data can calculate a
critical flow rate of 16 m/s when the Dunkel number is equal to 1. If the flow rate between
the plates is more than 16 m/s, the mixing time of fuel and air during the combustion
reaction is less than 0.002 s, Da < 1 is the flameout state, and the combustion reaction is
extinguished by the interrupted ethanol diffusion flame.

5. Conclusions

In this paper, the distribution of charged particles in an ethanol-air diffusion flame is
simulated using a non-premixed model combined with a previously proposed chemical
reaction mechanism for the combustion of ethanol containing charged particles, and the
quenching of the ethanol-air diffusion flame by a transverse electric field applied to the
combustion region by a compiled UDS is reproduced. The experimental phenomena and
simulation results lead to the following conclusions:

1.  Using a non-premixed combustion model to simulate the quenching of ethanol-
air diffusion flames by a transverse AC electric field between flat plate electrodes,
the numerically simulated flame quenching process fits well with the experimental
phenomenon and can be used as a basic model for the subsequent research and devel-
opment of electric field fire extinguishing technology, which is of great significance
for electric field driven flame research.

2. The “current-flow-heat” can be divided into three stages: (1) the electric field force;
(2) the electric field force—ion wind increases the local flow velocity and the static
pressure decreases; (3) the local low-pressure area, namely the air from low voltage
gradient to high voltage gradient, which affects the combustion reaction.

3. Through the experimental and numerical simulation analysis, the transverse electric
field fire extinguishing mechanism can be summarized as: macroscopic, the com-
bustion area is affected by the paraelectric effect-ion transverse wind temperature
reduced below the ethanol ignition point; ethanol is blown away from the plate area
by the paraelectric effect—ion lateral wind blowing so that the area between the plates
does not meet the combustion conditions of ethanol, and the ethanol diffusion flame
is extinguished under the influence of the transverse electric field. Microscopically,
the ethanol vapor particles move too fast in the paraelectric effect-ion wind hard com-
bustion reaction, the mixing time of ethanol and air during the combustion reaction is
less than 0.002 s, which is not enough to complete the combustion, and the ethanol
diffusion flame is extinguished.

The next steps include the development of a 3D simulation model, the use of detailed
charged particle chemistry models and laser-induced equipment to monitor component
changes during electric fire suppression, and the use of particle image velocimetry to
further investigate the mechanism of electric field-driven flame dynamics to support the
development of electric field fire suppression technology.
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Abstract: Among the fire reports caused by seasonal devices registered with the Korea Fire Informa-
tion Center in 2021, fires caused by heating cables accounted for the largest portion with 350 cases.
As a result of analyzing the heating cable fires from 2015 to 2021, we have classified the heating cable
fires into four types according to the method of winding the heating wire. First, we hypothesized that
the temperature is high when the density is high due to the overlap of the hot wires or when there
is a thermal insulating material. We predicted that the temperature would rise through a random
game and established a reproducibility test plan. In order to check how heat generation changes
depending on the winding method of antifreeze heating cables, we selected 10 manufacturers and
checked the temperature characteristics according to the test conditions (Paragraph 11, Paragraph
19.101) of the Technical Regulations for Electrical and Telecommunication Products and Components
of Korea (K 10013), tested the four methods mentioned in this thesis and compared and analyzed the
results. The experiment results indicate that the temperature of the heater part in antifreeze heating
cables was mostly higher than the conditions required by the existing standards in cases 1 to 4. In
particular, in the case of No. 5 manufacturer’s sample, the temperature of the heating cable of Case 1
was measured to be the highest at 119.0 °C. In addition, as a result of applying the data engineering
reproducibility test results in the framework of the random game A proposed in this thesis, we have
derived the same results as the predicted hypothesis. Case 1 refers to the case where a fire occurs due
to the heating cable being wrapped around the water pipe and insulation or taped outside; It is one
of the methods that users actually use a lot in the field. Based on experiment, we have concluded
that the fire risk is high under the Case 1 condition. Thus, the test conditions in the existing K 10013
Standard need to be strengthened according to the Case 1 condition.

Keywords: safety; fire; electric fire; fire prevention; deterioration of heater unit; data collection;
anti-freezing heating cable; self regulating heating cable

1. Introduction

Republic of Korea has four distinct seasonal climatic features, which result in a large
annual range. The highest temperature in summer was 41.0 °C, and the lowest temperature
in winter was —27.7 °C according to records by the Korea Meteorological Administration
over the last 10 years (2011-2021). This climate characteristic has many advantages, but
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there are also many disadvantages [1,2]. In particular, the disadvantage can be fatal in the
water and water grid, which is indispensable in human life. The volume increases when
water freezes, and the increase in volume tends to destroy the water transport path, leading
to a limited supply of water, which is essential to human life [2]. It can even affect individual
happiness and cause great social and economic losses. Therefore, preventive measures
are necessary. Prevention requires maintaining the temperature of the water transport
path above a certain value. There are various approaches to it, but using anti-freezing
heating cables can be considered a method that is easy to implement and cost-effective.
However, the anti-freezing heating cables that convert electric energy into thermal energy
can increase the risk of fire due to aging and faulty installation by the users. As shown in
Figure 1, fires caused by heating cables were the most frequent among the fires caused by
seasonal devices reported to the National Fire Information Center last year, followed by
fires due to wood-fired boilers.

Statistics for fire-causing devices in 2021(%)
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Figure 1. Statistics of fire-causing devices reported to National Fire Information Center.
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These cables are easily installed, and the installation cost is low, hence their increasing
use. However, the number of fires occurring in general households or farms is proportion-
ally higher compared to other appliances according to the device classification of fires by
electrical factors.

As such, although heating cables are seasonal devices that can be efficiently suitable
for the geographical characteristics of the Republic of Korea with its large annual range, it
is necessary to prepare measures to prevent fires caused by electrical factors as they account
for the highest percentage.

In the paper, we analyze the cause of fire due to heating cables and conduct a repro-
ducibility test to determine the data engineering approach to prevent fires. In other words,
fires caused by anti-freezing heating cables are increasing every year, and they can lead to
large fires. As a result, there is an urgent need to analyze the cause of fires in anti-freezing
heating cables and provide a fire prevention measure. Thus, this study sought to classify
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fire cases through the fire survey reports and analyze comparatively the test conditions
in the safety evaluation standards of anti-freezing heating cables and conditions by fire
cases, thereby deriving a basis for strengthening reasonable test standards (drafts) when
operating a system of electrical appliance safety standards.

2. Related Research

The study on the fire hazards of short-circuiting of the anti-freezing heating cable by
Lim Jung-Ho, Bang Seon-Bae, and Park Kwang-Mook [3] studied the risk of short-circuit
fire by comparing the serial heating cables and self-regulating cables. According to the
paper, in the case of serial heating cables, the current was three times higher during a short
circuit, but the measured temperature of the sheath was lower than the rated temperature.

However, the risk of fire due to heat storage increased over time. In the case of
self-regulating cables, the risk of fire due to the arc was high due to the current flow of
30 amps or more during a short circuit [3,4]. The study on natural convection thermal flow
characteristics in closed circular piping with anti-freezing heating cables by Seo Gyu-Weon,
Park Hyeong-Seon, and Yun Joon-Kyu [4] analyzed the thermal flow characteristics in
closed circular piping according to the location of the heating cable. It showed that the heat
transfer was best when 6 = 135° with one heat source, and that the heat transfer efficiency
can be increased when 6 = 135° and 6 = 180° with two heat sources. The study on the
potential fire due to anti-freezing heating cables by Lee Jeong-Hoon and Park Jeong-Yeol [5]
identified four sources of fire by anti-freezing heating cables (fire due to short circuit, heat
storage, defective contact, and electric leak) and analyzed the fire potential from them.

The headline analysis on natural convection for nanofluids [6-9] confined within
square cavities with various thermal boundary conditions by Basak, T., and Chamkha,
Al]. reported [7] that the average Nusselt number showed greater enhancement of heat
transfer rates for all nanofluids for Ra = 105, and that alumina-water and copper-water
exhibited greater enhancement of heat transfer rates. The paper “A Comparative Study
on Arrhenius Equations and BP Neural Network Models to Predict the Hot Deformity
Behaviors of Hypereutectoid Steel” developed [10] a BP neural network model using the
data obtained from heat-to-heat compression tests at a specific temperature range to predict
the high-temperature deformation state of hyper eutectoid steel. The paper “Fatigue life
prediction of tire sidewall using modified Arrhenius Equation” proposed [11] a method of
assessing tire fatigue life using the Arrhenius Equation.

2.1. Anti-Freezing Heating Cable (Self-Regulating Heating Cable)

Anti-freezing Heating Cables (Self Regulating Heating Cables) are mainly used as
freeze protection for various types of pipes or tanks such as water pipes, water meters, and
tanks during the winter season [12]. Although the use of these cables is increasing due to
their simple installation method and low cost, the number of fire incidents caused by them
in general homes or farms is continuously rising proportionally. The heating cables that are
being used for the anti-freezing purpose include self-regulating cables, belt heaters, and
constant wattage heating cables [13].

Among these three cables, self-regulating heating cables are being used widely to
protect water pipes and tanks from freezing and bursting as they are easy to install with a
low cost and maintenance. The user can cut the cable to any required length.

C Erickson [14] published Reliable and Cost-Effective Electrical Heating of Pipelines
with Self-Regulating Heating Cable, proposing a method that utilizes the cable resistance
when controlling the pipeline temperatures feedback.

Additionally, L Lardear [15] published Control of Self-Regulating Heating Cable for
Use in Pipeline Heating Applications, focusing on the method of controlling temperatures
without using existing sensors.

In the study Extreme Overheating in Self-Regulating Heating Cables by Hansen,
Walter [16], it was found that the saltwater intrusion caused by the mechanical damage of
cable or its leaking end resulted in cable damage.
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The study Structure and Applications of CB/Crystal Fluoride Resin Alloy in Self-
Regulated Heating Cables was published by ] Wang et al. [17].

Meanwhile, a research work Application Self-Regulating Heating Cable Curing of
Concrete in Winter was presented by Jin Bao Guo et al. [18], where he proposed a specific
method that uses self-regulating heating cable for curing concrete in the winter season.

Additionally, N Khrenkov [19] published The Influence of Environmental Conditions
on the Characteristics of Self-Regulating Cables. Meanwhile, Li-Chun Wang et al. [20]
studied the charring effect and flame retardant properties of thermoplastic elastomer
composites applied for cable. Yanyan Zou et al. [21] researched the determination of
the solid-phase reaction mechanism and chlorine migration behavior of co-pyrolyzing
PVC-CaCOs-based polymer using temperature-dependent FTIR and XRD analysis. Zhi
Wang [22] conducted a comprehensive study on the flame propagation of horizontal
laboratory wires and flame-retardant cables under different thermal circumstances.

2.2. Related Domestic and International Regulations

Electrical appliances that require safety management by the product certification
system as prescribed by the Electrical Appliances and Consumer Products Safety Control
Act should meet the minimum safety requirements before they are released to the market.
Even for certified products and products that are not subject to prior certification, those
that pose or are likely to pose a threat to consumers’ safety are recalled from the market
or consumers through safety investigations based on the Framework Act on the Safety of
Products as shown in Figure 2.

Electrical Appliances and Product safety control system
Consumer Products Safety Control
Act

0 9 ﬁ Recall of defective products
3L
— Market monitoring and safety

survey

product Product Postrelease Product incident investigation
certifications safety survey and
Special Act on the Safety of prior o market control monitoring
Children's Products release system system

Mandatory reperting of defects

International cooperation for
product safety

Figure 2. Product Safety Management System.

The anti-freezing heating cable is controlled by the product safety management system
and is classified as a “product subject to safety confirmation” based on the safety standards
of electrical appliances subject to the safety certification in attached 25 of Article 63 of the
Operation Guidelines for Electrical Appliances and Consumer Products Safety Control,
Public Notice No. 2021-0177 by the Korean Agency for Technology and Standards [2].

Based on the regulation, any party that manufactures or imports anti-freezing heating
cables are allowed to sell only those products that have been reported to the Minister of
Trade, Industry, and Energy (delegated to the certifying body) after undergoing product
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test from the safety certifying body and receiving confirmation that they meet the safety
standard, as shown in Figure 3 (no factory examination and regular inspection).

Figure 3. Safety Verification and Certification Procedure.

2.3. Anti-Freezing Heating Cables According to the Electrical Appliances and Consumer Products
Safety Control Republic of Korea Act

Since 1974, the Republic of Korea has designated relatively high-risk items among
the electrical appliances using AC power of no more than 1000 volts or DC power as
electrical appliances subject to safety certification as prescribed by the Electrical Appliances
and Consumer Products Safety Control Act to protect the people from the risk of electric
shock/fire and other hazards caused by electrical appliances [1]. The electrical appliance
safety certification scheme allows sales of only electrical appliances certified for safety by
the safety certification bodies (Korea Testing Certification, Korea Testing Laboratory, and
Korea Testing and Research Institute).

Since 2009 [2], only 66 low-risk products have been classified as products subject
to safety verification to be sold after being tested by a government-designated safety
verification testing body and reported to the safety verifying agency. However, the existing
Safety Certification Scheme is still in place for parts like wires and products with relatively
high risk due to the built-in heater and others.

Figure 4 shows comparison of procedures for electrical appliances subject to safety
certification and those subject to safety verification.

Safety Safety
Type Certification Verification
Product test Q o
Manufacturing
and inspection Q X
‘equipment
Factory Raw material and
4 X
confirmation process o
‘equipment
- - = 5 X
Product inspection Q
Certification and report issuance Certificate Report
- - Regular inspection (Product test + o X
factory confirmation)
No. of items 37 types 66 types

Figure 4. Comparison of procedures for electrical appliances subject to safety certification and those
subject to safety verification.

Figure 5 shows fire statistics related to heating per year. The anti-freezing heating
cables (classified as Water service anti-freezing device under the electrical appliance safety
standard) are currently classified as subject to safety verification. The reports on fire
accidents in the past 7 years show that heating cables have caused an average of 315 fire
accidents in the past 7 years.

Although their use is increasing due to their advantages such as simple installation
and low cost, self-regulating heating cables account for a large proportion of seasonal
appliance fire accidents that occur in homes and farms.
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Figure 5. Fire statistics related to heating per year.

3. Anti-Freezing Heating Cables

Anti-freezing heating cables refer to equipment that prevents the water inside the
water service pipe from freezing as the temperature sensor in the anti-freezing machine is
run automatically when the water temperature inside the exposed pipe drops due to the
cold wave in winter and reaches the freezing point.

They are defined in the K 10013 Standards by the Korea Agency for Technology and
Standards, which are applied to the safety of anti-freezing appliances or flexible heating
appliances that deliver heat to things for household and similar purposes under rated
voltage of 250 V.

3.1. Work with Anti-Freezing Heating Cables

The survey on the ways users work with anti-freezing heating cables shows four
main types. They can be classified into () heating cables wrapped around water service
pipes and thermal insulation or taping on the outside, Z) insulations around water service
pipes and heating cables wrapped around them, 3) heating cables irregularly wrapped
in multiple layers around a water service pipe, and @ heat cables wrapped around water
pipes at regular intervals. Among them, case (D accounted for the highest proportion,
followed by @, ), and Q).

3.2. Four Cases of Sites of Fire Caused by Anti-Freezing Heating Cables during the Period
3.2.1. Case 1: Fire Caused by Heating Cables Wrapped around Water Service Pipes and
Thermal Insulation or Taping on the Outside

The case is a fire from anti-freezing heating cables wrapped around water service
piping installed outside a house, resulting in the loss of some pipes and wires before the
fire was self-extinguished (October 2019).

The investigation indicated that the anti-freezing heating cables themselves caused
the fire as there was a statement from an official that there were sparks and flame from the
water service pipes, and an electrical arc (short circuit) trace was found in the heater part of
the heated wire as shown in Figure 6.
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Short circuit

melting mark

(b)

Figure 6. Case of fire caused by heating cables wrapped around water service pipes and thermal
insulation or taping on the outside. (a) Case 1—Fire site (D). (b) Case 1—Fire site .

Figure 6 shows the fire that occurred in the heating cables wrapped around the water
service pipes and thermal insulation or taping on the outside. As a brief summary, a fire
occurred in the anti-freezing heating cables in the water service pipes installed outside the
house in an anonymous area in South Korea in October 2019, burning the water service
pipes and some wires before it was extinguished.

The fire investigation results revealed that sparks and flames were seen in the water
service pipes as stated by the person concerned, and there were no negligent factors such
as cigarette butts around or fire source neglect. In addition, electrical arc (short circuit)
traces were found in the heating cables. Based on this evidence, the fire seemed to have
been caused by the anti-freezing heating cables themselves. Figure 6a shows the photo of
the actual fire site, and Figure 6b is the photo of the collected and spread heating cables as
the cause of the fire in Figure 6a for fire investigation.

3.2.2. Case 2: Fire Caused by Insulations around Water Service Pipes and Heating Cables
Wrapped around Them

The case is a fire that started from heating cables installed on the water pipes connected
to an outside boiler room on the first floor but was extinguished with a fire extinguisher
after some loss of insulation and others (July 2020).

The investigation indicated that the anti-freezing heating cables themselves caused
the fire as there was a statement from a witness that the fire started on the floor of the
boiler room. No parts other than the heating cables were lost as shown in Figure 7, and the
heating cables have been there for a long time.
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<
(b)
Figure 7. Fire caused by insulations around water service pipes and heating cables wrapped around
them. (a) Case 2—Fire site (D. (b) Case 2—TFire site @).

Figure 7 shows a case of fire caused by insulations around the water service pipes
and the heating cables wrapped around them. As a brief summary, a fire was ignited
from the heating cables installed in the water service pipes, which were connected to the
external boiler room on the first floor in an anonymous region in Korea in July 2020, and the
insulations, etc. were partially burned before the fire was extinguished by an extinguisher.

The fire investigation results revealed that the person concerned witnessed the fire
from the floor in the boiler room and that parts other than the surrounding areas of
the heating cables were not burned and were attached for a long time. Based on these
circumstances, the anti-freezing heating cables themselves seemed to have been the cause
of the fire. Figure 7a shows the photo of the actual fire site, and Figure 7b is the photo of
the spread heating cables as the cause of the fire in Figure 7a.

3.2.3. Case 3: Fire Caused by Heating Cables Irregularly Wrapped in Multiple Layers
around a Water Service Pipe

The case is a fire caused by heat accumulated by anti-freezing heating cables installed
in the drainpipe in the ceiling of the entrance to the parking lot (ground level 1) of a
five-story building (March 2015). The investigation revealed that the anti-freezing heating
cables themselves caused the fire as there was a statement from a witness who saw the
first smoke inside the parking lot, and there were no flammable materials other than the
anti-freezing heating cables around the drainpipe in the ceiling of the parking lot as shown
in Figure 8.
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(b)

Figure 8. Fire caused by heating cables irregularly wrapped in multiple layers around a water service
pipe. (a) Case 3—Fire site (. (b) Case 3—Fire site @).

Figure 8 shows the heating cables irregularly wrapped in multiple layers around a
water service pipe.

As a brief summary, the fire was due to heat accumulation in the anti-freezing electrical
heating cables installed on the ceiling drain pipes at the entry of the parking place (ground
floor) in a five-story building in an anonymous area in Korea in March 2015.

The fire inspection results revealed that the first smoke occurred inside the parking
place as witnessed and stated by the person concerned and that there were no materials
that could be ignited other than the anti-freezing heating cables around the ceiling drain
pipe at the upper part of the parking place. Based on this evidence, the fire seemed to have
been caused by the accumulated heat in the anti-freezing heating cables.

Figure 8a shows the photo of the actual fire site, and Figure 8b is the photo enlarging
the heating cable product to confirm the cause of the fire shown in Figure 8a.

3.2.4. Case 4: Fire Caused by Heat Cables Wrapped around Water Pipes at Regular
Intervals

The case is a fire caused by heating cables installed to prevent the freezing of boiler
pipes of the sewage drain pipes on top of the terrace in a row house (March 2015). The
investigation found no fire factors such as arson, gas leak, or flammable material. Consider-
ing the fact that the anti-freezing heating cables have always been powered on for three
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years since installation, and the combustion was centered on the sewage pipe as shown in
Figure 9, it is estimated to be a fire caused by the anti-freezing heating wire itself.

(b)

Figure 9. Fire caused by heat cables wrapped around water pipes at regular intervals. (a) Case
4—TFire site (D). (b) Case 4—Fire site ).

Figure 9 shows the heating cables wrapped around water pipes at regular intervals.
As a brief summary, it was a fire caused by the heating cables installed to prevent freezing
at the boiler drain pipes in the wastewater drain pipe at the upper part of the veranda in an
anonymous area in Korea in March 2015.

The fire investigation results revealed that the ignition was not caused by arson or
gas leaks and ignitable substances. Power was supplied constantly for about 3 years after
the installation of the anti-freeze heating cables, and burning occurred around the waste
drain pipe. Comprehensively considering these circumstances, the fire seemed to have
been caused by the anti-freezing heating cables.

Figure 9a shows the photo of the actual fire site. Figure 9b shows the photo that
enlarges the heating cables to confirm the cause of the fire shown in Figure 9a.
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4. Design and Experiment with Reproducibility Tests from a Data Engineering
Perspective

A correlation is a relationship between cause and effect. It is possible to express a
cause-and-effect relationship between an act and a subsequent occurrence of facts.

Demand decreases as the price rises. The price rise is the cause, and the decrease in
demand is the effect. Price increases as market demand increases. The increase in market
demand is the cause, and the price rise is the effect. As the price increases, the supply
increases. (The Law of Supply) When the supply in the market increases, the price goes
down.

So, what are the causes of the fire? The answers vary depending on the situation. In
the case of autumn forest fires, dry environments or hikers’ cigarette butts can cause fires.
In the case of electric vehicles, a defective battery can cause a fire. However, as opposed
to its results, it is not easy to clearly prove fire causes. Because a fire alters potential
evidence of fire causes, it is hard to infer the causes from damaged evidence (burned ash,
generated thermal energy, etc.). As such, we have designed a random game A as a data
engineering reproducibility test design and applied it to identify the factors that cause a
high-temperature situation through the information given in the fire situation.

The following is a setup to check the cause and effect of the fire case due to the heating
cable: Consider the situation in three dimensions according to the density of heating cables,
presence of insulation material, and sequence of insulation material and heating cables.
Assume the presence and absence of insulation material in each case of the high- and
low-density heating cables as shown in Table 1. The situation of the insulation material
being present can be divided into the situation of the insulation material or heating cables
being wound first. Suppose a program returns either 1 or 0 depending on whether the
increase or decrease in asset A matches the results of asset B’s rise or fall.

Table 1. A program that returns a value according to the density of heating cables.

High-Density of Heating The Low Density of Heating

Cables Cables
Presence of insulation 1 0
material
Absence of insulation material 0 -1

On the other hand, assume program R that adds the points shown in the table if there
is a fire in the presence or absence of insulation material while the heating cable density
is high or low, as shown in Table 2. The program returns 1 in the event of fire when the
insulation material is present, and the heating cables are densely wound first. It returns 0
in the case of a fire with the insulation material having low heating cable density or if the
density of the heating cables is high but there is no insulation material. It returns -1 when
there is no insulation material and the density of the heating cables is low and returns X
return value/n when the test count is n. The average program result value varies according
to the correlation between the density of the heating cables, the presence/absence of the
insulation material, and fire. Let us assume that many fires occur if the insulation material
is present and the density of heating cables is high. Assuming each case occurs with the
same probability, the program’s return value for the situation converges at 0.25.

Table 2. Program 2 returns a value according to the density of the heating cables.

Assuming That Insulation High-Density of Heating The Low Density of Heating
Material Is Present Cables Cables
Insulation material later 1 0
Insulation material first 0 -1
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However, it would not be accurate to assume that the fire occurs more often as the
return value deviates more from 0.25, the insulation material is present, and the density of
heating cables is high.

In Tables 1 and 2, three state values are classified according to the presence or absence
of each insulation and the density of the cable. In Table 1, the density of heating cables is
high. It can be defined as returning a value of 1 in case of fire when insulation is present.
Similarly, it can be defined as returning a value of -1 when a fire occurs in a hot wire with
no insulation and low density.

In addition, this program can be defined to return 0 when the density is low when
there is insulation or when the density is high when there is no insulation. Let’s consider
a situation in which insulation is present and a high density of heat rays is repeatedly
provided. At this time, as the average value returned by the corresponding program
is closer to 1, it can be seen that the frequency of occurrence of fire will be high when
the insulation material is present and the density of the heating cable is high. It can be
assumed that as the average of the returned values is farther from 1, the fire, the presence
of insulation, and the denseness of the heating wire will be less related to the fire.

In Table 2, three state values were assigned according to whether or not the insulation
was first installed and the three state values were according to the density of the cable. If
a hot wire is first constructed and a fire occurs when the density of the installed hot wire
is high, a program that returns a value of 1 can be defined. This program constructs the
insulation material first and returns a value of 01 if a fire occurs when the heating wire is
low. In the case of the heat wire not being dense, the heat wire constructed first, and if the
heat wire is dense, a value of 0 is returned.

If the heating cable is first constructed, let’s assume that the average of the returned
values of 1 is repeatedly given a situation in which the density of the installed hot wire is
high. The closer the value is to 1, the greater the correlation between the variable and fire,
while the farther the value is from 1, the lower the correlation between the variable and fire.

Assume program R to examine the relationship between the density of heating cables
and the sequence in which the insulation material and heating cables are installed. The
program returns 1 in the event of fire when the insulation material is installed later and the
heating cables are densely wound first. It returns 0 in the case of fire when the insulation
material is installed later with low heating cable density, or the density of the heating cables
is high but the insulation material is installed first. It returns -1 when the insulation material
is installed first and the density of heating cables is low and returns X return value/n when
the test count is n. The program’s output differs depending on the correlation between the
installation sequence of the insulation material and heating cables and the density of the
heating cables. Assume that the heating cables are wound first followed by the insulation
material while the density of heating cables is high. Moreover, if each case occurs with the
same probability, the output value is likely to converge at 0.25 when the correlation with
the fire is high.

4.1. Design of Reproducibility Test

We purchased anti-freezing heating cables (10 units) from an online market and com-
pared and analyzed the test results according to the Electrical Appliance Safety Standard
(K'10013) and the results of the reproducibility test applied to fire accident cases. The
analysis is then tested with the random game A mentioned above.

The test conditions are as follows. Anti-freezing heating cables are subject to con-
formity assessment according to safety standards KC 60335-1 (Household and similar
electrical appliances—Safety Part 1: General requirements) and K 10013 (Individual re-
quirements of heating devices having the safety of household and similar electrical devices
and the flexibility of water service anti-freezing devices and similar) for conformity as-
sessment. The product test items related to fire are “11. Additionally, temperature rise
and “19. Abnormal operation.” Therefore, the conditions for comparing the results of the
conformity assessment test and the reproducibility test for the anti-freezing electric heating
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cables should be the same as the “General conditions for the test” stated in K 60335-1 and
K 10013. Meanwhile, Table 3. below shows the abovementioned Bell test modified for the
reproducibility test.

Table 3. Modification of the bell test for the reproducibility test.

Modified Random Game A The Low Density of Heating High-Density of Heating

Cables Cables
Insulation material later 1 -
Insulation material first 0 -
No insulation material - 2

Rule 1: +1 point in the case of heating cables wrapped around water service pipes and
thermal insulation or taping on the outside.

Rule 2: 0 points in the case of the insulation around water service pipes and heating
cables wrapped around them.

Rule 3: +2 points in the case of heating cables irregularly wrapped in multiple layers
around a water service pipe.

Since program R in this random game A is a reproducibility test, assume that it returns
the average by adding the points presented in cases of the highest temperature. Use the anti-
freezing heating cables (10 types) purchased online. Program R’s output values are between
0 and 2. A value closer to 1 means that case 1 is more likely to record a higher temperature.
A value closer to 0 means that case 2 is more likely to record a higher temperature. A value
closer to 2 means that case 3 is more likely to record a higher temperature.

Each value in the table is the score obtained in the corresponding state. Lambda Game
is a program that proves a causal relationship exists when the average of random values
approaches a specific value as the number of trials increases. The unit for the game is
not separately marked because the purpose of the game is to show cause and effect more
objectively, and the value output as a result of the game is a kind of score that shows how
likely it is to be the cause of a fire according to the closeness of the value.

The case temperatures in Table 4. are the averages of the three measures for the
product. The result of assigning the score of the case of the highest average value is the
output value of 1.3. Therefore, the temperature value of the anti-freezing heating cables
is highest in case 1, meaning the risk of fire increases when heating cables are wrapped
around water service pipes and thermal insulation or taping on the outside. Table 5 shows
the results of the reproducibility test and the score for the random game A.

We have chosen six samples from 10 local manufacturers, respectively. The materials
of the selected products were Polyethylene, Poly Vinyl Chloride, Polyolefin, and Silicone.
Table 4 shows the temperature rise (11.) and abnormal operation (19.101) tests along with
the test results of cases 1 to 4 according to the conditions of the K 10013 standard.

The tests of clauses 11 and 19.101 and cases 1 to 3 of Table 4 were carried out in a test
environment condition of —10 °C to 5.0 °C while the test of case 4 was conducted in a test
environment condition of 20 °C. As for the test methods, 1.15 times the rated input (W) is
applied in the case of clause 11, and 1.24 times the rated input (W) is applied in the case
of clause 19.101 and cases 1-4 [23-25] (1.15 times was referenced from the condition in
Paragraph 11 in the IEC 60335-1 Standard.)

The abnormal operation test method involved applying 1.24 times the rated power
input (W) for each product [23-25].

(1.24 times was referenced from the condition in Paragraph 19.3 in the IEC 60335-1
Standard.)
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Table 4. Comparison of the results of the K 10013 test and reproducibility test.

