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1. Introduction 

Flame spread over solid materials has been extensively studied to investigate the effects of shape, 

thermophysical properties, and ambient atmospheres on the flame spread characteristics, such as flame spread 

rate, flammability limit, and so on. For example, Fernandez-Pello et al. investigated the effect of thickness of 

materials on flame spread rate1). Takahashi et al. examined the effect of ambient atmospheres and found that 

the flame spread rate reached the maximum under oxygen and argon mixtures2). These studies address 

polymers─e.g. polymethyl methacrylate (PMMA)─which are thermally isotropic mono-materials. Such 

materials have low thermal conductivity of less than 1 W/m/K, and therefore the solid-phase heat transfer is 

very small. However, there are some objects where the solid-phase heat transfer should be considered, for 

example, electrical wires consisting of polymer insulations and a metal core3). Flame spread over the electrical 

wires has been studied, while that over flat high-thermal-conductivity materials has not been well understood. 

In recent years, carbon fibers (CFs) attract a lot of attention and are used extensively because they have 

superior properties, e.g., high strength, high electric conductivity, and low thermal expansion. Carbon fiber 

reinforced plastics (CFRPs) are an example of composite materials that consists of the CFs and applied to a 

variety of products. The CFs are found to have very high thermal conductivity, and therefore the CFRPs are 

also a high-thermal-conductivity material. However, the literature on flame spread over the CFRP is very 

limited, and therefore the flame spread behaviors are still not well understood. 

In recent years, Kobayashi et al addressed the flame spread over thermally thin CFRP sheets and found that 

the preheat zone of CFRP is much larger than that of PMMA due to the high thermal conductivity of the CFs4,5). 

Matsukawa et al. investigated flame spread on CFRP sheets with different CF orientations, focusing on the 

effect of CF orientation on the flame spread characteristics6). However, these previous studies did not consider 

the effect of the left and right non-burned zone held by a sample holder. Probably, those zones would have a 

large influence on the flame spread characteristics because the solid-phase heat transfer sideways would vary 
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according to CF orientations. This work then studied the effects of non-burned zones on the flame spread over 

the CFRP sheets and modeled these effects to introduce to our developed CFRP flame spread model. 

Furthermore, the flame spread rates were computed and compared with the measured flame spread rates to 

validate the physical model of the non-burned zone. 
 

2.  Experiment 

2.1.  Carbon fiber reinforced plastic sheets with different carbon fiber orientations 

The CFs are classified into two main types: polyacrylonitrile (PAN)-based CFs and petroleum pitch-based 

CFs. Their chemical structures are different, thereby resulting in different physicochemical properties. The 

pitch-based CFs have higher thermal conductivity than the PAN-based ones, and therefore the solid-phase 

heat transfer is greater in the flame spread over pitch-based CFRPs. This study then selected the pitch-based 

CFRPs as a test sample. A variety of differently oriented CFRP sheets, as illustrated in Fig. 2.1, were fabricated 

by laminating two unidirectional CF sheets impregnated with epoxy resins, i.e., prepregs (Nippon Graphite 

Fiber, NT91500-525S) in different direction and curing them in a high temperature furnace (Yamato Scientific, 

FO810) at 403 K (130 ℃) for 1h. CF orientations of those CFRP sheets are symmetric for longitudinal direction 

of CFRP sheets. Specifications of the used prepreg are listed in Table 2.1. The prepared CFRP sheets can be 

categorized as “thermally thin” because of the high thermal diffusivity of ~2.3 × 102 mm2/s. 

 

 
Fig. 2.1 Schematic of carbon fiber reinforced plastic (CFRP) sheets with different carbon fiber (CF) orientation: (a) CFRP 

[0°] and (b) [40°]. 

 

Table 2.1 Specifications of unidirectional CF sheets impregnated with epoxy resin. 

