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Abstract

The present study focuses on ignition and combustion characteristics of phenolic fiber-reinforced plastic (FRP) with differ-
ent thicknesses under different external heat fluxes using cone calorimeter, which receives little attention to date. A series of
parameters including ignition time, thermal thickness, mass loss factor, mass loss rate (MLR), heat release rate (HRR), total
heat release (THR), fire performance index (FPI) and fire growth index (FGI) are measured or calculated. Results indicate
that the ignition time increases with the thickness, but decreases with the external heat flux. Phenolic FRP with thickness
of 3 mm may be considered as thermally thin material. However, phenolic FRP with thickness of 5 and 8 mm is prone to be
thermally thick material. The critical heat flux, minimum heat flux and ignition temperature are deduced and validated. The
thermal thickness increases with the external heat flux. Linear correlations of the thermal thickness with the ratio of speci-
men density and external heat flux are demonstrated and presented. The mass loss factor decreases with the thickness. Three
and two peak MLRs occur in the cases of low and high external heat fluxes, respectively. The average MLR increases with
the external heat flux and thickness. The average and maximum HRR increases with the external heat flux. The FGI for the
maximum HRR increases with the external heat flux. Linear correlations of the average MLR, the average and maximum

HRR and the FGI for the maximum HRR with the external heat flux are demonstrated and presented.
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Introduction

Phenolic fiber-reinforced plastic (FRP) is a typical thermo-
setting plastic. Owing to its prominent thermal insulation,
outstanding impact resistance, and sound absorption char-
acteristics, it is increasingly used as interior materials for
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buildings, aircrafts, ships, automobiles, etc. However, the
fire hazard of phenolic FRP is relatively high, which may
restrict its application range. It can be ignited and released
large amounts of heat and poisonous gases, especially
under high external heat fluxes or high-temperature condi-
tions, such as the case of severe arson, probably involving in
the combustion of other neighboring flammable materials,
resulting in terrible casualties and property loss. Therefore,
it is necessary and important to investigate the ignition and
combustion characteristics of phenolic FRP, which are the
key elements in the fire hazard evaluation of phenolic FRP.

Generally, solid combustibles can be divided into
thermally thick or thermally thin material according to
whether the physical thickness of the specimen is larger or
less than the thermal thickness at ignition moment. If the
solid combustibles are considered as thermally thick mate-
rials, heterogeneous temperature profile occurs inside the
solid when they are exposed to heat. If the solid combusti-
bles are regarded as thermally thin materials, temperature
distributes almost homogeneously inside the solid when
they are exposed to heat. Obviously, large differences may
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occur to the ignition and combustion characteristics of
thermally thick and thermally thin materials. As a result,
studies regarding the influence of thickness on the ignition
and combustion characteristics of solid combustibles, such
as PS (polystyrene) [1] and oil-impregnated transformer
insulating paperboard [2], have been reported employing
cone calorimeter [3—11].

Some studies focused on the ignition and combustion
characteristics of phenolic FRP. Mouritz et al. [12, 13]
measured the ignition time of phenolic FRP under the
external heat flux range of 25-100 kW m~2 employing
cone calorimeter. However, combustion characteristics of
phenolic FRP were not investigated in their study. In addi-
tion, Avila [14] investigated the effects of resin and glass
content on the ignition and combustion characteristics of
phenolic FRP under single external heat flux of 70 kW m~2
using cone calorimeter, which is generally used for deter-
mination of the ignition and combustion characteristics
of solid combustibles [15, 16]. Ignition time, mass loss
rate (MLR) and heat release rate (HRR) were measured to
reveal the differences of the ignition and combustion char-
acteristics of phenolic FRP with different resin and glass
contents. Similarly, Ramsay et al. [17] performed a study
on the influence of resin and glass content on the ignition
and combustion characteristics of phenolic FRP under the
external heat fluxes of 35, 50 and 75 kW m™ employing
cone calorimeter. It should be noted that in the research of
Avila [14] and Ramsay et al. [17], the effects of external
heat flux on the ignition and combustion characteristics
of phenolic FRP were not revealed. Besides, Duggan [18]
measured the HRR of painted phenolic FRP under the
external heat flux of 35 kW m~2. Effects of external heat
flux on the ignition and combustion characteristics of phe-
nolic FRP were not revealed either. It should be noted that
all the above-mentioned studies did not focus on the effects
of thickness on the ignition and combustion characteristics
of phenolic FRP.