Paragraph Reproducibility Reproducibility Reproducibility Reproducibility

Paragraph 11 19.101 Test (Case 1) Test (Case 2) Test (Case 3) Test (Case 4)
No. Photo Sheath
Material Temperature Temperature Temperature Temperature Temperature Temperature

(o) 0O 0O (o) (o) (@)

49.1 53.8 60.4 51.2 62.0 60.5

1 Polyethylene 68.4 54.8 62.7 53.6 64.3 61.8
59.8 55.3 65.2 56.5 62.9 62.0

Poly Vinyl 30.4 44.6 46.5 27.1 374 421

2 Cotoricy 23.2 459 495 258 33.8 43.6
18.1 475 52.2 232 36.7 44.0

28.7 39.5 40.2 25.5 33.0 349

3 Polyolefin 35.9 37.5 38.4 25.6 31.9 343
274 38.2 39.2 289 32.1 34.4

57.2 53.6 68.7 344 41.8 47.0

4 Poly Vinyl 51.8 50.9 71.5 34.5 15.1 47.5
21.8 21.8 78.3 33.2 45.4 45.7

41.5 429 95.8 46.0 58.1 30.7

5 Chloride 79.0 78.8 110.9 45.7 54.9 30.4
63.4 66.1 119.0 52.3 55.5 29.7

19.2 19.6 53.2 228 264 26.0

6 Poly Vinyl 20.1 19.9 58.0 232 30.1 36.5
262 28.0 60.8 211 275 27.0

247 24.6 57.6 279 424 46.9

7 Silicone 26.2 244 57.6 27.2 47.6 48.0
254 252 57.9 27.6 449 475

7.9 24.0 27.8 27.8 25.8 55.9

8 Poly Vinyl 29.6 27.2 27.5 29.9 26.8 56.7
29.8 27.0 284 33.0 25.5 55.8

17.8 18.5 25.7 16.0 25.0 39.2

9 Chloride 18.6 19.3 38.0 16.4 37.2 38.3
215 20.5 32.6 15.6 322 39.2

44.1 455 63.9 36.1 451 435

10 Silicone 15.6 46.4 69.4 36.9 45.6 47.0
421 418 77.3 409 46.5 43.6
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Table 5. Results of the reproducibility test and score value of random game A.

Max. Value A Score of

No. Case 1 (°C) Case 2 (°C) Case 3 (°C) ©0) I({;andom

ame A
1 62.7 53.7 63.0 63.0 2
2 494 25.3 35.9 494 1
3 39.2 26.6 323 39.2 1
4 72.8 34.0 46.7 72.8 1
5 108.5 48.0 30.2 108.5 1
6 57.3 22.3 29.8 57.3 1
7 57.6 275 47.4 57.6 1
8 27.9 30.2 56.1 56.1 2
9 321 16.0 38.9 38.9 2
10 70.2 379 447 70.2 1

Case 1: 4.2.1. Case 1: Fire caused by heating cables wrapped around water service
pipes and thermal insulation or taping on the outside.

Case 2: 4.2.2. Case 2: Fire caused by insulations around water service pipes and
heating cables wrapped around them.

Case 3: 4.2.3. Case 3: Fire caused by heating cables irregularly wrapped in multiple
layers around a water service pipe.

Case 4: 4.2.4. Case 4: Fire caused by heat cables wrapped around water pipes at
regular intervals (20.0 °C).

Cases 1 to 4 show the results of the test conducted equally after dividing the test in
19.101 into four detailed methods.

The theory was designed to show a correlation between the fire and heating ca-
bles/thermal insulation. For Cases 1, 2, and 3, a score was given. When a certain score was
close to that score, it was considered to be related to fire. Each case was a circumstance that
was likely to induce fire. We will see the correlation with fire for cases wherein an average
of the sum of all scores converged when the number of trials was large. This was designed
to explain the data engineering of the fire scenarios.

Based on these results, if we conduct an experiment under the same temperature
condition, we can conclude that the Case 1 condition has a relatively high temperature
(with thermal insulation) and a high risk of fire due to the electrical factor.

Most of the fires on the anti-freeze heating wire lead to fires due to the factors of the
heating wire itself, as mentioned above and as shown in this fire case analysis. The funda-
mental cause is the rupture of the coating of the heating wire (deterioration phenomenon
and overcurrent due to moisture infiltration, etc.). As indicated in the experimental results,
the temperature difference by manufacturer and installation condition was about 91 °C
(28.4-119.0 °C).

Thermal deterioration varies depending on the composition of covering materials,
which are made of cross-linked polyethylene (XLPE), polyethylene (PE), vinyl chloride
(PVC), ethylene propylene rubber (EPR), etc. The continuous rated temperature is 90 °C
for XLPE, 75 °C for PE, 60 °C for PVS, and 80 °C for EPR. When the rated temperature is
continuously exceeded, the covering material hardens and weakens (embrittlement) due to
thermal deterioration, and cracks occur when bending or impact is applied.

The score of the random game A in Table 5 is a simple score, so it is not indicated in
a separate unit. The cable was investigated for the fire correlation of the following three
variables such as “the density of heating cables,” “the presence or absence of insulating
materials,” and “the presence or absence of the priority of heating cables and insulating
materials.” We have ignored other variables. That is to reproduce the danger of fire to
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which civilians are exposed. To this end, we purchased heating cables and insulation
materials that could be easily purchased on the market and conducted tests without any
adjustments made to the products.

4.2. Data Engineering Perspective of Reproducibility Test

As Investigated earlier, there were four types of fire incidents involving anti-freezing
electric heating wires (Four types fire incidents involving anti-freezing electric wires during
the period from 2015 to 2021). Although these wires are being tested with a conformity
assessment system (KC Certification) according to Electrical Appliances Safety Standards
(K 10013), they are not clear enough.

Section 11.7 of K 10013 states that the submersibles should be submerged and those to
be used by attaching themselves with the testing sample should be attached to their normal
state of use. For the others, the testing samples having an automatic temperature regulator
should be placed on a surface-flat wooden platform (10 mm), setting the temperature at
maximum. For those without any temperature regulators, operate the sample as it is.

However, it was possible to find four different cases of use and in order to investigate
which of them had the worst conditions, the conformity test was performed for each case
with the same assessment standards (K 10013), among which Section 11 (heating) and
19 (abnormal operation) directly associated with the possibility of fire were applied. A
comparative test was conducted for Section 19 to check the maximum temperature for each
type.

Meanwhile, the three measuring points include internal and external temperatures of
each heating wire coiling around the sample (i.e., between the pipe and heating wire and
the wire itself: two points) and one point for the insulator.

The temperature measurement method was measured using a calibrated digital ther-
mometer (FW1012, YOKOGAWA). In addition, the accuracy of this equipment is verified
by calibration once a year at the domestic KOLAS calibration institute. The calibration date
is 10 February 2022.

- Setup conditions: Four types.

- Test environment: —10 °C~5 °C, 20 °C (only case4).

- Testing voltage: 1.24 X Rated Input of each appliance (Section 19 Abnormal Operation).
- Temperature channel information:

CHO004: Measured between the thermal insulation and heating cable (if there is no thermal
insulation, measure between the heating cables).

CHO05: Measurement of the heating cable.

CHO006: Measured between the water service pipe and heating cable.

The results of the temperature rise (Paragraph) and abnormal operation (Paragraph)
tests according to the K 10013 test specification showed a temperature deviation of 58.0 °C
in the heater parts (Paragraph 11: 21.5-79.0 °C and Paragraph 19: 20.5-78.8 °C) as shown
in Figure 10 Moreover, the reproducibility test showed that case 1 (heating cables wrapped
around water service pipes and thermal insulation or taping on the outside) was the highest
temperature condition and that the difference in temperature at heater parts by-product
was about 91.0 °C (28.4 °C to 119.0 °C).
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Figure 10. (a) Sample reproducibility test Case 1: Heating cables wrapped around water service pipes
and thermal insulation or taping on the outside. (b) Sample reproduction test Case 2: Insulation
around water service pipes and heating cables wrapped around them. (c) Sample reproduction
test Case 3: Heating cables irregularly wrapped in multiple layers around a water service pipe.
(d) Sample reproduction test Case 4: Sample reproducibility test: Undetectable temperature (20.0 °C).

Figure 10a shows the test results of Case 1 for the No. 5 product in Table 4. The
experiment in Figure 10a showed the No. 5 sample data wherein the anti-freezing heating
cables were wrapped around the water service pipe, and then thermal insulation was
taped on the outside. Here, three different temperature points were designated to observe
the highest temperature rise (Case 1). The result verified that the temperature at CH006
(measurement point between the water service pipe and heating cable) was the highest at
119.0 °C.

Figure 10b shows the test results of Case 2 for No. 5 product in Table 4. In the
experiment in Figure 10b, thermal insulation was wrapped around the water service pipe,
and anti-freezing heating cable was taped on the outside. Afterward, three different
temperature points were designated to observe the highest temperature rise. The results
verified that the temperature of CH006 (measurement point between the water service pipe
and heating cable) was the highest at 52.3 °C.
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Figure 10c shows the test results of Case 3 for No. 5 product in Table 4. In the
experiment in Figure 10c, the anti-freezing heating cable was wrapped around the water
service pipe without thermal insulation. However, the heating cable’s interval was irregular,
and the cables were overlapped. Afterward, three different temperature points were
designated to observe the highest temperature rise. The results verified that the temperature
of CH004 (measurement point between the water service pipe and heating cable) was the
highest at 58.1 °C.

Figure 10d shows the test results of Case 4 for No. 5 product in Table 4. In the
experiment in Figure 10d, the anti-freezing heating cable was wrapped around the water
service pipe without thermal insulation. However, the heating cable’s interval was irregular,
and cables were overlapped. Afterward, three different temperature points were designated
to observe the highest temperature rise. The results verified that the temperature of CH004
(between the heating cables) was the highest at 30.7 °C.

Figure 11a shows the test results of Case 1 for No. 8 product in Table 4. The experiment
in Figure 11a exhibited the No. 8 sample data, wherein anti-freezing heating cables were
wrapped around the water service pipe and then thermal insulation was taped on the
outside. Here, three different temperature points were designated to observe the highest
temperature rise (Case 1). The result verified that the temperature at CH006 (measurement
point between the water service pipe and heating cable) was the highest at 28.4 °C.

Figure 11b shows the test results of Case 2 for No. 8 product in Table 4. In the
experiment in Figure 11b, thermal insulation was wrapped around the water service pipe,
and then an anti-freezing heating cable was taped on the outside. Afterward, three different
temperature points were designated to observe the highest temperature rise. The results
verified that the temperature of CH006 (measurement point between the water service pipe
and heating cable) was the highest at 33.0 °C.

Figure 11c shows the test results of Case 3 for No. 8 product in Table 4. In the
experiment in Figure 11c, the anti-freezing heating cable was wrapped around the water
service pipe without thermal insulation. In the experiment in Figure 11c, thermal insulation
was wrapped around the water service pipe, and anti-freezing heating cable was taped
on the outside. However, the heating cable’s interval was irregular, and the cables were
overlapped. Then, three different temperature points were designated to observe the
highest temperature rise. The results verified that the temperature of CH005 (measurement
point at the heating cable) was the highest at 26.8 °C.

Figure 11d shows the test results of Case 4 for No. 8 product in Table 4. In the
experiment in Figure 11d, the anti-freezing heating cable was wrapped around the water
service pipe without thermal insulation. However, the heating cable’s interval was irregular,
and the cables were overlapped. Afterward, three different temperature points were
designated to observe the highest temperature rise. The results verified that the temperature
of CHOO5 (at the heating cable) was the highest at 56.7 °C.

Figures 10 and 11 Results of the reproducibility test. As shown in Figure 10a,d with
No. 5 products and Figure 11a,d with No. 8 products, tests were conducted under the
conditions of Cases 1, 2, 3, and 4, which are summarized as follows:

Overall, for Product Nos. 1 to 7 and 10, the temperature of most products was the
highest under the Case 1 condition; for Product Nos. 8 and 9, the temperature was the
highest under the Case 4 condition.

These results were attributed to the effect of internal heat storage as the test progressed
under the condition of the thermal insulation installed. As shown in Case 1, the temperature
was high. Note that, for Product Nos. 8 and 9, the temperature was assumed to be high
under the Case 4 condition because of the structural characteristics according to the product
operation mechanism.

(For Cases 1 and 2, experiments were conducted with thermal insulation; for Cases 3
and 4, however, experiments were conducted without thermal insulation.)
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In addition, for Case 4, tests were conducted at 20.0 °C unlike Cases 1 to 3. For Cases 1
to 3, experiments were conducted at a range of -10 °C to 0 °C according to the K 10013
standard.
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Figure 11. (a) Sample reproducibility test: Case 1: Heating cables wrapped around water service pipes
and thermal insulation or taping on the outside. (b) Sample reproducibility test Case 2: Insulation
around water service pipes and heating cables wrapped around them. (c) Sample reproduction
test: Case 3: Heating cables irregularly wrapped in multiple layers around a water service pipe.
(d) Sample reproduction test: Undetectable temperature (20 °C).

5. Conclusions

The occurrence of a fire can be inferred from the winding method of the antifreeze
heating cables. In order to figure out how the heat differs depending on the winding
method of heating cables, we have selected 10 manufacturers, checked the temperature
characteristics under the test conditions (Paragraph 11, Paragraph 19.101) of the Technical
Regulations for Electrical and Telecommunication Products and Components of Korea
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(K 10013), tested the four methods mentioned in this thesis and compared and analyzed
the results.

This paper aims to clearly present the cause of fire on heating cables exposed to
the general public by using the experimental design framework of Lambda Game while
creating a policy and utilization environment that can reduce the risk for users.

To this end, this paper uses products that can be easily purchased on the market and
examines the variables such as “the density of heating cables,” “the presence or absence of
insulating materials,” and “the presence or absence of the priority of heating cables and
insulating materials” from the perspective of actual users, in order to suggest in which
cases the risk of fire is high.

To meet the goal, it would be better to use and test a large number of products, but
we thought that doing so would rather hinder the purpose of this paper, as there were
limits to the types of products that users actually purchased frequently among the products
available in Korea at that time. Therefore, we purchased heating cables that could be easily
purchased on the market and conducted experiments.”

The experiment results indicate that the temperature of the heater part in antifreeze
heating cables was mostly higher than the conditions required by the existing standards in
cases 1 to 4. In particular, in the case of the No. 5 manufacturer’s sample, the temperature
of the heating cable of Case 1 was measured to be the highest at 119.0 °C. In the process of
comparative analysis of the results, we have applied the data engineering reproducibility
test results in the frame of the random game A and derived the same results as the predicted
hypothesis.

In future work, we will analyze the thermosetting life expectancy prediction exper-
iment and durability according to the chemical material (component ratio) of the water
freeze prevention device (hereinafter “heating wire”) heating wire coating, and come up
with the most reasonable method for fire prevention.
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Abbreviations

Anti-freezing Heating Cable  Self Regulating Heating Cable

Electrical arc Short Circuit

KC 60335-1 Household and similar electrical appliances—Safety Part 1:
General requirements

K 10013 Individual requirements of heating devices having the safety of

household and similar electrical devices and the flexibility of water
service anti-freezing devices and similar.

CHO004 Measured between the thermal insulation and heating cable
(if there is no thermal insulation, measure between the heating cables).
CHO005 Measurement of the heating cable.
CHO006 Measured between the water service pipe and heating cable.
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Abstract: Evaluation of fire hazard caused by electrical installations is a difficult and important topic,
and it limits the possibility of loss of life or health of people, as well as the occurrence of significant
property damage. In particular, this hazard was caused by power cables and especially photovoltaic
(PV) installations. The authors proved that power cables directly exposed to strong solar radiation are
likely to exceed maximum permissible temperature in unfavorable ambient conditions. Overheated
and damaged cable insulation can be a source of electric shock and a strong leakage current causing
fire. In the case of typical PV connectors (MC4 connectors), the main problem is poor contact at the
connections of the PV cables. A poor connection can even cause the connector to melt, as shown in
this study. In the paper, the authors present a computer simulation regarding critical thermal points
of electrical installations, in particular, of the PV type. It may be an indication of what should be paid
attention to when designing and implementing such installations. This is important for the safety of
people and buildings.

Keywords: fire hazard; numerical simulations; overheating; power cables; photovoltaics

1. Introduction

The current-carrying capacity of power cables is an important operational parameter of
both transmission and distribution networks. The current-carrying capacity is a measure of
the power transmission of power lines, including low-voltage cable lines directly connected
to electricity consumers. This capacity informs about the maximum value of the electric
current flowing through the power cables, which will not cause thermal damage to the
insulation as a result of exceeding the permissible temperature for a long time. The
continuous increase in the demand for electricity and the increasing number of generation
sources integrated with the power system, as part of renewable energy sources, result
in the growing interest in the possibilities of increasing the load of power cable lines.
The current-carrying capacity of power cables depends mainly on: the construction of
the power cables and their arrangement and environmental conditions. The influence
of each of these factors on the current-carrying capacity of conductors is defined in the
IEC [1-4] and IEEE [5] standards. These standards take into account individual factors
selectively and do not refer to all phenomena actually occurring in power installations. The
indicated standards do not take into account, among others, the influence of: variable wind
speed and direction, variable insolation, dry zones around underground power cables,
as well as many other factors affecting the current-carrying capacity of conductors. The
indicated standards are based on the Neher-McGrath calculation method from 1957 [6].
However, this method is not very precise [7]. Therefore, reliable knowledge of the current-
carrying capacity can be obtained through experimental tests and numerical analysis. As
reported in [8-10], numerical calculations of thermal states of power cables with the use of
dedicated software are becoming more and more important, and the provisions of the above-
mentioned standards are only used to confirm the results of simplified numerical modeling.
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Knowledge of the actual operating conditions of power cables allows to avoid design errors
and, as a result, will increase the reliability and safety of power installations [11,12].

The temperature of the wiring elements has a significant impact on their durability,
especially their thermal endurance [13]. The authors of the referred article pointed out
that there is a real risk of the wires overheating in the air, especially in the presence of
direct sunlight. The authors of the paper [12] indicated the important role of the color of
the roofing and the distance of the electrical installation from the roof surface. However,
the impact of the indicated factors in the context of photovoltaic (PV) installations was
not analyzed. The paper [14] pointed to a significant problem related to the destruction of
electrical equipment (including power cables and connectors). The described destructive
phenomena did not refer to the contact resistance of materials. In the article [15], it is
indicated that, based on operational experience, 70% of power line failures occur in places
where they are connected. This is the effect of the contact resistance and its increasing value
as a result of the phenomena occurring in the contact structure, as well as the influence of
external forces. In addition, a damaged electrical contact point most often causes overheat-
ing of the connector, as well as short circuits and fire. In addition, temperature is a reliable
and important indicator in assessing the condition of a cable joint. In turn, the article [16]
proposed a real-time temperature monitoring system for power cable joint. The proposed
solution to the problem of heating the joints is suitable only for special applications. To
emphasize the importance of the problem of heating up the cable connection points, GPRS
wireless communication technology was also proposed [17].

Problems with the DC joints/connectors are the main cause of failure as well as fire
risk in PV systems [18,19]. It is estimated that nearly 70% of all fires in PV installations are
the result of improper connections in DC circuits [18]. From a scientific point of view, a
potential cause of fire in PV systems due to the DC connector is the increase in its contact
resistance. An equally important issue related to the fire protection of PV installations is
the occurrence of possible arc faults, very often caused by bad connections. The authors
of the paper [20] indicate the types and characteristics of arc faults in PV installations but
do not indicate the methods of detecting such hazards. The paper [21] indicates the types
of short circuits occurring in PV installations based on practical events in PV farms. The
authors of the paper point out the special role of protections integrated with inverters
(protection against arc faults). The article [22] provides information on the occurrence and
characteristics of earth fault currents on the DC side and the related possible fire hazard of
PV installations.

This article presents the influence of unfavourable environmental conditions (insola-
tion, low wind speed) on the temperature distribution of power cables and cable connectors
used in typical PV installations. The effect of contact resistance of the connections on their
temperature is also investigated. The above-mentioned issues are not deeply analysed in
the literature. Results of the authors” investigation show the points of electrical installations
which may be a cause of the possible fire hazard as well as electric shock. Indicating these
points is a key issue to prevent fires in new installations.

The rest of the paper is organized as follows. Section 2 presents an analysis of the
influence of solar radiation on the current-carrying capacity and temperature of AC power
cables. In Section 3, an analysis of the heating of DC connectors in theoretical and practical
terms is provided. Section 4 summarizes the obtained results.

2. The Impact of Solar Radiation on the Temperature Distribution and
Current-Carrying Capacity of AC Power Cables

In order to present the impact of unfavorable ambient conditions on the long-term
current-carrying capacity (and thus on the temperature distribution) of power cables,
a low-voltage power cable line was tested by computer simulations. The simplified
model presented in Figure 1 was implemented in a 3-D numerical model in the ANSYS
Fluent software.
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air: 124 124
25°C mm mm

L1 L2 L3

Figure 1. The analyzed power cable line composed of three single-core cables.

Figure 1 shows a power cable line laid vertically in air at a temperature of 25 °C.
The given air temperature corresponds to Polish climatic conditions in accordance with
the standard [3]. Three power cables (three-phase alternating current line of nominal
frequency 50 Hz) with a cross-sectional area of 35 mm? with a conductor made of copper
and insulation and a sheath made of PVC are arranged with a spacing equal to the diameter
of the power cable.

In the numerical model, all heat exchange mechanisms involved in the real system
were introduced:

Joule’s heat—generated by the flow of electric current,
solar radiation heat,

convection heat,

dissipated radiation heat.

In order to investigate the effect of the real conditions of cables heating, the heat of
solar radiation falling at an angle of 45° on the cable surface (conditions typical for Europe),
convective air movement and a radiation model according to the discrete ordinates theory
were modeled. An example of a computational mesh in a cross section is shown in Figure 2.

Figure 2. A view showing the numerical grid for power cable temperature estimation.

The total number of mesh elements was approximately 9 million finite volumes. The
results of particular calculation variants are presented in the further part of the article. A
steady-state simulation was performed and turbulence model k-epsilon was chosen. The
proper materials were set in the model in certain cell zones and the boundary conditions
were as follows:

mass flow inlet (bottom side of domain),

pressure outlet (upper side of domain),

mesh interfaces between different cell zones,

heatflux (the inner side of power cables),

heatflux (external side of power cables, which is exposed to solar radiation).
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In the case of heating the cable line in accordance with the presented assumptions and
in the absence of electric current flow, the temperature distribution around the cables was
obtained as shown in Figure 3.

solar radiation

cable L1 cable L2 cable L3 /

Figure 3. Temperature distribution around unloaded power cables (Iz = 0 A) taking into account
solar radiation (close-up view of the cables).

In the analyzed model, Figure 3 shows the effect of solar radiation alone (without
current load) on the temperature of the power cable especially in the L3 phase (cable on
the right). Taking into account the solar radiation and the lack of current load on the
cables, the cable insulation temperature in the L3 phase reaches 50 °C. Thus, the solar
radiation increased the temperature of the power cable insulation by 25 °C (from ambient
temperature equal to 25 °C).

Figure 4 shows the temperature distribution around power cables which are sym-
metrically loaded and unaffected by solar radiation. The current-carrying capacity of the
cable system is equal to 152 A. The current value was achieved by iteratively increasing the
Joule’s heat in the conductor until the permissible temperature (70 °C for PVC insulation)
was reached.

Figure 5 shows the temperature distribution around power cables which are symmet-
rically loaded and under the influence of solar radiation. The current-carrying capacity
of each power cable is 96 A. The current value was determined on the basis of computer
calculations—in the assumed conditions it obtains the max temperature of the cable insula-
tion equal to 70 °C (max permissible).

Comparing the simulation results presented in Figures 4 and 5, one can notice a
significant decrease in the current-carrying capacity of power cables due to the impact
of solar radiation. As a result of the influence of the heat of solar radiation, the current-
carrying capacity of power cables decreased by nearly 37%. If the need to reduce the load
of the power cables is not taken into account (the cables would be loaded with 152 A
instead of 96 A), the permissible temperature could be locally exceeded, which results in a
reduction in insulation durability [13]. Significant overheating of the cables and damage to
the insulation may also cause significant leakage current and, consequently, risk of electric
shock or fire.
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Figure 4. Temperature distribution around power cables (max permissible load: Iz1 1 = Iz1p = Iz13 = 152 A)
without solar radiation.

[cl

Figure 5. Temperature distribution around power cables (max permissible load: Iz1 1 = Iz1p = Iz13 = 96 A)
taking into account solar radiation.
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3. The Impact of Solar Radiation and Quality of Connections on Temperature
Distribution in DC Connectors

Several simulations were carried out to assess the effect of insolation and contact
resistance on the temperature of DC connectors used in PV systems. For this purpose, the
DC connector, commonly known as the MC4 connector, was the subject of the analysis. The
connector model shown in Figure 6 has been performed in accordance with the manufac-
turer’s catalog card [23]. The numerical approach was very similar to the one presented
for the power cables in previous section. The only significant difference is that the “Solar
calculator” option was set in the model instead of implementing the additional heatflux
zone to simulate solar radiation. Moreover, we only consider DC flow. The computational
model includes a constant value of solar radiation intensity (1200 W/m?), an ambient
temperature of 30 °C (assumed by the authors’ free air temperature during a hot day in
Polish climatic conditions), and low convection air movement (0.4 m/s). The parameters of
the model are to reflect unfavorable heat exchange conditions in the summer months on
the roof [24]. Other important simulation parameters are: connector material (polyamide),
absorptivity material (0.9), and DC wire resistance (6.1 mQ)/m). It was assumed that the
contact resistance between the connectors and the connected wires (resulting from the
quality of cable assembly) is neglected.

Figure 6. Analyzed MC4 connectors (simulation with ANSYS).

In the first stage of the investigation, the effect of solar radiation on the heating of
the MC4 connector, without the flow of electric direct current, was examined. Figure 7
shows the heating effect of the DC connector only under the influence of solar radiation.
According to the obtained simulations, the DC connector reaches a maximum temperature
of 55 °C.

Then, the conditions of heat exchange with the environment with the participation of
solar radiation and nominal operating conditions were examined (Figure 8).

The distribution of temperature presented in Figure 8 shows relatively good conditions
for heat dissipation to the environment. Despite the flow of electric current with an assumed
typical value for the connector (15 A), the increase in the temperature of the connector is
recorded in the range of 6 degrees Celsius compared with no load (Figure 7). It is worth
noting that the result of the temperature distribution in Figure 8 was obtained for the
contact resistance respected by the manufacturer (max. 0.25 mQ)) and the rated contact
force of 50 N.
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Figure 7. Temperature distribution around DC connector without current flow (I = 0 A) and with
solar radiation. Max temperature: 55 °C.

contour-1
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R — ]

Figure 8. Temperature distribution around DC connector with current flow (I = 15 A) and solar
radiation. Max temperature: 61 °C.

As mentioned in the first part of the article, a significant fire hazard from a DC
connector can be caused by an increase in its contact resistance above the values allowed
by the manufacturer. To investigate this effect, possible contact resistance values were
determined depending on the contact force, based on the following equation:

__cp
RP - (Orle)m (1)

where:
Rp—contact resistance, m(},
C— constant dependent on the contact area, -,
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p—contact material resistivity, Om,

Fi—contact force, N,

m—constant depending on the type of contact, -.

According to the information contained in [25], for the contact material of which the
DC connector is made (tin-plated copper), the value of the c-p coefficient (the product of
constant dependent on the contact area and contact material resistivity) is equal to 1. The
value of the constant m is equal to 1 (the contact of the planes). The list of calculated contact
resistance values R, depending on the contact force Fy is provided in Table 1.

Table 1. Calculated contact resistance values Ry, depending on the contact force Fy.

No./Case Fi, N Rp, mQ) ILA
1 50 0.2 15
2 40 0.25 14.98
3 30 0.33 14.97
4 20 0.5 14.94
5 10 1 14.85
6 1 10 13.22
7 0.5 20 11.4
8 0.3 33.33 9

The results contained in Table 1 show the value of the calculated contact resistance
depending on the decreasing value of the contact force (values lower than the nominal
contact force).

In the analyzed DC circuit, the current value decreases with increasing resistance—this
phenomenon is taken into account for values included in Table 1. Importantly, the results
presented in the first and second cases of Table 1 are consistent with the manufacturer’s
data. The reduced contact forces shown in Table 1 are the forces that actually occur in PV
installations due to poor wiring. The presented Equation (1) assumes the averaged values
of the contact coating resistance. It should be emphasized that in the case of favorable
corrosion conditions of the connectors (especially moisture ingress), the coating resistance
value is significantly increased.

Figures 9-11 show the temperature distribution around the DC connector, for var-
ious values of the contact resistance and the flowing electric current (cases 6, 7, and 8
from Table 1).

As the contact resistance increases, the maximum DC connector temperature also
increases. It is worth emphasizing that, according to the manufacturer’s card, the upper
temperature limit of the connector is equal to 105 °C. Therefore, in the cases shown in
Figures 9-11, this temperature has been exceeded, which results in a reduction in the
durability of the connector, its possible change in structure, and possible loss of insulating
properties. A summary of the calculation results of the connector heating, depending on
the contact resistance, is shown in Figure 12.

The graph presented in Figure 12 refers to the data provided in Table 1. The tempera-
ture of the DC connector increases with the increase in contact resistance Rp. A significant
increase in temperature is observed, in particular, for the initial increases in contact resis-
tance (up to 1 Q0). The presented effects of excessive heating of the DC connector constitute
a real fire hazard due to the possible generation of minimal ignition energy for the dust-air
mixture or other diffusing mixtures present in the vicinity of the PV installation [26]. In a
typical PV system, there are many DC connection points made by a set of connectors (plug-
socket). If one of these connections is poorly made, it will deteriorate during operation as a
result of increased contact resistance: this place heats up when current flows and a “hot
spot” occurs. Due to the appearance of heat, the contact material may diffuse or even melt
until, at some point, the connection will be completely broken. In this case, an arc can form
over a very small air gap, resulting in a fire hazard [27]. The described occurrence of hot
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spots of connectors is not only a theoretical problem—it occurred in practice, as shown
in Figure 13.

contour-1

Static Temperature
30 38 46 54 61 69 77 85 93 101 109
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Figure 9. Temperature distribution around DC connector with current flow (I = 13.22 A)—case 6 in
Table 1. Max temperature: 109 °C.

contour-1
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Figure 10. Temperature distribution around DC connector with current flow (I = 11.4 A)—case 7 in
Table 1. Max temperature: 110 °C.
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Figure 11. Temperature distribution around DC connector with current flow (I = 9 A)—case 8 in
Table 1. Max temperature: 113 °C.
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Figure 12. The dependence of the temperature of the DC connector on the value of its contact resistance.

The DC connector on the left in the photo (Figure 13) is new and unused. The connector
on the right in the photo comes from a real PV installation, where the contact resistance
increased above the nominal value as a result of the power cables being stretched during
power generation. Finally, part of the insulation of the connector melted, which can be seen
in Figure 13. This effect can also cause a fire hazard.
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Figure 13. Comparison of the shape of MC4 connectors—the connector on the left is fully functional
and the connector on the right is damaged due to overheating.

