Emergency Management
Science and Technology

ARTICLE

https://doi.org/10.48130/emst-0024-0014
Emergency Management Science and Technology 2024, 4: €014

Experimental study on the influence of material width on discrete fire

spread in open space

Zhenkun Wu', Guoging Zhu'%, Min Peng’, Fanbao Chen'", Guogiang Chai?, Jinhu Zhou', Dongzi Qin', Panwen

Ma'?, Ding Li' and Wenxuan Miao'

1 School of Safety Engineering, China University of Mining and Technology, Xuzhou 221116, China
2 Yunlong Lake Deep Earth Science and Engineering Laboratory, Xuzhou 221116, China

3 School of Safety Engineering, Changzhou University, Changzhou 213164, China
* Corresponding authors, E-mail: xzzgq119@163.com; cfb119xz@cumt.edu.cn

Abstract

This study addresses the significant fire hazards associated with using thermoplastic materials, particularly PMMA (poly methyl methacrylate),
which are prone to flammability and high calorific values. By employing a methodology that combines small-scale experiments and theoretical
analysis, this paper investigates the impact of material width on the behavior of discrete flames in open spaces, using specimens ranging from 5
to 10 cm in width. The findings indicate that an increase in specimen width positively affects the burning area and brightness, while the
dimensionless flame height and heat release rate per unit width exhibit a negative power law decay with increasing width. This suggests that
beyond a critical width, further increases in width have little influence on flame propagation. The results of this study contribute to a better
understanding of fire dynamics in thermoplastics and provide valuable insights that could lead to enhanced fire safety standards and material
designs. The originality of this research lies in its detailed analysis of how material dimensions influence flame behavior, a topic that has not been
extensively explored before, offering significant practical value in applications where fire safety is crucial.
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Introduction

Thermoplastic materials are characterized by light weight,
easy processing, good thermal insulation performance, low
price, etc., and are widely used in building exterior wall insula-
tion materials, pipes, and floor curtain wall decoration materi-
als. Among them, PMMA (Poly methyl methacrylate), a
common thermoplastic with good transparency, optical prop-
erties, weather resistance, chemical resistance and hardness is
widely used in daily life and high-tech industries!’l. The wide
range of applications and good prospects of thermoplastic
materials have led researchers around the world to invest great
efforts in related research fields, but the lower glass transition
temperature, pyrolysis temperature, and oxygen index, the
larger calorific value of combustion and smoke production and
other characteristics make the material a greater flame hazard.
For example, the color steel plate with a core filled with ther-
moplastic insulation material is widely used in temporary
rooms at construction sites for building projects because of its
light weight, high strength, good heat preservation, and conve-
nient installation. However, several flames have occurred in
recent years due to combustible thermoplastics wrapped inside
its steel plate sandwich.l?! In Henan, Lushan County (China) on
May 2015, a particularly significant flame accident occurred,
Kang Leyuan's elderly apartment room inside an electrical
wiring failure, the flame quickly in the polystyrene material
filled with color steel plate sandwich spread, resulting in a total
of 39 deaths, six people were injured, as well as more than 20
million yuan of direct economic lossest!.

© The Author(s)

PMMA is a flame combustion field that commonly uses ther-
moplastic polymers. It has advantages of good combustion
performance, complete combustion, low ignition temperature,
slow burning speed, low carbonization, and good reproduci-
bility, and its combustion and flame spread characteristics
can represent real flame scenes. Shanghai's 'Technical Guide-
lines for Flame Barrier for External Wall Insulation of Buildings'
stipulatesl®! that the horizontal flame barrier for external wall
insulation of buildings should not be less than 300 mm in
height, and the vertical flame barrier should not be less than
200 mm wide, but the maximum width of the material in the
specific construction has not been stipulated. In the actual
flame scenario, the width of the material is an important factor
affecting the spread of solid surface flame.