In summary, the effects of external heat flux and thick-
ness on the ignition and combustion characteristics of phe-
nolic FRP have not been revealed yet to date. The present
study employs cone calorimeter to investigate the igni-
tion and combustion characteristics of phenolic FRP with
different thicknesses under different external heat fluxes.
A series of parameters including ignition time, thermal
thickness, mass loss factor, MLR, HRR, total heat release
(THR), fire performance index (FPI) and fire growth index
(FGI) are measured. The above-mentioned ignition and
combustion parameters under different thicknesses and
external heat fluxes are compared and analyzed. Correla-
tions of the above ignition and combustion characteristics
with the external heat fluxes are established. The critical
heat flux, minimum heat flux and ignition temperature are
deduced and validated.
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Experimental
Materials

The phenolic FRP used for the present study was provided
by Shanghai FRP Research Institute. According to the tech-
nical data of the specimen provided by the supplier, the
phenolic FRP consists of approximately 50% phenolic resin
and 50% fiberglass (mass fraction). Phenolic resin in the
phenolic FRP was obtained by condensation polymerization
of phenol and formaldehyde. The fundamental properties
of the phenolic FRP including the specific heat, the ther-
mal conductivity, the thermal diffusivity, the density and
the ignition temperature are shown in Table 1. The values
of the density p and the ignition temperature were provided
by the supplier. The specific heat c, the thermal conductiv-
ity 4 and the thermal diffusivity @ were measured using a
hot-disk TPS2500 s. The thickness of the specimen used in
the present study is 3, 5 and 8 mm, which are the common
thickness of phenolic FRP composite in end use.

Measurement

The cone calorimeter experiments were carried out using
an ISO 5660-1 standard Cone Calorimeter with a digital
electronic balance (UX6200H) with the accuracy of 0.01 g.
The specimen with the dimension of 100X 100 mm was
used for the experiments. In order to eliminate the mass
transfer along all the boundaries except the exposed face of
the specimen to the external heat source, aluminum foil was
used to wrap the edges and rear surface of the specimen.
In addition, to prevent the specimen from intumescing, a
wire grid which was made of 2-mm stainless steel rod with
all intersections welded was used. Ceramic fiber blanket
was positioned underneath the specimen for thermal insu-
lation. The specimen along with the specimen holder was
positioned horizontally on a lifting platform. The distance
between the cone heater and the top surface of the speci-
men was 25 mm. External heat fluxes including 30, 35, 40,
45, 50, 55, 60 and 65 kW m~2 were selected. Experiments
were conducted with the ambient temperature of 298 +2 K
and the relative humidity of 50 +5%. Cone calorimeter

Table 1 Fundamental properties of phenolic FRP

Elements Value
Specific heat ¢/J kg=! K 735.93
Thermal conductivity /W m™' K~! 0.36
Thermal diffusivity a/m? s~! 2.97x1077
Density p/kg m™> 1.63
Ignition temperature/K 803
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was calibrated following the standard of ISO 5660-1 [19]
before each test. Experiment was terminated manually if
no ignition occurred in 32 min following the standard of
ISO 17554 [20].

Results and discussion
Ignition characteristics

Ignition time is one of the key parameters to characterize the
fire hazard and thermal decomposition behaviors of solid
combustibles. In general, specimen with high ignition time
has low fire hazard and high thermal resistance. Correla-
tion of the ignition time with the applied external heat flux
can be used to determine whether the specimen behaves as
thermally thick material or thermally thin material [21-24].
Moreover, correlation of the ignition time with the applied
external heat flux may be used to obtain the flammability
properties of solid combustibles, such as the critical heat
flux (CHF) and the ignition temperature.

The ignition time as a function of external heat flux in
the case of different thicknesses is presented in Fig. 1a.
The ignition time corresponds to the start moment of
the occurrence of sustained flaming instead of transitory
flaming according to the flame image record. It should be

noted that ignition did not occur in the case of 30 kW m™2.
As shown in Fig. 1a, the ignition time decreases with the
external heat flux. Besides, the ignition time increases with
the thickness under the identical external heat flux. It may
be due to that more energy is required for the decomposi-
tion of the thicker specimen, and more time is required to
achieve the lower flammable limit of the combustible gases
generated by the decomposition of the specimen. Further-
more, with the increase in the external heat flux, the dif-
ference of the ignition time under different thicknesses in
the case of the identical external heat flux decreases with
the external heat flux.

