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Abstract: The present study is aimed at predicting downward flame spread characteristics
over poly(methyl methacrylate) (PMMA) with different sample dimensions in different pressure
environments. Three-dimensional (3-D) downward flame spread experiments on free PMMA
slabs were conducted at five locations with different altitudes, which provide different pressures.
Pressure effects on the flame spread rate, profile of pyrolysis front and flame height were analyzed
at all altitudes. The flame spread rate in the steady-state stage was calculated based on the balance
on the fuel surface and fuel properties. Results show that flame spread rate increases exponentially
with pressure, and the exponent of pressure further shows an increasing trend with the thickness
of the sample. The angle of the pyrolysis front emerged on sample residue in the width direction,
which indicates a steady-burning stage, varies clearly with sample thicknesses and ambient pressures.
A global non-dimensional equation was proposed to predict the variation tendency of the angle of
the pyrolysis front with pressure and was found to fit well with the measured results. In addition,
the dependence of average flame height on mass burning rate, sample dimension and pressure was
proposed based on laminar diffusion flame theory. The fitted exponent of experimental data is 1.11,
which is close to the theoretical value.

Keywords: downward flame spread; three-dimensional; poly(methyl methacrylate) (PMMA);
pressure; thermal transfer

1. Introduction

Poly(methyl methacrylate) (PMMA) is widely used as a building material due to its excellent
clarity and intensity. However, it easily becomes soft under heat and has a high flammability potential
(Limited Oxygen Index = 18). Under a certain external heat flux, PMMA begins to bubble and many
combustible gases will form. Once the temperature and concentration of the gases exceed the critical
values, solid PMMA will be ignited. After ignition, the flame may spread in different directions, which
may cause serious damage. Thus, prediction of flame spread rate is of great practical importance from
a fire protection point of view. In a real-fire scenario, prediction of downward flame spread over solid
combustibles is a complicated problem since it is not only related with the thermal properties of virgin
material but also changes with environmental conditions, such as temperature, pressure, wind velocity
and humidity. All these parameters have significant influences on heat and mass transfer processes,
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which are predominant in flame spread mechanisms. A number of experiments and simulations
on flame spread over solid combustibles have been performed. The dependence of flame spread
characteristics on related physical and ambient conditions has also been proposed [1-14].

Flame spread rate was one of the most studied parameters in previous studies. Numerical
simulation is an important method investigating fire spread mechanisms since it gives the detailed
information. Most theoretical models of downward flame spread reported in the literature can be
classified as two-dimensional (2-D) heat transfer models [1,3-5,8,9,12]. De Ris [1] firstly presented
an integrated theoretical description of flame spread rate over thin sheet and a semi-infinite fuel
bed. A significant difference was found between the two sizes of simulation objects. Fernandez-Pello
and Williams [3] optimized the model of gas phase flow and provided a detailed description of the
dependence of flame spread rate on ambient temperature, pressure, oxygen concentration, gravity
acceleration and sample thickness. In addition, Frey and T’ien [4] proposed that the dependence
of flame spread rate on pressure over a thermal thin slab away from the extinct limit was slight
and linearly proportional to oxygen concentration. Later, Delichatsios [8,9] developed a new
energy balance in consideration of chemical-kinetic effects, external heat fluxes and reradiation
losses. Altenkirch et al. [5] proposed a dimensionless flame spread rate for thermally thin paper
sheets with Damkohler under different oxygen concentrations and pressures. Recently, Pujol and
Comas et al. [15,16] derived analytical expression of flame front spread by focusing on the gas-phase
equations, which was much more simplified and accurate. Leventon et al. [17] developed a
comprehensive model to predict time to ignition and mass burning rate by coupling ThermaKin
with empirical model of heat transfer. In general, the common conclusion is that flame spread rate for
PMMA is closely related with sample thickness.

Apart from the theoretical predictions of flame spread rate mentioned above, many
investigators have concentrated on experimental and semi-empirical research method [2,7,10-14,18,19].
Ayani et al. [10] provided an empirical formula of two-dimensional downward flame spread rate over
PMMA through a heat transfer model, which was proved to predict flame spread rate accurately.
Mamourian et al. [11] conducted experiments on flame spread down over PMMA samples with various
ratios of sample width to thickness and revealed that flame spread rate was closely related to sample
dimensions. Experimental investigations were only concerned with downward flame spread over solid
combustibles in a 2-D situation, where sample was hypothesized to be infinite along the sample width
and pyrolysis front was linear and uniform. Very few papers [2,12,14] have addressed the flame spread
over uninhibited solid materials, where flame spread was unconstrained and should be considered
three-dimensional (3-D).

Flame height is another important parameter in estimating fire behavior. A number of experiments
had been conducted on wall fires, to investigate the dependence of flame height on various
parameters [20-24]. Delichatsios [20,21] proposed that flame height was independent of stoichiometry
and gave a non-dimensional correlation of flame height with total heat release rate per unit width for
a buoyant diffusion fire. Later, several studies [22,23] were carried out to optimize the flame height
correlation. A consistent conclusion is that the correlation between flame height and heat release
rate is related to the magnitude of the fire source. A power-law dependence of flame height on mass
burning rate is also proposed and verified. Recently, Gollner et al. [24] gave a specific correlation of
flame height with heat release rate for both laminar and turbulent wall fires, and proposed that the
theoretical exponent of heat release rate was within the range of 2/3 and 4/3.

