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ABSTRACT

We have investigated the downward flame spread over a thin solid fuel. Hydrogen, methane, or propane,
included in the gaseous product of pyrolysis reaction, is added in the ambient air. The fuel concentration is
kept below the lean flammability limit to observe the partially premixing effect. Both experimental and
numerical studies have been conducted. Results show that, in partially premixed atmospheres, both blue
flame and luminous flame regions are enlarged, and the flame spread rate is increased. Based on the flame
index, a so-called triple flame is observed. The heat release rate ahead of the original diffusion flame is
increased by adding the fuel, and its profile is moved upstream. Here, we focus on the heat input by adding
the fuel in the opposed air, which could be a direct factor to intensify the combustion reaction. The
dependence of the flame spread rate on the heat input is almost the same for methane and propane/air
mixtures, but larger effect is observed for hydrogen/air mixture. Since the deficient reactant in lean mixture is
fuel, the larger effect of hydrogen could be explained based on the Lewis number consideration. That is, the
combustion is surely intensified for all cases, but this effect is larger for lean hydrogen/air mixture (Le < 1),
because more fuel diffuses toward the lean premixed flame ahead of the original diffusion flame. Resultantly,
the pyrolysis reaction is promoted to support the higher flame spread rate.
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Introduction

Generally, fire disaster is a phenomenon in which flames ignite various inflammables, such as liquid
and solid fuels, which expands the combustion region. Therefore, in order to mitigate the losses in fire, it is
essential to understand the flame spread mechanism [1-8]. However, in the actual fire, a number of factors,
such as the ambient atmosphere, the flow field, and the shape and material of an inflammable solid, become
entangled with each other. The phenomena of flame spread are therefore complex process. So far, many
studies on the flame spread over inflammable solids have been performed, often using samples such as filter
papers and polymethyl methacrylate (PMMA) materials to simulate the flame spread in fire [9-14].

In these studies, most of researches are dealing with ambient effect of dilution or reduction of oxygen
concentration, which provide us useful information for the fire extinguishers to construct better fire
suppression strategies. However, in the real case, the complete burning does not always occur, and some
flammable products could remain. Under poorly ventilated conditions, the combustible mixtures of oxygen
and fuel vapors may be formed, so that oxygen is partially depleted from the air and is replaced by
combustible gases such as fuel vapors [15]. Subsequent fire spread over the solid fuel could occur in partialty
premixed atmospheres. In that case, it seems unclear whether the partially premixing effect is treated as
encouraging the extinction (lower Damkohler number, Da) or intensifying the combustion reaction (higher
Da).

Ronney et al., [15] have investigated the flame spread over the thin solid fuel in partially premixed
atmospheres. In their asymptotic analysis, it is assumed that the combustion field consists of two regions, the
non-premixed flame of solid fuel and premixed flame of added gaseous fuel. Their approach is within the
framework of de Ris’s model assuming the infinite reaction rate for non-premixed flame. If the oxygen
concentration may be much higher than that of air, this assumption would be valid with high Da. However,

since the vitiated conditions in fire imply oxygen concentrations below that of air, their approach may not be



valid. Therefore, the further study is needed for the experiments, coupled with numerical simulation with
finite chemistry.

In the present study, we use a cellulose filter paper as a solid fuel. In experiments, we investigate the
flame spread over a filter paper. To evaluate the partially premixing effect, different fuels of hydrogen,
methane, and propane included in pyrolysis products [16,17] are added in the ambient air. The fuel
concentration is kept below the lean flammability limit. Additionally, we conduct numerical simulation of

downward flame spread for discussing the flame structure in detail.

Experimental setup

To control the conditions of ambient atmospheres, we used a wind tunnel system. The experimental
setup is shown in Fig. 1 (unit: mm). Opposed flow of fuel and air was supplied, and the filter paper was
placed at the wind tunnel exit. In this experiment, the velocity of opposed flow, U, was kept at 25 cm/s. The
cross section of the wind tunnel exit is 80 mm X 80 mm. Hydrogen, methane, or propane was added in the air
to form a partially premixed mixture. The fuel concentration was kept below the lean flammability limit. The
values for hydrogen, methane, and propane are 4.0, 5.0, and 2.1 % in volume.

A thin filter paper was used in this experiment. Two types of filter were used (produced by Toyo filter
company). The properties of thickness, 8, and density, p, are 0.12 mm and 800 mg/cm’ for sample No.1 and
0.25 mm and 560 mg/em’ for sample No.2. The filter width is 40 mm. The filter was ignited by a Nichrome
wire for the two-dimensional flame spread. To void the effect of ignition, the flame spread rate was measured
20mm below the ignition point. In our preliminary experiment [10], it has been confirmed that the downward
flame spread rate (V) of these two samples, coupled with other three filters of different thickness and density,

is proportional to 1/(pd), which means that the value of p¥/is constant, corresponding to so called “thermally
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thin” region [1].