Based on Quintiere’s model [21], correlation of the
ignition time with the applied external heat flux may be
used to determine whether the specimen behaves as ther-
mally thick or thermally thin material when it is exposed
to heat. The specific procedure is illustrated as follows:

1. Correlation of the transformed ignition time (lltig)" with
the applied external heat flux using different values of n
(i, denotes the ignition time. n is a coefficient. n=0.5
and 1 correspond to the cases of thermally thick and
thermally thin materials, respectively).

2. The least-squares method is used to obtain the value
of the correlation coefficient R>. The value of n with
higher R? is adopted. Based on the value of n, whether
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the specimen behaves as thermally thick or thermally
thin material may be determined.

Figure 1b—d shows the correlation of the transformed
ignition time (1/£,,)" with the applied external heat flux
under different thicknesses. The values of the slope and
the intercept of the fitting line as well as the correlation
coefficient are presented. According to Quintiere’s model
[21], the specimen with the thickness of 3 mm is prone to
be thermally thin material. However, the specimen with
the thickness of 5 and 8 mm may be considered as ther-
mally thick material.

Based on the opinions of Quintiere [21] and Luche et al.
[22, 23], the value of the theoretical CHF ¢’/ can be calcu-
lated using Eq. (1). Thus, the value of the theoretical CHF
¢" in the cases of 3, 5 and 8 mm is calculated to be 20,
14.1 and 16.8 kW m~2, respectively. The average value of
¢'! for the three cases is about 16.9 kW m~2.

CHF = [_ hboxlntercept]

Slope M

Besides the theoretical CHF ¢/, the minimum heat flux
g'. is also generally used to evaluate the ignition char-
acteristics of solid combustibles. It should be noted that
" is generally determined from the curve-fitting of the
ignition time with the applied external heat flux. However,
" denotes the heat flux which is just sufficient to heat
the material surface to attain the ignition temperature for
considerably long exposure times (theoretically co) [22].
For engineering purpose, ¢”. may be considered as the
average value of the lowest external heat flux at which
ignition occurs and the highest external heat flux at which
no ignition occurs for 32 min [20, 25]. Thus, the value of
g'. is calculated to be 32.5 kW m~2 in the present study.
The ratio of ¢’ and ¢/, in the cases of 3, 5 and 8 mm
is 0.62, 0.44 and 0.52, respectively, which is consistent
with the results found in the literature (0.11-0.7) [25, 26].
In addition, based upon é];’l .,» the ignition temperature is
calculated to be 813 K from Eq. (2) using a MATLAB
program, which is almost consistent with the experimental
measured one (803 K), as presented in Table 1 in “Materi-
als” section.
£ min = hC(Tig -To) + EG(T;L - T:o) (2)
where h, denotes the convective heat transfer coefficient and
is taken as 0.0135 kW m~2 K~! [25] in the present study. &
denotes the surface emissivity of the specimen at ignition
moment and is taken as 0.88 [25] in the present study. o is
the Stefan—Boltzmann constant (5.67 x 10~ kW m™2 K™).
T, and T, denote the ignition temperature of the specimen
and the ambient temperature (K), respectively.
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Thermal thickness

The thermal thickness represents the thermal penetration
depth at ignition moment, which is defined as the thickness
of the specimen which has been heated to a certain tempera-
ture at ignition moment [25]. The thermal thickness can be
calculated based on Eq. (3) [25]:

5p = Ay — 3)

where 6 denotes the thermal thickness of the specimen (m).
A is a constant and taken as 1 in the present study based on
the work of Mikkola and Wichman [27]. 4, p and c are the
thermal conductivity (W m~ ' K1), the density (kg m~) and
the specific heat (J kg=! K= of the specimen, respectively.

In addition to Eq. (3), the thermal thickness of the speci-
men may be also estimated using Eq. (4) [25].

p
5P=B?+C 4)

where both of B and C are constant. g’ denotes the external
heat flux (kW m™2).