A literature review reveals that few investigations have been performed on a 3-D downward
flame spread. The geometrical size of solid combustibles in actual use is not sufficiently wide, and the
sample is more likely to be in an uninhibited condition. Thus, dominant mechanisms of 3-D downward
flame spread need more experimental study. Heat transfer at the leading edge of the flame is enhanced
since the stand-off distance is smaller and oxygen supply is rich there [2,7,12,14]. Measured results also
clarified this point of view [7]. Therefore, the models of heat transfer for the leading edge and burning
region are different, needing separate treatment as a consequence. Ambient pressure is also one of the



Materials 2016, 9, 948 3o0f15

most important and the most studied factors influencing the flame spread behavior [6,13,25]. In fixed
boundary conditions, pressure has a significant influence on heat and mass transfer processes, which
in turn will change the flame spread rate. However, pressure effects are not involved in downward
flame spread over solid slab in free boundary conditions.

Thus, a series of experiments were conducted to investigate the effects of sample dimension and
ambient pressure on downward flame spread over uninhibited PMMA slabs in this paper. PMMA was
chosen as the fuel due to its common use in flame spread tests. Experiments of downward flame
spread over PMMA with various dimensions were conducted at five locations with different altitudes.
Experimental results will be compared with theoretical predictions to test the accuracy of the model.

2. Experimental

A schematic of the experimental apparatus is shown in Figure 1. Samples used are pure and
transparent PMMA slabs, with density p; of 1.18 g/cm3. A series of experiments were conducted
on samples with different dimensions. Three sample thicknesses (8) were involved, 2, 5, and 10 mm;
sample width (W) ranged from 3 to 18 cm with an interval of 3 cm; and the length (L) of the sample
was 35 cm, long enough to reach a steady stage. It should be noted that there is no strip along the
specimen which means that sample is absolutely free.

In order to record the mass loss history of PMMA, samples were mounted vertically on an
electronic scale with a resolution of +0.01 g. Two K-type thermocouples with a diameter of 0.5 mm
were fixed close to the sample to measure the flame temperature. Samples were ignited at the top end
by a linear methane diffusion flame. After ignition, behaviors of spreading flame and the profile of the
burning sample were recorded with a digital camera at 30 fps located in front of the sample. Each test
was repeated at least three times to ensure repeatability.

Data acquisition

Digital camcorder

/

Electronic scale
Frame

Figure 1. Schematic illustration of the experimental apparatus.

Experiments were conducted in five cities in China with different altitudes, Hefei, Xining, Geermu,
Lhasa and Yangbajain. The ambient temperature and pressure at each altitude is provided in Table 1.
Ambient temperature hardly changes with location, and is assumed to be negligible in this study.
It should be noted that oxygen volume concentration at different altitudes is almost the same, which
means that ambient pressure plays a significant role at plateau in this study.

Table 1. Atmosphere parameters at five different altitudes.

Location Altitude (m)  Ambient Pressure (kPa) Ambient Temperature (°C)

Hefei 30 102 11-15
Xining 2295 78.3 9-13
Geermu 2800 73.2 7-12
Lhasa 3650 66.3 9-13

Yangbajain 4300 62.2 7-10
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A visual measurement method was employed in this study to obtain the flame spread rate, flame
height and flame area using the recorded videos [14,24]. A total of 500 frames captured by KMPlayer
from the video recorded by front-view camera during steady-state stage were imported into MATLAB,
and were processed into binary images based on the gray-scaled pixel value. Flame spread rate was
obtained after dividing the displacement of the flame front in steady-state stage by the selected time
period. The mean value of flame area divided by the sample width was considered the averaged
flame height.

3. Results and Discussion

Due to the enhanced convective heat transfer and sufficient oxygen supply, flame at the edge
of each side spreads faster than center area after ignition [12,26]. As a result, the profile of flame
front changes constantly in the initial period, before reaching a steady-state stage. Flame spread rate,
profile of pyrolysis front and flame shape are invariable in this steady-state stage. It should be noted
that the duration in different cases is indefinite, half an hour to an hour. In addition, the duration
of the development stage changes regularly with sample dimension and pressure. As the sample
dimension increases, including both width and thickness, the duration of the development stage
increases. The time of development stage decreases as pressure increases. Figure 2 shows the mass loss
rate history and recorded images in different burning stages for three repeated tests of 2 mm slabs in
Hefei. It is seen that pyrolysis front in the steady-state stage appears as a flipped “V” shape, different
from that in the case of 2-D downward flame spread [10,11] where the pyrolysis front is linear and
straight in the whole spreading period. Unless specifically noted, all parameters in the text below are
defined for the steady-state stage.
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Figure 2. Mass loss rate histories and recorded flame profiles for 2 mm sample in 102 kPa.
The flame spread process is divided into three stages: (1) ignition stage; (2) development stage;
(3) steady-state stage.