4. Conclusions

Currently, PV installations are very common, both as big power plants and micro-
installations. Micro-installations coupled with residential buildings are a potential fire
hazard, especially due to the careless mounting of these installations. As it results from
the simulation tests contained in this article, both strong insolation of the wires and their
poor connections may cause a significant increase in the temperature of the elements of the
electrical installation. The temperature of PV DC connectors can reach 113 °C—it exceeds
the value allowed by the manufacturer, which is indicated at 105 °C. A significant increase
in the temperature of the PV connector occurs in the range of small contact resistance values
(initial increases, up to 1 ())—see Figure 12.

A significant increase in temperature may lead to damage to the insulation of wires/
connectors, and thus increase the risk of fire and the risk of electric shock for those in
contact with these elements. Cable insulation exposed to solar radiation can heat up to
50 °C (without current load), and designers usually assume it is only 25 °C. A current load
can therefore lead to the overheating of this insulation.

The results of simulation tests indicate critical points of installations, in particular
PV ones, and may be a recommendation of what should be paid attention to when de-
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signing and implementing such installations. This is important for the safety of people
and buildings.
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Abstract: In PVC compounds, hydrogen chloride plays a fundamental role in -H and -OH radical
trapping, lowering the flame energy during combustion. Furthermore, it yields actual Lewis acids
promoting the cross-linking of the polyene sequences from PVC degradation and bringing a char
layer, protecting PVC items from flames. Therefore, PVC is inherently flame-retarded. However,
plasticized PVC requires flame retardants and smoke suppressants to enhance fire performance. Low-
smoke acidity PVC compounds have been developed to reduce the HCI emission during combustion
and, therefore, the acidity of the smoke. They contain potent acid scavengers capable of acting at
high temperatures. They react with hydrogen chloride in the condensed phase, making it unavailable
in the gas and even in the condensed phase, compromising the reaction to fire and enhancing the
smoke produced during the combustion. The effect of the sequestration of hydrogen chloride in PVC
compounds for cables by potent acid scavengers is studied in this paper through measurements of
oxygen index, heat release, and smoke production. It is noteworthy that the potent acid scavengers
strongly affect parameters such as the oxygen index, the fire growth rate in cone calorimetry, the
specific (total) heat capacity, and the specific heat of combustion of fuel gases in micro combustion
calorimetry. In some formulations, acid scavengers reduce the oxygen index below the values of the
formulations without flame retardants and double their fire growth rate. In fact, they neutralize the
action of antimony trioxide and Lewis acid precursors commonly used as flame retardants and smoke
suppressants in PVC items, making them prone to ignite, release smoke, and spread flame. A new
generation of flame retardants and smoke suppressants is needed to keep together the low-smoke
acidity and the fire performance in PVC items.

Keywords: acid scavengers; PVC; cables; smoke acidity

1. Introduction
1.1. Thermal Degradation, Thermal Decomposition, Pyrolysis, and Combustion: The
Basic Concepts

The thermal degradation of unstabilized PVC starts at 100 °C [1] through zip elimina-
tion bringing polyene sequences and emitting hydrogen chloride (HCI). Most scientists
consider the mechanism of PVC degradation ionic, and the resin defects and radicals play
a fundamental role in lowering its thermal stability [2-6]. PVC cannot be processed in
articles without additives preventing its thermal degradation. Moreover, additives must
also give the final items the characteristics they need for the specific application, such as,
among others, good weathering performances, aging resistance, and flame retardance.
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Additive-containing PVC formulations are called PVC compounds. Due to PVC'’s low
thermal stability, the main additives are thermal stabilizers. They delay the degradation
processes induced by temperature and shear and shift them to higher temperatures, al-
lowing the processing of PVC compounds at 150220 °C. Primary stabilizers substitute
the weakest moiety of the chain, the allylic chloride, forming a stronger bond with carbon
than chlorine itself. They also contain co-stabilizers, helping the primary stabilizers in
the chlorine displacement, blocking the action of byproducts or radicals speeding the zip
elimination, and/or shortening the polyene sequences from the zip elimination of HCI.
Co-stabilizers can have a preventive action, inhibiting the behavior of those substances,
which increases the speed of the HCI elimination or curative activity when a repairing
action of polyene sequences is involved.

Fires and their consequences differ depending on their heat flow, temperatures reached,
ventilation, and mass of burning materials. After the ignition, i.e., the initial stage where
temperatures are around 300-400 °C, if not inhibited, fire enters a stage where temperatures
easily reach 600 °C and further its fully developed stage, easily overcoming 600 °C [7].

The heat released in fires brings physical and chemical changes to PVC items, causing
thermal decomposition and combustion. PVC, stabilizers, co-stabilizers, plasticizers, lu-
bricants, impact modifiers, processing aids, pigments, fillers, flame retardant fillers, flame
retardants, and light stabilizers start all to decompose in the condensed phase or evaporate,
releasing gaseous byproducts directly in the gas phase, where combustible fuels burn. With-
out the protection of stabilizers, PVC resin rapidly changes its chemical nature, forming
polyene sequences, developing smoke, creating a char from cross-linked polyene sequences,
and releasing massive amounts of HCl. Thermal decomposition and the involved species
play a fundamental role in the combustion of PVC items, and knowing the underlying
chemistry of such processes is crucial to address the reduction of heat, smoke, and gases
such as HCL

Several authors carried out different techniques to study PVC decomposition. Flash
pyrolysis coupled with gas chromatography (GC), direct pyrolysis in the mass spectrometer
(MS), and thermal gravimetric analysis (TGA) in different atmospheres and with different
detection methods of the gases brought different interpretations of the reactions involved
in the thermal decomposition of PVC [8-12]. TGA measures the weight loss, and if coupled
with Fourier transform infrared (FTIR), MS, or GC-MS, the gases released during the
decomposition can even be identified and quantified. Most scientists agree that PVC has
two main stages during its decomposition. The first one refers to the zip elimination of HCI,
the formation of the polyene sequences, their cross-linking, and the competitive reaction
yielding benzene. The second relates to the decomposition of the cross-linked matrix to char
residue and combustible fuels. Several additives commonly used in PVC compounds for
processing or conferring specific properties further complicate the decomposition pattern
and the involved reactions.

1.2. The First Stage of the Thermal Decomposition/Combustion

Performing a TGA of PVC in Ny, depending on heating regimes, highlights that the
decomposition’s first stage occurs between 220 °C and 350 °C. Here, HCl is released from
the polymer’s backbone, and polyene sequences are formed. Intramolecular reactions can
bring the benzene formation [8,9,13], while intermolecular reactions lead to the cross-linking
of the matrix [9,10,12,14]. At the end of the first stage, between 330 °C and 350 °C, when
HCl is almost totally released, only the condensation products of the polyene sequences
remain, and a plateau between 350 °C and 450 °C follows, with no volatile release.

However, PVC compounds contain additives such as stabilizers, plasticizers, flame re-
tardants, and flame retardant fillers, and the types and their quantity can affect TGA shapes.

TGA and TGA-GC-MS or TGA-FTIR can highlight much about the decomposition of
PVC compounds. Nevertheless, temperatures and physical and chemical properties are
not the only parameters influencing fire behavior. Combustion is a complex phenomenon
influenced by item shape and surrounding conditions such as oxygen concentration and
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kind of ignition [15]. In any case, the combustion process implies two distinct categories of
chemical reactions. The first happens in the condensed phase, where the oxygen concentra-
tion is low, and the thermal decomposition passes through a pyrolysis process, releasing
volatile fuels. The second is the oxidation of the volatiles in the gas phase, producing the
energy supporting the pyrolysis process.

In the first stage of thermal decomposition, PVC and the organic and inorganic addi-
tives in PVC items decompose thermally in a pyrolysis process where oxygen is starving.
Depending on the ingredients in PVC compounds, different gases can be released at differ-
ent rates. Some gases reaching the air burn, releasing energy and smoke. Others do not
burn and dilute the fuels or cool the flame down. Organic substances and their byproducts
can evaporate and burn in the flame: plasticizers [16], primary stabilizers and organic
co-stabilizers, lubricants, processing aids, and many others can increase the heat release
rate and the smoke production. Others, such as the water vapor from the thermal decom-
position of flame retardant fillers such as magnesium dihydroxide (MDH) or aluminum
trihydroxide (ATH), lower the flame’s energy by acting as a heat sink diluting the fuels.
Even side reactions between HCl and fillers such as calcium and magnesium carbonate can
produce gases such as CO,, weakening the flame. However, the main gas in the flame in
this stage is HCI, released by the thermal decomposition of PVC. Here, the common acid
scavengers used in the stabilizer one pack can no longer compete with the fast evolution of
HCl in the gas phase.

HCl is not an inert gas such as water vapor or CO,. Within the flame, it initiates a
series of catalytic reactions capable of scavenging the radicals -H and -OH, lowering the
flame’s energy [17,18]. This phenomenon is called “the poisoning of the flame” and is the
reason why all halogenated polymers are inherently flame-retardant. If Sb,O3 (ATO) is
used, HCl also plays a central role in yielding SbCl;. When it evaporates in the flame, it
scavenges the hot radicals feeding the flame more efficiently than HCI alone, reducing its
energy further [17,18].

The combustion in the flame can be seen as a competition between two reactions: the
first brings the complete oxidation of the fuel when oxygen is rich and the flame is high in
energy. The second happens when the flame’s energy is low and oxygen starves. It causes a
dehydrogenation of the organic substances in the fuel, releasing airborne water and carbon
agglomerates we perceive as smoke. This last condition is reached when ATO is used, and
items release massive smoke.

In the condensed phase, the polyene sequences formed during the zip elimination pro-
cess can react intramolecularly (cis-olefinic structures), generating benzene, soot, and smoke,
or intermolecularly (trans-olefinic structures) yielding cross-linked structures [9,10,12,13,18].
This last condition prevents smoke production. HCl is also crucial in the condensed phase,
reacting with incipient Lewis acids commonly present in PVC smoke suppressants and
forming actual Lewis acid, catalyzing the formation of trans-olefinic structures and pro-
moting the intermolecular reaction yielding a cross-linked matrix and char. Therefore, HCI
scavengers interfere with the smoke suppressant mechanism inhibiting smoke production.

1.3. The Second Stage of the Thermal Decomposition/Combustion

Performing a TGA of PVC in Ny, the second stage of the decomposition is over
450 °C. Here, the cross-linked matrix starts releasing volatiles (aliphatic hydrocarbons and
alkylated aromatic) [12], leaving at the end carbonaceous char.

In a real fire scenario, the condensation products formed over 450 °C in PVC items
release volatile fuels in the gas phase, and a carbonaceous char is formed in the condensed
phase. The fuels burn, increasing the flame energy, and on the contrary, the formed
carbonaceous char hampers the spread of the flame, creating a protective and insulating
barrier. The char can be formed if oxygen is low in concentration in the gas phase, when
temperatures are not so high as to bring it to complete combustion, or its thickness is so high
that it hinders oxygen from permeating it entirely. However, the fuels released in this stage
are mainly aliphatic moieties. They burn, releasing less smoke but more energy in the flame
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than the aromatics in stage 1. The presence of Lewis acids coming from the typical smoke
suppressants used in PVC items can even increase the quantity of those fuels in the gas
phase because they promote the cationic crack of the char, and other strategies for avoiding
this problem can be used [18-21]. When temperature increases over 600 °C and if oxygen
is enough in the gas phase, the final step of the decomposition/combustion stage leads to
the post-pyrolysis/combustion stage, where only ashes of oxides and chlorides remain.

Therefore, the thermal decomposition, released gases, and the gas- and condensed-
phase reactions differ depending on the temperature, oxygen concentration, and the PVC
compound’s ingredients. Knowing the type of reactions in the flame and in the condensed
phase is crucial to actively act to reduce the flame’s energy, directly or indirectly, or to
suppress smoke: that will have consequences on the fire performances of PVC items in
terms of ignitability, flammability, flame spread, heat release, and smoke production.

For this aim, flame retardants and smoke suppressants are developed and utilized
in PVC compounds. They can work in the gas or condensed phases and act physically or
chemically. Refs. [17,22] give a detailed overview of mechanisms, types, and dosages.

1.4. Low-Smoke Acidity Compounds and Acid Scavengers at High Temperatures in the
Condensed Phase

Low-smoke acidity PVC compounds have been developed to reduce the release of
HCI in case of fire. In the low-smoke acidity compounds for cables, acid scavengers
at high temperatures acting in the condensed phase are added to capture HCI [23,24].
The consequent reduction of HCI in the gas phase and metal chlorides in the condensed
phase inhibits the fire performances of PVC compounds for cables: the consequence is the
emission of more heat and smoke despite flame retardants and smoke suppressants added
to the compounds.

The paper shows the impact of some acid scavengers at high temperatures on flame
retardance and smoke emission of some PVC compounds for cables. Refs. [23,24] detail
the main characteristics of the acid scavengers used in this paper, including dispersion
properties and mechanism of action. This article compares the formulations with and with-
out acid scavengers acting in the condensed phase. Ease of extinction has been measured
according to ASTM D 2863 [25] (Limiting Oxygen Index, or LOI). Cone calorimetry has
been used for determining heat release and smoke production according to ISO 5660-1 [26].
Micro combustion calorimetry (MCC) has been carried out according to ASTM D 7309 [27]
to focus on the dynamic of the pyrolysis and combustion in the range of 250-750 °C. The
presence of ATO in the PVC compound is entirely obliterated by the activity of potent
acid scavengers that act by trapping HCI; that reflects in a lower LOI, higher fire growth
rate (FIGRA), higher total heat release (THR), higher specific heat release (h.), and higher
specific heat of combustion of fuels gases (hc gas). If a smoke suppressant is used in the
presence of HCl scavengers, its action will be inhibited, causing a higher unexpected total
smoke production (TSP).

The data indicate that low-smoke acidity PVC compounds will have fewer fire per-
formances, and, therefore, finding other routes to get back the reaction to fire and smoke
reduction becomes a task of extreme importance.

2. Materials and Methods
2.1. Materials

Table 1 shows the first set of formulations intending to show the interaction between
acid scavengers at high temperatures in the condensed phase with a flame retardant acting
in the gas phase, such as ATO. REA1 is the reference formulation without fillers, flame
retardants, and smoke suppressants and represents the lower edge of performances in
flame retardance and smoke production. REA2 comes from REA1 by adding 3 phr of
ATO. It considers the effect of ATO without the impact of fillers capable of absorbing
HCl interfering with the flame poisoning of ATO. REA3-5 focus on the effect of particle
size of different grades of CaCO3 on HCI absorption and its impact on flame retardancy
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and smoke production. REA3 and REA4 contain ground milled calcium carbonate (GCC)
with different particle sizes (Table 1), while REA5 contains ultrafine precipitated calcium
carbonate (UPCC). REA6-8 focus on the different impacts on flame retardance by HCl
scavengers having a different efficiency due to a different chemical nature: REA6 contains
AS-6B, a potent acid scavenger at high temperatures in the condensed phase, REA7 contains
an ineffective acid scavenger as MDH, and REAS contains an inert acid scavenger such as
ATH (see Section 4.1). The characteristics of those flame retardant fillers are well explained
in Ref. [23]. REA9 shows the synergism between MDH and UPCC, described in the
second part of this article [24]. That aims to highlight how they impact the HCI poisoning
mechanism in the gas phase differently.

Table 2 formulations aim to show the impact of HCl scavengers on the performance
of a potent flame retardant acting in the condensed phase. Reaguard B-FR/9211 is a
commercial flame retardant and smoke suppressant produced by Reagens S.p.A. REACO
contains exclusively 10 phr of Reaguard B-FR/9211, without flame retardant fillers. REAC1
contains ATH, not scavenging HCl, representing high flame retardancy and low smoke
production levels. REAC2 contains MDH. It scavenges HCI, but it re-releases HCl again at
350-550 °C [28,29]. REAC4 contains UPCC, a potent acid scavenger that aims to verify if
it interferes with the charring promoted by Reaguard B-FR/9211. REAC5 has GCC at the
same phr as UPCC in REAC4.

Table 1. Inovyn 271 PC is a suspension PVC with a K value of 71 from Inovyn. DINP means Di
Iso Nonyl Phthalate; Diplast N is the trade name of Polynt S.p.A. ESBO stands for Epoxidized Soy
Bean Oil. Reaflex EP/6 is a Reagens trade name. The used antioxidant is Arenox A10, a Reagens
trade name, which is Pentaerythritol tetrakis(3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate), CAS
number 6683-19-8. COS stands for calcium organic stabilizer. RPK B-CV /3038 is a typical stabilizer
for 70 °C cables produced by Reagens. Atomfor S and Hydrocarb 95 T are ground milled calcium
carbonates, having a stearic acid coating and differing in medium value of particle size distribution
(D50), 2.0 and 0.7 microns, respectively. Winnofil S is a UPCC having nanoscale mean particle size [30].
AS-6B is a potent acid scavenger in the condensed phase at high temperatures, produced by Reagens
S.p.A, having a D50 of 2.0 microns. Ecopyren 3.5 is uncoated ground milled MDH produced by
Europiren, with a D50 of 3.0 microns. Aluprem T GR 4 is a synthetic ATH from Tor Mineral, with a
D50 of 2.5 microns (see Supplementary Materials).

Raw Trade Name REA1 REA2 REA3 REA4 REA5 REA6 REA7 REAS REA9
Materials [phr] [phr] [phr] [phr] [phr] [phr] [phr] [phr] [phr]
PVC Inovyn 271 PC 100 100 100 100 100 100 100 100 100
DINP Diplast N 50 50 50 50 50 50 50 50 50
ESBO Reaflex EP/6 2 2 2 2 2 2 2 2 2
Antioxidant Arenox A10 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
COs RPK B-CV/ 3038 5 5 5 5 5 5 5 5 5
SbyO3 RI004 0 3 3 3 3 3 3 3 3
CaCOs Atomfor S 0 0 90 0 0 0 0 0 0
CaCO3 Hydrocarb 95T 0 0 0 90 0 0 0 0 0
UPCC Winnofil S 0 0 0 0 90 0 0 0 90
HTAS 2 AS-6B 0 0 0 0 0 90 0 0 0
Mg(OH), Ecopyren 3.5 0 0 0 0 0 0 90 0 30
Al(OH); Aluprem T GR 4 0 0 0 0 0 0 0 90 0

The ingredient amounts in Tables 1 and 2 are expressed per hundred resin (phr). The
formulations have been tested with the apparatuses in Table 3 and according to the test
methods indicated in Table 4.
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Table 2. Reaguard B-FR/9211 is a commercial flame retardant and smoke suppressant produced by

Reagens S.p.A.
. REACO REAC1 REAC2 REAC4 REAC5
Raw Materials Trade Name [phr] [phr] [phr] [phr] [phr]
PVC Inovyn 271 PC 100 100 100 100 100
DINP Diplast N 50 50 50 50 50
GCC Atomfor S 0 30 30 0 90
Al(OH)3 Aluprem TGR4 0 60 0 0 0
Mg(OH), Ecopyren 3.5 0 0 60 0 0
UPCC Winnofil S 0 0 0 90 0
COs RPK B-CV/ 3038 3.0 3.0 3.0 3.0 3.0
Flame retardant Reaguard B-FR/9211 10 10 10 10 10

Table 3. Main test apparatuses utilized.

Test Apparatus Producer Model Additional Information

Calender Battaggion MCC/N150X300-E ~ Temperature 160 °C—Milling Time 3

Halogen acid gas test apparatus S.A. Associates  Standard model Porcelain combustion boats

Multimeter for electric measurements Mettler Toledo 5213 standard kit

Conductivity electrode Mettler Toledo 5213 standard kit Reference thermocoqple adjusting
temperature fluctuations

pH electrode ettler Toledo 5213 standard kit Reference thermocou'ple adjusting
temperature fluctuations

LOI test apparatus FIT Standard model Test Specimen type IV; ASTM D 2863

. Dual cone ISO 5660-1. Heat flux 50 K.W./m?2, 1 or 3 mm
Cone calorimeter FIT . . . . .
calorimeter test specimen thicknesses, with grid
Micro combustion calorimeter FTIT Standard Model Pyrolizer 1°C/s, 750 °C, combustor 750 °C,

method A of STM D 7309

Table 4. Tests for acidity, flame retardance, and smoke production assessments.

Temperature [°C] Note

DDW, pH, and conductivity.
As EN 60754-2 with a heating
regime of EN 60754-1

Test specimens type IV.
Method B

Technical Standard Measurement

40 min to 800 °C +/—10 °C
20 min at 800°C +/—10 °C

Multimeter
Internal method 3 Smoke acidity

ASTM D 2863 LOI 23°C

Time to ignition (TTI), (s)

Time to flame out (TTFO) (s)

Time to peak (TTP) (s)

Peak of heat release rate (pHRR)
(kW/m?)

Total heat release (THR) (M]/m?)
Mass loss (%)

Total smoke production (TSP) (m?)
Peak of smoke production rate (m?/s)
Yield of pyrolysis residue, (Yp) (g/g)
Fire growth capacity (FGC) (J/g-K)
Heat release capacity (n¢) (J/g-K)
Maximum specific heat release rate
(Qmax) J / g)

Heat release temperature (Tmax) (°C)
Specific (total) heat release, h. (J/g)
Specific heat of combustions of fuel
gases, hcgas (1/g)

Sample thicknesses 1 mm and
3 mm, area 88.4 cm?,
sparkling source on

1SO 5660-1 755 °C

750 °C combustor

ASIMD7309 1 °C/min to 750 °C pyrolizer
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Internal method 3, described in Table 4, uses the following materials: double deionized
water (DDW) is internally produced by an ion exchange deionizer. The pH of DDW must
be between 5.50 and 7.50, and the conductivity must be less than 0.5 uS/mm. Buffer and
conductivity standard solutions come from VWR international (pH: 2.00, 4.01, 7.00, 10.00;
conductivity: 2.0, 8.4, 14.7, 141.3 uS/mm).

2.2. Test Apparatuses
Table 3 describes the utilized test apparatuses.

2.3. Sample Preparation

The formulations in Tables 1 and 2 were prepared in a turbo mixer producing the dry
blends, then processed in the laboratory calender. The foils produced test specimens for
internal method 3 and MCC and were shaped in a hydraulic press in plaques with 1.0 and
3.0 mm thicknesses for the cone calorimeter and 3.0 mm plaques for LOL In Appendix A,
Figures Al and A2 give a schematic diagram with a more detailed description of the
sample preparation.

2.4. Internal Tests and International Technical Standards Used

Table 4 shows the technical standards, internal methods, and the main utilized conditions.

Internal method 3 is carried out as EN 60754-2 [31], using the heating regime of EN
60754-1 [32] and following the indications and suggestions highlighted in Ref. [23]. The
sample, introduced in the tube furnace at room temperature, was heated for 40 min to 800 °C
and then kept at 800 °C for 20 min. The smoke was collected in two bubblers containing
DDW. The water from the bubbling devices and the washing procedures was collected ina 1 L
volumetric flask filled to the mark. pH and conductivity were measured, and two replicates
gave mean value, standard deviation (SD), and coefficient of variation (CV).

LOI was measured following the procedure described in ASTM D 2863 [25], as indi-
cated in paragraph 12, procedure B. Three replicates gave mean and SD. ISO 5660-1 [26]
was performed using two replicates, calculating mean values and SD at an incident heat
flux of 50 kW /m?, corresponding to a temperature of 755 °C. According to the standard, the
test specimens had dimensions of 100 mm x 100 mm with thicknesses of 1 or 3 mm and an
effective exposed area of 88.4 cm?. FIGRA was calculated, as described in EN 13823 [33], as
the maximum multiplied per 1000 of the function HRR/1 (t), excluding data corresponding
to THR (t) < 0.2 MJ and HRR () < 3 kW/m?. ASTM 7309 [27] was performed on three
replicates to calculate the mean and SD, according to method A. Fluxes of 80 mL/min of
Ny in the pyrolizer and 20 mL/min of O, in the combustor were set. The temperature of
the combustor was adjusted to 750 °C +/— 1 °C, and in the pyrolizer, a heating regime of
1 °C/min was chosen up to 750 °C. The sample’s weight was determined, evaluating the
oxygen consumption of a trial test. The drop must stay between 20-13% and 20-7%.

In Appendix A, Figure A2 gives a schematic diagram of the conditions used in the
test methods.

3. Results

The results of the formulations in Tables 1 and 2 are summarized as follows: Tables 5 and 6
show the pH and conductivity, Tables 7 and 8 report LOI, Tables 9 and 10 summarize cone
calorimetry data, and Tables 11 and 12 display MCC measurements.
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Table 5. pH and conductivity of the compounds in Table 1 are shown. Internal method 3 has been
carried out. The mean values and CV are reported. CVs are below 5%.

Formulation REA1 REA2 REA3 REA4 REA5 REA6 REA7 REAS REA9
pH 2.20 2.30 2.60 2.90 3.20 4.20 2.50 2.40 3.40
CVpH <5.0% <5.0% <5.0% <5.0% <5.0% <5.0% <5.0% <5.0% <5.0%
Conductivity (uS/mm) 359.7 328.5 105.7 70.1 31.1 3.8 180.7 205.2 11.8
CV. <5.0% <5.0% <5.0% <5.0% <5.0% <5.0% <5.0% <5.0% <5.0%
Table 6. pH and conductivity of the compounds in Table 2 are shown. Internal method 3 has been
carried out. The mean values, coefficient of variation, and standard deviations are reported.
Formulation REACO REAC1 REAC2 REAC4 REAC5
pH 1.95 2.65 2.74 3.30 2.62
CVpn <5.0% <5.0% <5.0% <5.0% <5.0%
Conductivity (uS/mm) 462.1 92.8 76.0 25.1 117.3
CV. <5.0% <5.0% <5.0% <5.0% <5.0%
Table 7. LOIs of the compounds in Table 1 are shown. The mean values, coefficient of variation, and
standard deviations are reported.
Formulation REA1 REA2 REA3 REA4 REA5 REA6 REA7 REAS8 REA9
LOI (O2%) 24.0 29.0 28.0 27.3 22.0 23.0 34.7 34.0 24.0
SD 1.0 0.0 0.0 0.6 0.0 0.6 0.6 0.0 1.0
Table 8. LOIs of the compounds in Table 2 are shown. The mean values, coefficient of variation, and
standard deviations are reported.
Formulation REACO REAC1 REAC2 REAC4 REAC5
LOI (02%) 25.0 29.3 28.0 21.0 25.0
SD 0.0 15 1.0 0.0 0.0
Table 9. Cone calorimetry measurements of the compounds in Table 1 are shown. The mean values,
coefficient of variation, and standard deviations are reported. Results are referred to as 3 mm plaques.
Formulation REA1 REA2 REA3 REA4 REA5 REA6 REA7 REAS REA9
peak HRR (kW /m?) 337.5 252.4 192.1 213.0 331.6 394.3 167.7 105.0 254.8
SD 31.0 6.4 9.5 3.3 5.6 13.0 7.7 2.1 10.7
THR (MJ/m?) 55.0 49.1 43.8 40.0 58.8 455 39.4 40.0 53.5
SD 0.7 0.9 1.7 2.0 1.5 1.3 1.9 1.4 3.3
FIGRA (W/s) 4187 3098 2549 3224 4073 5110 1563 1597 3365
SD 147 129 458 83 594 503 146 194 255
TSP (m?) 28.3 28.1 16.5 17.8 13.8 15.3 10.1 9.6 11.4
SD 0.6 1.3 1.0 12 0.5 0.3 15 1.8 0.5
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Table 10. Cone calorimetry measurements of the compounds in Table 2 are shown. The mean values,
coefficient of variation, and standard deviations are reported. Results are referred to as 1 mm plaques.

Formulation REACO REAC1 REAC2 REAC4 REAC5
peak HRR (kW /m?) 270.4 1284 200.5 292.6 198.8
SD 332 05 114 1.1 7.4
THR (MJ/m2) 18.0 20.2 254 29.7 23.6
SD 05 1.6 22 0.1 33
FIGRA (W/s) 6239 2616 3986 6035 4316
SD 49 215 402 220 542
TSP (m2) 6.4 39 46 6.6 5.1
SD 0.6 05 0.1 04 0.6

Table 11. MCC measurements of the compounds in Table 1 are shown. The mean values and standard
deviations are reported. FGC is the fire growth capacity, HRR means heat release rate, PR is pyrolysis
residue, Q max is the maximum of specific HRR, T max is the heat release temperature, h. is the
specific (total) heat release, Y, the yield of pyrolysis residue, h. gas is the specific heat of combustion
of fuels gases, and Stg means stage.

Formulation REA1 REA2 REA3 REA4 REA5 REA6 REA7 REAS REA9
FGC (J/g-K) 156.95 141.42 88.90 90.83 104.72 100.51 75.81 102.43 92.83
SD 5.52 2.41 0.70 0.19 0.23 3.05 2.73 1.63 1.20
ne J/g-K) 324.10 326.11 330.20 333.33 338.65 322.50 323.30 321.01 333.03
SD 24.08 8.77 4.94 0.97 5.30 13.23 13.41 7.75 6.71
Qmax (J/g) stg 1 202.00 197.79 135.26 152.50 162.78 144.00 109.86 136.03 147.31
SD 478 4.65 0.65 3.33 5.94 451 213 7.80 2.19
Tmax (°C) stg 1 324.1 326.1 330.2 333.3 338.6 322.5 323.3 321.0 333.0
SD 0.81 1.20 0.30 1.60 0.80 6.20 2.30 1.00 0.20
Qmax (J/g) stg 2 101.61 96.93 51.36 51.37 57.34 51.97 52.62 48.77 59.49
SD 5.69 3.90 0.50 0.54 0.30 1.89 0.38 0.08 1.29
Tmax (°C) stg 2 491.8 493.0 483.5 475.7 480.5 500.6 486.8 478.0 478.8
SD 0.99 1.10 0.16 1.00 0.30 1.70 0.40 2.20 0.90
he (J/g) total 17.16 15.42 9.93 10.23 11.76 11.33 9.15 10.38 10.38
SD 0.19 0.17 0.12 0.06 0.03 0.16 0.10 0.09 0.08
he (J/g) stg 1 10.31 9.00 5.86 6.31 7.32 6.64 4.74 6.56 6.00
SD 0.18 0.17 0.08 0.06 0.04 0.21 0.09 0.17 0.06
he (J/g) stg 2 6.85 6.42 4.07 3.92 4.44 4.69 441 3.83 4.38
SD 0.20 0.17 0.16 0.05 0.02 0.11 0.11 0.07 0.10
Yp (g/g) 0.08 0.13 0.35 0.40 0.43 0.48 0.34 0.33 0.46
SD 0.03 0.01 0.02 0.02 0.00 0.02 0.01 0.02 0.02
he gas (J/g) total 18.71 17.84 15.30 16.94 20.65 21.95 13.92 15.73 19.08
SD 0.12 0.27 0.35 0.54 0.11 1.11 0.42 0.32 0.60
hegas (J/g) stg 1 11.24 10.41 8.95 10.45 12.86 12.86 722 9.94 11.03
SD 0.10 0.11 0.26 0.35 0.08 0.63 0.20 0.45 0.43
hegas (J/g) stg 2 7.48 7.43 6.35 6.50 7.80 9.09 6.70 5.82 8.05
SD 0.02 0.16 0.09 0.19 0.03 0.48 0.22 0.19 0.17
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Table 12. MCC measurements of the compounds in Table 2 are shown. The mean values and standard
deviations are reported. FGC is the fire growth capacity, HRR means heat release rate, PR is pyrolysis
residue, Q max is the maximum of specific HRR, T max is the heat release temperature, h. is the
specific (total) heat release, Y, the yield of pyrolysis residue, h. gas is the specific heat of combustion
of fuels gases, and Stg means stage.