Numerical method
To discuss the flame spread in partially premixed atmospheres in detail, numerical simulation was

conducted. Figure 2 shows the analytical model for downward flame spread over the solid fuel. The flame

spread is considered in two-dimensional coordinate system. The governing equations in gas phase and solid | Fig.2

phase are explained, separately.

Gas phase

The following equations are considered, maintaining conservation of mass, momentum, energy, and species i

for compressible flow [18-22].
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Species Equation
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The approach is to solve a set of time-dependent, coupled partial differential equations with a finite volume
method by Patankar’s SIMPLE method [23]. It should be noted that the steady-state flame spread is not
assumed. In the simulation, only methane is added in the ambient air. Also, methane is the sole gaseous fuel
formed in the pyrolysis reaction. The over-all one step reaction is adopted as CHs + 20, — CO,+ 2H0.
The reaction rate is expressed by

a)ov = kov Cg’H4C(b)2 exp(_E/RT) (7)

where C; is molar concentration. The reaction coefficient, 4, and the effective activation energy, E, are
referred to Ref. [24]. The constants of @ and b are 0.2 and 1.3, respectively [24]. For the simulation of
downward flame spread, the gravity is included in Eq. (2). The thermodynamic properties for the species are

obtained from the CHEMKIN database [25]. The transport properties are calculated according to a Smooke’s

simplified transport model [26].

Solid phase

In this simulation, the thermally thin model is adopted, where the solid fuel is regarded as being thin enough



to have an essentially uniform temperature distribution across its thickness [1]. The properties of solid fuel

thickness and density are set to be those of sample No. 1. Then, the governing equations are as follows:

Mass Conservation Equation
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Mass Conservation Equation for Fuel
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where half thickness of solid fuel is T =0.06 mm (= 8/2), specific heat is c,s =1.3 J/( g*K), heat of formation is
AH, =64 J/g, emissivity is £=0.6 [27], and Stefan-Boltzmann constant is 6 =5.67 X 10® W/( m*-K®). The
reaction of solid phase is

[Fuel-Solid] — v [Char] + v, [Fuel-Gas] + (1-v; - ) [Inert-Gas] (11)

where 1= 0.14, and 1, = 0.23 in this calculation [27]. The pyrolysis reaction rate is
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where A;=5.0 X 10"1/s, ¢ = 1.2, E;=237 kJ/mol [27], and initial density of solid fuel is p»=800 mg/cn’.

The computational domain in Fig. 2b is 90 mm (x) X 20 (y) mm, where x is the (opposite) direction
of the flame spread and y is the direction perpendicular to the solid fuel surface. The grid size is 0.1 mm. In
experiments, the filter sample was placed at the wind tunnel exit, which is set at x = 0 mm in the simulation.
The heat source of 1500 K is added to ignite the filter. Its location is at 57.5 mm <x < 62.5 mm. In converge
study, we changed the grid size, and confirmed that the simulated flame spread rate does not depend on the

grid size. Boundary conditions are as follows:

(1) Inlet (x =0 mm)

u=U, =025m/s, v=0, T=300K, Y=Y, (13)

(2) Exit (x=90 mm)
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Results
Experimental results

Figure 3 shows direct photographs of flames over a sample No. 2 in methane/air mixtures. The fuel
concentration, Cy; is 0 and 2 % in volume. The front views of the flame are shown. As seen in this figure, the
flame structure is almost two-dimensional. When the fuel is added in the opposed air, both blue flame and
luminous flame regions are enlarged.

Figure 4 shows the measured flame spread rate, V' in hydrogen, methane, or propane/air mixtures.
Since the fuel supply is kept below the flammability limit, the range of the fuel concentration is different. As
seen in this figure, when the fuel is added, the flame spread rate is increased for all cases. Although the flame
spread rate of sample No. 1 is higher than that of No. 2, the increasing rate is almost the same in hydrogen,
methane, and propane/air mixtures. Hence, independent of the added fuel type, the partially premixing effects

could be interpreted as increasing Da. To explain this effect, we simulated the flame spread.