Tsail®7l and Jiang et al.’B-1% investigated the effect of speci-
men width on the spread of unilateral downstream flame, and
the results showed that when the specimen width is less than
the critical width, the rate of downstream flame spread
increases with the increase of width, and when the specimen
width is greater than the critical width, the effect of width effect
on the spread of downstream flame is not obvious. For
narrower specimens, the reduction of pyrolysis near the edge
of the specimen is more obvious. Rangwala et al.l'!l investi-
gated the width effect in vertical downstream flame propaga-
tion and found that in laminar flame, the diffusion loss effect of
pyrolysis gases to the two sides increases gradually with the
increase of the width of the material and established a theoreti-
cal model. Gollner et al.l'? investigated the behavioral patterns
of corrugated paper in the early stage of vertical downstream
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flame propagation and found that the pyrolysis front loss effect
is gradually enhanced with the increase of the width of the
material. Leventon et al.l'3] measured the thermal feedback of
PMMA samples of different heights in the process of vertical
flame spreading, and found that the total heat flow of the
bottom of the fuel was much larger than that of the upper part
due to the laminar flame at the bottom position of the flame
spreading stationary distance being much smaller. Jiang et al.[8]
carried out experiments in vertical downstream flame spread-
ing on PMMA and investigated the sample width effect and
developed a global mass loss rate prediction model with
coupled fuel width based on Emmons' assumption('4,

From the above studies, it can be seen that the current
research on the width effect on flame-spreading behavior
mostly focuses on the study of downstream continuous flame
spreading, while in fact in real life, most of the materials are in a
non-continuous state and there is no definitive conclusion on
the effect of width on flame spreading. Combined with a previ-
ous study!'%, in the discrete flame spread rate research process
with combustible material coverage of 62.55%, the flame
height and mass loss rate have reached the peak of the conclu-
sion, this paper selects the discrete state of the solid size of a
height of 6 cm and 4 cm of air spacing length, the conditions of
the fuel coverage of 60%, can maximize the acceleration of
flame propagation. By selecting discrete PMMA sizes with
different widths, how the flame growth phase and flame stabi-
lization phase of discrete flame propagation are affected by the
width of the material in open space is analyzed.

This paper aims to investigate the characteristics of flame
spread on the surface of PMMA under varying widths, provid-
ing an in-depth analysis of the influence of material width on
the mechanism of flame spread on discretely distributed solid
surfaces. This not only advances the fundamental research on
the evolution of fire behavior in discrete solid distributions but
also offers significant guidance for fire prevention design and
firefighting strategies in scenarios such as building exterior
insulation fires.

Experiments

Investigating the vertical flame spread process of discrete
polymethyl methacrylate (PMMA) involved a series of experi-
ments conducted under controlled indoor conditions, includ-
ing ambient temperature and the absence of wind. The objec-
tive was to explore the influence of confined space on flame
spread characteristics across different widths. This study
focused on comprehending the flame spread mechanism
through close observation, documentation of experimental
phenomena, and analyzing flame parameters during growth
and stabilization.

A comprehensive experimental system, depicted in Fig. 1,
comprised a specimen fixation device and a data acquisition
device. A green fireproof cloth served as a background curtain
to enhance flame morphology clarity and ensure experimental
safety. The camera used was the XT-3 model, featuring a
magnification of 0.75 times, a display delay of 0.005 s, and a
refresh rate of approximately 100 frames per second (fps).
Flame characteristics were assessed by decomposing the video
footage into frame-by-frame grayscale images, and the bright-
ness value of each pixel was calculated using Matlab. A suitable
grayscale threshold was set to distinguish between flame and
non-flame areas.
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Fig. 1

Experimental apparatus.

In the experiment, the PMMA sample was positioned above
the base and ignited using a DREMEL 2200-4 multi-function gas
burner, which initiated spontaneous combustion of the PMMA
array. To mitigate the influence of heat from the igniter on the
fuel array, a fire-retardant board measuring 30 cm long, 10 cm
wide, and 2 cm thick was employed as a baffle. This setup effec-
tively blocked the upward transfer of external heat during the
ignition process, ensuring that the observed effects were solely
attributable to the material properties of the PMMA.