3.1. Prediction of Flame Spread Rate

Our previous study [14] has built a predictive model of 3-D downward fire spread over PMMA in
free conditions, as shown in Figure 3. This model is proved to be accurate in predicting flame spread
rate under different sample thicknesses and widths. «, 3, v are characteristic angles that emerged on
sample residue in the steady-burning stage and they are unchanged with sample width according to the
experimental results and related studies [2,12,14]. o is the angle of pyrolysis front along the direction
of width and is directly linked to the flipped “V” shape. Figure 4 shows the averaged values of « for
three sizes of PMMA slabs at different pressure environments. Solid points in the figure denote the
mean values of « for sample with different widths. It is noticed that the variation tendency of « with
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pressure is different for the three samples. In the case of the 2 mm thick sample, « is almost a constant.
In contrast, for samples with thicknesses of 5 and 10 mm, it decreases significantly with increasing
pressure. In addition, it can be seen that the variation of & with pressure is much more evident for the
thicker sample. According to the measured results, 3 and vy are insensitive with pressure, which rarely
changes, within two degrees. Mean values of 3 and y are 20.6°, 13.2°, respectively, within the error
in 10%.

/
/
Jpreheated
,/ region

Figure 3. Sketch diagram of the theoretical model in the steady-state stage. Heating region in the
model includes two parts, preheated region and pyrolysis surface. Total heat fluxes at preheated region
and pyrolysis surface are g; and gy, respectively. «, 3 and y are characteristic angles that emerged
on sample residue in the steady-state stage. niigh, and ni1she refer to the variation of enthalpy of gas
phase and solid phase. Tj, To and ¢ are pyrolysis temperature, ambient temperature and preheated

length, respectively.
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Figure 4. Angle of pyrolysis front («) with respect to ambient pressure for different sample
thicknesses ().

Extensive works indicate heat transfer from flame to the virgin fuel through the gas phase is the
most significant in downward flame spread over the surface of thin PMMA [6,25]. Thus, convective
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heat transfer through gas phase is considered the dominant mode of heat transfer in deciding flame
spread rate in this study, as reported in previous studies [4,10,13,18,25,27]. Samples considered in this
study are thermal intermediate according to Pello’s theory [6,25], which means heat transfer through
solid phase has certain effects on flame spread process. However, heat delivered from burning solid
to flame front (pyrolysis front) is hard to measure or calculate accurately. Thus, the whole sample is
taken as a control volume and the energy balance on the whole sample is considered in this study.
This method is verified to be able to predict downward flame spread rate [10,14]. Since the heat
delivered to the pyrolysis region and the region ahead of it (preheated region) are very different, their
heat transfer processes will be considered individually.

At the leading edge of the flame front corresponding to the preheated region in Figure 3, boundary
layer approximation is not applicable as the characteristic length (the length of preheated region, ¢,
is approximately 2 mm [25]) is rather small. The calculated Grashof number Gr is less than 10, which
means that buoyancy induced by natural convection is of the same order of magnitude as viscous
force [28]. In other words, gas velocity in the gaseous thermal region at preheated region is negligible.
Thus, thermal conduction becomes the unique important heat transfer model in gas-phase [28], which
may be roughly estimated as
Tr—1p

l M
where Ty and T, are flame temperature and pyrolysis temperature, respectively; kg is the thermal
conductivity; [ is the normal distance from flame to preheated surface, which may be denoted by the
thermal diffusion length § at the leading edge [8,15]. Based on the balance between convection and
conduction terms in energy equation under naturally convective flow [29,30], the thermal diffusion
length can be given by

q;/ :kg

¢

8§ =
Uref

@

where ¢ and U, are the thermal diffusion coefficient and the reference velocity at the leading edge.
Uy,s is induced flow velocity due to density variation near the flame which can be equated from
conservation equations of buoyancy and inertia force [15,29,30] as

1/3
Uye f = ( M ) ®3)
p
where p, and p ¢ are the density of air at ambient temperature and flame temperature, respectively;
¢ and p in Equations (2) and (3) denote the quantities evaluated at an arithmetical average of ambient
and adiabatic flame temperatures. Rearranging Equations (1)—(3), heat flux transferred to the preheated
region is estimated as follows:

13
$(Poo Pf)] o—2/3 @)

q;' :kg(Tf_TP)[ 0

Experimental results reveal that flame temperature hardly changes with altitude, remaining
approximately constant at 900 °C. Analogously, Liang et al. [31] found the temperature of burning
PMMA was unchanged with altitude and gave the explanation that the combined effect of low
oxygen concentration and less soot formation led to the invariable flame temperature with pressure.
In addition, pyrolysis temperature T, (approximately 400 °C) and thermal conductivity of gas flow kg
are insensitive to pressure within the normal range of pressure [13,28].

Based on ideal gas law, p,,, p 7 and p are linearly proportional to ambient pressure. The term in
the brackets in Equation (4) is invariable with pressure as the counterbalance effect. Thus, it can be
deduced that g5 is only related to thermal diffusivity ¢ according to Equation (4). Based on the thermal
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transfer theory, thermal diffusivity is estimated to be related with thermal conductivity, density of flow
and specific capacity [28,32] as
k
b= 5
- ©)
where ¢, is specific capacity, an inherent parameter. According to the ideal gas law, air density is
proportional to the ambient pressure. Therefore, the dependence of heat flux in the preheated region

on pressure can be simplified by inserting Equation (5) into Equation (4) as
q/s’ P p2/3 p: P2/3 (6)

Pyrolysis surface in this study is inclined. The orientation is defined as its inclination angle from
the vertical, which is denoted by 0. The value of 0 can be interpreted from the simplified model, and
its resulting expression is presented in Equation (7),

cosf = \/1 — (cos(a/2)sin(B/2))? (7)

For an inclined surface, the gravitational acceleration in calculating the Grashof number must be
replaced by its streamwise component gcos6 [3,33-37]. As a result, the modified Grashof number Gr*
is given by
~ gcos® x Y(Ty — Tp)L?