Manufacturer / Model Nippon Graphite Fiber / NT91500-525S 

Type of carbon fibers Mesophase pitch-based continuous carbon fibers 

Type of thermosetting resins Epoxy resins 

Thickness 0.11 mm per sheet 

Fiber areal weight 150 g/m2 

Resin content 25 wt.% 

Thermal conductivity（CF） 

Thermal conductivity（epoxy resin） 

500 W/m/K 

0.3 W/m/K 
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2.2.  Apparatus for downward flame spread tests 

The fabricated CFRP sheets were cut 12 cm long by 3 cm or 2 cm wide and inserted vertically into a stainless-

steel sample holder (Fig. 2). Note that this work studied downward flame spread to facilitate an analysis as 

much as possible. The size of combustion part was 12 cm long by 2 cm wide. A 0.5-mm-thick nichrome wire 

was equipped with the sample holder to ignite the CFRP sheets. The nichrome wire was energized with 150 

W (20 V × 7.5 A) and then turned off once a self-sustaining flame spread was recognized. Locating the sample 

holder with the CFRP sheets in the glovebox allowed oxygen concentration in the atmosphere to vary. The 

flame spread tests were conducted in variable oxygen concentrations at a total pressure of 0.1 MPa. Pressure 

and oxygen concentration were constantly monitored during the flame spread tests via a manometer (SIBATA, 

DM-1) and an oxygen meter (JIKCO, JKO-25LD3), respectively. Note that the glovebox was so large (1 × 1 × 

1 m3) that a decrease in oxygen concentration due to combustion was small enough to be negligible. This work 

defined “flame spread” if a flame could spread and reach the point which was 4 cm above from the bottom 

edge of the CFRP sheets and “no flame spread” if a flame was extinct before reaching the above point. Flame 

spread behaviors were recorded via a video camera (Sony, HDR-CX470), and the in-plane temperature 

distribution during flame spread was visualized via an infrared camera (Nippon Avionics, InfRec S25). The 

flame spread tests were repeated at least three times for each condition to quantitatively assess the 

experimental uncertainty. 
 

 
Fig. 2.2 Schematic of sample holder for buoyant flow downward flame spread tests. 

 

3. Results 

3.1. Flame spread behaviors 

  Fig. 3.1 shows that a large preheat zone was formed ahead of the flame and became more pronounced as the CF 

crossing angles was decreased. This indicates that the CFs act as a heat conductor to transfer the heats from the flame 

forward. The length of the preheat zone, i.e., the preheating length, for the CFRP sheets with a size of 3 × 12 cm was shorter 
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than that of those with a size of 2 × 12 cm. This is because the heats from the flame would leak sideways for the 3 × 12-cm 

CFRP sheets, and therefore smaller heats were transferred forward. For the 2 × 12-cm CFRP sheets, on the other hand, no 

heat leaks would make the preheating length longer. To better understand the flame spread behaviors of the CFRP sheets 

with an emphasis on the effects of non-burned zones, the direct and IR images were analyzed to produce the quantitative 

data. These data is further discussed in the following chapters. 

 

 
Fig. 3.1 Direct and IR images of downward flame spread behaviors of CFRP sheets with different CF orientations in an 

oxygen concentration of 60%: (a) – (d) CFRP [2 × 12 cm] and (e) - (h) CFRP [3 × 12 cm]. 
 

3.2. Flammability: Limiting oxygen concentration 

The limiting oxygen concentrations (LOCs) of CFRP sheets are plotted as a function of CF orientation angle 

(i.e., the angle of prepreg relative to the other, 𝜃𝜃 ) in Fig. 3.2. This work defined the LOC as the minimum 

oxygen concentration where flame spread was achieved. The LOC increased significantly with CF orientation 

angle, which agrees with the literature6). The sample holder holds 5 mm in both sides of CFRP [3×12cm], i.e., 

1 cm in total, whereas CFRP [2×12cm] has such non-burned zones other than the combustion area. The CFRP 

[2×12cm] tends to require less heat to raise the temperature than the CFRP [3×12cm], resulting in smaller LOCs 

in tested CF orientation angles. This tendency becomes more remarkable as 𝜃𝜃 increases because more heats 

would be transferred sideways as heat loss. 
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Fig. 3.2 Limiting oxygen concentration of CFRP sheets with different widths in buoyant flow as a function of CF 

orientation angle. 