Formulation REACO REAC1 REAC2 REAC4 REAC5
FGC (J/g-K) 102.68 83.66 79.99 93.90 76.69
SD 6.25 0.72 1.30 1.67 0.82
ne (J/g-K) 366.66 212.13 259.66 229.07 287.92
SD 13.40 4.71 4.92 8.83 21.21
Qmax (J/g) stg 1 277.68 123.38 196.29 141.61 166.51
SD 12.84 6.25 8.19 6.65 2.56
Tmax (°C) stg 1 303.4 326.5 314.8 334.1 325.0
SD 0.1 1.7 0.8 14 0.8
Qmax (J/g) stg 2 62.13 44.64 51.71 52.57 48.14
SD 3.50 1.00 1.05 1.20 1.25
Tmax (°C) stg 2 481.6 4812 485.2 482.8 485.9
SD 1.2 2.1 0.8 1.0 2.0
he (J/g) total 12.25 9.97 9.60 11.32 9.41
SD 0.27 0.12 0.16 0.15 0.10
he (J/g) stg 1 8.06 6.63 5.81 7.34 6.15
SD 0.37 0.13 0.11 0.10 0.03
he (J/g) stg 2 419 3.33 3.80 3.98 3.27
SD 0.17 0.07 0.10 0.07 0.16
Yp (g/8) 0.18 0.36 0.43 0.44 0.39
SD 0.03 0.01 0.05 0.05 0.03
he gas (J/g) total 15.54 15.74 16.55 20.94 15.70
SD 0.14 0.10 1.45 1.13 0.36
hegas (J/g) stg 1 10.17 10.44 9.81 13.55 10.19
SD 0.14 0.09 1.25 0.86 0.55
he gas (J/g) stg 2 5.36 5.29 6.74 7.38 5.50
SD 0.13 0.07 0.58 0.41 0.16

4. Discussion
4.1. Description of the Impact of Acid Scavengers on pH and Conductivity

Table 5 reports pH and conductivity according to internal method 3 for samples
REA1-9, containing ATO as a flame retardant in the gas phase. Internal method 3 is more
appropriate than EN 60754-2 in evaluating the smoke acidity in this research due to a
heating regime that allows the acid scavenger to interact better with HCI [34]. REA1 and
REA2 show the highest smoke acidity (low pH and high conductivity values) since they
do not contain any acid scavenger at high temperatures in the condensed phase and have
a higher PVC percentage than REA3-9. REA7 and REAS8 have ineffective and inert acid
scavengers, MDH and ATH; indeed, they show high acidity values because ATH does not
react with HCl, while MDH scavenges HCI, but it then decomposes between 350 °C and
550 °C, thus re-releasing HCl [24,28,29]. Both samples show higher acidity than REA3, the
formulation with GCC. REA3-5 contain different types of calcium carbonate with different
particle size. Atomfor S has a mean particle size of around 2 microns, while Hydrocarb
95 T reaches low values down to 0.7 microns. Winnofil S is a coated UPCC with a mean
particle size in nanoscale size [30]. REA6 and 9 give the lowest smoke acidity values due
to powerful acid scavengers (ASB-6, REA6) and the synergistic couple MDH/UPCC in
REAO [24].

Table 6 shows pH and conductivity according to internal method 3 for samples REACO-
C5, containing REAGUARD B-FR/9211 as a flame retardant acting in the condensed phase.
REACO without fillers and acid scavengers displays the highest acidity. REAC5, REACI,
and REAC2 with GCC, ATH, and MDH, respectively, follow in this sequence. REAC4 with
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UPCC, as expected, reaches the lowest acidity values. The comparison between REAC4
and REACS5 again shows how profoundly the particle size impacts the smoke acidity.

4.2. Effect of Acid Scavenging on LOI

HClI sequestration impacts the LOI values of the formulations in Table 1, containing
ATO acting in the gas phase (Table 7), and the formulations in Table 2 with Reaguard
B-FR/9211 acting in the condensed phase (Table 8).

REA1, without a flame retardant, shows 24.0 %O, LOI. REA2 containing 3 phr of
ATO, gains 5 LOI points reaching 29.0 %0O,. The addition of 90 phr of Atomfor S in REA3
depresses LOI slightly (28.0 %0O,), but the impact becomes more evident as the particle size
of CaCOj3 decreases and the HCl scavenging efficiency increases: REA3 with 2 microns
CaCO3 shows 28.0 %0, comparable with REA4 (27.3 %0O;) having 0.7 microns, while REA5
with UPCC has LOI even lower than REA1 without ATO (22.0 %0O;). Using a powerful
single-step HCI scavenger such as AS-6B (REA6) or multiple-step such as the couple
Winnofil S and MDH (REAY), the trend is the same: REA6 LOI goes down to 23.0 %O, and
REAO9 to 24.0 %0O,. In both formulations containing Winnofil S and AS-6B, the action of
ATO is inhibited by HCI scavenging in the gas phase, and LOI values collapse. REA9 has
a slightly higher LOI (24.0 %0O;) due to MDH's different mechanism of action as a flame
retardant: it acts as a heat sink through an endothermic decomposition, dilutes the flame’s
fuels, and creates a barrier of MgO in the condensed phase. REA7 and REAS, containing
ATH and MDH, boost LOI due to their specific mechanisms as flame retardants [17] and
because they do not scavenge HCI. Figure 1 summarizes the data.

LOI

347 34.0

29.0
28.0

. L 27.3

200 I 24.0
] 23.0 T
T
22.0
n |

REA1

REA2 REA3 REA4 REAS5 REA6 REA7 REAS REA9

Figure 1. LOI of the formulations in Table 1, REA1-REA9.

HCl scavenging has the same impact when the flame retardant acts in the condensed
phase. REACO contains only Reaguard B-FR/9211. LOI increases slightly compared to
REA1 without a flame retardant (25.0 %O, vs. 24.0 %0O,). The introduction of ATH and
MDH increases the LOI in REAC1 and REAC2 (29.3 %O, and 28.0 %0, respectively). As
expected, both flame retardant fillers work synergistically with Reaguard B-FR/9211. When
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UPCC is in the formulation at 90 phr (REAC4), its scavenging action depresses LOI down
to 21.0 %0O,, which is (even) lower than the formulation without flame retardants (REA1).
The formulation with GCC, REACS5, shows the same LOI as REACO. Figure 2 shows the
summarized data.

LOI
I 29.3
7280
25.0
210
REACI REAC2 REAC4 REACS

Figure 2. LOI of the formulations in Table 2, REACO-REAC9.

Finally, the HCI sequestration of a potent acid scavenger depresses the ease of ex-
tinction of the formulation imparted by flame retardants acting both in the gas and con-
densed phase.

4.3. Effect of Acid Scavenging on Heat Release Rate and Smoke Production Measured in
Cone Calorimetry

In fire science, the HRR is among the most critical parameter to be evaluated since it
can parametrize the “intensity of the fire” [35,36].

The presence of acid scavengers strongly influences the HRR and THR of the formula-
tions reported in Table 1 containing ATO as a flame retardant, as reported in Table 9. pHRR
represents the maximum peak of the HRR (t) curve: the higher the peak, the lower the fire
performance. Figure 3 clearly shows how acid scavengers at high temperatures affect this
measure. REA1 is a formulation that contains neither filler nor ATO and can be considered
the lower edge in fire performances. Its peak reached 337.5 kW /m?, and with the addition
of ATO In the formulation REA2, the peak dropped severely to 252.4 kW / m?2. REA3, con-
taining 90 phr of GCC in addition to ATO and, hence, less incombustible material, shows
an even lower value of pHRR than REA2. REA3, REA4, and REA5 contain, respectively,
GCC, a finer GCC, and UPCC. The finer the particle size, the higher the peak (192.1 kW/ m?2,
213.0 kW/m?, and 331.6 kW /m?, respectively). REA6, with a powerful acid scavenger,
shows a pHRR much higher than the REA1 without flame retardants. REA7 and REA8
contain ineffective and inert acid scavengers, MDH and ATH. Here, HCl is released almost
stoichiometrically and stops the action of the radicals feeding the flame. Therefore, because
of their extremely low efficiencies in HCl scavenging and their flame retardant action, they
show the lowest pHRR values (167.7 kW / m?2 and 105.0 KW/ mz). REA9 contains MDH
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and UPCC in the correct ratio for working synergistically in HCl scavenging [23,24]. REA9
shows better fire performances because it contains more incombustible filler (REA9, 130 phr
vs. REA6, 90 phr), and one of them, MDH, is capable of working as a flame retardant even
in low-acidity conditions. Indeed, REA9 yields a minor smoke acidity (Table 5), but pHRR
is lower than REA1, showing that the flame retardancy imparted by MDH is not inhibited
by HCI sequestration.

pHRR

394.3

/- 387.5 331.6

REA1

252.4 254.8
213.0
192.1
167.7
I 105.0

REA2 REA3 REA4 REA5 REA6 REA7 REAS8 REA9

Figure 3. pHRR of the formulations in Table 1, REA1-REA9.

FIGRA is the ratio of the maximum of derivate of the function HRR (t) vs. the time
required to reach it; such an index represents the maximum growth rate of the heat release
rate and is helpful in ranking the material in terms of potential fire safety. Consequently,
the higher the FIGRA, the lower the fire performance of the article. The measurements in
Table 9 and Figure 4 indicate the reciprocity between the loss of flame retardance and the
HCl availability in the gas phase. REA6, containing a potent acid scavenger, gives a FIGRA
much higher than REA1, and the effect of CaCO3 with different particle sizes is highlighted
in REA3-REA5, where UPCC in REA5 shows the highest FIGRA in the group. REA7 and
REAS, the worst in terms of smoke acidity, provide the best FIGRA of the formulations in
Table 1. Again, REA9 compensates for the lack of flame retardance (in REA5) thanks to the
presence of MDH and more incombustible flame retardant fillers and acid scavengers.

Total heat release (THR), in Table 9, is the area below the HRR (t) curve and accounts
for the heat release in 600 s of the test in the cone calorimetry. Data are summarized in
Figures 5 and 6.
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Figure 4. FIGRA of the formulations in Table 1, REA1-REA9.
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Figure 5. THR of the formulations in Table 1, REAT-REA9.
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Figure 6. THR (t) of the formulations in Table 1, REA1-REA9.

HCl scavenging seems to have a substantial effect on speeding the velocity at which
the heat is released. It also contributes to the intensity of the peak of HRR (t) but to a lesser
extent on THR. REA5 shows the highest THR value (58.8 MJ/ m?). REA9 and REA6 follow
with peaks higher than REA3 but lower than REA1 and REA2 (Table 9, Figures 5 and 6).
In the formulations REA1-9, the flame retardant mechanism in the gas phase is promoted
by ATO. In the first stage of the decomposition/combustion, the negative contribution to
the flame retardancy by HCI sequestration is given. It is unclear why REA5 shows higher
THR values than REA6 (Table 9, Figures 5 and 6), despite yielding more smoke acidity.
REAG6 seems to release heat faster, but in the end, its THR is lower than REA5. That is
probably due to a different scavenging mechanism. REA6 scavenges HCI faster and more
efficiently than REAS, reflecting a higher pHRR (Figure 7). However, the reason why REA6
THR is lower than REA5 THR is unknown and difficult to understand with the current
measurements and data. However, understanding these differences is out of this paper’s
scope but is crucial in designing flame retardants, smoke suppressants, and acid scavengers
working well together.

In cone calorimetry, a dynamic measure of smoke production is possible. The smoke
production rate, SPR (t), is measured, and the area below the curve represents the total
smoke production, TSP. Smoke production measures are critical in fire safety because
smoke can hamper people involved in fire from escaping unharmed or being rescued
by firefighters.

TSP values of the formulations of Table 1 (reported in Figure 8) show that REA1 and
REAZ2 have the worst smoke production performance in the series, with comparable results
(REA1 28.3 m? and REA2 28.1 m?, respectively). The analysis of data of the remaining
formulations is not easily parameterized. There is no clear correlation between HCI seques-
tration and smoke, but it should be highlighted that the formulations in Table 1 contain
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ATO, which works in the gas phase; therefore, it is a system where smoke production is
not inhibited by the presence of substances acting in the condensed phase. It appears that
smoke production is just inversely proportional to the content of the fraction burning in
the matrix since REA3-9 show fewer TSP than REA1 and REA2. REA7 and REAS give the
lowest values of smoke, probably due to the action of ATH and MDH on smoke production,
as Ref. [18] reports.

HRR

—REA9
e REA7
= REA6

REAS
e REA3
e REA2

= REAL

100 200 300 400 500 600

Time [s]

Figure 7. HRR (t) of the formulations in Table 1, REA1-REA9.
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Figure 8. TSP of the formulation REA1-REA9.

In the formulations of Table 2, where the flame retardant acts in the condensed phase,
the cone calorimeter measurements (Table 10, Figures 9-15) indicate the interference of HCI
sequestration on cross-linking of actual Lewis acid: they clearly show the increase of heat
release when HCl scavengers are used.
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Figure 9. pHRR of the formulations REAC0-5.
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Figure 10. FIGRA of the formulations REAC0-5.
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Figure 11. THR of the formulations REACO0-5.
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Figure 13. THR (t) of the formulations REACO0-5.
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Figure 15. TSP(t) of the formulations REACO0-5.

REACO only has Reaguard B-FR/9211. pHRR is 270.4 kW / m? (Figure 9), and FIGRA
is the highest in the series (Figure 10, 6239 W /s). THR is 18 M]/m?, releasing less heat than
the others but at a higher speed (Figures 13 and 14). The smoke production evaluation
shows that REACO has a 6.4 m? TSP (Figures 12 and 15). All cone calorimeter measurements
indicate a performance improvement in the formulations with the addition of ATH and
MDH—respectively, REAC1 and REAC2 (Figures 9-15). For example, FIGRA drops to
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2616 W/s with ATH and 3986 W /s with MDH. Furthermore, TSP decreases respectively to
3.9 and 4.6 m?. In particular, the formulations containing ATH and MDH show the best heat
release and smoke production performance of the series. With potent acid scavengers at
high temperatures in the condensed phase, such as Winnofil S, both the heat release and the
smoke production parameters worsen compared to GCC (REACS5). For example, FIGRA for
REAC4 in Figure 10 (6035 W/s) reaches almost the REACO rank (6239 W/s), while REAC5
FIGRA is much lower at 4316 W/s. That indicates how the HCl sequestration in REAC4
affects the fire performance of the compound. The same trends are highlighted regarding
smoke measures, as indicated in Table 10, Figures 12 and 15. REAC4 has the highest
TSP, 6.6 m?2, even more than REAC0. REAC5 containing GCC shows 5.1 m2, being lower
than REAC4 with UPCC. REAC1 and REAC2 give a more substantial smoke reduction,
indicating that ATH and MDH work even in withstanding the smoke formation, probably
releasing water and reducing the carbon particles, as described in Ref. [18].

The increase in smoke production due to HCl sequestration has also been evidenced
by M. Piana in Refs. [37,38], where the smoke was measured as smoke density rating
percentage (SDR%) according to ASTM D 2843.

Reaguard B-FR/9211 acts, in the condensed phase, as a flame retardant but also as a
smoke suppressant.

The behavior of REAC4 clearly confirms that HCl scavenging also interferes with the
action of the incipient Lewis acids in Reaguard B-FR/9211. Indeed, the sequestration of HC]
prevents the formation of the potent Lewis acids (metal chlorides), and the pattern bringing
to intramolecular rearrangement yielding benzene and soot becomes more probable than
intermolecular reactions yielding matrix cross-linking.

4.4. Effect of Acid Scavenging on Measures from MCC

All specific HRR (T) curves show two stages. The first, centered around 260-360 °C,
represents the energy released in the flame by the combustion of organic additives in
the compound, particularly DINP, which evaporates in the gas phase, where it burns.
Coming from intramolecular rearrangement of the polyene sequences, benzene is also
combusted in the first stage. In the second stage, around 400-600 °C, the cross-linked
polyene sequences release flammable moieties to the combustor, such as aliphatic and alkyl
aromatic hydrocarbons, yielding a solid char in the pyrolizer [12]. The additives in the
formulation decompose at different temperatures and with different energy, releasing gases
such as CO, or water and impacting the shape of the specific HRR (T) curve.

The measures, usually taken into consideration in MCC shown in Table 10 and derived
by the specific HRR (T), are the following:

- The maximum of the specific HRR (T) (Qmax). It is calculated for stages 1 and 2.

- The heat release temperature (Tmax) corresponds to the Qmax of stages 1 and 2.

- The heat release capacity (1) is the maximum rate of heat release divided by the
heating rate.

- The specific (total) heat release (hc). It is derived from the specific HRR (T) integral
and represents the total heat released in the test. It calculates the contribution of h. in
stages 1 and 2.

- The specific heat of combustion of the fuel gases is the heat of combustion per gram
of fuel burned in the combustor (hc gas). It accounts for the energy released from the
combustion of the fuels in the gas phase. It has also been split as the contribution from
stages 1 and 2.

- The fire growth capacity (FGC) is defined in ASTM D7309-21 as a measure considering
chemical processes responsible for igniting and burning combustible materials [26]. It
is derived from other MCC measures such as 1, ignition, and burning temperatures.
FGC has been built considering the tendency of a material to ignite and spread the
flame away from the fire source: ignitability and flame spread. FGC, a measure
coming from a flammability micro-scale test, has been correlated to several other
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measures from bench-scale tests used by Federal Aviation to discriminate levels of fire
performances of the components in the cabin of an aircraft [26,39].
- Char yield. The initial and final weight ratios complete the measures in Table 10.

4.4.1. MCC of the Formulation of Table 1

REAL1 is not flame-retarded, and it contains more combustible material than the others.
It displays the highest Qmax, h., and FGC (Table 11). The addition of 3 phr of ATO in
REA2 (LOI 29 %0,, Table 7) improves flame retardancy, and Qmax, h., and FGC decrease,
while 1. is more or less comparable in all formulations. The effect of ATO seems more
evident comparing LOI (Table 7, REA1 24 %O, vs. REA2 29 %0,) and FIGRA values
(Table 9, FIGRA, REA1 4187 W/s vs. REA2 3098 W /s) than in the MCC. That relies on the
fact that ATO acts in the gas phase and does not contribute to the char formation in the
pyrolysis process of MCC. ASTM D 7309 method A provides a temperature of 900 °C in the
combustor. A temperature of 750 °C was chosen to make ATO’s gas phase flame retardant
action more evident.

REA7 with ATO and MDH (LOI 34.7 %0O,, Table 7, FIGRA 1563 W /s, Table 9) shows
how the synergistic action of two flame retardants can decrease the specific heat release in
both stages (Table 11, Figure 16). Here, MDH dilutes the fuel in the flame and cools it down,
decomposing endothermically between 300 °C and 330 °C. The decomposition of MDH
perfectly tunes stage 1 of the decomposition/combustion of PVC compounds (Figure 16).

Specific HRR (W/g)

200

150

100

50

REA.2 e
REA1 ]

REA7

Temperature (°C)

Figure 16. Comparison between REA1 (no flame retardants), REA2 (3 phr of ATO, 90 phr CaCOs3),
and REA7 (3 phr of ATO and 90 phr of MDH).

Comparing the measures of REA3-5, it is clear how the HCl sequestration de-
creases the fire performance. REA5 with UPCC gives a higher FGC (104.72 ]/ g-K), Qmax
(162.78]/g), he (11.76 ]/ g), and he gas (20.65]/g) than REA3 and REA4. REA4, with a finer
particle size CaCO3; shows worst values than REA3, but the differences are near. REA6,
containing a potent HCl scavenger, shows FGC 100.51 J/g'K, h (11.33 J/g), and h¢ gas
(21.95]/g) comparable with REA5. Qmax of REA6 is lower than REA5 due to a different
impact that AS6-B has the shape of the specific HRR (T) curve. The action of the powerful
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acid scavenger seems to delay the decomposition temperature and lower the peak of the
specific HRR (T) of stage 1 (Table 9).

The h¢ gas shows strong reciprocity with HCI sequestration (Table 11, Figure 17).

The measure considers the energy released per gram of fuel gas combusted in the
combustor. REA3 and REA4 containing GCC, which is less reactive with HCI, display
overall lower values than REA5 formulated with UPCC. Therefore, REA5 releases more
energy during the combustion, even though it releases more incombustible gases such
as COy in the first stage due to the fast reaction between HCl and UPCC. REA6 behaves
similarly: a potent acid scavenger makes the gases more “flammable.” In this case, 21.95]/g
is developed during the combustion of the gases, and the h¢ gas of REA5 and REA6 are even
higher than the formulation without a flame retardant and with more plasticizer (REAT).

REA9 shows the synergistic combination of MDH and UPCC in scavenging HCI, lower-
ing the smoke acidity (Table 5), but MDH also starts its function as a flame retardant through
its endothermic decomposition releasing water at 300-330 °C. That explains the lower values
of h¢ gas in the first stage in REA9 compared with REA5 (11.03 J/g vs. 12.86 ]/ g), showing that
heat sink and fuel dilution are the main mechanisms reducing the he gas.

Specific heat of combustion of fuel gases W he,gas total [J/g]

M hc,gas stage 1
/gl

20.65
19.08
16.94 -
12.86
7.80

o T
SU
8.95 10.45
6-35 6.50

1

REA2 REA3 REA4 REA5 REA6 REA7 REAS8 REA9

Figure 17. h¢ gas samples REA1-9. Blue column: total; orange: stage 1; grey: stage 2.

h¢ gas from stage 2 seems to worsen in the presence of acid scavengers (REA3, 6.35]/g,
REA4,6.50]/g, REA5,7.80]/g, REA69.09 ]/g), and the comparison between REA7 and
REA9 seems to confirm it (REA7, 6.70 /g vs. REA9 8.05 ]/g). The acid scavenger probably
not only makes the fuel more flammable sequestrating HCI and worsening he gas in the first
stage (REA3, 8.93]/g, REA4,10.45]/g, REA5,12.86]/g, REA6, 12.86 ] /g), but somehow
makes the condensation product from polyene sequences more prone to release flammable
fuel (see Section 4.4 for entering more into detail of the topic).

4.4.2. MCC of the Formulation of Table 2

From the analysis of the MCC data of the formulations in Table 2 (Table 12), these
comments follow. This set combines a powerful charring agent, Reaguard B-FR/9211, with
flame retardant fillers such as ATH, MDH, GCC, and UPCC. Therefore, flame retardancy
and smoke suppression act mainly in the condensed phase. REACO contains no filler
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and 10 phr of Reaguard B-FR/9211. It shows the highest FGC, 1n¢, Qmax (102.68 J/g-K,
366.66]/g-K, 277.68]/g), and the lower Tax (303.4 °C). It starts burning before the others
and releases more heat. The addition of flame retardant fillers and acid scavengers to
Reaguard B-FR/9211 in formulations REAC1, C2, C4, and C5 changes the shape of the
specific HRR (T) curve. However, no solid correlation can be established by analyzing FGC,
1<, Qmax, Tmax, and smoke acidity, possibly due to many interplaying factors that are not
easily separated as linear functions of single measurable parameters. The only measures
of extreme interest that bring correlation are h. (Figure 18, Table 12) and h¢ g5 (Figure 19,
Table 12).

In the formulation REAC4 with UPCC, the heat released in the first stage is higher than
in REACS5, containing trivial GCC (Figure 18, Table 12). REAC4 shows an h. of 11.32]/g,
which is much more than REAC5, 9.41 J/g. In the second stage, REAC4 reaches h. values
close to REACO (3.98 J/g vs. 4.19]/g).

REAC4 contributes more to heat in the first stage than in the second (Figure 18). The
UPCC in REAC4 scavenges HCI, worsening the item'’s fire behavior.

Specific (total) Heat Release [J/g] u he total (I/g)

B hestage 1(J/g)
B hc stage 2(J/g)

11.32

9.41

REACO REAC1 REAC2 REAC4 REAC5

Figure 18. Comparison of h. in REACO-REACS. Specifically, REAC4 contains an HCl scavenger,
while REACS a trivial GCC.
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Figure 19. Comparison of h gas in REACO-REACS. Specifically, REAC4 contains an HCl scavenger,
while REACS a trivial GCC.

he gas again gives much information on HCI scavenging. REAC4 with UPCC brings
a hc gas total of 20.94 J/g against 15.70 J/g of the formulation containing GCC, REAC5
(Figure 19). The contribution is high in the first stage (REAC4, 13.55 J/g vs., REACS5,
10.19 J/g) but also in the second (REAC4, 7.38]/g vs., REAC5,5.50]/g).

h¢ and he gas clearly indicate that in REAC4, the sequestration of HCl enhances the
flame’s energy. Additionally, in stage 2, REAC4 releases more energy than REAC5. Here,
the heat comes from fuel combustion from the char in stage 2. It can be viewed as an
indirect measure of the consistency of the char. If a powerful acid scavenger captures most
of the HCl, it prevents the formation of potent Lewis acids through the reaction between
HClI and incipient Lewis acids used in flame retardants and smoke suppressants such as
Reaguard B-FR/9211. Therefore, there will be less cross-linking of the polyene sequences
and fewer condensation products. What is left will be more prone to lose moieties to the
gas phase, which justifies the higher hc gas in stage 2 of REAC4 than REAC5 (Figure 19).
Furthermore, 9 explains that without potent Lewis acids, the intramolecular reactions of
cis—trans polyene sequences yielding benzene will be more probable. As a result, that will
bring more soot and smoke, as cone calorimetry actually confirmed.

The analysis of the specific HRR (T) curves in Figure 20 shows how, when CGG is
present in the first stage, the combustion starts earlier (REAC5 325 °C vs. REAC4 334.1 °C),
with a quicker speed (n. REAC5 287.92 J/g-K, vs. REAC4 229.07 ]/ g-K), but the curve is
sharper, declining fast to lower specific HRR (T) values.
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Figure 20. Specific HRR of REACO (containing only Reaguard B—FR/9211), REAC4 (containing Rea-
guard B—FR /9211 and Winnofil S), and REACS5 (containing Reaguard B—FR /9211 and Atomfor S).

The analysis of the data related to REAC2 and REAC3 is also interesting. REACO
shows the highest value of h. (12.25]/g, Figure 12). The addition of flame retardant fillers
shows a strong reduction of h. (REAC1, 9.97]/g, and REAC2, 9.60 ] /g). ATH works better
in the second stage, while MDH is in the first. The shapes of the HRR (T) curve of REAC1
and REAC2 are completely different (Figure 21). They differ from REAC0 mainly in 1
(REACO 366.66 ]/ g-K, REAC1 212.13, REAC2 259.66 ]/ g-K, Table 12), in first stage Qmax
(REACO, 277.68 /g, REAC1 123.38 ] /g, REAC2 196.29 ] /g, Table 12), and Tmax (REACO,
303.4°C,REAC1 326.5 °C, REAC2 314.8 °C, Table 12). Both show a marked flame retardance
but with different behavior. While in the second stage Qmax and the h. are lower in REAC1
than REAC2, in stage 1, REAC1 starts the combustion at lower temperatures but with a
milder slope than REAC2. In the end, the area of the HRR (T) curve in stage 1 is higher in
REAC1, but the speed to the peak, 1, is higher in REAC2 than REAC1 (Figure 21, Table 12).
The reasons are probably in the different temperatures at which ATH and MDH work.
ATH decomposes at 190-210 °C, making free water. Probably, water helps the expulsion of
plasticizer in the gas phase (probably promoting hydrolysis), but this should be clarified
with other instrumentation such as TGA-FTIR.
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Figure 21. Specific HRR of REACO (containing only Reaguard B—FR/9211), REAC1 (containing
Reaguard B—FR/9211 and ATH), and REAC2 (containing Reaguard B—FR /9211 and MDH).

If the hypothesis is correct, most combustible fuel from plasticizer moieties will burn
at a lower temperature. Water vapor impedes a quick heat release, and the curve flattens
and enlarges when the primary flame retardant in the gas phase is wholly consumed.

The data in the second stage show how h, and h¢ ga5 decrease more in REAC1 than in
REAC?2 (Table 12). That is reflected in a more consistent char residue of REAC1, as shown
in Scheme 1.

Scheme 1. Left: REACI char residue; right: REAC2 char residue.

5. Conclusions

Thermal stability is a measure that must be evaluated in the process stage of PVC
items and their useful life. Thermal decomposition of the item must be considered in case
of fire when specific additives in the item can affect the chemistry of the flame retardancy
and smoke suppression in the condensed and gas phases, contributing negatively or posi-
tively to heat release and smoke production. The decomposition/combustion stage can be
followed through MCC, plotting the specific HRR versus T, and the shape of HRR (T) is
affected by the additives used in the PVC compound. In the decomposition/combustion
stage, HCl reaches the gas phase inhibiting the reactions sustaining the flame’s energy. How-
ever, HCl also creates potent Lewis acids in the condensed phase with the right additives,
promoting char formation and decreasing the heat release rate and smoke production.
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Acid scavengers at high temperatures trap most of the released HC, affecting the
fire performances of the items; since acid scavengers trap a significant amount of HCl in
the condensed phase, HCl cannot reach the gas phase, and therefore its scavenging of the
radicals -OH and -H in the flame is hindered. Furthermore, the lack of HCIl impedes the
formation of actual Lewis acid that is responsible for the charring mechanism, passing
through the cross-linking of the polyene sequences. Without potent Lewis acids, the more
favorable pathway during decomposition is the intramolecular rearrangement of polyene
sequences yielding to the benzene formation and, therefore, a substantial increase in smoke
production and reduction of flame retardancy. Indeed, without potent Lewis acids, the char
is more fragile and prone to release fuels sustaining the flame’s energy.