*
r
02

®)

where 1 is the volume thermal expansion coefficient; L is characteristic length along fire plume, which
can be estimated as the fire length of unit width, 1/sin(e«/2) in this study; and v is kinematic viscosity.
The characteristic streamwise length is on the order of centimeter. As a result, the order of magnitude
of the modified Gr* is 10* according to Equation (8), which suggests that the approximation of laminar
convective boundary layer is valid here [28]. The convective heat transfer coefficient /1 using the
assumption of boundary layer can be evaluated by Nusselt number Nu, thermal conductivity and
characteristic length [28] as

_ Nu x kg 9
-— = ©)
For laminar flow, Nu is given by [28]:
x 1/4
Nu= (T < g(pr) (10)

where g(Pr) is the function of Prandtl number Pr, 0.73 in air environment [28]. Thus, convective heat
coefficient is obtained from Equations (9) and (10)

T, —T,) '/*
0Ty —Tp) s P)j g (Pr) L Acose/* (1)

h = ke[

Kinematic viscosity v in Equation (11) is related to flow density, v = 1n/p, where 1 is dynamic

viscosity which is invariable with pressure. Convective heat flux 4, is proportional to convective heat
transfer coefficient and the temperature gradient, and thus can be written as

qp = h(Ty — Tp) (12)

The correlation of convective heat flux at pyrolysis surface can be derived from Equations (11)
and (12) as

gy 1/ 5/4 1/4 1/4
oy )2] (T — Tp)*"*g(Pr)L™"4cos0!/ (13)
n/e

‘1/1; = k|
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As pointed out in previous sections, L and cos6 are changed with pressure. The variation of
L~1/%c0s0'/* in Equation (11) is rather small, within 3%, which is negligible here. Apart from density
of the fire flume, other parameters in Equation (13) can be considered to be invariable with pressure.
Thus, Equation (13) can be simplified as

q’I’J . p1/2 > P1/2 (14)

Heat flux distributions at the pyrolysis surface and preheated region in Hefei were deduced in our
previous study, which are 20.6 and 73.3 kW /m?, respectively [14]. According to Equations (6) and (14),
distributions of heat flux in other four pressure environments can be derived through Equations (15)
and (16) as

" 2/3

ds = 733(@) , (15)
, P 1/2

dp = 20-6(@) , (16)

where the unit of P is kPa.
In our previous study [14], a calculating formula was proposed to predict the steady flame spread
rate based on heat transfer theory and energy conservation equation,

52cot% Wé& 62cot%siny

" 5 w "
- — X 5 s )€ X
8sin(3 —v) 4sin%sin% 8$in%sin(%—y)sin% qp + (2 + ZSm%) s

(hdeg + CP(TP —Teo)) X psWO

Vi=4 (17)
where e is the heat of degradation of solid PMMA. Plugging the measured characteristic angles
and the calculated heat fluxes into Equation (17), flame spread rates for different-sized samples in
five pressure environments can be estimated. Figures 5 and 6 show the comparisons between measured
and calculated flame spread rates for different dimensions and different pressure environments.
The solid points in two figures denote experimental results for three repeated tests and the dashed
lines represent the calculated results from Equation (17). It is seen that predicted values from theory
agree well with experimental results for the different-sized samples this paper concerns in different
pressure environments. Flame spread rate increases first and then tends to be unchanged with sample
width. Compared with sample width, pressure and sample thickness seem to have greater influence
on the flame spread rate.
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Figure 5. Comparisons between experimental and theoretical flame spread rates over a 5 mm slab for
different widths under different pressure environments.
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Figure 6. Comparisons between experimental and theoretical flame spread rates over 2, 10 mm slabs
under three different pressure environments.

According to the scale modeling of surface combustion and flame spread over solid combustibles,
a power-law dependence of burning rate or flame spread rate on pressure is obtained [13,25,38].
In order to take a comprehensive consideration of three different thickness samples, a dimensionless
treatment is adopted here. Figure 7 shows the exponential fitted relationships between normalized
flame spread rate and normalized pressure. The fitted parameters for different sized samples are
presented in detail in Table 2. The superscript * denotes the relative quantity, which is equal to
the actual value at low pressure environment divided by the value at normal pressure (102 kPa),
Ve* = Vi/VHefei, P* = P/ Phefei- The solid points denote experimental results, and the solid lines are
fitted results for experimental results with the same dimension. It is seen that the exponent changes
regularly with the sample dimension. As sample thickness increases, the fitted exponent increases as
well, ranging from 0.45 to 1.08. In contrast, for sample with the same thickness, the fitted exponent is
nearly invariable. It can be deduced that width effect on heat transfer mechanism at each altitude is
marginal. Two dashed lines represent correlations of convection-controlling and radiation-controlling
flame spreads over solid surface with pressure in a 2-D case, and their slopes are 0.5 and 2 [3,18,19,39],
respectively. In this study, convective heat delivery through gas-phase is dominant for different sized
samples. Furthermore, the effect of pressure on thermal feedback mechanism at pyrolysis surface
and preheated region for different sized samples is taken as the same. However, the dependence of
flame spread rate on pressure appears to change significantly with sample thickness. This discrepancy
may be explained by the fact that the effect of angle of pyrolysis front on flame spread rate plays a
significant role in the 3-D case.