Obviously, it is easier to obtain the value of the thermal
thickness using Eq. (4) than Eq. (3) since Eq. (4) merely
needs to know the specimen density and the applied external
heat flux, and these two parameters are quite easy to get.
Thus, the results based on Egs. (3) and (4) are correlated
and shown in Fig. 2. It can be seen from Fig. 2 that the
thermal thickness 6p is proportional to p / ¢!/ and high cor-
relation coefficient R? is demonstrated in the cases of 3, 5
and 8 mm. In addition, little differences occur between the
values of 6p in the cases of 5 and 8 mm. Thus, the values of
6p in the cases of 5 and 8 mm may be correlated with the
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Fig.2 Correlation among thermal thickness, density and external
heat flux under different thicknesses
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external heat flux together. The large differences between the
cases of 3 mm and 5, 8 mm are resulted by that the speci-
men with thickness of 3 mm is prone to be thermally thin
material in which temperature distributes almost homoge-
neously when exposed to external heat [28]. However, the
specimen with thickness of 5 and 8 mm may be considered
as thermally thick material where heterogeneous tempera-
ture profile occurs when exposed to external heat [28]. The
correlation for the thermally thick specimen (5 and 8 mm)
and thermally thin specimen (3 mm) is expressed as Egs. (5)
and (6), respectively.

6Pthick = 03986/’/‘]:; —4.5588 (3)

Spunin = 0.1782p/ g/ + 0.6886 ©)

where Spyic and opy,;, denote the thermal thickness in the
cases of thermally thick (5 and 8 mm) and thermally thin
phenolic FRP (kW s~! m~2), respectively.

Mass loss factor and mass loss rate
Mass loss factor

Mass loss factor ¢ denotes the ratio of the total mass loss and
the initial mass per unit area of the specimen [29]. It can be
expressed as Eq. (7).

my—m

$= A (7

where m, m and A denote the initial mass (kg), the residue
mass (kg) and the area of the specimen exposed to the cone
heater (m?), respectively.

Figure 3 shows the mass loss factor ¢ as a function of
external heat flux in the cases of 3, 5 and 8 mm. It is indi-
cated that ¢ decreases with the thickness under the identical
external heat flux. This may be due to that more complete
burning occurs in the specimen with smaller thickness.

Mass loss rate

Mass loss rate (MLR) is defined as the mass rate of solid or
liquid fuel vaporized and burned [29]. It can be used to charac-
terize the decomposition rate of the specimen and thus evalu-
ate its fire hazard. Figure 4a—c shows the MLR against time
under typical external heat flux and different thicknesses. It is
indicated in Fig. 4a that there are three peaks under 35 kW m~2
for the cases of 3, 5 and 8 mm. However, as shown in Fig. 4b,
in the case of 50 kW m™2, there are two peaks in the cases
of 3 and 5 mm, while there are three peaks in the case of
8 mm. With the continuing increase in the external heat flux
to 65 kW m~2, as shown in Fig. 4c, there are two peaks for
the cases of 3, 5 and 8 mm. This may be due to that: After
ignition, char layer was generated in the combustion process
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agd | X Smm i
‘\‘lg A 8 mm 9
~ °
E 44 4 o o i
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501 % ) S
S *
P * ) ¢ A
S 36 A A 4
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Fig.3 Mass loss factor versus external heat flux under different thick-
ness

and prevented the continuing combustion. In the case of low
external heat fluxes, the heat was not sufficient to rapidly pen-
etrate into the char layer, leading to the decrease in MLR and
the generation of the second peak MLR. However, in the case
of high external heat fluxes, the heat was high enough to rap-
idly penetrate into the char layer and the continuing combus-
tion may be maintained. The second peak MLR consequently
disappeared. It should be noted that more char was generated
in the case of 8 mm in comparison with that of 3 and 5 mm. It
may need more time to penetrate into the generated char layer.
As a consequence, just as Fig. 4b shows, three peaks occur in
the case of 8 mm, while merely two peaks occur in the cases
of 3 and 5 mm.

Table 2 presents the average MLR under different external
heat fluxes and thicknesses. Correlation of the average MLR
with the external heat flux under different thicknesses is pre-
sented in Fig. 4d. As shown in Table 2 and Fig. 4d, the average
MLR increases with the external heat flux and the thickness.
The correlation of the average MLR with the external heat
flux in the cases of 3, 5 and 8 mm is different, as presented
as follows.

!, = 0.02998" +0.5434 ®)
A", = 0.0373¢ +0.3893 )
ml = 0.0569¢! +0.1144 (10)
where /!, i and 7, denote the average MLR of the

specimen with the thickness of 3, 5 and 8 mm (g s~ m™),
respectively.