 

3.3.  Solid-phase preheating length 

To understand how the CFs work in the flame spread, the in-plane temperature distribution during flame 

spread was visualized via the IR camera. To quantify the solid-phase preheat zone, the length of the solid-

phase preheat zone, i.e., the solid-phase preheating length (𝐿𝐿𝑠𝑠), was measured by processing the IR images via 

an in-house Python image-processing code. Note that this work defined the distance from the flame’s leading 

edge to the point where the non-dimensional temperature 𝛩𝛩 = (𝑇𝑇 − 𝑇𝑇∞)/(𝑇𝑇𝑣𝑣 − 𝑇𝑇∞) reached a value of 0.3 as 

the representative 𝐿𝐿𝑠𝑠. If the pyrolysis and ambient temperatures (𝑇𝑇𝑣𝑣 and 𝑇𝑇∞) are 670 K and 293 K, respectively, 

then 𝐿𝐿𝑠𝑠 is the distance to the point at the temperature of 406 K. As shown in Fig. 3.3, 𝐿𝐿𝑠𝑠 decreased with 

increasing 𝜃𝜃and oxygen concentration, which agrees with the past study6). At 𝜃𝜃 = 0 deg., heats transfer rates 

in the direction of flame spread are high because no CF orientation angles do not allow heats to be transferred 

sideways. As 𝜃𝜃  is increased, however, heat transfer sideways become significant, resulting in lower heat 

transfer rates in the longitudinal direction. Consequently, 𝐿𝐿𝑠𝑠 decreases with increasing 𝜃𝜃. In addition, the 

effects of oxygen concentration can be understood by solving the one-dimensional unsteady heat conduction 

equation for a semi-infinite solid. The heat penetration distance in the solid phase, i.e., 𝐿𝐿𝑠𝑠 in this work, is 

expressed as 𝐿𝐿𝑠𝑠 ∝ �𝛼𝛼𝑠𝑠t where αs and t are the thermal diffusivity and the characteristic time in the solid phase. 

Here, t is expressed as 𝐿𝐿𝑠𝑠/𝑉𝑉𝑓𝑓, and therefore, 𝐿𝐿𝑠𝑠 is rewritten as: 

𝐿𝐿𝑠𝑠 ∝  
𝛼𝛼𝑠𝑠
𝑉𝑉𝑓𝑓

. (3.3.1) 

The above equation suggests that Ls is inversely proportional to  𝑉𝑉𝑓𝑓 ,  in other words, 𝐿𝐿𝑠𝑠  decreases with 

increasing 𝑉𝑉𝑓𝑓 . 𝑉𝑉𝑓𝑓  is much concerned with oxygen concentration, and increasing oxygen concentration 

accelerates the flame spread. This is because the flame temperature is increased with oxygen concentration, 

thereby leading to higher incident heat flux from the flame. Consequently, 𝑉𝑉𝑓𝑓  increases with oxygen 

concentration, resulting in shorter 𝐿𝐿𝑠𝑠. It can also be seen that the preheat zone of CFRP [2×12cm] was larger 
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than that of CFRP [3×12cm] when comparing them at the same 𝜃𝜃. For CFRP [2×12cm], there is no heated area 

other than the combustion area, whereas for CFRP [3×12cm], 5 mm in both sides is sandwiched by the sample 

holder. More heats are, therefore, transferred forward in CFRP [2×12cm] without heat losses sideways, 

resulting in longer 𝐿𝐿𝑠𝑠. 

 

 
Fig. 3.3 Solid-phase preheat length of CFRP sheets at CF orientation angles of (a) 0 deg., (b) 10 deg., (c) 20 deg., and (d) 

30 deg. 