Table 2. Fitted parameters corresponding to Figure 7.

Sample Dimension (ffi — W) Slope (1) Standard Error = Adjusted R-Square

2 mm-5 cm 0.45 0.041 0.954
5 mm-3 cm 0.79 0.018 0.995
5 mm-6 cm 0.79 0.026 0.989
5 mm-9 cm 0.79 0.029 0.986
5 mm-12 cm 0.71 0.045 0.963
5 mm-15 cm 0.70 0.045 0.962
5 mm-18 cm 0.65 0.050 0.946

10 mm-3 cm 1.08 0.012 0.999
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Figure 7. Fitted relationships between flame spread rate and pressure for different sized samples.

The horizontal and vertical coordinates are the values of non-dimensional pressure (P*) and
non-dimensional flame spread rate (Vf*) after logarithm.

3.2. Prediction of Angle of Pyrolysis Front

In this study, the relationship among flame spread rate, angle of pyrolysis front, sample
dimensions and thermophysical parameters of solid PMMA is presented in Equation (17). Compared
with pressure, sample width has little effect on angle of pyrolysis front and the heat delivery mechanism
according to the experimental results. As a result, the angle of the pyrolysis front is invariable with
sample width. When sample width is much larger than thickness, Equation (17) reduces to

Ws ” W "
4sin§sinh *Aqpt 2sing € x4s

V=4 (18)
P (haeg 05 (Ty = Tec)) x WS
Thus, the sine of a/2 can be derived from Equation (18) as follows:
sin = i + 2¢ X gs VA% (19)
2 sind (hgeg + cp(Ty — Too))ps  (Paeg +¢p(Tp = Teo)) X psd f

The sum of the two terms in brackets in Equation (19) denotes flame spread rate normal to the
pyrolysis front (2-D). It can be indicated that the value of sin(/2) equals to the ratio of flame spread
rate normal to the pyrolysis front to the downward flame spread rate. The first term in the brackets
tends to be much larger than the second term, especially for larger thickness. Thus, the relationship
between the sum of the two terms in bracket and pressure is simplified as that of the first term
with pressure, which means that flame spread rate normal to the pyrolysis front is proportional to
pressure with an exponent of 0.5 approximately. Similarly, Fernandez-Pello et al. [19] proposed that
2-D opposing flame spread rate over a cylinder of PMMA for diameters ranging from 0.8 to 12.7 mm
was proportional to environmental and thermal physical parameters as

Vap o« exp[—Eg/(RTf)]Yo*P* U™ (20)

where Eg, R, Yp, and U are activation energy for fuel pyrolysis, universal gas constant, mass fraction of
oxygen and ambient velocity, respectively. It shows that flame spread rate in a 2-D case is exponentially
proportional to pressure with an exponent of 0.5. Thus, Equation (19) reduces to
x Ci po-5

(21)
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where C; is a parameter invariable with pressure. As pointed out in the previous section, flame
spread rate Vy is exponentially proportional to pressure for sample with the same thickness. Thus, the
correlation of sin(et/2) with pressure is given by

(22)

where C; is a parameter which is variable with sample thickness; n is presented in Table 2.

In order to get rid of the effect of sample dimension, a dimensionless variation tendency of the
angle of the pyrolysis front with pressure is derived as

(sin%fk =p (23)

where the superscript * denotes the relative quantity, which is equal to the actual value in various
pressure environments divided by the value at normal pressure (102 kPa) for the same experiment.
Figure 8 shows the comparison of the correlation between angle of pyrolysis front and pressure for
experimental and theoretical results. The colored points denote averaged experimental results over
sample width; the blue dashed line is the predicted tendency from Equation (23). It shows that
prediction from Equation (23) coincides fairly well with the experimental result.

1.20 .
H 2mm A et
® 5mm L
A 10mm e
1.15
A L’
1.10 @
A .
(sin—) o
2 | e
L A 05-n
L7 sin—) =P
1.05 - . ( 2)
1.00 '
m
T B T

Figure 8. Non-dimensional dependence of sin(x/2) on pressure.

3.3. Prediction of Averaged Flame Height

Profile of burning residues in the steady-state stage appears as a flipped “V” shape, which in
turn forms a non-linear flame front. In order to remove the influence from the non-linear flame
front, averaged flame height denoted by the ratio of flame area to sample width is adopted in this
study. Previous studies revealed that flame height depended closely on the heat release rate for wall
fires [20-24]. Its specific relationship is concerned with the status of fire plume. The fire plume in this
study is assumed to be laminar according to Equation (8), which means that oxygen reaches the flame
region mainly by molecular diffusion. Gollner et al. [24] gave the relationship between flame height
and burning rate per unit width in laminar wall-fires as
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. 14/3
H, = m (24)
(poopy f2D /)"
where f, D are the mass of fuel required to react with a unit mass of air and molecular diffusion
coefficient of gaseous fuel, respectively. Mass burning rate per unit width can be denoted as
m/[W xsin(ec/2)] in this study. According to the mass transfer theory, the diffusion coefficient is
relevant to system pressure and temperature as