@ Springer
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Fig.4 Typical MLR versus time: a 35 kW m~2, b 50 kW m~2 and ¢ 65 kW m~2, and d average MLR versus external heat flux under different

thicknesses

Table2 Average MLR data

External heat flux/ Average MLR/g s™! m™2

kW m~2
3 mm 5 mm 8 mm

35 1.4705 1.7069 2.0162
40 1.7495 2.0446 2.3933
45 1.9927 2.2129 2.7444
50 2.0703 2.3153 3.0275
55 2.2361 2.5504 3.2835
60 2.3603 2.6451 3.4734
65 2.3757 2.7923 3.7709

Heat release rate and total heat release
Heat release rate

Heat release rate (HRR) denotes the rate of thermal energy
released from the combustion of the solid combustibles
and is considered as the single most important variable in
fire hazard evaluation [22, 23, 30]. The oxygen consump-
tion calorimetry technique based on ISO 5660-1 standard
[19, 30-32] was used to calculate the HRR by measuring

@ Springer

the concentration of gaseous compounds (O,, CO,, CO,
etc.) generated by the combustion of the specimen.

Figure 5a—c illustrates the HRR against time under typi-
cal external heat flux in the cases of 3, 5 and 8 mm. As
shown in Fig. Sa—c, after ignition, a quasi-steady stage
occurs before the HRR attains its maximum value. The
occurrence of the quasi-steady stage may be due to the
formation of the char layer. The gradual increase stage
between the quasi-steady stage and the maximum HRR
may be resulted by the crack of the formed char layer. In
addition, it is indicated in Fig. 5 that the increase in the
maximum HRR with the external heat flux in the case of
3 mm is larger than that of 5 and 8 mm. This phenomenon
may be resulted by that the specimen with the thickness of
3 mm is prone to be thermally thin material in which tem-
perature distributes almost homogeneously when exposed
to external heat [28]. However, the specimen with thick-
ness of 5 and 8 mm may be considered as thermally thick
material where heterogeneous temperature profile occurs
when exposed to external heat [28]. With the increase in
the external heat flux, it is easier for the specimen with the
thickness of 3 mm to attain heat balance than that of 5 and
8 mm. The combustion efficiency in the case of 3 mm is
larger than that of 5 and 8 mm.
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Table 3 Average HRR under different thicknesses and external heat
fluxes

External heat flux/ Average HRR/AKW m~2

kW m™
3 mm 5 mm 8 mm

35 26.1529 16.2457 34.0264
40 32.2438 22.2521 34.8392
45 35.6598 28.1409 48.1959
50 35.3601 30.1592 49.2479
55 39.7958 36.0601 56.1526
60 41.1417 37.8269 60.0656
65 42.8311 38.0738 64.0362

Table 3 presents the average HRR under different external
heat fluxes in the cases of 3, 5 and 8 mm. The correlation of
the average HRR with the external heat flux in the cases of 3,
5 and 8 mm is presented in Fig. 5d. As illustrated in Table 3
and Fig. 5d, the average HRR increases with the external
heat flux. In addition, the average HRR in the case of 5 mm
is the lowest and the average HRR in the case of 8 mm is
the highest. This may be due to that the specimen with the
thickness of 3 mm behaves as thermally thin material, while
the specimens with the thickness of 5 and 8 mm are prone

to be thermally thick materials, as noted in “Ignition char-
acteristics” section. Compared with the case of 5 mm, more
homogeneous temperature profile occurs inside the speci-
men with the thickness of 3 mm, generating larger HRR with
more complete burning and higher combustion efficiency.
However, when the thickness of the specimen is increased
from 5 mm to 8 mm, more quantity of specimen is decom-
posed and more flammable gases for combustion are gener-
ated consequently. The quantity of the specimen instead of
the combustion efficiency becomes the dominating factor
influencing the HRR. The correlation of the average HRR
with the external heat flux in the cases of 3, 5 and 8 mm is
different, as presented in the following.

g, = 0.51415" + 10.4671 (11)
g5 = 0.7468¢" — 7.5177 (12)
gl = 1.0603¢" — 3.5047 (13)

where ¢, 4" and ¢/, denote the average HRR in the cases
of 3, 5 and 8 mm (kW m™2), respectively.