The data also confirm that the actual char promoters are the metal chlorides from the
incipient Lewis acids in Reaguard B-FR/9211, as Montaudo showed in Ref. [10], where the
polyacetylene thermal decomposition in the presence of metal oxides was explored.

Low-smoke acidity compounds can be essential to introduce PVC cables in classes ap
or ap in high- and medium-risk locations [40]. Such compounds will lose flame retardancy
and increase smoke production as much as HCI scavenging is efficient. That issue paves the
way for developing a new generation of flame retardants and smoke suppressants working
efficiently in low-smoke acidity conditions.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
3390/ fire6070259/s1, Table S1: commercial additives.
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Abbreviations

pPVC Poly(vinyl chloride);

HC1 Hydrogen chloride;

EU European Union;

CPD Construction Product Directive;
CPR Construction Product Regulation;
UPCC  Precipitated Calcium Carbonate;
GCC Ground Calcium Carbonate;
Phr Part per Hundred Resin;

DINP  DiIso Nonyl Phthalate;

ESBO  Epoxidized Soy Bean Oil;

COS Calcium Organic Stabilizer;
DDW  Double Deionized Water;

M Mean;
SD Standard Deviation;
(@AY Coefficient of variation;

MCC  Micro Combustion Calorimetry
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Appendix A. A Schematic Diagram of the Sample Preparation and Testing Process

Ingredients’ Blending in Turbo-
& L 5 g > Calender Foils
Weighing mixer
Plasticizer at 80°C, stabilizer at 90°C, mixing 130 g of sample, at 160°C per 3

Internal method |

> ) }

ASTM D 7309 «— | Hydraulic press
1SO 5660-1 e | THSrerEEm o T

plaques

160°C per 1 min at 100 bar

Cooling cycle at 150 bar

ASTM D 2863 .- 3.0 mm plaques [ «——

Conditioning of all test specimens

Figure Al. A schematic diagram of the sample preparation.

Internal method 3 —> >
Multimeter pH/conductivity

Furnace temp.:

it 25°C, correcte

heating regime 40 min up to 800°C + 20 min at 800°C

Dry Air Flux: 300 mL/min +/- 10 mUmin

DDDW: pH between 5.50 and 7.50

DDW: conductivity <0.5 micro S/mm

1SO 5660-1

Heat flux 50 kW/m?.: 755°C

Test specimen thickness: 1 mm or 3 mm

ASTM D 7309
Method A

Pyrolizer heating regime. 1°C per min up t0 750 °C

Combustor Temperature: 750 °C

N: flow 80 mL/min (pyrolizer)

0: flow 20 mL/min (combustor)

Figure A2. A schematic diagram of the testing process and main conditions.
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Abstract: Regulation (EU) No 305/2011 lays down harmonized conditions for marketing construction
products in the European Union. One of its consequences has been the introduction of the product
standard EN 50575 and standard EN 130501-6, concerning power, control, and communication cables
permanently installed in buildings to prevent the risk of a fire and its consequences. EN 13501-
6 provides the reaction to fire classifications for cables, the test methods to be performed, the
requirements to meet a specific reaction to fire, and additional classifications for smoke production,
flaming droplets, and acidity. It requires EN 60754-2 as the technical standard to assess acidity, and it
defines three classes: aj, ap, and a3 (the less performant). Due to the release of hydrogen chloride
during the combustion, acidity is the weak point of PVC cables, which are not yet capable of achieving
the a; or ap classes required for specific locations according to fire risk assessments. EN 13501-6
does not include EN 60754-1, used in harmonized standards outside the scope of Regulation (EU)
No 305/2011. EN 60754-1 and EN 60754-2 are common standards for determining halogen gas
content, and acidity/conductivity, respectively. While they involve the same type of test apparatus,
they differ in heating regimes, final temperatures, and detection methods. In particular, EN 60754-2
requires testing at temperatures between 935-965 °C in the tube furnace, where the sample burns, the
smoke is collected in bubblers, and pH and conductivity are measured as an indirect assessment of
acidity. On the other hand, the temperature regime of EN 60754-1 is a gradual heating run, followed
by isothermal heating at 800 °C. The paper shows that when potent acid scavengers are used in PVC
compounds, performing EN 60754-2 with the thermal profile of EN 60754-1 or at 500 °C in isothermal
conditions, the evolution of hydrogen chloride changes significantly up to 10 times less than the test
performed in isothermal at 950 °C. The reason lies behind the kinetic of hydrogen chloride release
during the combustion of PVC compounds: the higher the temperature or faster the heat release, the
quicker hydrogen chloride evolution and the lower the probability for the acid scavenger to trap it.
Thus, these findings emphasize the “fragility” of EN 60754-2 as a tool for assessing risks associated
with the release of hydrogen chloride during fires.

Keywords: acid scavengers; PVC; cables; smoke acidity; acidity; construction product regulation

1. Introduction
1.1. The Additional Classification for Acidity and the Role of Acid Scavengers

In the European Union (EU), cables permanently installed in buildings must also be
classified for acidity, and current PVC cables cannot meet the most stringent classifications
required in some locations. This paper shows how acid scavengers work at different
temperatures and temperature regimes and how they impact technical standards based on
tube furnaces for assessing the hydrogen chloride (HCI) released in the gas phase during
the combustion of PVC compounds for cables. These kinds of research play a crucial role
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in the competition with halogen-free cables, intending to protect and improve the market
of PVC compounds for cables.

1.2. The Background. Regulatory Context and Test Methods for Assessing the Acidity

The regulatory framework of building and construction works is laid down by the
Regulation (EU) No 305/2011 (Construction Products Regulation, or CPR) that sets harmo-
nized rules for evaluating the requirements of items permanently installed in residential
and public buildings, considering the impacts on the environment and people’s health
and safety [1]. According to CPR, one of the basic requirements of construction works is
safety in case of fire. In this context, a harmonized classification regarding reaction to fire
and additional classifications for smoke production, flaming droplets, and acidity have
been adopted [2—4]. Flooring, linear insulation for pipes, panels, wall coverings, and other
items commonly found in buildings do not require tests and requirements for assessing
the release of acid gases in case of fire [2]. However, cables are the only building and
construction products for which an additional classification for acidity is needed [3].

EN 13501-6 provides the test methods and requirements for evaluating the reaction to
fire classification of cables and their additional classifications [3]. EN 60754-2, originally
developed to determine the corrosivity, is the technical standard used for assessing the
acidity according to CPR [5], with the methodology also explained in detail in [6,7]. It
is carried out by burning 1 g of test specimen in a tube furnace. The effluents are then
collected in two bubblers with double deionized water (DDW), where pH and conductivity
are measured. Weighted pH and conductivity values for the cable are calculated considering
the non-metallic material per unit length of the cable, according to paragraph 8.3 of the
standard [5]. Class a; cable requires the pH to be more than 4.3 and the conductivity less
than 2.5 uS/mm, class a, requires the pH to be more than 4.3, and the conductivity less
than 10 uS/mm and class a3 are those materials that are neither class a; nor class a,.

EN 60754-2 is performed under isothermal conditions between 935 °C and 965 °C.
On the other hand, EN 60754-1, the technical standard performed for determining the
halogen acid gas content in contexts outside CPR [8], is carried out with this heating
regime: 40 min from room temperature to 800 °C and 20 min in isothermal conditions at
800 °C. In EN 60754-1, temperature increases at about 20 °C/min, covering the typical
temperatures of ignition and the developing stage of the fire, then exceeding the typical
flashover temperatures (600-650 °C) [9], and finally reaching 800 °C.

It should be highlighted that EN 60754-2 and EN 60754-1 are bench-scale tests. They
do not consider all variables of a real fire scenario that could affect the concentration of HCI
in the gas phase.

1.3. Fire Hazards: The Role of Flame Retardants, Smoke Suppressants, and Acid Scavengers

Flame retardants and smoke suppressants are crucial in designing PVC compounds
for cables capable of delaying flashover, and decreasing smoke production, to meet the
main goals of fire safety strategy, i.e., the reduction of fatalities and injuries, conservation
of property, protection of environment, preservation of heritage, and continuity of business
operations in case of fire. For evaluating the performance of flame retardants and smoke
suppressants, different external heat fluxes can be chosen in bench-scale fire tests [9-11],
to understand how to reduce the fire hazard, strictly linked to parameters like ignitability,
flammability, heat release (amount and rate), flame spread, smoke production, and its
toxicity [12]. For example, in cone calorimetry, flame retardants and smoke suppressants
are usually tested in external heat fluxes typical of pre-flashover stages of a fire [9]. Among
the parameters mentioned above, the heat release rate is considered “the single most
important variable in fire hazard” [13], while the toxicity of the effluents is dominated by
carbon monoxide (CO) and HCI plays a minor role in fire safety [14].

When a PVC cable burns, HCl is released from the polymer’s thermal decomposition;
therefore, it is one of the effluents in case of fire. However, in a real fire scenario, its concen-
tration in the gas phase decays, absorbed by common materials found in buildings [14].
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This behavior has two consequences: the HCI concentration in the gas phase is less than
expected, and HCI does not travel far from where the fire originates. The presence of acid
scavengers at high temperatures in PVC compounds for cables can decrease further the
concentration of HCI in the gas phase in case of fire, but their use can interfere with flame
retardants and smoke suppressants” action, as explained in [15].

1.4. Acid Scavengers, Their Behavior at Different Temperatures and Novel Low Smoke Acidity
PVC Compounds for Cables

Current PVC cables in the market can only meet class az. Thus, the research in new
low-smoke acidity compounds is paramount for making PVC cables, working in specific
locations where the best additional classifications for acidity are needed [6,16]. A new
generation of low-smoke acidity PVC compounds has been recently developed with the
aim of manufacturing cables to meet the best additional classifications for acidity [17-19].
Despite improving the acidity, they failed to meet the class a; or a;. These compounds
contain acid scavengers that act at high temperatures in the condensed phase, efficiently
trapping HCl in the char and reducing its evolution in the gas phase.

However, the acid scavengers’ efficiency drops significantly at temperatures over
900 °C, according to the theory and data exhaustively reported in Parts I and II of this
article [6,7]. In fact, at 950 °C, trivial coated ground calcium carbonate (GCC) has more or
less the same performances as the more performant acid scavenger used in that research.
In summary, their performance in dropping down the smoke acidity is strictly linked
to the efficiency of the acid scavengers, and the efficiency depends on the kinetics of
scavenging and whether acid scavengers or their reaction products are stable in the range
of temperatures where we need them to work. Therefore, as described in [6], temperatures,
heating regimes, and the chemical nature of the acid scavengers play a crucial role in their
efficiency. Also, the acid scavengers’ particle size and the dispersion level they can reach
in the matrix, getting as much as possible intimate contact with PVC chains is paramount.
Hence, the research in novel low-smoke acidity compounds at the laboratory level will be
decisive, but the right choice of production systems able to reach a high dispersion level for
acid scavengers will also be crucial. Cable manufacturers willing to do research aiming to
produce PVC cables in class a; or a must consider all these variables.

1.5. The Impact of Acid Scavengers when EN 60754-2 Is Run at Different Thermal Profiles

EN 60754-2 is run isothermally at temperatures between 935 °C and 965 °C. It is
interesting and never shown before to see what happens when it is performed with different
heating regimes in the presence and absence of acid scavengers to see their impacts when
gradual heating runs are used or when isothermal temperatures below the flashover
are applied. That emphasizes if the acid scavengers can show good efficiency at the
temperatures typical of the stages of fires when a safe escape is possible.

1.6. The Aim of the Research

In this article, the acidity of several PVC compounds for cables has been tested by
comparing the following test methods:

(1) EN 60754-2 has been carried out isothermally at 950 °C, and EN 60754-2 with the
heating regime of EN 60754-1 (internal method 3).

(2)  EN 60754-2 has been conducted at isothermally 950 °C, and EN 60754-2 isothermally
at 500 °C (internal method 2).

The heating regime of EN 60754-1 is as follows: 40 min to 800 °C from room tempera-
ture and further heating of 20 min at 800 °C.

The aim has been to verify if different heating regimes could affect the concentration
of HCl in the gas phase and to explore the role of the HCI scavengers in this context. In
particular, it has been evaluated whether the acidity is reduced when the heating regime of
EN 60754-1 is run and a pre-flashover temperature of 500 °C is chosen.

The high temperatures acid scavengers used in this research act in the condensed phase.
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In this paper, “acidity” and “smoke acidity” are considered interchangeable terms.
The subsequent sections of this paper present the experimental material and methods,
results, and discussion, followed by the conclusion and implications.

2. Materials and Methods
2.1. Materials

The tested formulations have been divided into four series to verify if the internal
methods 2 and 3 give different results from EN 60754-2. Table 1 displays the first series and
intends to show the impact of different acid scavengers at high temperatures on acidity,
performing EN 60754-2, internal methods 2 and 3. FR50.0 is a typical PVC compound for
non-flame retarded jackets, with a coated GCC with a low HCl scavenging efficiency like
Riochim [20]. FR50.1 contains a synthetic AI(OH)z (ATH, from Nabaltec, Schwandorf, Ger-
many), an inert acid scavenger, which does not reduce smoke acidity. FR50.2 has Mg(OH),
(MDH, from Europiren, Schiedam, The Netherlands) as uncoated brucite, an ineffective acid
scavenger fixing HCl as MgCl, but then rereleasing it due to its decomposition [6,7,21,22].
FR50.3 includes coated ultrafine precipitated calcium carbonate (UPCC), Winnofil S from
Imerys [23], a potent acid scavenger which efficiently captures HCl as CaCl, in a single-step
reaction, currently used for reducing the acidity of the PVC compounds’ effluents in case of
fire [6,7]. FR50.4 and FR50.5 show the action of two potent acid scavengers from Reagens,
AS-1B and AS-6B. They are the new generation of acid scavengers at high temperatures,
acting in the condensed phase.

Table 1. First series of formulations: DINP means Di Iso Nonyl Phthalate. ESBO stands for Epoxidized
Soy Bean Oil. The used antioxidant is Arenox A10, which is Pentaerythritol tetrakis(3-(3,5-di-tert-
butyl-4-hydroxyphenyl)propionate), CAS number 6683-19-8. COS stands for Calcium Organic Stabi-
lizer. UPCC means Ultrafine Precipitated Calcium Carbonate. HTAS stands for High Temperature
Acid Scavengers.

. FR50.0 FR50.1 FR50.2 FR50.3 FR50.4 FR50.5
Raw Materials Trade Name [phr] [phr] [phr] [phr] [phr] [phr]

PVC Inovyn 271 PC 100 100 100 100 100 100
DINP Diplast N 50 50 50 50 50 50
ESBO Reaflex EP/6 2 2 2 2 2 2
Antioxidant Arenox A10 0.1 0.1 0.1 0.1 0.1 0.1
COSs RPK B-CV/3037 3 3 3 3 3 3
CaCOs Riochim 90 0 0 0 0 0
Al(OH)3 Apyral 40 CD 0 90 0 0 0 0
Mg(OH), Ecopyren 3.5 0 0 90 0 0 0
UPCC Winnofil S 0 0 0 90 0 0
HTAS 1 AS-1B 0 0 0 0 90 0
HTAS 2 AS-6B 0 0 0 0 0 90

Tables 2—4 show typical formulations with low values of acidity, where acid scav-
engers work in multiple-step reactions in fixing HCl in the condensed phase. These kinds
of reactions are explained in [6,7]. The primary and secondary acid scavengers are dosed in
different ratios giving different scavenging efficiencies, and the impacts on the measure-
ments carried out with EN 60754-2 and internal 3 are evaluated. RPK B-NT/8014 is an
anti-pinking additive from Reagens commonly used to switch off discoloration when large
quantities of MDH are introduced in PVC compounds. AS0-B is a potent acid scavenger
produced by Reagens. Cabosil H5 is a fumed silica from Cabot, RI004 antimony trioxide
from Quimialmel, and Kisuma 5A, a synthetic coated MDH produced by Kisuma.
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Table 2. Second series of formulations: DINP means Di Iso Nonyl Phthalate. ESBO stands
for Epoxidized Soy Bean Oil. The used antioxidant is Arenox A10, which is Pentaerythritol
tetrakis(3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate), CAS number 6683-19-8. COS stands for
Calcium Organic Stabilizer. HTAS means High Temperature Acid Scavengers.

. FR50.6 FR50.7 FR50.8 FR950.9

Raw Materials Trade Name [pht] [pht] [phr] [pht]

PVC Inovyn 271 PC 100.0 100.0 100.0 100.0
DINP Diplast N 50.0 50.0 50.0 50.0
ESBO Reaflex EP/6 2.0 2.0 2.0 2.0
Mg(OH), Kisuma 5A 30.0 30.0 30.0 30.0
Antioxidant Arenox A10 0.1 0.1 0.1 0.1
COs RPK B-CV/3037 3.0 3.0 3.0 3.0
HTAS 1 AS-1B 123.0 123.0 0.0 0.0

HTAS 2 AS-6B 0.0 0.0 123.0 123.0
Anti Pinking RPK B-NT/8014 0.0 6.0 0.0 6.0

Table 3. Third series of formulations: DINP means Di Iso Nonyl Phthalate. ESBO stands for
Epoxidized Soy Bean Oil. The used antioxidant is Arenox A10, which is Pentaerythritol tetrakis(3-
(8,5-di-tert-butyl-4-hydroxyphenyl)propionate), CAS number 6683-19-8. COS stands for Calcium
Organic Stabilizer. UPCC means Ultrafine Precipitated Calcium Carbonate. HTAS High Temperature
Acid Scavenger.

. FR50.10 FR50.11 FR50.12 FR950.13

Raw Materials Trade Name [phr] [phr] [pht] [phr]

PVC Inovyn 271 PC 100.0 100.0 100.0 100.0
DINP Diplast N 50.0 50.0 50.0 50.0
ESBO Reaflex EP/6 2.0 2.0 2.0 2.0
Antioxidant Arenox A10 0.1 0.1 0.1 0.1
COS RPK B-CV /3037 3.0 3.0 3.0 3.0
Mg(OH), Kisuma 5A 30.0 30.0 30.0 30.0
UPCC Winnofil S 90.0 90.0 0.0 0.0
Fumed Silica Cabosil H5 0.0 15.0 0.0 15.0

HTAS 3 AS-0B 0.0 0.0 123.0 123.0

Table 4. Forth series of formulations: DINP means Di Iso Nonyl Phthalate. ESBO stands for
Epoxidized Soy Bean Oil. The used antioxidant is Arenox A10, which is Pentaerythritol tetrakis(3-
(3,5-di-tert-butyl-4-hydroxyphenyl)propionate), CAS number 6683-19-8. COS stands for Calcium
Organic Stabilizer. ATO means antimony trioxide and HTAS High Temperature Acid Scavenger.

. FR50.14 FR50.15 FR50.16 FR50.17

Raw Materials Trade Name [phr] [phr] [pht] [phr]

PVC Inovyn 271 PC 100.0 100.0 100.0 100.0
DINP Diplast N 50.0 50.0 50.0 50.0
ESBO Reaflex EP/6 2.0 2.0 2.0 2.0
Mg(OH), Ecopyren 3.5 30.0 30.0 30.0 30.0
Antioxidant Arenox A10 0.1 0.1 0.1 0.1
COS RPK B-CV/3037 3.0 3.0 3.0 3.0
ATO RI004 10.0 10.0 10.0 10.0
CaCOs3 Riochim 0.0 0.0 0.0 65.0
HTAS 1 AS-1B 123.0 0.0 0.0 0.0
HTAS 2 AS-6B 0.0 123.0 0.0 0.0
HTAS 3 AS-0B 0.0 0.0 123.0 0.0

EN 60754-2 and internal methods 2 and 3 use DDW internally produced by the ion
exchange deionizer in Table 5 with the quality according to the standard (pH between
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5.50 and 7.50, and conductivity less than 0.5 uS/mm). Buffer and conductivity standard
solutions from VWR International are the following:

- pH:2.00,4.01,7.00, and 10.00,
- conductivity: 2.0, 8.4, 14.7, 141.3 uS/mm

2.2. Test Apparatuses
Table 5 gives the employed test apparatuses.

Table 5. Main test apparatuses utilized.

Test Apparatus Producer Model Additional Info’s

Torque Rheometer Brabender Plastograph EC 50 CC chamber, 30 rpm, 60 g sample mass, 160 °C per 10 min.
Halogen Acid Gas test SA Associates Standard model ~ Porcelain combustion boats.

apparatus

Multimeter Mettler Toledo 5213 standard kit

Conductivity electrode Mettler Toledo 5213 standard kit ~ Reference thermocouple adjusting temperature fluctuation.
pH electrode Mettler Toledo 5213 standard kit ~ Reference thermocouple adjusting temperature fluctuation.

Ion Exchange Deionizer

Culligan Pharma ~ System 20

2.3. Sample Preparation

The formulations in Tables 1-4 were prepared in a turbo mixer, making the dry blends
and then processing them in a torque rheometer. Dry blends were produced as follows.
PVC and all additives, except plasticizer, were mixed up to 80 °C. Then plasticizer was
added slowly until its complete “absorption.” When the temperature reached 105 °C, the
dry blend was unloaded in PE bags and left there for a full “maturation” of 24 h, then,
60 g of the dry blend were processed in the torque rheometer for 10 min Appendix A in
Figures A1 and A2 details sample preparation, test apparatuses, and conditions.

The test specimens for EN 60754-2 and internal methods 2 and 3 have been derived
from the kneaders.

2.4. Internal Tests and International Technical Standards Used
Table 6 shows the technical standards and the main utilized conditions.

Table 6. Tests for assessing acidity.

Technical Standard

Measurement Temperature Note

EN 60754-2
Internal method 2

Internal method 3

pH and conductivity

pH and conductivity Isothermal at 950 °C The general method, according to the 2014 version.
pH and conductivity Isothermal at 500 °C The general method, according to the 2014 version.

23-800 °C in 40 min EN 60754-2 carried out with the thermal profile of
800 °C per 20 min EN 60754-1

The procedures and the precautions in performing EN 60754-2 and internal methods 2
are described in detail in the technical standard [5], and Parts I and II of this paper [6,7].

Internal method 3 follows this specific procedure: an empty combustion boat is in-
troduced into the tube furnace through the sample carrier. The airflow is set between 290
and 310 mL/min, depending on the quartz tube geometry. The thermocouple is placed
at the center of the tube furnace, the initial ramp is chosen, the heater is started, and
the time is measured with a stopwatch. The ramp is selected to reach 800 & 10 °C in
40 +£ 5 min and to maintain an isothermal condition of 800 £ 10 °C for 20 + 1 min. The
heating rate is adjusted accordingly if temperatures and times exceed the above ranges.
The conductivity of the water in the bubblers is checked to verify the possibility of con-
tamination from previous tests. After determining the quartz tube’s heating regime and
cleaning status, the sample is weighed in the combustion boat (1.000 + 0.001 g of material)
and introduced into the tube furnace at room temperature through the sample carrier. The
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heater is switched on, and the stopwatch monitors the ramp. After 1 h, the connectors are
opened, the water from the bubbling devices and washing procedures is collected ina 1L
volumetric flask filled to the mark, and then pH and conductivity are measured as follows.
The multimeter is calibrated with standard solutions before each measurement. The pH is
calibrated at two points (4.01 and 7.00) while conductivity is at 1 point at 141.3 uS/mm.
Then pH and conductivity of the quotes from the flask are measured. The solutions closer to
the measured values are used as correction standards, and the measurements are corrected
accordingly. pH and conductivity electrodes have a reference thermocouple that adjusts
the temperature fluctuation. The method measures three replicates to calculate the mean
value, standard deviation (SD), and coefficient of variation (CV).

Appendix A, Figures Al and A2 provide a schematic diagram of the sample prepara-
tion, conditions, and testing process.

Supplementary Materials file provides additional information regarding materials
(Table S1), test apparatuses (Table S2), and standards (Table S3) in Section S1, sample
preparation in Section S2, and test procedures in Section S3.

3. Results

Tables 7-9 show pH and conductivity of the formulations in Table 1 measured accord-
ing respectively to EN 60754-2 at 950 °C, internal methods 3 and 2.

Table 7. pH and conductivities of the formulation in Table 1, according to EN 60754-2 at 950 °C. The
mean values, standard deviations, and coefficient of variation are reported.

Formulation FR50.0 FR50.1 FR50.2 FR50.3 FR50.4  FR50.5
pH 2.62 2.27 227 2.74 2.89 2.79
SDpi 0.03 0.10 0.02 0.06 0.08 0.02
CVpi [%] 1.15 441 0.88 2.19 2.77 0.72
Conductivity [uS/mm] 97.3 2215 2243 74.0 70.1 70.1
SDc 3.7 8.4 3.1 16 0.7 2.0
CVe [%] 3.8 3.8 14 2.2 1.0 29

Table 8. pH and conductivity of the formulation in Table 1, according to internal method 3. The mean
values, standard deviations, and coefficient of variation are reported.

Formulation FR50.0 FR50.1 FR50.2 FR50.3 FR504  FR50.5
pH 2,51 2.29 2.28 3.32 3.56 3.29
SDpit 0.02 0.04 0.02 0.00 0.00 0.02
CVph [%] 0.80 1.75 0.88 0.00 0.00 0.61
Conductivity [uS/mm] 135.7 2047 228.0 25.5 11.6 22.8
SDc 44 6.1 15 0.7 0.2 0.1
CVe [%] 32 2.7 0.7 2.7 1.7 0.4

Table 9. pH and conductivity of the formulation in Table 1, according to internal method 2 at 500 °C.
The mean values, standard deviations, and coefficient of variation are reported.

Formulation FR50.0 FR50.1 FR50.2 FR50.3 FR504  FR50.5
pH at 500 °C 2.48 241 241 3.73 3.70 3.69
SDpn 0.04 0.03 0.09 0.10 0.15 0.13
CVpr [%] 1.61 1.24 3.73 2.68 4.05 3.52
) o

Conductivity at 500 °C 139.1 177.2 177.3 7.7 8.2 8.6
[uS/mm]

SDc 12 25 6.2 03 04 03
CVe [%] 0.9 14 35 39 49 35
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Table 10 gives the pH and conductivity of the formulations in Table 2 measured
according to EN 60754-2 at 950 °C. Table 11 pH and conductivity performing internal
method 3.

Table 10. pH and conductivity of formulations in Table 2, according to EN 60754-2 at 950 °C. The
mean values, standard deviations, and coefficient of variation are reported.

Formulation FR50.6 FR50.7 FR50.8 FR50.9
pH 4.17 4.18 4.31 4.14
SDpH 0.08 0.11 0.07 0.17
CVpn [%] 1.92 2.63 1.62 411
Conductivity [uS/mm] 32 2.8 2.5 3.9
SDc 0.1 0.4 0.1 1.0
CVc [%] 3.1 14.3 4.0 25.6

Table 11. pH and conductivities of formulations in Table 2, according to internal method 3. The mean
values, standard deviations, and coefficient of variation are reported.

Formulation FR50.6 FR50.7 FR50.8 FR50.9
pH 4.29 4.46 473 4.44
SDpu 0.01 0.09 0.35 0.28
CVpn [%] 0.23 2.02 7.40 6.31
Conductivity [uS/mm] 1.8 1.8 1.3 2.3
SDc 0.0 0.4 0.3 0.7
CVe [%] 0.0 222 23.1 30.4

Table 12 brings the pH and conductivity of the formulations in Table 3 measured
according to EN 60754-2 at 950 °C. Table 13 gives pH and conductivity obtained by per-
forming internal method 3.

Table 12. pH and conductivity of formulations in Table 3, according to EN 60754-2 at 950 °C. The
mean values, standard deviations, and coefficient of variation are reported.

Formulation FR50.10 FR50.11 FR50.12 FR50.13
pH 3.29 3.12 3.65 3.69
SDpn 0.01 0.06 0.17 0.07
CVpit [%] 0.30 1.92 4.66 1.90
Conductivity [pS/mm] 24.2 34.3 11.0 8.1
SDc 2.1 2.3 39 2.1
CVc [%] 8.7 6.8 35.2 259

Table 13. pH and conductivity of formulations in Table 3, according to internal method 3. The mean
values, standard deviations, and coefficient of variation are reported.

Formulation FR50.10 FR50.11 FR50.12 FR50.13
pH 4.10 3.62 4.33 4.35
SDpn 0.04 0.06 0.07 0.08
CVpn [%] 0.98 1.66 1.62 1.84
Conductivity [uS/mm] 3.9 10.7 2.1 2.0
SDc 0.3 1.6 0.7 0.2
CVc [%] 7.7 15.0 333 10.0
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Table 14 shows the pH and conductivity of the formulations in Table 4 measured
according to EN 60754-2 at 950 °C. Table 15 displays the pH and conductivities, performing
internal method 3.

Table 14. pH and conductivities of formulation in Table 4, according to EN 60754-2 at 950 °C. The
mean values, standard deviations, and coefficient of variation are reported.

Formulation FR50.14 FR50.15 FR50.16 FR50.17
pH 4.18 4.20 4.03 2.63
SDpH 0.08 0.09 0.08 0.10
CVpn [%] 191 2.14 1.99 3.80
Conductivity [uS/mm] 3.0 32 4.0 92.8
SDc 0.5 0.2 0.5 3.2
CVc [%] 16.7 6.3 12.5 34

Table 15. pH and conductivities of formulation in Table 4, according to internal method 3. The mean
values, standard deviations, and coefficient of variation are reported.

Formulation FR50.14 FR50.15 FR50.16 FR50.17
pH 4.31 4.59 4.62 2.66
SDpu 0.01 0.01 0.02 0.07
CVpn [%] 0.23 0.22 0.43 2.63
Conductivity [uS/mm] 1.7 1.1 1.1 91.6
SDc 0.0 0.1 0.1 0.9
CVe [%] 0.0 9.1 9.1 1.0

4. Discussion

Figure 1a,b compares pH and conductivity achieved by formulations FR50.0-FR50.5
of Table 1 (results reported in Tables 7 and 8) when performing EN 60754-2 at 950 °C and
internal method 3. FR50.0, representing a typical non-flame retarded PVC jacket compound
for cables, contains a GCC, which is a grade not actually good as an acid scavenger. Internal
method 3 and EN 60754-2 differ slightly in pH and conductivity. In particular, for FR50.0,
EN 60754-2 only shows a slightly better smoke acidity compared to internal method 3. The
phenomenon has been observed in Ref. [7], probably due to the formation of CaO, which
more likely occurs at 950 °C than in the heating conditions of EN 60754-1. However, this
effect disappears as particle size decreases and CaCOj increases its efficiency.