The mass sensor utilized was the ES-30001TS model, capable
of measuring up to 30 kg with a precision of 0.1 g. The thermal
imager employed was the MAG30 model, operating within a
measurement wavelength range of 7.5 to 14 um, featuring a
pixel size of 17 pm. The acquisition frame rate was set at 50 Hz,
while the output frame rate was maintained at 25 Hz.

This paper employs a vertical flame spread system to simu-
late the flame propagation process on a discretely distributed
solid surface, as illustrated in Fig. 2. The system consists of a
base and a fire-resistant backplane. The base securely positions
the fire backing plate perpendicular to the ground, while the
fire-resistant backplane accommodates discrete material blocks
made of aluminosilicate ceramic plates known for their low
thermal conductivity, high stability, and corrosion resistance.
The dimensions of the fire-resistant backplane used in this
study are 50cm x 15cm x 2 cm.

In this study, a discrete PMMA block measuring 6 cm in
height, with an air spacing of 4 cm and a thickness of 1 cm, was
selected as the specimen to examine the effects of different
specimen widths and restricted distances. Furthermore, consi-
dering the thermal penetration thickness of PMMA is only
0.2 cm, while the specimen thickness employed in this study is
1 cm, the material can be regarded as thermally thick. Lastly, a
silicone-free high-temperature sealant was used to affix the
PMMA block onto the fire-resistant backplane, composed of a
polymer material exhibiting excellent elasticity, adhesion, seal-
ing properties, as well as remarkable resistance to high temper-
atures, making it suitable for long-term use below 800 °C and
fire resistance up to 1,280 °C.

PMMA single sample height and air spacing distance are
fixed, respectively, 6 cm and 4 cm, the width of the specimen is
selected as a range of 5-10 cm, and a total of 18 conditions are
designed, as shown in Table 1, to facilitate experimental
comparisons, the specimen in a single piece, two pieces, and
three pieces, respectively, correspond to the letters A, B, and C.
For the sake of experimental comparison, the single block, two
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Fig.2 Experimental device for PMMA.

blocks and three blocks in the specimen correspond to the
letters A, B and C, respectively, and the numbers behind the
letters represent the corresponding widths of conditions (cm).
To ensure the repeatability and validity of the experiment, at
least three experiments were repeated under each condition.

Results and discussion

Analysis of the influence of width on discrete
flame morphology

Flame morphology is a visual parameter that reflects the
flame propagation process. In this section, discrete flame prop-
agation characteristics and the effect of material width on
flame morphology in open spaces will be analyzed based on
frontal and lateral flame morphology diagrams.

Width affects flame morphology

A schematic diagram of the stable combustion stage of a
single PMMA sheet under different width conditions is shown
in Fig. 3. As can be seen from the figure, with the increase in the
width of the material, the flame-burning area increases, and the
flame width also increases. In comparative analysis, the latter
three diagrams consistently demonstrate markedly greater
flame brightness than the initial trio. This observation is primar-
ily attributable to the wider widths of the specimens tested,
which increase the combustion area. As a result, there is a
corresponding uptick in the release of flammable gases, inten-
sifying the combustion process. Consequently, flames from
broader specimens exhibit a heightened luminosity relative to
those from narrower counterparts.

Figure 4 shows the front view of the stabilized combustion
stage of two PMMA plates under different widths. It can be
seen that under different fuel widths, the discrete fuels all
present roughly the same flame morphology during the stable
combustion process: the flame presents stable laminar
combustion on the surface of the first PMMA plate; turbulent
combustion on the surface of the second PMMA plate, and the
flame presents a more violent pulsation phenomenon and
intermittent phenomenon above the material, which is due to
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Table 1. Table of conditions for discrete solids of different widths.

Width (cm) 5 6 7 8 9 10
Single piece of PMMA A5 A6 A7 A8 A9 A-10
Two pieces of PMMA B5 B6 B7 B8 B9 B-10

Three pieces of PMMA ¢5 C6 C7 C8 C9 C10

7 cm 8 cm 9 cm 10 cm

6 cm
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Fig. 3 Schematic diagram of the front side of a single piece of
PMMA burning with different widths.
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Fig.4 Schematic diagram of the burning front side of two pieces
of PMMA with different widths.

the flame body of the second PMMA is subject to the first
PMMA plate burning flame body's buoyancy drive and flame
superposition, resulting in the flame body shaking violently.