 

3.4.  Flame length 

Flame length (𝐿𝐿𝑓𝑓) is one of the important characteristics for conductive heat transfer because residues 
under a flame, e.g., the half-burned CFs in this work, are heated to transfer heats forward. Therefore, the 
conductive heat flux increases as 𝐿𝐿𝑓𝑓 becomes longer. 𝐿𝐿𝑓𝑓 was then measured by applying the same in-house 
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Python image-processing code as that used for calculating 𝐿𝐿𝑠𝑠. As shown in Fig. 3.4, 𝐿𝐿𝑓𝑓  became shorter and 
longer as 𝜃𝜃 and oxygen concentration are increased, respectively. 𝐿𝐿𝑓𝑓  would be proportional to mass flux of 
fuel vapors. As mentioned in Section 3.2, the net conductive heat transfer rates, which contribute to the flame 
spread, decrease with increasing 𝜃𝜃 because of increased heat losses sideways. Lower heat transfer rates only 
produce lower mass flux of fuel vapors, and therefore 𝐿𝐿𝑓𝑓 becomes shorter as 𝜃𝜃 is increased. On the other 
hand, increasing oxygen concentration elevates the flame temperature to facilitate the pyrolysis. Consequently, 
the mass flux of fuel vapors is increased with oxygen concentration, resulting longer 𝐿𝐿𝑓𝑓. In addition, 𝐿𝐿𝑓𝑓 of 
CFRP [2×12cm] was longer than that of CFRP [3×12cm] at the same 𝜃𝜃. The incident heat transfer rate from the 
flame would be higher in CFRP [2×12cm], and therefore more fuel vapors are produced to yield longer 𝐿𝐿𝑓𝑓. 

 

 
Fig. 3.4 Flame length of CFRP sheets at CF orientation angles of (a) 0 deg., (b) 10 deg., (c) 20 deg., and (d) 30 deg. 
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3.5.  Flame spread rate 

Flame spread rate (𝑉𝑉𝑓𝑓) was measured by tracking the flame leading edge via an in-house Python image-

processing code. 𝑉𝑉𝑓𝑓 decreased as 𝜃𝜃 increased and increased as the oxygen concentration increased in Fig. 3.5. 

As A increases, the 𝑉𝑉𝑓𝑓 is considered to decrease because the flame spread in the longitudinal direction of the 

sample is suppressed due to the decrease in 𝐿𝐿𝑠𝑠 . 𝑉𝑉𝑓𝑓  rate is also considered to increase as the oxygen 

concentration increases, because the higher oxygen concentration increases the flame temperature and the 

amount of heat transferred through the carbon fiber. In addition, 𝑉𝑉𝑓𝑓of CFRP [2×12cm] was higher than that of 

CFRP [2×12cm] at all the tested 𝜃𝜃. This may be because some of the heat was used to increase the temperature 

in the non-burned zones of the CFRP [3 x 12 cm]. This is discussed in the next chapter as well using a model. 

 

 
Fig. 3.5 Flame spread rate of CFRP sheets at CF orientation angles of (a) 0 deg., (b) 10 deg., (c) 20 deg., and (d) 30 deg. 
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4.  Discussion  

4.1.  Conventional simplified flame spread model 

The following simplified flame spread model was proposed by Kobayashi et al5)．The possible heat transfer 

rates involve 

𝑄𝑄1, 𝑄𝑄2: incident heat transfer rates from flame (convection and radiation), and 

𝑄𝑄3, 𝑄𝑄4: heat transfer rates through the material. 

Note that this model does not consider the forward gas-phase heat transfer because it is low enough to be 

negligible as compared to the solid-phase heat transfer (𝑄𝑄2 and 𝑄𝑄4). 

 

Fig. 4.1 Schematic of simplified flame spread model involving the solid-phase heat transfer with simulated surface 

temperature profile. 