Table 4 presents the maximum HRR under different
external heat fluxes in the cases of 3, 5 and 8 mm. The
correlation of the maximum HRR with the external heat
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Table4 Maximum HRR and corresponding time under different
thicknesses and external heat fluxes

External heat Maximum HRR/KW m~/time/s

flux/kW m™2
3 mm 5 mm 8 mm

35 34.6201/707 49.518/1005 87.9587/1472
40 47.8517/591 58.1471/1046 90.8257/1034
45 64.4606/522 72.5199/672 107.6306/906
50 79.6076/352 77.3637/556 114.1576/869
55 90.1449/348 83.3135/486 121.5133/766
60 92.2089/299 88.7529/508 128.7522/751
65 99.0911/278 92.8354/483 134.1064/640

flux in the cases of 3, 5 and 8 mm is presented in Fig. 6.
As illustrated in Table 4 and Fig. 6, the maximum HRR
increases with the external heat flux and the thickness in
the cases of external heat flux <45 kW m~2. However, in
the cases of external heat flux > 45 kW m™2, similar to
the case of the average HRR as presented in Table 3, the
maximum HRR in the case of 5 mm is the lowest and the
maximum HRR in the case of 8 mm is the highest. The
correlation of the maximum HRR with the external heat
flux in the cases of 3, 5 and 8 mm is presented as follows.

g, =2.1987¢g — 37.3635 (14)
g’ s =1.44264" +2.5082 (15)
i = 1.62994" + 30.6425 (16)

where ¢, ¢ and ¢ denote the maximum HRR in the

cases of 3, 5 and 8 mm (kW m™2), respectively.

200 T T T T T T

10 g | X Smm|| @ 3mm}—>
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Fig.6 Maximum HRR versus external heat flux under different thick-
nesses
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Total heat release

Total heat release (THR) denotes the total thermal energy
released from the combustion of the solid combustibles and is
sometimes used for the fire hazard evaluation. Figure 7 illus-
trates the THR as a function of external heat flux under differ-
ent thicknesses. It is indicated that the THR increases with the
thickness and the external heat flux.

Fire performance index and fire growth index
Fire performance index

Fire performance index (FPI) is generally used to characterize
the fire hazard of solid combustibles. Solid combustibles with
high fire hazard possess high FPI value. The value of FPI can
be calculated by the following equation:

FPI = pkHRR/1,,

where pkHRR denote the peak HRR (kW m™2).

Figure 8 shows the FPI for the maximum HRR FPI, versus
external heat flux under different thicknesses. More detailed
information is presented in Table 5. As illustrated in Fig. 8
and Table 5, the value of FPI, increases gradually with the
external heat flux in the cases of 5 mm and 8 mm. However,
little variations of the value of FPI | with the external heat flux
occur in the cases of 3 mm.

a7

Fire growth index

Fire growth index (FGI) is generally used to characterize the
fire development rate after ignition from the perspective of
heat release. High fire hazard of material is indicated if the
value of FGI is high. FGI is expressed as follows:

FGI = pkHRR/ ToKHRR (18)
120 T T T T T T T
Q@ 3 mm
1004 | % 5 mm i
A 8mm
80 4
. A A A A A
5 60 A A -
& *
E 404 * * * * ° ° i
*x 9 9 9 o
20 0 4
0 T T T T T T T

30 35 40 45 50 55 60 65 70
External heat flux/kW m?

Fig.7 THR versus external heat flux under different thicknesses
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Fig.8 FPI  versus external heat flux under different thickness

Table 5 FPI, data under different thicknesses and external heat fluxes

External heat flux/ FPI, /kW s~! m™2

KW m™2
3 mm 5 mm 8 mm
35 2.1754 1.4056 1.7338
40 1.9065 1.9018 1.5786
45 2.4279 1.7684 2.0685
50 2.1078 1.8847 2.6175
55 2.4000 2.3707 3.2596
60 2.2148 2.8864 3.9947
65 2.37607 3.7442 4.9231
0.64 T T T T T T T 4
< * 5mm @ 3mm [
0.481 * 8 mm 1;
0.32/5&8 mm: Slope = 0.0049, intercept = — 0.1 171,R*=0.96
E o161 W 12 &
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3 mm: Slope = 0.0108, intercept = — 0.3398,R* = 0.98
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Fig.9 FGI,, versus external heat flux under different thicknesses

where 7,y denote the corresponding time when the peak
HRR occurs (s).