FR50.1 and FR50.2, containing ATH and MDH, respectively an inert and an ineffective
acid scavenger, show high and comparable smoke acidity with both methods. Hence, the
results obtained for FR50.0, FR50.1, and FR50.2 indicate that internal method 3 and EN
60754-2 work similarly when formulations are free of efficient acid scavengers. Neverthe-
less, the behavior in FR50.3, FR50.4, and FR50.5 is different. All these formulations contain
potent acid scavengers at high temperatures that act in the condensed phase. In this case,
the differences between the two heating regimes are significant, with EN 60754-2 showing
rather higher smoke acidity than internal method 3.

Figure 2a,b compares the pH and conductivity achieved by formulations FR50.6—
FR50.9 of Table 2 (results reported in Tables 10 and 11 when performing internal method 3
and EN 60754-2). In this case, the measurements concern the effect on acidity from AS-1B
and AS-6B, which are potent acid scavengers at high temperatures, in combination with
synthetic MDH. The compounds have high pH and low conductivity, and internal method 3
clearly shows low acidity, confirming the behavior of the samples FR50.3-FR50.5 in Table 1,
which also contain potent acid scavengers. It is essential to highlight that as soon as the
conductivity reaches values below 10 uS/mm, obtaining values with less than 5% of the
coefficient of variation, as requested by EN 60754-2 (Tables 10 and 11), becomes complex.
In fact, the standard has many manual procedures and other sources of errors, exhaustively
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explained in [6,7], severely affecting the small values of the conductivity obtained with
these formulations.

pH M pH internal method 3
M pH EN 60754-2

5.00

4.50

4.00

3.50 3.32 329
3

.05 S 2.89

2.512'62 2.29 2.28
2.50 227 227
1:50
FR50.0 FR50.1 FR50.2 FR50.3 FR50.4 FR50.5
(a)
Cond UCtiVity m conductivity internal method 3
M Conductivity EN 60754-2
250.0 228.0 ty
224.7 221.5 2243
T 200.0
£
S~
%)
e
'EJ 150.0 1357
z
£ 100.0
E 74.0 70.1 70.1
o
5
O 50.0
25.5 22.8
11.6
00 - O
FR50.0 FR50.1 FR50.2 FR50.3 FR50.4 FR50.5
(b)

Figure 1. Comparison of pH (a) and conductivity (b) of formulations FR50.0-FR50.5 measured with
internal method 3 (blue bars) and EN 60754-2 (orange bars). SD is reported. FR50.0-FR50.2 without
efficient acid scavengers, FR50.3-FR50.5 with efficient acid scavengers.
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Figure 2. Comparison of pH (a) and conductivity (b) of formulations FR50.6-FR50.9 measured with
internal method 3 (blue bars) and EN 60754-2 (orange bars). SD is reported.

Figure 3a,b compares the pH and conductivity achieved by formulations FR50.10-FR50.13
of Table 3 (results reported in Tables 12 and 13), performing internal method 3 and EN
60754-2 at 950 °C. In this set of formulations, UPCC and AS-0B, potent acid scavengers at
high temperatures, are tested in combination with synthetic MDH, Kisuma 5A, and fumed
silica. All formulations show extremely low acidity, reflecting the synergistic effect of UPCC
and AS-0B with MDH in multiple-step reactions, as described in [6,7]. AS-0B behaves better
than UPCC. The use of fume silica, aiming to help the dispersion, is unsuccessful.
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Figure 3. Comparison of pH (a) and conductivity (b) of formulations FR50.10-FR50.13 measured
with internal method 3 (blue bars) and EN 60754-2 (orange bars). SD is reported.

As for the formulations of the first two series (Tables 1 and 2), internal method 3 and
EN 60754-2 again show significant differences due to the different temperature regimes
and final temperatures, with EN 60754-2 measuring higher acidity than internal method 3.

Figure 4a,b compares the pH and conductivity achieved by formulations FR50.14—
FR50.17 of Table 4 (results reported in Tables 14 and 15), performing internal method 3 and
EN 60754-2 at 950 °C. In this series, AS-0B, AS-1B, and AS-6B, potent acid scavengers at
high temperatures, are tested with milled brucite (FR50.14, FR50.15, and FR50.16). As with
synthetic MDH, with brucite, the smoke acidity is also low, suggesting its synergistic effect
between AS-0B, AS-1B, and AS-6B. Again, the internal method 3 and EN 60754-2 differences
are considerable. On the other hand, FR50.17 is a typical CPR jacket compound used for
matching the classification Cca s3 d1 a3 in PVC cables. Figure 4a,b and Tables 14 and 15
show that the new low-smoke acidity compounds exhibit acidity values of some orders
below standard grade compounds for cable currently on the market. In this last case, being
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the compound free of potent acid scavengers, internal method 3 and EN 60754-2 give
comparable measurements in terms of pH and conductivity.
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Figure 4. Comparison of pH (a) and conductivity (b) of formulations FR50.14-FR50.17 measured
with internal method 3 (blue bars) and EN 60754-2 (orange bars). SD is reported.

Figure 5a,b compares the pH and conductivity (Table 9) achieved by formulations
FR50.0-FR50.5 of Table 1, performing internal method 2 and EN 60754-2. The measurements
have been performed in isothermal conditions, respectively, at 500 °C and 950 °C and
clearly show that applying a lower temperature of 500 °C, in the presence of effective acid
scavengers, the HCl in the gas phase is highly reduced (see FR50.3-FR50.5). The behavior
of FR50.0 in isothermal conditions at 500 °C resembles that observed with the internal
method 3. The formation of CaO at 500 °C is unlike, and the efficiency at 950 °C is higher.
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Figure 5. Comparison of pH (a) and conductivity (b) of formulations FR50.0-FR50.5 measured with
internal method 2 at 500 °C (blue bars) and EN 60754-2 (orange bars) at 950 °C. SD is reported.

All these data clearly indicate that if a powerful acid scavenger has time to react
with HCI, as it happens at lower temperatures (internal method 2, isothermal) and lower
temperatures with a slower heating regime (internal method 3), it can trap HCl in the
condensed phase with higher efficiencies. On the other hand, the higher temperatures and
fast heating regimes of EN 60754-2 hinder its action: the acid scavenger at high temperatures
cannot compete with the rapid HCl evolution during PVC compound combustion, and
HCl escapes quickly into the gas phase, decreasing the pH and increasing the conductivity
of the solutions in the bubblers. In the absence of effective acid scavengers, both standards
show comparable values.

The interference of heating regimes and final temperatures in tube furnace tests
for determining HCI was well explained in [24] in 1986. Here Chandler, Hirschler, and
Smith highlighted that humidity, soot formation, dimensions of the combustion boat, and
temperature regimes could affect the results of the method. In the paper, the acid scavenger
in PVC compounds was CaCOj3 but no information regarding its particle size was given.
Isothermal conditions at 650 °C, 700 °C, 800 °C and 950 °C were applied, showing an
increase in the emission of HCl as temperature increases. The scavenging efficiency in
isothermal was also lower than performing a temperature gradient of 10 °C per minute. All
these aspects confirmed that CaCOj3, as an acid scavenger, suffers from high temperatures
and fast heating rates. They justified the behavior with these specific phrases.
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“It is clear that the higher the temperature at which the tube furnace test is carried out,
the higher the HC1 emission will be” .

“The lower efficiency during isothermal runs (after 3 weight loss stages) than during
gradual heating runs. . .., coupled with the fact that there is a significantly larger weight
loss in the first stage of the isothermal runs, indicates that there is a much greater likelihood
of HCI being emitted before it has had the opportunity of reacting with the filler” .

The acid scavengers used in our paper, currently used such as UPCC or novel such as
AS-XB series, confirm the same behavior with a collapse of their efficiencies as temperature
increases and when the heating regime accelerates.

5. Conclusions

Acidity is the weak point of PVC, and currently, no PVC cables can meet classes a; or
ap, performing EN 60754-2. For this reason, the research on novel acid scavengers capable
of decreasing acidity is crucial. In this context, exploring different heating regimes in EN
60754-2 in the presence and absence of acid scavengers is also interesting, particularly when
performed with the milder heating regime of EN 60754-1 and in isothermal conditions
below flashover (500 °C).

The paper actually highlighted that when an acid scavenger, acting in the condensed
phase at high temperatures, is added to the PVC compound, EN 60754-2 performed at
950 °C assesses higher smoke acidity than internal method 3, with a heating regime up to
800 °C. On the contrary, if acid scavengers are absent, inert, or ineffective, both tests show
comparable acidity values. Depending on the acid scavengers in the formulations, the
gap between EN 60754-2 and internal 3 can become significant. For example, in Figure 1b,
FR50.3 gives a value about 3 times lower in conductivity when the gradual heating regime
of EN 60754-1 is set, becoming even about 10 times less when EN 60754-2 is run isothermally
at 500 °C, using internal method 2 (Figure 5b). This gap is evident for an acid scavenger,
such as UPCC, commonly used in PVC compounds for cables to reduce the effluents’
acidity in many standards out of the scope of CPR and also for the novel acid scavengers
(AS-XB series) studied in this paper in several kinds of formulations.

This behavior confirms what [7] reports, where the efficiencies of some acid scavengers
were measured in isothermal conditions at different temperatures. What speeds up the
evolution of HCI, such as high temperatures and quick heating regimes, hinders the action
of the acid scavengers during PVC compound combustion. Therefore, acid scavengers
cannot trap HCl released quickly in the gas phase, increasing the effluents” acidity. Thus,
the higher the temperature or faster the heating regime, the quicker the evolution and lower
the probability of acid scavenger trapping HCI, as shown also in [24,25].

It must be highlighted that room fires can have different stages with different tem-
peratures and heat flows. Temperatures can rise from 300 °C to 600 °C in the ignition and
developing fire stages, capable of reaching from 650 °C up to 1100 °C in the fully developed
stage [9,11]. As emerged in this paper and [7], the temperatures and heating regime of EN
60754-2 obliterate entirely the action of the powerful HCI scavengers in low-smoke acidity
compounds for cables. Acid scavengers, on the other hand, work efficiently (even up to
10 times better) when a heating regime or pre-flash-over temperatures are used.

In our opinion, the implications of these results and the considerations on room fire
temperatures show how EN 60754-2 is weak in its indirect assessment of acidity. It is
probably a useless device to foresee if the material of an item can be a real problem in
terms of its capability of releasing HCl in the gas phase. That is not only because in real
fire scenarios, HCl decays, generating less acidity than expected, and travels only a short
distance from where the fire originated [14]. But also because EN 60754-2 assesses the
acidity at typical temperatures of fully developed fires, and a different heating regime
should probably be adopted. Full-scale fire tests comparing the evolution of HCI of PVC
cables of different classes could definitely clarify this aspect.
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Abbreviations

PVC Poly(vinyl chloride)

HCl1 Hydrogen chloride

EU European Union

CPD Construction Product Directive
CPR Construction Product Regulation
UPCC  Precipitated Calcium Carbonate
GCC Ground Calcium Carbonate

Phr Part per Hundred Resin

DINP  DiIso Nonyl Phthalate

ESBO  Epoxidized Soy Bean Oil

COs Calcium Organic Stabilizer
DDW  Double Deionized Water

M Mean
SD Standard Deviation
cv Coefficient of variation

Appendix A. A Schematic Diagram of the Sample Preparation and Testing Process

Blending in Turbo- Torque
> R N > Kneaders
mixer Rheometer
Plasticizer at 80 °C, mixing stopped at 105 °C 60 g of dry blend, RPM 30 g/min

Temp. 160 °C, per 10 min

Conditioning of all test specimens for 24 h at 23 °C

Figure Al. A schematic diagram of the sample preparation.

180



Fire 2023, 6, 326

EN 60754-2
Multimeter pH/conductivity

vy
v

Furnace temp.: 950 °C Measurements at 25 °C, corrected through correction standard

Dry Air Flux: 300 mU/min

DDW between 550 and 7.50 pH

Internal method 2

Furnace temp.: 500 °C + 10°C

Dry Air Flux: 300 mL/min + 10 mL/min

DDW: pH between 5.50 and 7.50 pH, ¢ < 0.5 pS/mm

Internal method 3

Furnace temp.: 40 min £ 5 min to 800 °C £ 10 °C + 20 min + 1 min at 800 °C £ 10 °C

Dry Air Flux: 300 mL/min + 10 mL/min

DDW: pH between 5.50 and 7.50 pH, ¢ < 0.5 p S/mm

Figure A2. A schematic diagram of the testing process and main conditions.
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Abstract: In this study, we performed three tests to measure the fire-retardant performance of power
cables installed in utility tunnels. The standards we applied for testing are ISO 5660-1, NES 713, and
IEEE 1202. Specifically, we performed a cone calorimetric analysis, calculated the toxicity index, and
measured the flame spread length on material surfaces. Even though the same fire-retardant chemical
composites were applied, various differences in fire-retardant performance were found depending
on the chemical properties of the cable sheath and insulation. We also found that gaseous substances
generated during the burning of cables can serve as important risk assessment factors in fires. We
determined that, in addition to the heat generated when the cable burns, the toxic gases emitted at this
time can also be a risk factor. This is because it is important to consider any potential risk to a person
entering as part of an initial response to an event or accident involving cables installed in utility
tunnels. Moreover, in the event of a fire in the cable, there is a risk of hazardous substances flowing
into the city center as toxic gases are released. Therefore, we determined that the risk of hazardous
gases emitted during cable fire should be reflected in the fire-retardant performance standard.

Keywords: cable fire; toxicity index; fire characteristics; utility tunnels; risk assessment

1. Introduction

A utility tunnel is a facility that includes various types of infrastructure such as
power cables, communication cables, water and sewage pipes, and waste transport pipes.
Utility tunnels are increasingly being used to optimally arrange supply piping, water
supply, and sewage pipes, and other pipelines to improve city roads, traffic conditions, and
urban planning [1-4]. However, there are certain dangerous situations that can arise after
installing a utility tunnel underground [3,4]. For example, utility tunnels are particularly
vulnerable to various disasters, and to fire in particular [4-6]. This is because utility tunnels
house many combustible materials that can easily become ignition sources, such as cables,
distribution panels, gas supply facilities, and communication facilities. Among these
combustible materials, cables are most vulnerable to fire, and they can be a major ignition
source [3,4]. Moreover, since the space is sealed in a utility tunnel, the extinguishing
activities available in the event of a fire are very limited.

When a fire breaks out in a utility tunnel, a city’s communication function, power
supply function, gas supply function, etc., can be interrupted, thus resulting in paralysis of
the city’s main functions [3,6-8]. Most studies examining fires in utility tunnels have mainly
focused on the temperature inside the space [7,8]. Additionally, partial fire characteristics
were reflected by establishing a theoretical model that simplified the internal structure
of the field and utility tunnels. Partial fire properties are related to the propagation of
flames on the surface of a material. The flame spread length is the only such property that
is currently reflected in the cable’s fire-retardant performance standard. It is important
to more comprehensively evaluate the fire risk of cables installed in utility tunnels, as
overloading of cables represents the main cause of fires in utility tunnels. In addition to
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disrupting a city’s communication network and power supply, cable fires also generate toxic
gases from the burning of the cable sheath, which interfere with firefighting activities [9,10].
These harmful gases are also released to the outside through ventilation, which may harm
local residents.

Despite these risks, there are currently no specific evaluation criteria for the fire risk
of cables installed in utility tunnels. The existing fire-retardant performance regulations
of cables stipulates that they cannot be used below a certain performance level, which is
ascertained by conducting a fire-retardant performance evaluation test [9-11]. However,
when only the performance level is used as a criterion, only the flame is considered, so such
an evaluation is limited by not considering all the risk factors of a cable fire. Issues such as
the amount of heat released in the event of a cable fire and the type and amount of toxic
gases are currently not included in regulations related to the fire-retardant performance of
cables [11-13]. It is therefore necessary to update the risk factors that are included in these
regulations to allow for the safer installation of cables in utility tunnels.

Analyzing previous studies shows that existing research related to cable fires applied
to utility tunnels has mainly been focused on the methods that can be used to calcu-
late the amount of heat generated from a flame or suppress the spread of a flame [2-10].
Bian et al. [2] designed a system using a sensor that detects initial heat in the event of a fire
in cables. Ye et al. [3] designed fire accident scenarios in utility tunnels and simulated the
fire spread speed. In this work, the important factors were considered to be the vertical and
horizontal temperature, and the temperature flow of the smoke was also analyzed to iden-
tify the safe section in the tunnel. An et al. [6] tried to demonstrate the relationship between
the combustion characteristics (HRR, THR, and MLR) and heat flux of an optical cable
applied within the cable through a cone calorimeter analysis. Studies examining the toxicity
of combustion products of cables in enclosed spaces have also been conducted [14-16].
Those studies analyzed the thermal characteristics and components of the hazardous gases
of combustion products by utilizing power cables with specifications applied to utility
tunnels. However, for power cables, which are the main source of ignition in the event of a
fire in a tunnel, the standards regulating the fire-retardant performance have limitations
in that the harmfulness of gas and the characteristics of thermal decomposition due to
combustion are not reflected.

In this study, experiments were conducted to analyze the characteristics of cable
fires, including the heat release rate, the types of toxic gases and emissions, and flame
spread characteristics. Further, by analyzing the results, we summarized the risk factors of
specific cable fires. The results of this study are expected to help conceptualize the fire risk
evaluation factors of cables and be useful as basic research data.

2. Materials and Methods
2.1. Materials

The two cables used in this experiment represent those used for power and control
in utility tunnels, power plants, and other facilities. Such cables are made up of a sheath,
insulation, and core (electrical wires). The sheath of both cables in this experiment was
made of polychloro rubber. The insulation components were different, as one was made
using ethylene propylene rubber (EPR) material whereas the other was made using cross-
linked polyethylene (XLPE). The core of both cables was made of copper. Table 1 lists the
physical specifications of the cable specimens.

The test specimens were prepared by making three types of samples: First, the cable
specimens were manufactured according to the ISO 5660-1 [11] and ISO 19702 [12] standards
in sizes of 100 mm x 100 mm X 25 mm. Second, the cable specimens were fabricated by
cutting three to five sheaths and accompanying insulation with a mass of 1 £ 0.025 g to
meet the NES 713 [13] standard. Third, seven cable specimens with a cable diameter of
25 mm were prepared according to the IEEE 1202 [14] standard, and the length of each
specimen was cut to 3.5 m.
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Table 1. Physical specifications of the experimental specimens.

Materials CR/EPR Cable CR/XLPE Cable
Application Power and control Control
Power capacity (kV) 0.6 0.6
Thermal characteristics Thermosetting Thermosetting
Cable diameter (mm) 25 25
Fire-retardant treatment FR FR
Sheath Polychloro rubber (CR) Polychloro rubber (CR)
Characteristics of Insulation Ethylene propylene Cross-linked
physical rubber (EPR) polyethylene (XLPE)
composition Core Copper Copper
(Electric wires)
2.2. Methods

Cable fire performance evaluation tests can generally be divided into four categories:
heat resistance, flame retardancy, fire resistance, and toxicity determination. In Korea,
the “IEEE Standard for Flame Testing of Cables for Use in Cable Tray in Industrial and
Commercial Occupancies (IEEE Std 1202-1991)” is applied as a regulation related to proof
of the fire retardancy of power and control cables. However, since IEEE Std 1202 (1991)
only evaluates the spread of the flame, it has a limitation in that it does not reflect other
combustion characteristics.

In the present study, three experiments were conducted to identify the fire character-
istics of cables. First, cone calorimetric analysis was performed based on the ISO 5660-1
standard to identify the amount of heat released and the combustion characteristics in
a fire. This experiment allows for the measurement and analysis of the heat release rate
(HRR), total heat release (THR), time to ignition (TTI), and mass loss rate (MLR). To analyze
the heat release from the cable covering material, insulation material, and copper wire
as well as the emission characteristics of the combustion products, the temperature in
the laboratory was set and maintained at 25 & 2 °C with a relative humidity of 50 £ 5%.
The test was performed under conditions of a cone heater heat flux of 50 kW / m? and an
exhaust flow rate of 0.024 + 0.002 m3/s. The test was conducted a total of three times for
20 min each time, and the results were summarized as the average value obtained. This
experiment conformed to the ISO 5660-1 standard.

The second experiment was a quantitative toxic gas emission measurement experi-
ment measuring the combustion products of the test specimens. The “Naval Engineering
Standard (NES) 713 (1985)” is a technical standard that can be applied to the calculation of
the combustion gas toxicity index of non-metallic materials such as small materials and
cable components including the sheath and insulation materials. The size of the chamber
in this experiment was 0.6 m?, while the gas mixing ratio was set at 2 L/min for methane
gas and 15 L/min for air. The flame height of the burner was maintained at approxi-
mately 100 mm, while the flow rate was adjusted so that the temperature of the flame was
1150 + 25 °C. The test specimens exposed to the flame maintained a continuous flame
contact state until reaching complete combustion. After combustion, the burner flame was
ignited and the mixing fan was operated for 30 s to detect and sample the combustion gas
in the chamber through each detector tube. After gas sampling, the residues inside the
chamber were immediately discharged through a forced discharge device; this discharge
lasted over three minutes.

Finally, an experiment was conducted to measure the flame spread properties of the
test specimens. IEEE 1201 is a cable vertical tray test standard, and in this experiment,
pre-treatment was performed for more than three hours at a temperature of 18 °C or
higher in a constant temperature and humidity room before the test specimens were
installed on the tray according to the corresponding standard. A vertical tray was installed
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ina24m x24m x 24 m firebrick chamber, while the test specimens were fixed on a
30 cm X 2.4 m tray at 1/2 intervals of the cable diameter. The air flow rate was set to
1280 cm?/s and the flame source was applied at 20 kW (approximately 70,000 BTU/h). The
flame application time was set to 20 min in total, and the experiment was conducted.

Figure 1 shows the tray and equipment used for the cable flame test as specified by
the IEEE. We provide explanations for specific sequences for the cable tray test below.

132in+11n (3353 mm + 25 mm)

4510110 (1443 mm 25 mm)
45in £ 1in (1143 mm + 25 mm)

18in £ 1in (457 mm + 25 mm)
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Figure 1. Flame Test Facility [14].

We provided a detailed explanation of the process by which the experiment is per-
formed in Figure 1. First, this is an explanation of cables and cable trays. The cables are
attached to the cable trays and pretreatment is performed. The tray is installed parallel
to the wall of the chamber, and the cable is installed such that the end of the sample
touches the top of the burner. Second, the flow rate of the exhaust duct is adjusted to be
0.65 m®/s 4 0.02 m®/s. Third, the burner is installed horizontally at an angle of 20 degrees
and separated by 75 mm from the sample surface. This propane flow is theoretically
equivalent to a 20 kW heat release, but the actual heat release is lower due to incomplete
combustion of the burner. Fourth, the airflow rate is set to 1280 cm®/s & 80 cm®/s under
standard temperature and pressure. Finally, the flame of the burner continues to ignite the
sample for 20 min. When the test is finished, the flame of the burner is turned off and the
cable is left burning until it is self-extinguished.

3. Results

This section presents this study’s findings regarding the combustion properties, tox-
icity gases emission characteristics, and flame spread length on the cable surface. First,
the combustion properties obtained by analyzing the results of the cone calorimetry anal-
ysis experiment are presented. Following the ISO 5660-1 standard, this experiment was
conducted three times with two test specimens, and the average value of these results is
presented in this paper. Following the NES 713 standard, gaseous substances were collected
through a total of two tests, after which the amount of gas emitted was measured and the
toxicity index was calculated. The results of the experiment are presented as the average of
two measurements and calculations. In this study, this was also applied and the average of
the experimental results and calculated values was presented in this paper.

3.1. Combustion Properties

Two types of test specimens were used in this study. Specifically, cable E was classified
as having an insulation material of EPR (ethylene propylene rubber) whereas cable X was
classified as having an insulation material of XLPE (cross-linked polyethylene). Table 2
presents the cone calorimetry test results for these two types of cables.
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Table 2. Results of cone calorimetric analysis.

Parameter Cable E Cable X

PHRR (kW /m?) 149.06 124.65
tPHRR (s) 69 70

THR (MJ/m?) 52.77 32.10

Total oxygen consumed (g) 31.13 18.73
Time to ignition (s) 38 36

Initial mass (g) 714.98 703.73

Mass lost (g) 58.77 38.48

Remaining mass (g) 656.21 665.25

Mass loss rate (%) 8.22 5.47

For the HRR, the peak of the HRR (PHRR) did not exceed 200 kW / m? for either
of the test specimens. The times at which PHRR appeared (tPHRR) were 69 s for Cable
E and 70 s for Cable X, which were almost identical. The THR value for Cable X was
32.10 MJ/m?, which was 20 MJ/m? lower than that of Cable E. The ignition time (TTI) on
the surface of the test specimens was 38 s for Cable E and 36 s for Cable X, thus showing no
significant difference.

However, Cable E exhibited higher released heat values than Cable X. These results
are attributed to the different insulation components of EPR and XLPE. Both cables were
treated with fire-retardant additives on the sheath and insulation. No significant difference
was observed in terms of the sheath, because the sheaths of both test specimens belonged
to the CR series, but the degree of combustion was determined to be different due to the
difference in insulation components [15,16]. Figure 2 shows the HRR and THR graphs
obtained after the cone calorimetry analysis. From the graphs, it can be seen that two peaks
appear in the HRR curve. This suggests a phenomenon wherein heat release is delayed
due to the formation of a char layer after an increase in heat release due to the evaporation
of volatile substances in the initial cable material. Then, as the surface of the char is broken,
combustion proceeds again, and the heat release rate increases, which is the meaning of the
second peak.

The results shown in the cable HRR curve confirm that the HRR of Cable E was not
constant after the PHRR, as change occurred from 200 s until the end of the experiment.
By contrast, Cable X’s HRR curve showed no significant change after one PHRR. This
heat release characteristic was also reflected in the THR curve. This is attributed to the
EPR-based cable insulation.

EPR-based and XLPE-based insulation types are mainly used for manufacturing
cables for utility tunnels or power plants because of their excellent heat and fire resistance.
When making cables using these materials, vulcanizing agents such as sulfuric acid and
bromine are added as fire-retardant chemical composites [9,10]. EPR has a low degree of
deterioration, good flexural properties, and self-extinguishing properties because of the
organic-group (R) attached to the Si-O framework. However, the mixing of a fire-retardant
filler with a vulcanizing agent during cable manufacturing causes the affinity of the EPR
insulation material to be lower than that of XLPE, so the non-uniformity of the material can
serve as an obstacle to improving its fire-retardant performance [9,16].

187



Fire 2023, 6, 342

200
175

150

100

75 =o—Cable E

=o=Cable X
50

Heat release rate (kW/m?)

e

100 200 300 400 500 600 700 800 900 1000 1100 1200

Time (s)
(@
100
&
80
E
s
c
P 60
w
«
K]
E 40 ~e—Cable E
= =e—Cable X
Y
=
= 20
]
=
0
0 100 200 300 400 500 600 700 800 900 1000 1100 1200
Time (s)
(b)

Figure 2. HRR and THR test results after the cone calorimeter test: (a) HRR results; (b) THR results.

Since the HRR represents the amount of heat released from the surface of a material,
it may have limitations in terms of its ability to determine the degree of improvement
in fire-retardant performance based on the size of the value. Therefore, we additionally
compared the consumption of oxygen, which is a combustible gas that is used when the
materials are burned. The oxygen consumption was 31.13 g, and the value consumed by
Cable E was found to be higher than that of Cable X. When comparing the MLR values
of the two specimens, the MLR value of Cable X was confirmed to be lower than that
of Cable E. Although both types of cables were treated with fire-retardant additives, the
fire-retardant performance differed depending on the components of the material itself.

3.2. Toxic Gas Emission Characteristics

To subdivide the risk by calculating the toxicity index (TI) of the gas generated during
combustion, an experiment was conducted in accordance with the NES 713 standard. The
test results were analyzed in accordance with the MIL-DTL standard [17,18]. The standard
set by MIL-DTL is the TI, where the maximum value is 5.0 for the cable sheath and 1.5 for the
cable insulation. In NES 713, the TI value is presented by applying the limit set by the MIL-
DTL standard. Moreover, the critical values of thirteen gas components are set in detail. The
specific types of gas are as follows: carbon dioxide (CO,), carbon monoxide (CO), phenol
(CeH50H), ammonia (NH3), hydrogen sulfide (H,S), sulfur dioxide (SO;), formaldehyde
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(HCHO), hydrogen chloride (HCI), hydrogen bromide (HBr), hydrogen cyanide (HCN),
nitrogen oxides (NOx), hydrogen fluoride (HF), and acrylonitrile (CH,CHCN).
Table 3 presents the combustion gases detected in Cable E and Cable X in this experiment.

Table 3. Combustion gas toxicity test results of experiment conducted in accordance with NES 713.

P ¢ Cr Cable E Cable X
arameter (Critical Limit, ppm) Sheath Insulation Sheath Insulation
Carbon dioxide (CO,) 100,000 83,333 41,687 34,649 40,222

Carbon monoxide (CO) 4000 7321 6402 8373 6608
Hydrogen sulfide (H;S) 750 0 0 0 0
Ammonia (NH3) 750 0 0 0 0

Formaldehyde (HCHO) 500 30 119 29 115
Hydrogen chloride (HCI) 500 60 30 46 86
Acrylonitrile (CH,CHCN) 400 12 36 23 40
Sulfur dioxide (SO;) 400 655 30 144 57

Nitrogen oxides (NOx) 250 149 71 87 230
Phenol (C¢H50H) 250 0 0 0 0
Hydrogen cyanide (HCN) 150 18 30 29 34
Hydrogen bromide (HBr) 150 20 10 15 29
Hydrogen fluoride (HF) 100 0 0 0 0

In total, nine toxic gases were emitted from Cable E and Cable X: dioxide, carbon
monoxide, formaldehyde, hydrogen chloride, acrylonitrile, sulfur dioxide, nitrogen oxides,
hydrogen cyanide, and hydrogen bromide. Comparing the combustion gases emitted from
the cable sheath, the amount of carbon dioxide emitted from Cable E was higher than
that emitted from Cable X. By contrast, the amount of carbon monoxide emitted from
Cable X was higher than that emitted from Cable E. Carbon monoxide is produced during
incomplete combustion, and its production indicates higher fire-retardant performance. Re-
garding the emissions of sulfur dioxide and nitrogen oxides, higher values were measured
in Cable E. This was attributed the difference in the component ratios of the fire-retardant
chemical composites processed on the cable sheath.