D o« PIT/2 (25)

The power-law dependence of flame height on mass loss rate can be simplified by plugging
the expressions of mass burning rate per unit width and the diffusion coefficient into Equation (24)
as follow
: 4/3
m

Hy o [W] (26)

Figure 9 shows the fitted correlation of averaged flame height with mass burning rate and pressure.
The solid points represent averaged data over width, as the averaged values of flame height and mass
burning rate per unit width change little with sample width according to the experimental results.
The index derived from the experimental data is 1.112 and is close to the theoretical result (4/3) [18],
which indicates that the correlation of flame height on heat release rate is valid in 3-D downward
flame spread as well. A smaller fitted exponent in comparison with theoretical result may result from
experimental error. In addition, the fire plume in the experiment is not completely laminar. It means
that air entrainment and eddy contribute the air supply to fire plume as well, which in turn weakens
the dependence of flame height on mass burning rate.

H 2mm A
014 ® 5mm
A 10mm
Allometric1 Fit of Concatenated Data
0.12
0.10
Hf
0.08 4 :
Equation y =a*x"b
Adj. R-Square 0.9786
0.06 4 Value  Standard Error
Concatenated =~ 2 1.606 0.221
| n Data b 1112 0.055
T . T . T . . - . - . - . -
0.05 0.06 0.07 0.08 0.09 0.10 0.1 0.12
m
wp'?
Figure 9. Relationship between averaged flame height and burning rate: Hy to ;377 The red line is

an exponential fit to the experimental data.

Mass burning rate is proportional to flame spread rate in the steady-state stage:
m = pWoVy. (27)

Flame spread rate is exponentially proportional to pressure, Vy o« P", and the value of n is
presented in detail in Table 2. Thus, dimensionless correlation of flame height with pressure is given
by plugging Equation (27) into Equation (26),
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n-2

H* =p* ° (28)
where the superscript * denotes the relative quantity, which is equal to the actual value in various
pressure environments divided by the value at normal pressure (102 kPa) for the same experiment.
Figure 10 shows the comparison of flame height between experimental results and theoretical
predictions from Equation (28). Solid points denote averaged experimental values over different
widths since flame height is unchanged with pressure. It can be seen that experimental results of flame
height are in reasonable agreement with theoretical predictions as well. As sample thickness increases,
the exponent n increases according to previous derivation. Thus, the exponent of non-dimensional
pressure in Equation (28) increases as well.

114 H 2mm ] ///
® 5mm
A 10 mm o
" |
1.0 B
4n //
* * 3 /’
Hf =P K
.
* 7’
H/ \ Pt
0.9 @
e
A
0.8 7~
A /,/ PY
K
0.7 T T T T
0.7 0.8 0.9 1.0 1.1
4n-2
P* 3

Figure 10. Non-dimensional dependence of flame height on pressure.

4. Conclusions

Downward flame spread tests were conducted on PMMA with different dimensions at five
different altitudes. The main properties of the 3-D downward flame spread that were studied were
flame spread rate, angle of pyrolysis front and flame height. Their relationship and variation tendency
with pressure were proposed based on experimental results and theoretical interpretation. The main
results are summarized as follow:

1.  Heat fluxes at the pyrolysis surface and preheated region increase exponentially with pressure,
with exponents of 1/2 and 2/3, respectively. Through the established 3-D theoretical model
and heat flux distributions, flame spread rate in different pressure environments was predicted
successfully. In addition, it was found that flame spread rate was exponentially proportional to
pressure, approximately. The fitted exponent increases with sample thickness. However, it merely
changes with sample width.

2. The changing trends of angle of the pyrolysis front with pressure for samples with different
thicknesses are distinctly different. For the 2 mm sample, the angle of the pyrolysis front hardly
changed with pressure. In contrast, for a larger sample width, this angle decreases significantly
with increasing pressure, which in turn will increase the length of the burning region. Through the
derived correlation of 3-D flame spread rate, a normalized formula for the angle of the pyrolysis
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7" which coincided well with experimental

front with pressure was proposed, (sin§)" = P
results in this study.

3. A power-law dependence of averaged flame height on mass burning rate, sample dimension and
ambient pressure in downward flame spread was presented based on laminar diffusion theory
and confirmed through experimental results. The fitted exponent is 1.11, basically consistent with
the theoretical result. In addition, a normalized correlation of flame height with pressure was

4n—-2
3

proposed as well, H* = P*

This paper gives a method to help estimate characteristics of 3-D downward flame spread
in different pressure environments. Additional work on flame spread under complex boundary
conditions will be needed to understand the mechanisms of 3-D flame spread.

Acknowledgments: This work was supported by National Natural Science Foundation of China (No. 51636008),
Key Research Program of Frontier Sciences, CAS (No. QYZDB-SSW-JSC029) and the Fundamental Research Funds
for the Central Universities (No. WK2320000035).

Author Contributions: Kun Zhao, Xiao-Dong Zhou, Xue-Qiang Liu and Li-Zhong Yang conceived and designed
the experiments; Kun Zhao, Zhi-Bo Wu, Fei Peng and Xiao-Yu Ju performed the experiments; Kun Zhao
developed the model, analyzed the data and wrote the initial draft of the manuscript; Xiao-Dong Zhou and
Li-Zhong Yang reviewed and contributed to the final manuscript; Xue-Qiang Liu and Lei Lu contributed the
location and equipment.