 

Nomenclature 
𝑉𝑉𝑓𝑓 ：flame spread rate 
𝜌𝜌𝑔𝑔 ：gas-phase density 
𝜌𝜌𝑠𝑠 ：solid-phase density 
𝑐𝑐𝑔𝑔 ：gas-phase specific heat 
𝑐𝑐𝑠𝑠 ：solid-phase specific heat 
𝜆𝜆𝑔𝑔 ：gas-phase thermal conductivity 
𝜆𝜆𝑠𝑠 ：solid-phase thermal conductivity 
𝛼𝛼𝑔𝑔 ：gas-phase thermal diffusivity 
𝛼𝛼𝑠𝑠 ：solid-phase thermal diffusivity 

𝜏𝜏 ：material thickness 
𝑇𝑇𝑓𝑓 ：flame temperature 
𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚  ：maximum temperature 
𝑇𝑇𝑣𝑣 ：pyrolysis temperature 
𝐿𝐿𝑣𝑣 ：latent heat of vaporization 
𝐿𝐿𝑓𝑓 ：flame length 
𝐿𝐿𝑝𝑝𝑝𝑝 ：pyrolysis zone length 
𝐻𝐻𝑓𝑓 ：flame height 
𝐿𝐿𝑔𝑔 ：thermal diffusion length 
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Formulating energy balance in each zone gives the following equations: 

In burned zone: 
𝑄𝑄1 = 𝑄𝑄2 (4.1.1) 

In pyrolysis zone: 
𝜌𝜌𝑠𝑠𝑐𝑐𝑠𝑠𝜏𝜏𝑉𝑉𝑓𝑓𝐿𝐿𝑣𝑣 = 𝑄𝑄2+𝑄𝑄3 − 𝑄𝑄4 (4.1.2) 

Eq. (4.1.1) does not involve conductive heat loss backward from the flame, i.e., downstream, because this 

model assumes that the high temperature of the burned material is still maintained behind the flame. The 

flame incident heat in the burned zone (𝑄𝑄1) is therefore transferred to the pyrolysis zone through the material. 

Substituting Eq. (4.1.1) into Eq. (4.2.2) to eliminate the conductive heat transfers (𝑄𝑄2 ) yields an analytical 

solution of flame spread rate as: 

𝑉𝑉𝑓𝑓 =
(𝑄𝑄1 + 𝑄𝑄3) − (𝑄𝑄4)

𝜌𝜌𝑠𝑠𝜏𝜏𝐿𝐿𝑣𝑣
(4.1.3) 

𝑄𝑄4 = 𝜌𝜌𝑠𝑠𝑐𝑐𝑠𝑠(𝑇𝑇𝑣𝑣 − 𝑇𝑇∞)𝜏𝜏𝑉𝑉𝑓𝑓 (4.1.4) 

𝑉𝑉𝑓𝑓 =
𝑄𝑄1 + 𝑄𝑄3

𝜌𝜌𝑠𝑠{𝑐𝑐𝑠𝑠(𝑇𝑇𝑣𝑣 − 𝑇𝑇∞) + 𝐿𝐿𝑣𝑣}𝜏𝜏
(4.1.5) 

𝑄𝑄1 = 𝜆𝜆𝑔𝑔
𝑇𝑇𝑓𝑓 − 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚

𝐻𝐻𝑓𝑓
�𝐿𝐿𝑓𝑓 − 𝐿𝐿𝑝𝑝𝑝𝑝� (4.1.6) 

𝑄𝑄3 = 𝜆𝜆𝑔𝑔
𝑇𝑇𝑓𝑓 − 𝑇𝑇𝑣𝑣
𝐻𝐻𝑓𝑓

𝐿𝐿𝑝𝑝𝑝𝑝 (4.1.7) 

which suggests that the CFs just work as a heat conductor to transfer the heat flux forward, and that the flame 

spread over CFRP is driven by the flame heat flux transferred by the CFs. We then have only to consider the 

incident heat transfer rates from the flame. Here, referring to the simulated surface temperature profile in Fig. 