Among the released toxic gases, HCl can cause eye or upper airway mucosal irritation
and airway damage, which can lead to suffocation [9,19,20]. As thermal decomposition pro-
gresses during the combustion of materials that contain components such as polyethylene
and polyvinyl chloride, HCL is considered to be a product that is generated by organic acids
and aromatic substances, among the chemical species included in the cable sheath [21,22].

Both cable sheaths are composed of polychloroprene, but there was confirmed to be a
difference in the combustion products. This was attributed to the types of additives that
are additionally used when polychloroprene is applied to the cable sheath. Polychloro-
prene is mainly used as a cable sheath because of its excellent insulation and fire-retardant
properties. However, since it hardens at low temperatures, certain amounts of additives,
typically sulfuric acid or bromine, are used to improve the durability of materials. When
these additives are applied, a synergy effect is expressed in the fire-retardant effect [23].
However, when these components are burned, they can cause the emission of toxic gases
such as hydrogen sulfide, sulfur dioxide, and hydrogen bromide. Therefore, it was de-
termined that the additives used in the manufacture of cable sheaths require additional
hazard consideration.

The combustion gas of the cable insulation was found to be similar to that of the
cable sheath in terms of hazardous components. The amount of carbon monoxide emitted
among the hazardous components exceeded the critical limit. Moreover, the emission of

189



Fire 2023, 6, 342

formaldehyde from the cable insulation was found to be higher than that from the cable
sheath. Notably, a large amount of nitrogen oxide was detected in the insulation of Cable
X. Since the critical limit value stipulated in NES 713 is 250 ppm, the detection amount
of nitrogen oxides in this experiment is not a problem in terms of regulations. However,
in terms of the risk of nitrogen oxides, we determined that the 230 ppm detected in this
experiment was dangerous because it was very close to the critical limit. Table 4 presents
the combustion gas toxicity index calculation results.

Table 4. Toxicity index of the cable specimens.

P " Cable E Cable X
arameter Sheath Insulation Sheath Insulation
Carbon dioxide (CO5) 0.83 0.42 0.35 0.40
Carbon monoxide (CO) 1.83 1.60 2.09 1.65
Hydrogen sulfide (H,S) 0.00 0.00 0.00 0.00
Ammonia (NH3) 0.00 0.00 0.00 0.00
Formaldehyde (HCHO) 0.06 0.24 0.06 0.23
Hydrogen chloride (HCI) 0.12 0.06 0.09 0.17
Acrylonitrile (CH,CHCN) 0.03 0.09 0.06 0.10
Sulfur dioxide (SO,) 1.64 0.08 0.36 0.14
Nitrogen oxides (NOx) 0.60 0.28 0.35 0.92
Phenol (C¢H50H) 0.00 0.00 0.00 0.00
Hydrogen cyanide (HCN) 0.12 0.20 0.19 0.23
Hydrogen bromide (HBr) 0.13 0.07 0.10 0.19
Hydrogen fluoride (HF) 0.00 0.00 0.00 0.00
3.3. Flame Spread Characteristics
The carbonized lengths of Cable E and Cable X were measured. In detail, the cable
specimens were exposed to flame for a total of five times, for 20 min each time. Upon
completion of the flame exposure test, the carbonization length was measured. The average
carbonization length of Cable E was approximately twice that of Cable X. Based on this
result, it was determined that the fire-retardant performance of Cable X was better than that
of Cable E in terms of flame spread among fire-retardant performances. These results are
attributed to the component characteristics of the cable specimens. Among the components
of cable insulations used as fire-resistant fillers, XLPE does not lose the insulation properties
of cables and can exhibit resistance to extreme fire. Although the EPR of Cable E also has
fire resistance, its combustion progressed relatively more than that of Cable X because
XLPE has stronger resistance to thermal decomposition due to cross-linking. Table 5 shows
the results of flame spread tests.
Table 5. Results of flame spread experiments.
Categor Carbonization Length (mm)
gory Test 1 Test 2 Test 3
Cable E-1 900 910 935
Cable E-2 1010 910 1010
Cable E Cable E-3 1020 910 1010
Cable E-4 1000 910 1005
Cable E-5 970 760 990
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Table 5. Cont.

Category

Carbonization Length (mm)

Test 1 Test 2 Test 3
Cable X-1 580 560 485
Cable X-2 570 560 500
Cable X Cable X-3 575 605 530
Cable X-4 595 650 550
Cable X-5 560 670 560

4. Conclusions and Implications

In this study, we measured and analyzed the fire characteristics of power cables used
in utility tunnels and the toxicity of combustion gases. To measure the fire characteristics
of cable specimens, cone calorimeter analysis was performed, and to measure the toxicity
index of combustion products, the NES 713 standard was applied for the absorption of
combustion gases using the Drager tube. We also measured the carbonization length to
confirm the characteristics of flame spread on the surface of cable test specimens. Based
on an analysis of the experimental results obtained in this study, we have derived the
following implications:

First, when determining the fire-retardant level of power cables applied to utility
tunnels, it is important for fire characteristics of cables to be specifically reflected. This is
because the fire-retardant performance of a cable varies depending on the chemical compos-
ites of the sheath and insulation that make up the cable. According to the components of
these chemical composites, we confirmed through experiments that fire resistance can differ
even when using the same fire-retardant additives for treatment. It is also necessary to
check the temperature at which the cable burns and the temperature at which it deteriorates,
rather than simply considering the amount of heat emitted.

We determined that there is a limit to determining improvements in fire-retardant
grade by simply considering reductions in the flame spread on the material surface or
reductions in the carbonization length in the case of cable fire. We thought it should be
considering maintaining or losing the function of power cables. The current fire-retardant
performance standard of cables has a limitation in that it does not consider situations
in which various functions, such as the power supply of cables, maintenance of facility
functions, and maintenance of networks with the outside, might be lost. Considering these
factors, the secondary risk due to functional loss is as dangerous as the temperature of
the fire. Therefore, it is necessary to subdivide the grade by considering the chemical
composites of the cable, the system, and the functions.

Second, the toxicity of combustion products should be considered when distinguishing
fire-retardant levels in cable fires. When a fire occurs in utility tunnels, hazardous gases
are generated, and workers inspecting the inside of the tunnel may be exposed to these
harmful gases. These risks can lead to emergencies. Moreover, the release of a large amount
of harmful gas can cause problems that affect firefighter safety during firefighting. We
also note that utility tunnels are installed in downtown areas, and that it is important to
consider that dangerous situations may occur if the air inside the utility tunnel leaks to the
outside through the ventilation, thus harming people in the city.

Although we derived the above implications, our study has some limitations. First,
while burning the cables, we measured the amounts of toxic gases emitted for 30 min,
but time-series data on how the combustion gases were emitted in real time could not be
confirmed. We determined that time-series data related to combustion gas emission are an
important concept because plans for evacuation from utility tunnels or fire suppression
plans can be set up differently depending on whether a lot of gaseous substances are
released at the beginning of combustion or after some period of time. Further, since
the toxicity index is a calculated result for an enclosed space, it is necessary to conduct
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experiments that consider various space conditions. Since certain sections of utility tunnels
are straight sections and involve mechanical ventilation, the spread of smoke or flame is
an important risk assessment factor. Moreover, due to the spatial characteristics of utility
tunnels, in the case of spaces such as T-shaped vents or natural ventilation vents, there
are differences in airflow, so we determined that simulations reflecting spatial conditions
would be necessary.

While carrying out this study, we were able to secure data on the derived fire character-
istics of power cables in utility tunnels and the emission characteristics of hazardous gases.
In future studies, we plan to perform modeling and fire simulations targeting utility tunnels
based on the data obtained in this study. The data acquired in this study are expected to
help elucidate the characteristics of the flow and diffusion of heat and smoke according to
the internal shape of the utility tunnels.
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Abstract: In recent years, due to the extensive application and inherent fire hazard of cable materials,
the combustion characteristics of frequently used cables, including electrical cables, wires, optical
fibers, and network cables have been studied based on ISO 5660 cone calorimetry. The fire hazard
associated with these cables under different radiation intensities was explored in this study, with
parameters such as time to ignition (TTI), heat release rate per unit area (HRRPUA), peak heat release
rate (PHRR), total heat release (THR), and mass loss rate (MLR) being investigated for each cable
type. Based on an experimental analysis, the risk of fire for all four cable types was augmented by an
increase in the external radiation intensity, with electrical cables considered as posing the greatest
risk. Regarding smoke toxicity, the lowest risk of smoke toxicity was demonstrated by the network
cable, with an FED (fractional effective dose) of 0.0203, followed by optical fibers, with an FED of
0.0507; electrical wires, with an FED of 0.0417; and electrical cables, with an FED of 0.0501. Notably,
no significant distinctions were exhibited by the other three cable types, and the smoke toxicity of
all four cables did not reach lethal concentration levels in humans. Consequently, considering both
thermal hazard and smoke toxicity, it became evident that electrical cables posed the greatest overall
fire hazard.

Keywords: cables; combustion characteristics; cone calorimeter; fire hazard

1. Introduction

Recently, the widespread utilization of electronic and electrical devices has led to
a surge in electrical fire incidents. Among the primary causes of electrical fires, cable
malfunction, and ignition were prominent, accounting for over half of all electrical fire
accidents in China [1,2]. Consequently, given the extensive application scenarios and
significant fire risks associated with cables [3], numerous scholars from both domestic and
international academic circles have undertaken extensive research on cable combustion
behavior.

Advanced apparatuses, such as cone calorimeters, flash point testers, and flame
propagation calorimeters, have been utilized to investigate this subject. In a study on
halogen-free flame-retardant cables under external heat radiation intensities ranging from
25 to 75 kW /m?, Fontaine et al. [4] observed a reduction in cable ignition time with an
increase in applied radiation intensity. Specifically, when the external radiation was in-
creased from 25 kW/m? to 75 kW/m?, the ignition time decreased by 802 s. Zheng et al. [5]
conducted a comprehensive investigation of the ignition, expansion charring, pyrolysis,
and combustion behavior of ZRC-YJV22 flame-retardant cables from both the macroscopic
and microscopic perspectives. They employed multiple criteria to assess the cable’s haz-
ardous nature and conducted a detailed analysis of the burning product characteristics and
pyrolysis reaction mechanisms of the flame-retardant cable. The research outcomes had the
potential to establish an integrated fire engineering database and comprehensive utility
tunnel standards. Elliot et al. [6] explored the cone calorimeter testing method for insula-
tion wires, a relatively simple, cost-effective method that exhibited good repeatability and
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provided quantitative data on wire combustibility. The results revealed significant differ-
ences between halogen-free flame-retardant wires and their equivalent halogen-containing
counterparts. Barnes et al. [7] analyzed the fire performance of halogen-containing and
halogen-free polymeric cable sheath materials. They found that flame-retardant cables
and halogen-containing polymer cable sheaths demonstrated resistance to ignition and
reduced heat release rates. However, they exhibited unfavorable factors, such as low smoke
visibility and high toxicity. Tang et al. [8] conducted a comparative study on the combus-
tion characteristics and fire hazards of two types of cables used in nuclear power plants,
utilizing cone calorimetry and cable tray fire tests. The experimental findings demonstrated
that the fire performance of the NPP flame-retardant cable was notably affected by external
radiation intensity. A single peak in the heat release rate was exhibited under low radiation
intensities, while two peaks were observed under high radiation intensities. On the other
hand, the heat release rate curve of the conventional flame-retardant cable displayed three
peaks, with the maximum heat release rate peak surpassing that of the NPP flame-retardant
cable by 108 kW / m?2. Matheson et al. [9] researched halogenated and non-halogenated
polymer materials, revealing that halogen-containing materials exhibited superior electrical
properties compared with non-halogenated flame-retardant materials.

Various testing methods have also been explored to determine the combustion charac-
teristics of cables. Hirschler [10] summarized the advantages and limitations of various
testing methods for cables and wires in fires of different scales. Additionally, he proposed
using thermal power to assess the hazardous nature of cables and applying deep learning
techniques to predict the effectiveness of cable fire tests. Kaczorek-Chrobak et al. [11]
conducted fire experiments on power cables at radiation intensities of 10, 20, 30, 40, and
50 kW/m?2. They compared the results with those of large-scale cable fire experiments and
analyzed the cone calorimeter test results based on the Quintiere theory, substantiating
the feasibility of using cone calorimetry as a substitute for large-scale fire tests. Sun-Yeo
Mun et al. [12] investigated the thermal decomposition characteristics of five types of
flame-retardant cables composed of various materials using thermogravimetric analysis.
They observed that different cables exhibited similar thermal decomposition temperatures.
However, significant differences were observed in the decomposition rates during combus-
tion. Shi et al. [13] explored the relationship between fire source power and the combustion
characteristics of flame-retardant coatings on subway cables. The researchers subjected
cables with various flame-retardant properties to radiation heat fluxes ranging from 20 to
40 kW /m? using a cone calorimeter. The results indicated a positive correlation between
a cable’s burning rate and the rate of harmful gas generation with increasing radiation
intensity. Moreover, the increase in the amount of flame-retardant coating extended the
ignition time of the cable. Zhang et al. [14] conducted thermogravimetric experiments
on the outer sheath material of low-voltage flame-retardant cables using a simultaneous
thermal analyzer at three different heating rates. The findings indicated a two-stage thermal
decomposition process for the cable’s outer sheath, and with an increase in the heating rate,
the peak mass loss rate shifted towards higher temperature regions. Sun [15] conducted
research on the combustion characteristics of cables, focusing on the ignition time and heat
release rate through experiments with radiation intensities of 45 kW / m? and 50 kW /m?2.

In summary, despite both domestic and international scholars having conducted some
research on the combustion characteristics and fire hazards of cables using apparatuses
like the cone calorimeter, the flame propagation calorimeter, and the simultaneous thermal
analyzer, most of these studies have focused solely on electrical cables. However, in
many scenarios, besides electrical cables, a significant amount of electrical wires, network
cables, and optical fibers can also be present. Therefore, it is imperative to employ a cone
calorimeter to study the combustion characteristics of these other materials, including their
heat release rate, ignition time, and smoke release rate, and to subsequently analyze their
level of fire hazard (thermal hazard and smoke toxicity).

Compared with previous studies on cable materials, this article not only investigates
the combustion characteristics of cables but also examines the smoke toxicity generated

195



Fire 2023, 6, 431

during cable combustion. Through a comprehensive analysis of the experimental results,
the conclusion that electrical cables pose the greatest fire hazard was drawn. Furthermore,
this study can serve as a guideline for the selection of appropriate cable materials in specific
scenarios.

2. Experimental Methods
2.1. Experimental Equipment

A cone calorimeter was used in this experiment as it effectively replicates real-life
fire scenarios, exhibits high repeatability, and allows for acquiring much combustion
characteristic data on the test material in a single experiment [16].

2.2. Methods

Two variables were considered in the cable combustion experiment. (1) Cable types:
Different cable types have different materials, structures, and combustibility, which can
result in diverse combustion characteristics and fire hazard levels. Hence, cable types were
treated as an experimental variable. (2) External radiation intensity: This variable was used
to investigate how different combustion characteristic parameters and fire hazard levels
change in different fire scenarios.

In choosing the experimental methods, we considered the international standard
EN50399. However, after careful examination, we found that this standard was primarily
intended for use in the European region. It was commonly used for testing cable fire
resistance, as well as measuring heat release and smoke production from cables. Addi-
tionally, the material requirements specified in this standard differed significantly from
those of our prepared materials. Taking into account the specific conditions in our region,
we ultimately adopted the measurement standard for cable combustion characteristics
outlined in ISO5660 [16].

The cables were prepared as 100 mm x 100 mm specimens, following the cone
calorimeter’s instructions. Aluminum foil was used to protect five sides of each spec-
imen, while an irradiated surface was left exposed; the foil did not exceed the specimen’s
surface by more than 3 mm, as shown in Figure 1. Additionally, a wire mesh securely held
the cables in place during combustion to prevent deformation. The experiments were con-
ducted under controlled environmental conditions, maintaining an oxygen concentration
of 20.95%, a temperature of 25.0 °C, and a relative humidity of 50%. Before each experiment,
diligent calibration of the instruments was performed.

Figure 1. Effect of experimental material treatment.

The experiment involved conducting combustion tests on four types of cables: Y]V
cables, BV wires, Cat6 ethernet cables, and OM3 optical fibers. These cables were subjected
to four different thermal radiation intensities: 30 kW/m?2, 40 kW/m?, 50 kW/m?2, and
60 kW /m?. The manufacturers and dimensions of these four cable types are presented in
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Table 1. Furthermore, on the 100 mm x 100 mm test fixture, approximately 13 cables were
used in each test, with each cable trimmed to a length of 100 mm and a width of around
7.7 mm. Our primary objective was to investigate the combustion characteristics and fire
hazards of the cables when exposed to varying levels of heat from external radiation. As a
result, a total of 16 different test conditions were examined, as detailed in Table 2.

Table 1. Material manufacturers and sizes.

Type Manufacturer Size
Electrical cable Kangpu Technology Co., Ltd. (Suzhou, China) 100 mm
Wire Henggong Technology Co., Ltd. (Taizhou, China) 100 mm
Network cable Kangpu Technology Co., Ltd. (Suzhou, China) 100 mm
Optical fiber Youpuguang Technology Co., Ltd.(Shenzhen, China) 100 mm

Table 2. Experimental condition setting for cone calorimeter combustion test.

Insulating Intensity of External Heat
NO. Cable Type Outer Sheath Layer Radiation (kW/m2)
T-1 30
T-2 - 40
T3 Electrical cable FlamePr\e;glrdant XLPE 50
T-4 60
T-5 30
T-6 . Flame-retardant 40
T.7 Wire PVC None 50
T-8 60
T-9 30
T10 40
11 Network cable LSZH HDPE 50
T-12 60
T-13 30
T-14 C e 40
T15 Optical fiber PVC None 50
T-16 60

3. Results and Analysis
3.1. Time to Ignition

Table 3 presents the time to ignition (TTI) of the four cable types under varying external
radiation intensities. The analysis of Table 2 indicated that the ignition time of the materials
decreased as the external radiant heat intensity increased. This was because, as the external
heat radiation intensity applied to the cable increased, the heat transfer from the heater to
the specimen’s surface intensified. This accelerated the thermal degradation rate of the
specimen’s outer sheath, leading to a reduction in the time for the generation of combustible
gases and ultimately resulting in the specimen igniting at an earlier stage. However, the rate
of reduction diminished with time. This phenomenon could be attributed to the fact that,
when the external radiation intensity reached higher levels (ranging from 50 to 60 kW / m?in
this study), the accelerated thermal degradation effect due to the increased external radiant
heat diminished. Consequently, the rate of ignition time reduction became less pronounced.
Meinier et al. [17] observed similar patterns in their experimental investigations of halogen-
free flame-retardant cables, and Chen [18] reported comparable findings regarding the
combustion characteristics of flame-retardant EPDM rubber. Notably, the optical fiber
exhibited a significantly shorter ignition time than the other cables under all four radiation
intensities, with a mere 8 s. Therefore, in terms of ignition time alone, the flame retardancy
ranking for the four cables was as follows: Cat6 ethernet cable > BV wire > YJV cable >
OM3 optical fiber. As shown by the experiment, the LSZH materials demonstrated superior
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flame retardancy compared with the flame-retardant PVC materials, with ordinary PVC
materials displaying the poorest flame-retardant performance in this ranking.

Table 3. Summary of ignition time of different types of cables.

Intensity of External Heat Radiation

TTI(s)
30 kW/m? 40 kW/m? 50 kW/m? 60 kW/m?
Electrical cable 37 25 18 15
Wire 54 33 20 13
Network cable 151 77 49 46
Optical fiber 19 12 8 8

3.2. Heat Release Rate and Total Heat Release
3.2.1. Heat Release Rate

Figure 2 illustrates the variation in the heat release rate per unit area (HRRPUA) over
time for the four cable types under four different external radiation intensities. HRRPUA
was a crucial parameter for assessing the fire hazard of cables [19]. The HRRPUA curves for
the cables remained relatively consistent under different intensities of external radiation,
as demonstrated by the graph. However, with an increase in external radiation intensity,
the curves shifted toward the left. This phenomenon occurred because higher external
radiation heat levels resulted in the cables receiving a greater amount of radiative energy
from the cone heater. Consequently, the surface temperature of the cable’s outer sheath
rose rapidly, leading to the thermal decomposition of the outer layer material. Compared
with lower external radiation levels, this faster combustion reaction caused an accelerated
increase in heat release, leading to a more rapid elevation in the heat release rate per unit
area. During the combustion phase, the HRRPUA curves of different cable types exhibited
variations. Optical fibers displayed a single peak, electrical cables showed an increase in
heat release rate after a decrease in fire intensity with a curve featuring two peaks, and
network cables and electric wires exhibited three distinct peaks. These differences arose due
to a combination of factors, including cable material, flame-retardant properties, structure,
and the formation of char during the combustion process.

The primary objective of this experiment was to measure the peak heat release rate
(PHRR) and the average heat release rate (ave-HRR) during the onset of combustion up to
1 min, 3 min, and 5 min, denoted as ave-HRR1, ave-HRR3, and ave-HRRS5, respectively [20].
The average and peak values of the heat release rate for each condition, along with the time
to reach the peak (Tp), are presented in Table 3.

Table 4 clearly shows that an increase in the external radiation intensity led to a de-
crease in the time required for all four cable types to reach their maximum heat release rate
(Tp), while their peak heat release rates increased by varying degrees. This phenomenon
could primarily be attributed to higher external radiation intensities, resulting in faster
material decomposition rates, more intense combustion, and greater heat emission. Con-
sequently, a corresponding increase in the peak heat release rate and a gradual reduction
in the time required to reach it were observed. The data in Table 4 indicate that electric
wires had the greatest variation in Tp, while electrical cables had the smallest variation,
with network cables and optical fibers falling in between. The differences in peak heat
release rates were also pronounced across various radiation intensities, with network ca-
bles having shown the largest increase and electric wires having displayed the smallest
increase, while cables and optical fibers lay in between. Furthermore, significant disparities
were seen in the average heat release rates among the different cable types. Notably, at
an external radiation intensity of 40 kW / m?, the ave-HRR1 values for cables and optical
fibers surpassed the ave-HRR3 and ave-HRRS5 values, indicating that cables and optical
fibers released a substantial amount of heat in the early stages of a fire. Moreover, at an
external radiation intensity of 60 kW /m?, network cables demonstrated the highest peak
heat release rate among all conditions, reaching 676.3 kW /m? and requiring 213 s to reach
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this peak. Optical fibers achieved their peak heat release rate much faster, in just 31 s, but
their peak value was only 242.87 kW /m?. Despite having achieved the fastest peak heat
release rate, the heat release rate of optical fibers was merely 35.9% of that observed for
network cables, indicating that optical fibers posed a lower level of risk compared with

network cables.
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Figure 2. HRRPUA curves of cables under different radiation powers.

Table 4. Peak heat release rate and average heat release rate under different operating conditions.

NO. Type Int?:;?;gif’:r‘f@;}lzl;l eat (lfx}}nl{z) Tp (s) ave-HRR; ave-HRRj3 ave-HRRj5
T-1 30 24398 +1.28 1038 166.55 145.47 114.84
T-2 Electrical 40 284.14 +£ 1.31 826 198.10 153.93 124.98
T3 cable 50 316.08 = 2.73 837 204.67 156.97 128.88
T-4 60 333.74 £ 2.63 792 216.71 177.71 146.89
T-5 30 130.67 + 1.52 76 110.62 112.49 112.12
T-6 . 40 147.33 + 1.33 55 117.50 130.83 129.35
T-7 Wire 50 151.83 4+ 3.29 39 114.35 121.06 117.01
T-8 60 162.73 +2.73 33 120.52 121.06 118.46
T-9 30 463.59 + 3.46 360 53.03 75.07 180.10
T10 Network 40 653.03 +£5.17 264 69.48 144.08 247.42
T-11 cable 50 644.63 + 2.89 235 90.65 190.67 296.59
T-12 60 676.31 + 3.68 213 95.29 213.88 325.40
T-13 30 206.51 £+ 1.89 46 165.90 161.01 150.87
T-14 Optical fiber 40 217.36 = 1.74 44 170.56 159.79 145.38
T-15 50 242.87 £+ 2.65 31 192.27 167.41 148.99
T-16 60 261.72 £+ 2.56 32 202.46 179.65 158.29
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3.2.2. Total Heat Release

Table 5 provides a summary of the total heat release (THR) of cables under different
external radiation intensities. Upon comparing the total heat release of cables at various
radiation intensities after combustion, the average THR for cables was 258.49 M]J/ m?, while
for wires, it was 65.02 MJ/m?; for network cables, it was 122.90 MJ/m?; and for optical
fibers, it was 72.75 MJ/m2. Overall, with the increase in external radiation intensity, the
total heat release of the electrical cables tended to increase relative to that at 30 kW /m?2.
When the external radiation intensity was raised from 30 kW / m? to 60 kW /m?, the total
heat release increased by 16.80 MJ/ m2.

Table 5. Total heat release of cables under different radiation intensities.

Intensity of External Heat Radiation

THR (M]J/m?)
30 kW/m? 40 kW/m? 50 kW/m? 60 kW/m?
Electrical cable 245.47 259.33 266.89 262.26
Wire 71.88 65.07 59.63 63.49
Network cable 127.21 120.33 121.77 122.31
Optical fiber 77.13 69.41 70.74 73.71

3.3. Mass Loss and Residual Mass
3.3.1. Mass Loss

Figure 3 illustrates that, with an increase in external radiation intensity, the mass
loss rate (MLR) of all four cable types accelerated, with the most significant changes
being observed in wires and network cables. Additionally, for cables, wires, and network
cables, the increase in MLR was more pronounced at low to moderate radiation intensities
compared with the increment observed at moderate to high intensities. This behavior
could be attributed to the flame-retardant properties of cables. At radiation intensities
exceeding 40 kW / m?2, the flame-retardant capabilities of cables, wires, and network cables
were compromised during the initial stages of a fire. However, at radiation intensities
below 40 kW /m?, the flame-retardant properties of the cables played a role in delaying the
combustion of materials.

3.3.2. Residual Mass

Figure 4 presents summarized data on the combustion residual mass of cables under
different external radiation intensities. Analyzing the combustion residues revealed that,
for the same type of cable, the differences in residual mass under various external radiation
influences remained within 1%. However, significant variations in combustion residues
existed among the different types of cables. For instance, at an external radiation intensity
of 60 kW /m?, the cable and wire experienced mass losses of 26.05% and 13.74%, respec-
tively, while the network cable and optical fiber encountered mass losses of 43.88% and
67.97%, respectively. The maximum difference between them was 54.23%. This was due
to differences in the composition of the cable materials. The copper cores in the electrical
cables and wires accounted for a significant portion of the mass, with relatively fewer com-
bustible materials in the outer sheath and insulation layers. Under the specified radiation
intensity, cables and wires experienced less mass loss during thermal decomposition and
combustion. In contrast, network cables had a lower mass proportion of copper cores, and
optical fibers involved combustion in both the outer sheath and the inner core. So, it could
be concluded that network cables and optical fibers contained lower metal components,
resulting in a higher rate of mass loss. In terms of residual mass, network cables and optical
fibers exhibited greater combustibility. Compared to electrical cables and wires, network
cables and optical fibers had significantly lower non-combustible component percentages,
resulting in a higher rate of mass loss.
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Figure 3. Mass loss of cables under different radiation intensities.
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Figure 4. Residual mass of cables under different radiation intensities.

3.4. Comprehensive Fire Risk Analysis
3.4.1. Thermal Hazard Analysis

The use of combustion characteristics such as ignition time, heat release rate per
unit area, peak heat release rate, and mass loss had limitations and allowed only a rough
estimation of the combustion behavior of the four types of cables. Consequently, this

201



Fire 2023, 6, 431

approach fell short of providing a comprehensive assessment of which material posed
the greatest overall fire hazard. To address this limitation and to investigate the overall
fire hazard of different cables under various radiation intensities, this study adopted two
parameters from Petrella’s fire hazard rating system [21]: total heat release and parameter
Xo. Table 6 presents Petrella’s fire hazard rating system based on parameter X,. The
formula for calculating X is given in the following Equation (1).

PHRR

X0 = =777

@

The comprehensive evaluation table for the thermal hazards of different types of cables
was computed and is presented in Table 7. As shown in Table 7, it became apparent that,
for the same cable type, the Xy parameter values increased with the increase in radiation
intensity, indicating a corresponding escalation in the risk of fire. When using X as the
benchmark for assessing various cables, it was evident that fiber optic materials exhibited
the greatest flashover hazard. Based on the total heat released, the different types of cables
posed varying degrees of risk. Among them, electrical cables posed the highest risk for total
heat release, indicating the highest level of danger. Following closely were the network
cables and fiber optics, which released relatively lower amounts of total heat during the
entire combustion process. Overall, a moderate to high level of fire hazard was presented
by all four types of cables in the data center once the external radiation intensity had
surpassed 30 kW/m?. Among them, electrical cables exhibited the greatest overall risk of
fire, followed by fiber optics and network cables, while wires posed the least danger.

Table 6. Petrella thermal hazard assessment.

Value Total Heat Release (THR) X Parameter
0.1-1 Ultra-low risk Low risk
1-10 Low risk Medium risk
10-100 Medium risk High risk
100-1000 High risk -

Table 7. Comprehensive assessment form for cable thermal hazard.

Intensity of External

NO. Type Heat Radiation Fl("sT)I (h}]l}lrlrfz) Xo Parameter Overview
(kW/m?)
T-1 30 37 245'.47 i 126 .6'59 . Medium to high risk
Electrical 25}9113%?})1 ;;511( 28 medﬁl I3n7IISk

T2 cable 40 25 high risk high risk high risk
266.89 + 2.11 17.56 . .

T3 50 18 high risk high risk high risk
262.26 + 2.34 22.25 . .

T4 60 15 high risk high risk high risk

T-5 30 54 71‘8? = 0'.5 / ?'42 . medium risk
medium risk medium risk

T-6 Wire 40 33 65.07 £ 0.82 446 medium risk
medium risk medium risk

T-7 50 20 59'6.3 + 1'.5 8 7'59 . medium risk
medium risk medium risk
63.49 +2.10 12.52 . . .

T-8 60 13 medium risk high risk Medium to high risk
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Table 7. Cont.