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

References

De Ris, J. Spread of a laminar diffusion flame. Symp. Int. Combust. 1969, 12, 241-252. [CrossRef]
Creeden, J.V,, Jr; Sibulkin, M. The effect of an uninhibited edge on downward flame propagation.
Combust. Sci. Technol. 1976, 14, 123-124. [CrossRef]

3.  Fernandez-Pello, A.; Williams, F. A theory of laminar flame spread over flat surfaces of solid combustibles.
Combust. Flame 1977, 28, 251-277. [CrossRef]

4. Frey, A.E,; T’ien, ].S. A theory of flame spread over a solid fuel including finite-rate chemical kinetics.
Combust. Flame 1979, 36, 263-289. [CrossRef]

5. Altenkirch, R.; Eichhorn, R.; Shang, P. Buoyancy effects on flames spreading down thermally thin fuels.
Combust. Flame 1980, 37, 71-83. [CrossRef]

6.  Fernandez—Pello, A. Flame spread modeling. Combust. Sci. Technol. 1984, 39, 119-134. [CrossRef]

7. Tto, A.; Kashiwagi, T. Characterization of flame spread over PMMA using holographic interferometry sample
orientation effects. Combust. Flame 1988, 71, 189-204. [CrossRef]

8.  Delichatsios, M.A. Creeping flame spread: Energy balance and application to practical materials.
Symp. Int. Combust. 1996, 26, 1495-1503. [CrossRef]

9.  Delichatsios, M. Relation of opposed flow (creeping) flame spread with extinction/ignition. Combust. Flame
2003, 135, 441-447. [CrossRef]

10. Ayani, M.; Esfahani, J.; Mehrabian, R. Downward flame spread over PMMA sheets in quiescent air:
Experimental and theoretical studies. Fire Saf. ]. 2006, 41, 164-169. [CrossRef]

11. Mamourian, M.; Abolfazli Esfahani, J.; Ayani, M.B. Experimental investigation of the effect of the solid fuel
dimensions on the downward flame spread. Kuwait J. Sci. Eng. 2009, 36, 183-200.

12.  Comas, B.; Pujol, T. Experimental study of the effects of side-edge burning in the downward flame spread of
thin solid fuels. Combust. Sci. Technol. 2012, 184, 489-504. [CrossRef]

13.  Gong, ].; Zhou, X.; Deng, Z.; Yang, L. Influences of low atmospheric pressure on downward flame spread
over thick PMMA slabs at different altitudes. Int. . Heat Mass Transfer 2013, 61, 191-200. [CrossRef]

14.  Zhao, K,; Zhou, X,; Yang, L.; Gong, J.; Wu, Z.; Huan, Z.; Liu, X. Width effects on downward flame spread
over poly(methyl methacrylate) sheets. J. Fire Sci. 2015, 33, 69-84. [CrossRef]

15.  Pujol, T.; Comas, B. Analytical expressions for the flame front speed in the downward combustion of thin
solid fuels and comparison to experiments. Phys. Rev. E 2011, 84, 026306. [CrossRef] [PubMed]

16. Comas, B.; Pujol, T. Flame front speed and onset of instability in the burning of inclined thin solid fuel
samples. Phys. Rev. E 2013, 88, 063019. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/S0082-0784(69)80407-8
http://dx.doi.org/10.1080/00102207608946753
http://dx.doi.org/10.1016/0010-2180(77)90032-3
http://dx.doi.org/10.1016/0010-2180(79)90064-6
http://dx.doi.org/10.1016/0010-2180(80)90072-3
http://dx.doi.org/10.1080/00102208408923786
http://dx.doi.org/10.1016/0010-2180(88)90007-7
http://dx.doi.org/10.1016/S0082-0784(96)80371-7
http://dx.doi.org/10.1016/S0010-2180(03)00164-0
http://dx.doi.org/10.1016/j.firesaf.2005.12.003
http://dx.doi.org/10.1080/00102202.2011.648033
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2013.01.066
http://dx.doi.org/10.1177/0734904114554559
http://dx.doi.org/10.1103/PhysRevE.84.026306
http://www.ncbi.nlm.nih.gov/pubmed/21929089
http://dx.doi.org/10.1103/PhysRevE.88.063019
http://www.ncbi.nlm.nih.gov/pubmed/24483569

Materials 2016, 9, 948 15 of 15

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Leventon, L.T; Li, J.; Stoliarov, S.I. A flame spread simulation based on a comprehensive solid pyrolysis
model coupled with a detailed empirical flame structure representation. Combust. Flame 2015, 162, 3884-3895.
[CrossRef]

Fernandez-Pello, A.; Williams, F. Laminar flame spread over PMMA surfaces. Symp. Int. Combust. 1975, 15,
217-231. [CrossRef]

Fernandez-Pello, A.; Ray, S.; Glassman, I. Downward flame spread in an opposed forced flow.
Combust. Sci. Technol. 1978, 19, 19-30. [CrossRef]

Delichatsios, M. A. Turbulent convective flows and burning on vertical walls. Symp. Int. Combust. 1982, 19,
855-868. [CrossRef]