Simulation results

Figure 5 shows the temperature profile at # = 2.0 s. Time is counted after the ignition. The fuel
concentration in the opposed flow is 0 and 2 % in volume. It is found that high temperature region is slightly
expanded and the maximum temperature is higher by 40 K in partially premixed atmospheres. Based on the
flame position, the flame spread rate is calculated. The steady flame motion is achieved for 1.0 ~ 2.5 s. The
obtained flame spread rate is 1.47, 1.67, 1.87 mm/s for C;= 0, 1, 2%, respectively. Comparing the results in
Fig. 4, the numerical model slightly underestimates the flame spread rate. This could be because the reaction
scheme in numerical model is the over-all one step reaction. Also, the detailed pyrolysis gases are not
considered. However, since its discrepancy with experiments is not large, it is possible to examine the flame

spread in partially premixed atmospheres qualitatively.
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Figure 6 shows the distributions of the surface temperature of the solid fuel, 7;, and the fuel ejection
velocity, v at £ = 2.5 s for Gr= 0 and 2%. As shown in this figure, the high-temperature region of the solid
surface is expanded as Cis increased. Resultantly, the fuel ejection velocity is larger. Hence, as Cyis increased,
more fuel is ejected into the gas phase. Therefore, an increase in the flame spread rate is apparently caused by

the promotion of the pyrolysis reaction. In the following section, we investigate the flame structure in detail.

Discussion
In order to discuss the partially premixing effect, the flame structure is examined, by using the flame

index, Grop, which is a good parameter to distinguish the region of diffusion flame or the premixed flame [20].

Gpo = grad(Y,) grad(¥,)  (for g/g,,, >0.01) (17)

where Grp is positive for a premixed flame and negative for a diffusion flame, ¢ is the heat release rate, and
gmax 1S the maximum heat release rate. Figure 7 shows the distributions of the heat release rate at £ =2.5 s for
Cr=0% and 2%. As seen in this figure, the region of large heat release rate is expanded around the flame tip.
Interestingly, two reaction zones are recognized when the fuel is added in the ambient air. For comparison, the
flame index at the same period is shown in Fig. 8. To discuss the flame structure in detail, the area around the
leading flame tip is enlarged in Fig. 9. As shown in these figures, two premixed flames are formed near the
diffusion flame (DF).

It should be noted that the premixed flame can be classified based on mixedness [20], by which the
fuel-lean and fuel-rich regions are identified. It is found that, in Fig. 9, the premixed flame near the solid fuel
surface is the rich premixed flame (RPF), and the premixed flame ahead of the diffusion flame is the lean
premixed flame (LPF). Thus, a so-called triple flame is observed in the combustion field over the solid fuel.

Clearly in Fig. 9, when the fuel is added in the opposed flow, the lean premixed flame is intensified whereas
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the rich premixed flame is weakened.

To study further, one-dimensional distributions of mass fractions of methane and oxygen, heat release
rate, flame index at y = 2.5 mm are investigated. These profiles obtained at = 2.5 s are shown in Fig. 10. It is
found that, in partially premixed atmospheres, the maximum heat release rate is not larger. Instead, the heat
release rate in the region ahead of the original diffusion flame is increased by adding the fuel, and its profile is
moved upstream. Resultantly, the pyrolysis reaction is promoted to support the higher flame spread rate. Since
some part of oxygen is consumed in the lean premixed flame, the rich premixed flame near the solid fuel
surface is weakened.

Therefore, the heat transfer caused by the added fuel is the key to discuss the flame spread in partially
premixed atmospheres. It should be noted that even if the fuel concentration is the same, the heat of
combustion is different among hydrogen, methane, and propane. Then, we calculate the heat input by adding

the fuel, which could be a direct factor to intensify the reaction in the flame region.

0, =C, V0, (18)

where V'is the molar rate determined by the density and component of mixture, and Oyis the molar heat of
reaction. Results are shown in Fig. 11. To make clear the effect of fuel addition, the flame spread rate is
non-dimensionalized by the one in the opposed air, V. The values of V;pare 1.909 mm/s (No.1) and 1.221
mm/s (No.2) for CHy, 1.898 mm/s (No.1) and 1.275 mnv/s (No.2) for H,, 1.870 mm/s (No.1) and 1.280 mm/s
(No.2) for CsHg. It is interesting to note that, in case of methane and propane, the dependence on the heat
nput is almost the same. However, for the hydrogen, the larger effect is observed.

Since the deficient reactant is fuel in lean premixed mixture, it is important to consider the Lewis

number (Le=K/D), where K is the thermal diffusivity and D is the diffusion coefficient [14,28]. It is well
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known that, roughly Le = 1 for lean methane/air mixture, Le > 1 for lean propane/air mixture, and Le <1 for
lean hydrogen/air mixture. Therefore, the combustion in LPF could be largely promoted for lean hydrogen/air
mixture, because more hydrogen diffuses toward the lean premixed flame to increase the heat release rate in
the region ahead of the original diffusion flame. Then, the pyrolysis reaction is promoted, resulting in an

increase of flame spread rate.

Conclusions

In this study, we have investigated the downward flame spread over the thin solid fuel experimentally
and numerically. To consider poorly ventilated conditions in fire, hydrogen, methane, or propane is added in
the ambient air. The fuel concentration is kept below the lean flammability limit to observe the partially

premixing effect. The following conclusions are made.