Figure 9 shows the FGI for the maximum HRR FGI,
versus external heat flux under different thicknesses. More
detailed information is presented in Table 6. As illustrated

Table6 FGI,, data under different thicknesses and external heat
fluxes

External heat flux/ FGI, /kW s~! m~2

kW m™2
3 mm 5 mm 8 mm

35 0.0489 0.0493 0.0598
40 0.0809 0.0556 0.0878
45 0.1235 0.1079 0.1188
50 0.2262 0.1392 0.1314
55 0.2591 0.1714 0.1586
60 0.3084 0.1747 0.1714
65 0.3564 0.1922 0.2095

in Fig. 9 and Table 6, the FGI for the maximum HRR FGI
increases with the external heat flux. Excellent linear rela-
tionship of FGI, with the external heat flux is indicated.
Furthermore, little differences occur between the values of
FGI,,, in the cases of 5 and 8 mm. Thus, the values of FGI,
in the cases of 5 and 8 mm may be correlated with the exter-
nal heat flux together. It is similar to the case of the thermal
thickness as illustrated in “Thermal thickness section”. The
large differences between the cases of 3 mm and 5, 8 mm
are resulted by that the specimen with thickness of 3 mm is
prone to be thermally thin material in which temperature
distributes almost homogeneously when exposed to external
heat [28]. However, the specimen with thickness of 5 and
8 mm may be considered as thermally thick material where
heterogeneous temperature profile occurs when exposed to
external heat [28]. The correlations for the thermally thick
specimen (5 and 8 mm) and thermally thin specimen (3 mm)
are expressed as Egs. (19) and (20), respectively.

FGI, i = 0.00494” —0.1171 (19)

FGI,,,, = 0.0108¢" — 0.3398 (20)

where FGI .« and FGI, ., denote the FGI in the cases
of thermally thick (5 and 8 mm) and thermally thin FRP
(kW s~! m~2), respectively.

Conclusions

The present study investigates the ignition and combus-
tion characteristics of phenolic fiber-reinforced plastic with
different thicknesses using cone calorimeter under piloted
ignition. Ignition time, thermal thickness, mass loss factor,
MLR, HRR, THR, FPI and FGI are measured and analyzed.
The major conclusions are summarized as follows:

1. The ignition time increases with the thickness and

decreases with the external heat flux. Phenolic FRP
with thickness of 3 mm may be considered as thermally
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thin material, while phenolic FRP with thickness of 5
and 8 mm is prone to be thermally thick material. The
critical heat flux, minimum heat flux and ignition tem-
perature are deduced from the correlation of the ignition
time with the external heat flux and validated.

The thermal thickness increases with the external heat
flux. The value of the thermal thickness of phenolic FRP
with thickness of 5 and 8 mm is almost the same under
the identical external heat flux. Linear correlations of the
thermal thickness with the ratio of the specimen density
and the applied external heat flux under different thick-
nesses are demonstrated and presented.

Mass loss factor decreases with the thickness. There are
three peak MLRs under low external heat fluxes, while
there are merely two peak MLRs under high external
heat fluxes. The average MLR increases with the exter-
nal heat flux and the thickness. Linear correlations of the
average MLR with the external heat flux under different
thicknesses are demonstrated and presented.

The value of the average HRR of phenolic FRP with
different thicknesses in the order of most to least is
8 mm>3 mm>5 mm. In addition, the average and
maximum HRR increases with the external heat flux.
Moreover, the maximum HRR increases with the thick-
ness in the cases of external heat flux <45 kW m™2.
However, in the cases of external heat flux >45 kW m™2,
the value of the maximum HRR of phenolic FRP with
different thicknesses in the order of most to least is
8 mm> 3 mm >5 mm. Linear correlations of the average
and maximum HRR with the external heat flux under
different thicknesses are demonstrated and presented.
The FPI for the maximum HRR increases with the exter-
nal heat flux in the cases of 5 mm and 8 mm. However,
little variations of the FPI for the maximum HRR with
the external heat flux occur in the cases of 3 mm. The
FGI for the maximum HRR increases with the external
heat flux. The value of FGI for the maximum HRR of
phenolic FRP with 5 and 8 mm is almost the same under
the identical external heat flux. Linear correlations of
FGI for the maximum HRR with the external heat flux
under different thicknesses are demonstrated and pre-
sented.
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