4.1, the solid-phase heat transfer rate from the burned zone to the pyrolysis zone (𝑄𝑄2) is represented as: 

𝑄𝑄2 = 𝜆𝜆𝑠𝑠
𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑇𝑇𝑣𝑣

𝐿𝐿𝑝𝑝𝑝𝑝
𝜏𝜏 (4.1.8) 

From Eqs. (4.1.1), (4.1.6), and (4.1.8), the maximum temperature (𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚) is then: 

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 =
𝜆𝜆𝑔𝑔�𝐿𝐿𝑓𝑓 − 𝐿𝐿𝑝𝑝𝑝𝑝�𝐿𝐿𝑝𝑝𝑝𝑝𝑇𝑇𝑓𝑓 + 𝜆𝜆𝑠𝑠𝜏𝜏𝐻𝐻𝑓𝑓𝑇𝑇𝑣𝑣
𝜆𝜆𝑔𝑔�𝐿𝐿𝑓𝑓 − 𝐿𝐿𝑝𝑝𝑝𝑝�𝐿𝐿𝑝𝑝𝑝𝑝 + 𝜆𝜆𝑠𝑠𝜏𝜏𝐻𝐻𝑓𝑓

(4.1.9) 

Although the flame length (𝐿𝐿𝑓𝑓) is measured as shown in Fig. 3.3, the flame height (𝐻𝐻𝑓𝑓) and the length of the 

pyrolysis zone (𝐿𝐿𝑝𝑝𝑝𝑝) are not experimentally obtained. However, closed-form expressions for flame geometry 

in opposed-flow flame spread were suggested by Bhattacharjee et al.7), and Hf and 𝐿𝐿𝑝𝑝𝑝𝑝  are given by the 

following equations: 

𝐻𝐻𝑓𝑓 =
1
5

1
𝑌𝑌𝑂𝑂

𝑇𝑇𝑓𝑓 − 𝑇𝑇𝑣𝑣
𝑇𝑇𝑣𝑣 − 𝑇𝑇∞

𝐿𝐿𝑔𝑔 (4.1.10) 

𝐿𝐿𝑝𝑝𝑝𝑝 =
1
2

𝐿𝐿𝑣𝑣
𝑐𝑐𝑠𝑠(𝑇𝑇𝑣𝑣 − 𝑇𝑇∞)

𝑇𝑇𝑓𝑓 − 𝑇𝑇𝑣𝑣
𝑇𝑇𝑣𝑣 − 𝑇𝑇∞

𝐿𝐿𝑔𝑔 (4.1.11) 

However, this model does not consider the effect of the CF orientation and the non-burned zones in both sides 

held by the sample holder. Therefore, a new simplified flame spread model is proposed in Section 4.2. 
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4.2. Revised CFRP flame spread model 

The thermal conductivity (λs) of CFRP used in the model in Fig. 4.1 is for 𝜃𝜃 = 0 deg., and other 𝜃𝜃 is not 

mentioned. Here, we propose a thermal conductivity according to 𝜃𝜃 (𝜆𝜆𝑠𝑠,𝜃𝜃). 𝜆𝜆𝑠𝑠,𝜃𝜃 is geometrically formulated 

as: 

𝜆𝜆𝑠𝑠,𝜃𝜃 =  𝜆𝜆𝑠𝑠,0 × cos �
𝜃𝜃
2
�, 

where 𝜆𝜆𝑠𝑠,0 is 347 W/m/K at 𝜃𝜃 = 0deg. The heat losses sideways 𝑄𝑄5 is written as: 

𝑄𝑄5 = 𝜌𝜌𝑠𝑠𝑐𝑐𝑠𝑠(𝑇𝑇𝑣𝑣 − 𝑇𝑇∞)𝜏𝜏𝑉𝑉𝑓𝑓 . (4.2.1) 

Here, the temperature in the unburned zones is assumed to reach the pyrolysis temperature. Assuming that 

the width of the combustion zone is 𝑎𝑎 and the width of the noncombustion zone is 𝑏𝑏, and adapting Eq. (4.2.1) 

to the model in Fig. 4.1, we obtain 

𝑉𝑉𝑓𝑓 =
(𝑎𝑎𝑄𝑄1 + 𝑎𝑎𝑄𝑄3) − (𝑎𝑎𝑄𝑄4 + 𝑏𝑏𝑄𝑄5)

𝑎𝑎𝜌𝜌𝑠𝑠𝜏𝜏𝐿𝐿𝑣𝑣
(4.2.2) 