Dellchatsios, M.A. Flame heights in turbulent wall fires with significant flame radiation. Combust. Sci. Technol.
1984, 39, 195-214. [CrossRef]

Tewarson, A.; Ogden, S. Fire behavior of polymethylmethacrylate. Combust. Flame 1992, 89, 237-259.
[CrossRef]

Tsai, C.; Drysdale, D. Flame height correlation and upward flame spread modelling. Fire Mater. 2002, 26,
279-287. [CrossRef]

Gollner, M.; Williams, F; Rangwala, A. Upward flame spread over corrugated cardboard. Combust. Flame
2011, 158, 1404-1412. [CrossRef]

Fernandez-Pello, A.; Hirano, T. Controlling mechanisms of flame spread. Combust. Sci. Technol. 1983, 32,
1-31. [CrossRef]

Mell, W.; Olson, S.; Kashiwagi, T. Flame spread along free edges of thermally thin samples in microgravity.
Proc. Combust. Inst. 2000, 28, 2843-2849. [CrossRef]

Gong, J.; Zhou, X.; Li, J.; Yang, L. Effect of finite dimension on downward flame spread over PMMA slabs:
Experimental and theoretical study. Int. ]. Heat Mass Transfer 2015, 91, 225-234. [CrossRef]

Bergman, T.L.; Incropera, EP,; DeWitt, D.P,; Lavine, A.S. Fundamentals of Heat and Mass Transfer; John Wiley &
Sons: Hoboken, NJ, USA, 2011.

Chen, C.-H,; T"ien, ].S. Diffusion flame stabilization at the leading edge of a fuel plate. Combust. Sci. Technol.
1986, 50, 283-306. [CrossRef]

Chen, C.-H.; Hou, W.-H. Diffusion flame stabilization and extinction under naturally convective flows.
Combust. Flame 1991, 83, 309-324. [CrossRef]

Liang, C.; Cheng, X.; Yang, H.; Zhang, H.; Yuen, K K. Effects of altitude and inclination on flame spread over
poly(methyl methacrylate) slabs. J. Fire Sci. 2013. [CrossRef]

Gong, J.; Chen, Y,; Jiang, J.; Yang, L.; Li, J. A numerical study of thermal degradation of polymers: Surface
and in-depth absorption. Appl. Therm. Eng. 2016, 106, 1366-1379. [CrossRef]

Quintiere, ].G. The effects of angular orientation on flame spread over thin materials. Fire Saf. ]. 2001, 36,
291-312. [CrossRef]

Glassman, I.; Yetter, R. Combustion, 4th ed.; Academic Press Inc. Ltd.: London, UK, 2008.

Ali, S.M.; Raghavan, V.; Rangwala, A.S. A numerical study of quasi-steady burning characteristics of a
condensed fuel: Effect of angular orientation of fuel surface. Combust. Theor. Model. 2010, 14, 495-518.
[CrossRef]

Hu, L.; Hu, J; Liu, S; Tang, W.; Zhang, X. Evolution of heat feedback in medium pool fires with cross air
flow and scaling of mass burning flux by a stagnant layer theory solution. Proc. Combust. Inst. 2015, 35,
2511-2518. [CrossRef]

Tang, W.; Miller, C.H.; Gollner, M.]. Local flame attachment and heat fluxes in wind-driven line fires.
Proc. Combust. Inst. 2016, in press. [CrossRef]

Tu, R.; Zeng, Y.; Fang, ].; Zhang, Y. The influence of low air pressure on horizontal flame spread over flexible
polyurethane foam and correlative smoke productions. Appl. Therm. Eng. 2016, 94, 133-140. [CrossRef]
Fernandez-Pello, A.; Santoro, R. On the dominant mode of heat transfer in downward flame spread.
Symp. Int. Combust. 1979, 17, 1201-1209. [CrossRef]

@ © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

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


http://dx.doi.org/10.1016/j.combustflame.2015.07.025
http://dx.doi.org/10.1016/S0082-0784(75)80299-2
http://dx.doi.org/10.1080/00102207808946860
http://dx.doi.org/10.1016/S0082-0784(82)80261-0
http://dx.doi.org/10.1080/00102208408923789
http://dx.doi.org/10.1016/0010-2180(92)90013-F
http://dx.doi.org/10.1002/fam.809
http://dx.doi.org/10.1016/j.combustflame.2010.12.005
http://dx.doi.org/10.1080/00102208308923650
http://dx.doi.org/10.1016/S0082-0784(00)80707-9
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2015.07.091
http://dx.doi.org/10.1080/00102208608923938
http://dx.doi.org/10.1016/0010-2180(91)90078-P
http://dx.doi.org/10.1177/0734904113482287
http://dx.doi.org/10.1016/j.applthermaleng.2016.06.114
http://dx.doi.org/10.1016/S0379-7112(00)00051-5
http://dx.doi.org/10.1080/13647830.2010.499965
http://dx.doi.org/10.1016/j.proci.2014.06.074
http://dx.doi.org/10.1016/j.proci.2016.06.064
http://dx.doi.org/10.1016/j.applthermaleng.2015.10.108
http://dx.doi.org/10.1016/S0082-0784(79)80114-9
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental 
	Results and Discussion 
	Prediction of Flame Spread Rate 
	Prediction of Angle of Pyrolysis Front 
	Prediction of Averaged Flame Height 

	Conclusions 