(1) In the partially premixed atmospheres, both blue flame and luminous flame regions are enlarged, and the
flame spread rate is increased. Although the flame spread rate of sample No. 1 is higher than that of No. 2,
the increasing rate is almost the same in hydrogen, methane, and propane/air mixtures. Hence,
independent of the added fuel type, the partially premixing effects could be interpreted as increasing Da.

(2) The flame structure is examined in terms of the flame index. The so-called triple flame is observed in the
combustion field over the solid fuel. When the fuel is added in opposed flow, the heat release rate in the
region ahead of the original diffusion flame is increased. Since some part of oxygen is consumed in the
lean premixed flame, the rich premixed flame near the solid fuel surface is weakened.

(3) By calculating the heat input of added fuel in the opposed air, the dependence of flame spread rate on the

heat input is almost the same for methane and propane/air mixtures, but larger effect is observed for

10



hydrogen/air mixture. Since more hydrogen diffuses toward the lean premixed flame, the pyrolysis

reaction is promoted to support the higher flame spread rate.
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Figure captions

Fig.1 Wind tunnel system for downward flame spread in partially premixed atmospheres.

Fig. 2 Analytical model for downward flame spread over solid fuel; (a) computational domain, and (b)
boundary conditions.

Fig.3  Direct photograph of flames over sample No. 2 in methane/air mixture; (a) C= 0%, (b) G=2%.

Fig.4 Measured flame spread rate using different fuels.

Fig. 5 Temperature profiles at = 2.0 s are shown. Fuel is methane and filter is sample No. 1; (a) G=0 %,
() G=2%.

Fig. 6 Profiles of (a) surface temperature of the solid fuel, and (b) fuel ejection velocity; # = 2.5s. Fuel is
methane and filter is sample No. 1.

Fig. 7 Contour maps of flame index at #=2.5 s are shown. The added fuel is methane; (a) =0 %, (b) C=
2%.

Fig. 8 Contour maps of heat release rate at # = 2.5 s are shown. The added fuel is methane; (a) C= 0 %, (b)
C=2%.

Fig. 9 Contour maps of flame index at = 2.5 s are shown. Area around the leading flame tip is enlarged.
The added fuel is methane; (a) C= 0 %, (b) C=2 %.

Fig. 10  Profiles of mass fractions of fuel and oxygen, heat release rate, and flame index aty =2.5mm.
These are obtained at t=2.5 s. Added fuel is methane; (a) G=0 %, (b) C=2 %.

Fig. 11  Variations of flame spread rate with calculated heat input in partially premixed mixtures.
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Fig. 1 Wind tunnel system for downward flame spread in partially premixed atmospheres.
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Fig.2  Analytical model for downward flame spread over solid fuel;
(a) computational domain, and (b) boundary conditions.
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Fig.3 Direct photograph of flames over sample No. 2 in
methane/air mixture; (a) C= 0%, (b) C=2%.
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Fig.4 Measured flame spread rate using different fuels.
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Fig.5 Temperature profiles at #=2.0 s are shown.
Fuel is methane and filter is sample No. 1; (a) Cr=0%,
(b) G=2%
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Fig. 6 Profiles of (a) surface temperature of the solid
fuel, and (b) fuel ejection velocity; = 2.5s. Fuel is methane
and filter is sample No. 1.
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Fig. 7 Contour maps of heat release rate at t=2.5 s are
shown. The added fuel is methane; (a) C= 0 %, (b) C=2 %.
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Fig.8 Contour maps of flame index at #=2.5 s are shown.
The added fuel is methane; (a) =0 %, (b) C=2 %.

[Word Count] = (65+10)*2.2*1 + 28 (caption) = 193 words
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Fig.9 Contour maps of flame index at = 2.5 s are shown.
Area around the leading flame tip is enlarged. The added fuel
is methane; (a) C=0 %, (b) C=2 %.
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Fig. 10 Profiles of mass fractions of fuel and oxygen, heat release rate, and flame index at y = 2.5mm.
These are obtained at =2.5 s. Added fuel is methane; (a) G=0 %, (b) C=2 %.
[Word Count] = (60+10)*2.2*1 + 42 (caption) = 196 words

025 T TTT I TTT I TTT I TTT I TTT I TT 0'50
0.201= (a) J0.25
— 0.15§7° Ycuax10
"’E Yoz 0
= 010194 K
H™~ ~Uro 8
O 0.05 20255
«Q
- i
= 0¢ -0.50 —
‘_S‘ 025 : T TTT l TTT l TTT l TTT l TTT l TTT l TT 050 >é
N L
y 0.201 ) Jo2s ©
O 0.15 - .
0.10
0.05 - -0.25
0 -0.50
50 51 52 53 54 55 56 57 58

x [mm]

Fig. 10 (enlarged)
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