Intensity of External

TTI THR

NO. Type Hea({( &,a/critilezxizion © (MJ/m?) Xo Parameter Overview
T-9 Network 30 151 12}71.i2g(;1:1“:1511;07 me d?u(rz sk Medium to high risk
T10 cable 40 77 ugfgiislk'gz o Medium to high risk
" 0 w 7 N high ik
" " o o 2IE s high sk
T-13 Optial 30 19 rZZecll?u:rtnlrlii hi;%i?sk Medium to high risk
T-14 fiber 40 12 rigeg:l}ufnlrzi hig}sﬁilsk Medium to high risk
T-15 50 8 rZSeZlilufnzrii hi;%?;iésk Medium to high risk
T-16 60 8 ;ig?ufnzrii hiZiZilsk Medium to high risk

3.4.2. Smoke Toxicity Analysis

The toxicity of smoke produced during cable combustion was comprehensively as-
sessed using the smoke production rate, CO release rate, and FED method. Certainly,
during the combustion process of cables, the main component of the flame-retardant outer
sheath, PVC, produces harmful chlorine gas. However, our experimental equipment at
that time could not accurately measure chlorine gas data. This limitation was primarily
due to technical constraints of the equipment and the limited availability of facilities for
monitoring this specific gas in our region. Therefore, our toxicity analysis primarily fo-
cused on parameters we could accurately measure, such as smoke generation and CO/CO,
emissions.

(1) Smoke production rate

The smoke production rate (SPR) was obtained by comparing the specific extinction
area (SEA) with the mass loss rate (MLR). Figure 5 illustrates the smoke production rate
(SPR) curves of the four cable types under different external heat radiation intensities.
From the graph, it can be observed that the trends in the smoke generation rate curve
and the heat release rate curve are similar. In the initial stage of material combustion,
the smoke generation rate increased with an increase in external radiation. However, the
smoke generation rate curve exhibited significant fluctuations, and the period of rapid
smoke release coincided with the stage of high heat release rate. This indicates that the
cable generated a substantial amount of smoke during the combustion phase, with the fire
growing and the amount of smoke increasing simultaneously. Furthermore, the network
cable exhibited the lowest smoke production rate. Under the influence of 30 kW / m? thermal
radiation, there was minimal smoke production during the initial 80 s after ignition, with
SPR1 having remained below 0.007 m?/s. Additionally, following the attenuation of the
fire, there was another period of approximately 150 s with almost no smoke generation.
Even after 300 s, the peak smoke production rate was still under 0.035 m?/s. The network
cable demonstrated effective smoke suppression characteristics during the combustion
experiment.
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Figure 5. Smoke production rate of cables under different radiation intensities.

(2) Carbon monoxide release rate

Figure 6 illustrates the CO release rate curves of the four cable types under different
radiation intensities. It was evident from the graph that the CO release rate curve of the
cables followed a similar pattern to that of the unit area heat release rate curve, with an
increase in toxic gas emissions as the heat release intensity rose. Moreover, there were
notable differences in the CO generation rates among the various cables. The network cable
exhibited a significantly lower CO release rate compared with the others, with only an
approximately 0.0217% CO release rate under the influence of 60 kW/m? external heat
radiation. In contrast, the CO release peaks of the other cables were generally in the range
of 0.03% to 0.035%. The reason for this discrepancy was attributed to the superior smoke
suppression effect of the LSZH sheathing material employed in the network cable, leading
to a relatively lower CO release rate. As for the other three cable types, the distinctions in
their CO release rates were less pronounced.

(3) FED method

The FED method enabled the calculation of smoke toxicity based on the composition
and concentration of the combustion gases produced by the samples. In the FED testing
related to CO and CO; gases, our primary focus was CO emissions because CO posed a
greater risk to human health. In this study, the concentrations of toxic components in the
cable combustion products were measured using a cone calorimeter, and a mathematical
model for smoke toxicity was established to quantitatively analyze the risk of cable fires.
The overall smoke toxicity was computed by considering the cumulative toxicity of each
component [22].

Cidt
FED =Y Lfgso @

where FED is the fractional effective dose;
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C; is the concentration of toxic component i, uL./L;

LCsp (i)t is the LCs value of gas i, ppm.
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Figure 6. Carbon monoxide release rate of cables under different radiation intensities.

As the toxic gases primarily detected in the cone calorimeter combustion experiment
were CO and CO,, Equation (3) can be simplified to the following:

[COJ . [cos]

FED = 3
LCco  LCco, ©®)

The FED method was utilized to assess the toxicity of the smoke based on the calculated
fractional effective dose. Since the measured CO, concentration was much lower than
LCco,, the value of [502] became extremely small, allowing for further simplification of
the formula to the following:

[€O]
5000 @)
The FED calculations under different radiation intensities are presented in Table 8, It
was observed that the FED values of the four cable types at four different external radiation
intensities, 30 kW/m?, 40 kW/m?2, 50 kW/m?2, and 60 kW/m?2, ranged from 0.0203 to
0.06938, well below 1 (the FED value that would cause animal death), and did not reach a
level of danger that would be fatal to humans. However, in practical scenarios, the potential
risk posed by the generated toxic gases cannot be overlooked, given the number of cables
involved. Table 8 indicates that, as the external radiation intensity increases, the toxicity

of the smoke produced by the burning cables also increases, with the FED value of the
network cable consistently remaining at the lowest level.

FED =
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Table 8. Smoke toxicity of cable combustion under different operating conditions.

Intensity of External FED =
NO. Type Heat Radiation (kW/m2) ~ CO Peak (ppm) [CO1/5000
T1 30 250.7 + 1.50 0.0501
T2 Electrical cabl 40 256.5 + 1.28 0.0513
-3 ectrical cable 50 269.3 +2.11 0.0539
T4 60 308.3 + 2.08 0.0617
T-5 30 208.4 4 1.02 0.0417
T-6 Wi 40 253.2 4 1.54 0.0506
T-7 e 50 2629 +2.17 0.0526
T8 60 322.8 +3.01 0.0646
T-9 30 101.5 + 1.21 0.0203
T10 40 133.4 +1.36 0.0267
T-11 Network cable 50 168.4 +2.27 0.0337
T-12 60 217.3 + 2,51 0.0435
T-13 30 2535 +1.23 0.0507
T-14 Ovtical fiber 40 302.8 + 1.55 0.0606
T-15 P 50 328.0 + 1.87 0.0656
T-16 60 3469 +2.14 0.0694

4. Conclusions

This study examined the combustion characteristics and overall fire risk of four fre-
quently employed cable types under distinct external radiation levels using a cone calorime-
ter. The principal conclusions are outlined as follows.

Regarding the combustion characteristics of the cable, the findings revealed that, with
the increase in external radiation intensity, the TTI of all four cables decreased, but the rate
of reduction gradually diminished over time. Among them, the ignition time for optical
fibers was the shortest, with a TTI of merely 8 s. Additionally, the heat release rate per unit
area (HRRPUA) of the four cables remained relatively unchanged but reached their first
peak earlier. This phenomenon was attributed to the cables experiencing higher external
heat radiation, causing a rapid increase in the surface temperature and promoting thermal
decomposition of the outer layer materials, leading to accelerated combustion reactions
and an increase in heat release, resulting in a faster rise in the heat release rate per unit area.
Furthermore, the peak heat release rate (PHRR) of the four cables showed varying degrees
of increase. The total heat release (THR) for the cable exhibited a slight rise. Moreover, the
mass loss rate (MLR) for all four cables was accelerated, and the proportion of mass loss
for cables and wires was lower compared with those of network cables and optical fibers,
with a maximum difference of 54.23%. This discrepancy primarily arose from the larger
proportion of non-combustible components in cables and wires.

Our ability to determine the overall risk of fire of cables is limited when relying solely
on an analysis of cable fire hazards based on their combustion characteristics. Therefore, to
comprehensively evaluate the fire hazards of different types of cables, it was necessary to
consider both their thermal hazards and smoke toxicities. As the external radiation intensity
increased, the overall thermal hazard of all four cables increased, with electrical cables
presenting the greatest risk, followed by network cables and optical fibers, and finally, wires.
In the assessment of smoke toxicity, the lowest level of overall smoke toxicity among the
four cable types was exhibited by network cables, while no significant difference was shown
by the other three. Additionally, none of the materials reached toxic gas concentrations that
could cause human fatalities. Therefore, electric cables pose the greatest overall risk of fire.

In this study, considering both thermal hazards and smoke toxicity, we ascertained
that electrical cables pose the greatest risk of fire, supported by experimental data for these
cables under different radiation intensities. This study provides valuable data that support
the study of cable combustion characteristics in scenarios where cable hazards need to be
considered.
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SPR smoke production rate
SEA smoke extinction area
FED fractional effective dose
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Abstract: In order to evaluate the damage to tunnel cables caused by fire caused by leakage of
transformer oil into a cable channel, the fire characteristics of different volumes of transformer oil
flowing into a cable channel were analyzed by numerical simulation. The results show that when the
total leakage of transformer oil is less than or equal to 3 L, the fire will end within 120 s, and when
the total leakage is greater than or equal to 5 L, the fire duration will exceed 900 s. When the leakage
amount is 1 L, the cable only burns slightly, and when the leakage amount is 3~12 L, the cable burns
obviously. The combustion of the cable is mainly concentrated between 15 s and 75 s, and the overall
combustion rate of the cable increases first and then decreases. When the total leakage is greater than
or equal to 8 L, the damage distance of the middle and lower layer cable is the smallest. When the
total leakage is less than or equal to 5 L, the damage distance of the lower layer cable is the smallest,
and the damage distance of the lower layer cable, middle and lower layer cable, and middle and
upper layer cable is less than half of the length of the cable channel.

Keywords: cable channel; transformer oil; cable fire; cable damage; fire

1. Introduction

With the development of the economy and the increase in urban residents, the demand
for industrial production and daily electricity in various regions of China is also increasing.
The transmission lines arranged in the past cannot meet the demand for electricity today,
so it is urgent to add more transmission lines to ensure the normal operation of social
and economic life. In the past, power transmission lines were often laid as overhead lines.
However, due to the development of urban construction and the increasing density of
population distribution in China’s cities, there is a serious shortage of land resources,
leading to a direct contradiction between power transmission resources and land resources.
Therefore, the method of transmitting power in the form of cable channels has gradually
come into people’s view. On one hand, overhead lines occupy ground space and are prone
to problems such as aging, damage, and difficult maintenance due to exposure to the
open air and height. On the other hand, compared to overhead lines, underground cable
channels have the advantages of convenient power operation and maintenance, minimal
ground space occupation, and reduced risk of cable damage, leading to an increase in the
construction of underground cable channels.

The increase in the number of cable channels has also brought attention to the fire
hazards associated with cable channels. Currently, a large number of power cables and
communication cables are laid through underground cable channels, and some cable
channels are arranged near transformers due to site and power transmission requirements,

Fire 2024, 7, 147. https:/ /doi.org/10.3390/ fire7040147 209

https:/ /www.mdpi.com/journal/fire



Fire 2024, 7, 147

such as the terminal and end of transmission and transformation, which inevitably require
proximity to transformers. However, transformer fires occur frequently [1,2], and due to
limitations in current technology, transformers worldwide still use oil storage for insulation
and cooling, posing a risk of oil ignition. Once deflagration occurs, burning transformer
oil may flow into the cable channel and ignite the cables concentrated within, potentially
leading to the spread of fire along the cable channel.

Due to the high cost of physical experiments on the spread of fire in cable passages,
numerical simulation methods are primarily used for research [3-8]. Relevant scholars at
home and abroad have carried out some research on cable passage fires, but the research
scenarios are mostly limited to cable fault combustion in common cable passages and
cable combustion in underground pipe corridors, and there are relatively few studies
on the combustion of oil, especially transformer oil, into cable passages. In view of this
situation, this paper uses numerical simulation to simulate fire in a cable channel caused by
transformer oil, taking a cable channel as an example, in order to evaluate the damage to
the tunnel cable caused by the fire caused by leaking transformer oil into the cable channel.

2. Model Building
2.1. Cable Channel Prototype and Simplified Physical Model
2.1.1. Cable Tunnel Prototype

The prototype to be studied is a cable channel near a transformer in China, and
its cross-section design is shown in Figure 1. The section size of the cable channel is
1m x 1.1 m. Eight cables are placed, and four cables are arranged on the left and right
sides. The four layers of cables are defined as the lower layer cables, lower layer cables,
upper layer cables, and upper layer cables from the bottom up. Two drainage ditches for
ventilation are provided on the lower side of the cable passage. A firewall is installed every
60 m in the cable channel, so every 60 m is a fire protection zone. The cable is a crosslinked
polyethylene (XLPE) flame retardant cable, and the flame retardant cable is placed in the
cable channel in the form of a cable bundle with multiple cables, as shown in Figure 1.

18
I

’

Figure 1. Cable channel size and cable layout.

2.1.2. Physical Model

A fire protection zone is considered, so the cable channel model length is 60 m, the
section size is 1000 mm x 1100 mm, and the cable bracket width is 300 mm. The main fuel
in the cable channel is the cable. Ignore other facilities in the cable channel. Considering the
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drainage ditch and its ventilation function, the equivalent area method is used to simplify
the cable trench and cable. The physical simplification model is shown in Figure 2.

Figure 2. Section diagram of the cable channel model.

2.2. Cable Channel Prototype and Simplified Physical Model

The FDS (Fire Dynamics Simulator) software developed by NIST of the United States
Institute of Standards and Technology (Gaithersburg, MD, USA) is used for simulation. FDS
can describe the problem of low Mach number gas flow and can well solve the problems of
temperature, heat flux, heat release rate, visibility, and combustion product concentration
changes with the development of fire. Based on the three conservation equations of mass
(component), momentum, and energy, as well as basic fluid dynamics equations such as
the ideal gas equation, the region in the calculation grid is calculated, and the Arrhenius
formula is used to calculate the combustion chemical reaction [9]. The details are as follows:

?
P+ Voo =0 (1)
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where p is gas density (kg/m?); u is the velocity vector (m/s); g is the gravitational
acceleration (m/s?); f is the external force vector (N); T;j is the Newtonian viscous stress
tensor (N); I is the sensible enthalpy (J/kg); p is the pressure (Pa); qm is the heat release rate
per unit volume (W/m?); [7" is the heat flux vector (W/m?); T is the temperature (K); @ is
the dissipation function; R is the ideal gas constant; W is the relative molecular mass of the
gas mixture; py is the initial density of the s layer (kg/m?); ps ; is the density of component
i in the s layer (kg/m?3); A refers to the pre-factor (1/s); E is the activation energy (kJ/mol);
115 is the mass fraction index of the s layer; and Ts indicates the temperature of layer s (°C).

2.3. Fire Scenario Analysis

Consider burning transformer oil leaking into the cable channel and causing a fire.
The leakage of burning transformer oil into the cable channel is caused by transformer
deflagration, splashing, jets, and other uncertain situations, so the leakage location, leakage
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area, and leakage amount of burning transformer oil into the cable channel are difficult to
determine. Therefore, in this study, it is assumed that the leakage center of the transformer
oil burned in each working condition is the center of the cable channel (30 m away from
one end of the channel), the diffusion area of the transformer oil is 1 m?, the leakage rate is
equal to the burning rate of the transformer oil in an area of 1 m?2, and the total leakage of
the transformer oil increases from 1 L to 12 L according to different working conditions.
Theyare 1L,3L,5L,8L, 10L, and 12 L. Since the diffusion area is constant, the total
leakage can be controlled by the thickness change of the transformer oil.

2.4. Fire Source and Combustion Model

Assuming that the only possible combustibles in the cable channel are cables and
the transformer oil leaking into the cable channel, the simulated initial fire source is the
transformer oil, and other combustibles in the cable channel are cables.

The transformer oil in the transformer near a cable channel is KI50X transformer
oil, and the heat of evaporation and combustion are 364.9 K] /kg and 4.51 MJ/kg, respec-
tively [10,11]. The combustion process of transformer oil is simplified to a process in
which transformer oil evaporates into oil steam and oil steam continues to burn, and the
combustion chemical reaction adopts the Arrhenius formula [9].

Most of the cables laid in the cable channel are flame-retardant crosslinked polyethy-
lene cables, so their reactants are mainly crosslinked polyethylene. Therefore, referring to
previous results [12], the ratio of copper to XLPE is assumed to be 6:4, and the specific heat
capacity, thermal conductivity, and density of copper and XLPE are set according to [13].
For chemical reaction kinetic parameters, referring to previous experimental results [14],
the pre-factor, apparent activation energy, and mass fraction index were set as 2 x 1022
(1/s), 317 (KJ/mol), and 0.8, respectively. The location of the cable bundle is the same as in
the simulation prototype.

2.5. Grid Sensitivity Analysis

In FDS, the size of the grid determines the simulation accuracy and calculation time,
and the simulation accuracy and calculation time are inversely proportional to the mesh
size. In order to make the grid size set more reasonable, it is necessary to analyze the
sensitivity of the grid to make the simulation results reasonable enough. According to the
calculation method in The FDS User Guide [9], a more reasonable range of mesh size can
be obtained, and the relevant formula is as follows:

* o\
Df=| ——— 6
(PoocpTw\/g> ©

where pe is the ambient air density, which is 1.1164 kg/ m? in this study; cpis the specific
heat capacity of air in the environment, which is 1.013 k] /(kg-K) in this study; Te is the
temperature of the environment, which is 293 K in this study; g is the acceleration of gravity,

which is 9.8 m/s? in this study; Q is the heat release rate of the fire source—the size is set
according to the fire source, and the unit is k] /s (kW); and D* is the characteristic diameter
of the fire, expressed in m.
ox 1

DR @
where Jdx represents the size of the grid, and R is the recommended coefficient, generally
between 4 and 16.

Since the transformer oil simulated into the cable channel is KIX50 transformer oil,
according to the experimental data [15,16], the maximum heat release rate per unit area of a
100 mm x 100 mm oil pan is HRRPUA = 783.26 kW / m?. Since the area of the transformer

oil in the simulation is 1 m, the heat release rate of the fire source Q is 783.26 kW. By
bringing the data into the above equation, it can be concluded that D* is about 0.879 m
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3500

and 0.05m < éx < 0.21 m. In order to improve the simulation accuracy, the mesh size in
this study is set to 0.1 m x 0.1 m. In particular, it should be noted that in this paper, the
cable will have a combustion reaction, and the combustion process is controlled by the
above parameters.

3. Results and Discussion
3.1. Influence of Leakage on the Fire Process of Cable Passage

The influence of leakage on the fire process of the cable channel is analyzed through the
heat release rate, the change in average oxygen concentration, the burning rate of the cable,
and the burning rate of the transformer oil. The change in heat release rate and average
oxygen concentration in each working condition is shown in Figure 3, and the burning rate
of the cable and transformer oil in each working condition is shown in Figure 4.
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Figure 3. Diagram of variation in heat release rate and average oxygen concentration under various
working conditions: (a) variation diagram of heat release rate under different working conditions;
(b) variation diagram of average oxygen concentration under different working conditions.
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Figure 4. Diagram of cable burning rate and transformer oil burning rate variation under various
working conditions: (a) variation diagram of cable burning rate under different working conditions;
(b) transformer oil burning rate variation diagram under different working conditions.

According to the curve of heat release rate, the fire under each working condition
did not have an obvious full combustion period after a short growth period but directly
entered a decline period, and the heat release rate reached about 2800 KW at the beginning
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of the simulation and then dropped rapidly. When the leakage amount is 3~12 L, the
heat release rate will rise by about 500 KW after the decline and then continue to decline,
but when the leakage amount is 1 L, the heat release rate does not rise significantly and
continues to decline. When the leakage amount is 1 L and 3 L, respectively, the heat release
rate decreases to 0 about 30 s and 120 s after the simulation, indicating that there is no
combustion in the cable channel with this leakage amount. When the leakage amount is
51,8L,10L, and 12 L, the heat release rate decreases to below 100 kW after 160 s, 180 s,
210's, and 230 s, and then starts to fluctuate up and down until the end of the simulation.
According to the change in heat release rate, when the leakage amount of the transformer
oil is less than or equal to 3 L, the fire will end within 120 s, and when the leakage amount
is greater than or equal to 5 L, the duration of the fire will exceed 900 s.

As can be seen from the average oxygen concentration curve, when the leakageis 1 L
and 3 L, the oxygen concentration on the whole first drops to the lowest value and then
slowly rises to the end of the simulation. When the leakage is 1 L and 3 L, the oxygen
concentration decreases to about 0.12 mol/mol and 0.015 mol/mol at about 20 s and 100 s,
respectively. Then it slowly rose to about 0.15 mol/mol and 0.05 mol/mol, respectively,
until the end of the simulation. When the leakageis 5L, 8 L, 10 L, and 12 L, respectively, the
oxygen content in the entire cable channel gradually decreases with the combustion of the
cable, and the oxygen concentration decreases from 0.21 mol/mol to about 0.01 mol/mol
after 130's, 120 s, 110 s, and 105 s, respectively, and then begins to fluctuate up and down
until the end of the simulation.

From the point of view of the cable burning rate, when the leakage is 1 L, the cable
burning rate is very low, and only slight combustion occurs. When the leakage amount
is 3~12 L, the cable appears to have obvious combustion; the combustion of the cable is
mainly concentrated between 15 s and 75 s, and the overall burning rate of the cable shows
a trend of first rising and then decreasing.

From the point of view of the burning rate of the transformer oil, at the beginning of
the fire, the burning rate of the transformer oil in each working condition rapidly increased
to about 0.12 kg /s, then quickly dropped to 0.3 kg /s, showing a slight recovery, and then
began to continue to decline in volatility until the end of the simulation. When the leakage
amount is 1 L and 3 L, respectively, the burning rate of the transformer oil is reduced to
0 kg/s at about 28 s and 110 s, respectively. When the leakage is 5~12 L, the burning rate of
the transformer oil slowly decreases to about 0.01 kg/s and fluctuates up and down until
the end of the simulation.

By comparing the burning rate of the cable and the transformer oil, it can be found
that the burning time of the cable is within 75 s after the fire, and the main fuel in the
subsequent fire is the transformer oil. Combined with the heat release rate curve and the
change in average oxygen concentration, we can see the development process of the fire
caused by the transformer oil entering the cable channel. Due to the combustion of the
transformer oil, the oxygen near the transformer oil is rapidly consumed. If the transformer
oil is insufficient, the cable will only burn slightly after the transformer oil is exhausted.
If the transformer oil is sufficient, it will ignite the cable in the cable channel. With the
reduction in oxygen concentration, the combustion of the cable and the transformer oil is
suppressed, and after a period of time, the cable no longer burns, and only the transformer
oil burns in the cable channel.

3.2. Assessment of Cable Damage Range Caused by Fire

Cable channels are mostly unmanned places, so it is only necessary to pay attention
to the economic losses caused by the burning transformer oil entering the cable channels.
The main combustible material in the cable channel is the cable. According to the previous
research [17,18], the damage to the cable starts with pyrolysis at about 250 °C, so the area
with the highest temperature above 250 °C is identified as the area where the cable may be
damaged. Therefore, this study can analyze the fire loss caused by the combustion of the
external transformer oil entering the cable channel by analyzing the temperature changes
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at different horizontal and vertical positions in the simulated working conditions. The
highest temperature at different horizontal and vertical positions from one end of the cable
channel in each simulated working condition is shown in Figure 5.
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Figure 5. Maximum temperature variation diagram at different horizontal and vertical positions
under different working conditions: (a) maximum temperature diagram at each horizontal position
and height when the leakage amount is 1 L; (b) maximum temperature diagram at each horizontal
position and height when the leakage amount is 3 L; (c) maximum temperature diagram at each
horizontal position and height when the leakage amount is 5 L; (d) maximum temperature diagram
at each horizontal position and height when the leakage amount is 8 L; (e) maximum temperature
diagram at each horizontal position and height when the leakage amount is 10 L; (f) maximum
temperature diagram at each horizontal position and height when the leakage amount is 12 L.

In particular, it should be noted that although the combustion model of the cable in
this paper is set, the damage to the cable and the combustion of the cable are not the same
concept. When the cable is at 250 °C, the mechanical properties and insulation properties
will decline, and melting (non-combustion) will also occur. Therefore, in this paper, the
cable reaching 250 °C is used as the judgment standard for cable damage instead of using
cable burning as the criterion for judging cable damage.

The maximum temperature of each simulated condition in the horizontal direction
takes 30 m as the origin, and the temperature decreases gradually along the position far
from the origin until it rises slightly near the end of the cable channel. When the leakage
amount is 1 L to 5 L, the slight rise in temperature at one end of the cable channel does not
exceed 250 °C, except for at a height of 1 m. When the leakage is 8 L to 12 L, the slight rise
in temperature at one end of the cable channel exceeds 250 °C, which increases the length
of the cable that may be damaged. In the vertical direction, the maximum temperature of
each horizontal position increases with the increase in height, except where the height of
one end of the channel is 0.2 m (there is a vent).

As can be seen from FIG. 5, when the leakage volume is 1 L, the maximum spacing
between each position with temperatures greater than 250 °C in the cable channel at heights
of 0.2m, 0.4 m, 0.6 m, 0.8 m, and 1 mis 7 m, 15m, 18 m, 27 m, and 59 m, respectively. When
the leakage volume is 3 L, the maximum spacing between temperatures above 250 °C
at heights of 0.2 m, 0.4 m, 0.6 m, 0.8 m, and 1 m is 8 m, 18 m, 22 m, 29 m, and 59 m,
respectively. When the leakage volume is 5 L, the maximum spacing between temperatures
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above 250 °C in the cable channel at heights of 0.2 m, 0.4 m, 0.6 m, 0.8 m, and 1 m is 22 m,
20 m, 24 m, 29 m, and 59 m, respectively. When the leakage amount is 8 L, the maximum
spacing between temperatures above 250 °C in the cable channel at heights of 0.2 m, 0.4 m,
0.6 m, 0.8 m, and 1 m is 27 m, 39 m, 39 m, 44 m, and 60 m, respectively. When the leakage
volume is 10 L, the maximum spacing between temperatures above 250 °C in the cable
channel at heights of 0.2 m, 0.4 m, 0.6 m, 0.8 m, and 1 m is 34 m, 20 m, 28 m, 45 m, and
59 m, respectively. When the leakage volume is 12 L, the maximum spacing between
temperatures above 250 °C in the cable channel at heights of 0.2 m, 0.4 m, 0.6 m, 0.8 m, and
1 m is 40 m, 39 m, 40 m, 42 m, and 60 m, respectively.

Since the height of each layer of cable in the simulated working condition is between
0.2m and 0.4 m, 0.4 m and 0.6 m, 0.6 m and 0.8 m, and 0.8 m and 1 m, the highest
temperature at different horizontal positions of each layer of cable is the highest temperature
in the corresponding interval. The damage distance in the horizontal direction is the
maximum distance between the two ends of the channel above 250 °C. Through data
analysis, the damage distance of cables in different working conditions and layers can
be obtained, as shown in Table 1. Cable damage distance can measure the extent of
cable damage.

Table 1. Cable damage distance table for each layer in each working condition.

Cable Damage Distance (m)

Leakage (L)
Bottom Cable Middle and Bottom Cable Upper-Middle Cable Top Cable
1 15 18 27 59
3 18 22 29 59
5 22 24 29 59
8 39 39 44 60
10 34 28 45 59
12 40 40 42 60

It can be seen from the data in the above table that the damage distance of the upper
layer cable in each working condition is the largest, and the damage distance is very close to
the length of the cable channel. The maximum damage distance of the bottom cable, middle
and bottom cable, middle and upper cable, and upper cable in each working condition is
between 15 m and 40 m, 18 m and 41 m, 27 m and 45 m, and 59 m and 60 m. When the
leakage amount is 1~8 L, the damage distance of each layer of cable gradually increases
with the increase in height, and the damage distance between the lower layer cable and the
middle and lower layer cable is small. With the increase in transformer oil thickness, the
damage distance of each layer of cable also increases.

4. Conclusions

In evaluating the impact of transformer oil leaks on tunnel cables and the ensuing
fire characteristics within cable channels, this study leverages numerical simulations. The
findings lead to the following conclusions:

(1)  Fire Duration and Transformer Oil Leakage
Under the specified study conditions, when the transformer oil leakage is 3 L or less,

the fire ceases within 120 s. Conversely, when the leakage exceeds or equals 5 L, the fire’s
duration surpasses 900 s.

(2) Cable Combustion Rates

In this study’s operational context, a leakage amount of 1 L results in a very low
combustion rate for the cable, with only slight combustion occurring. For leakage amounts
ranging from 3 L to 12 L, noticeable cable combustion is observed, predominantly concen-
trated between 15 s and 75 s. The overall cable burning rate exhibits an initial increase
followed by a subsequent decrease.
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(3) Fire Development Process

Analyzing the fire’s development process caused by transformer oil leakage into the
cable channel reveals rapid oxygen consumption near the transformer oil due to combus-
tion. If the transformer oil becomes depleted, the cable experiences only minimal burning.
Conversely, if there is an ample supply of transformer oil, it ignites the cable in the channel.
As oxygen concentration diminishes, both cable and transformer oil combustion are sup-
pressed. After a certain duration, the cable ceases burning, leaving only the transformer oil
to burn within the cable channel.

(4) Damage Distance Ranges

Under this study’s operational conditions, the damage distance range for each cable
layer is delineated. When the total transformer oil leakage falls between 1 L and 12 L,
the maximum damage distance for the bottom, middle and bottom, middle and upper,
and upper cables ranges from 15 m to 40 m, 18 m to 41 m, 27 m to 45 m, and 59 m to
60 m, respectively.

(5) Layer-specific Damage Distances

In this study’s operational context, the upper layer cable exhibits the largest damage
distance. When the total transformer oil leakage equals or exceeds 8 L, the lower layer
cable manifests the smallest damage distance. Conversely, when the total leakage is 5 L
or less, the damage distances for the lower layer cable, middle and lower layer cable, and
upper layer cable do not surpass half the length of the cable channel (30 m).

Since such an underground cable passage structure is widely used in practical en-
gineering, these conclusions can provide technical references for practical engineering
applications, such as power operation and maintenance personnel, who can estimate the
duration of the fire caused by the leakage of transformer oil in the transformer near the
cable passage and estimate the length of cable damage to replace the cable in the most eco-
nomical way. For fire prevention and control, since the amount of transformer oil entering
the cable channel has a great impact on cable damage and fire development, operation and
maintenance personnel can open channels on both sides of the underground cable channel
near the transformer to make transformer oil flow into it rather than into the cable channel.
It can also be designed in the transformer, the oil-bearing part of the layout, so that when
deflagration occurs, there is an expected direction of leakage.

These comprehensive conclusions derived from numerical simulations provide valu-
able insights into the intricate dynamics of fire propagation and damage patterns within
cable channels affected by transformer oil leakage.
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