𝑉𝑉𝑓𝑓 =
𝑎𝑎(𝑄𝑄1 + 𝑄𝑄3)

𝜌𝜌𝑠𝑠{(𝑎𝑎 + 𝑏𝑏)𝑐𝑐𝑠𝑠(𝑇𝑇𝑣𝑣 − 𝑇𝑇∞) + 𝑎𝑎𝐿𝐿𝑣𝑣}𝜏𝜏
. (4.2.3) 

 

 
Fig. 4.2 Schematic of the CFRP sheet at a CF orientation angle of 𝜃𝜃 deg. 

Table 4.1 Thermal conductivity of CFRP sheets in the direction of flame spread. 

𝜆𝜆𝑠𝑠,0  
(W/m/K) 

𝜆𝜆𝑠𝑠,10  
(W/m/K) 

𝜆𝜆𝑠𝑠,20 
(W/m/K) 

𝜆𝜆𝑠𝑠,30 
(W/m/K) 

𝜆𝜆𝑠𝑠,30 
(W/m/K) 

347 345.7 341.7 335.2 326.1 

 

4.3. Validation of the revised flame spread model via the measured flame spread rate 

To validate the developed flame spread model, 𝑉𝑉𝑓𝑓  of CFRP sheets is calculated via that model with the 

physicochemical properties listed in Table 4.2 and compared with the measured 𝑉𝑉𝑓𝑓. A comparison between 

the calculated and measured 𝑉𝑉𝑓𝑓 is shown in Fig. 4.3, 4.4. If plots are on the dashed line, the calculated 𝑉𝑉𝑓𝑓 

corresponds to the measured 𝑉𝑉𝑓𝑓. Most plots are close to the dashed line, and therefore the calculated 𝑉𝑉𝑓𝑓 agree 

with the measured 𝑉𝑉𝑓𝑓 very well. We evaluate the model in more detail. As shown in Table 4.1, 𝜆𝜆𝑠𝑠 was varied, 

but the position of the plots remained almost unchanged even at 30 deg., where the difference was the largest. 

In Figure 4.4, the plot is closer to a wavy line as 𝜃𝜃 is increased. This is thought to be because the temperature 
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rise in the non-burning zone approaches the pyrolysis temperature (670 K) as 𝜃𝜃 increases. 

Table 4.2 Physicochemical properties of CFRP and air for calculating flame spread rate. 

 
𝜏𝜏 

(mm) 
𝜌𝜌𝑔𝑔 

(kg/m3) 
𝜌𝜌𝑠𝑠 

(kg/m3) 
𝑐𝑐𝑔𝑔 

(J/kg/K) 
𝑐𝑐𝑠𝑠 

(J/kg/K) 
𝜆𝜆𝑔𝑔 

(W/m/K) 
𝜆𝜆𝑠𝑠 

(W/m/K) 
𝑇𝑇𝑣𝑣 
(K) 

𝐿𝐿𝑣𝑣 
(MJ/k) 

CFRP 0.22 _ 1780 _ 860 _ 326.1-347 670 1.417 

Air _ 0.201-0.219 _ 1735-1896 _ 0.0848-0.0892 _ _ _ 

 

 
Fig. 4.3 Comparison of calculated and measured flame spread rates between the previous model and the 

newly developed model: (a) CFRP [0 deg.], (b) [10 deg.], (c) [20 deg.], and (d) [30 deg.] (CFRP [2 × 12 cm]). 
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Fig. 4.4 Comparison of calculated and measured flame spread rate between the previous model and the 

newly developed model (CFRP [3 × 12 cm]). 

 

 

5.  Conclusions  

This work studied the thermal influences of the non-burned regions on the opposed-flow flame spread over 

the CFRP sheets. Even if the area of the combustion zone is the same, the combustion characteristics change 

depending on the presence or absence of the no combustion zone. The flame spread rates calculated by the 

flame spread model of CFRP considering the unburned area well agreed with the measured flame spread rates.  
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