At the same time, in the frontal schematic, the flames in the
material air spacing all present a concave tendency from both
sides to the middle, which is because the flame front presents
an inverted V tendency in the process of the flame burning
uniformly, which is the same flame morphology as that
presented by the flame front above the second piece. That is to
say, the discrete flame spreads are roughly the same in longitu-
dinal morphology and the differences are in the transverse
flame width and flame brightness, the wider the width, the
greater the flame brightness.

Figure 5 shows the front view of the stable combustion of
three PMMA plates under different widths. It can be seen that
the three PMMA plate's combustion presents the same law with
single and two PMMA plates, i.e., the flame width increases
with the increase of the fuel width, and the flame tends to
converge from the two sides to the center at the air spacing,
which is consistent with the inverted V shape presented by the
flame front. Meanwhile, it is the same as the schematic diagram
of the front of the two PMMA panels, i.e., the first PMMA panel
presents a stable laminar flow combustion state, while the first
and second PMMA panels are affected by the bottom flame
buoyancy drive and the flames present obvious jittering and
intermittent phenomena.

Comprehensive analysis

According to the above flame pattern, when the flame
spreads on the discrete distribution solid surface, the flame
shows stable laminar combustion in the A layer, and B and C
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7 cm 9 cm 10 cm

6 cm

Fig. 5 Schematic diagram of the burning front side of three
PMMA plates with different widths.

layers are subjected to violent flame jitter and intermittent
phenomenon at the bottom and show the tendency to
concave from both sides to the middle in the frontal air spac-
ing, and the flame peak shows obvious inverted V
phenomenon as shown in the frontal schematic diagram. The
flame shows the tendency to concave inward in the air spacing
and shows wall-to-wall phenomena in the air spacing and the
upper part of the wall.

The flame shows a tendency of inward concavity at the air
interval and wall sticking phenomenon at the air interval and
the upper part of the wall, while the flame thickness at the
effective solid surface shows a tendency to increase from the
bottom to the upper part of the flame, as shown in the side
schematic diagrams. Under different widths, the flame pattern
in the discrete distribution of the solid surface shows the same
pattern, but the flame pattern in the direction of the width of
the difference is more obvious, the strongest contrast is the 5
and 10 cm width of the conditions, the larger the width, the
more fully pyrolyzed the material, the flame brightness is
brighter. At the same time, the flame in different conditions
shows the thickness in the center line is larger than the two
sides of the characteristics, this is because part of the combus-
tion vapors to the material on both sides of the diffusion of the
flame width is greater than the width of the sample, and the
phenomenon from the center line to the two sides of the
decreasing step by step.

For a solid that is burning, to effectively explain the heat and
mass transfer process between the solid and the airflow flow-
ing over the solid surface, according to the flame spreading
pattern process, Cail'®! established the concept of the bound-
ary layer on the surface of solid materials to divide the bound-
ary layer into three layers: velocity boundary layer, thermal
boundary layer, and concentration boundary layer.

Figure 6 shows a schematic diagram of the continuous and
discrete concentration boundary layer. As can be seen from the
figure: for continuous solids, the thermal decomposition of
solids to generate combustible gases driven by buoyancy to
form a concentration boundary layer, with continuous develop-
ment of the pyrolysis front, the thickness of the concentration
boundary layer is also gradually increased in the formation of a
concentration gradient on the surface of solids in the fluid
region; for discrete solids, the concentration boundary layer in
the air interval at the inward trend of depression, which is due
to the absence of pyrolysis gases generated at the air interval,
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Fig. 6 Concentration boundary layer (a) continuous, and (b)
discontinuous.

and this is because no pyrolysis gas is generated at the air gap,
and the pyrolysis gas generated by the combustion of the
lower material plate is entrained by the air at the gap, resulting
in the phenomenon that the overall concentration thickness
decreases.

Analysis of the influence of width on the stability
stage of discrete flame spread

In this section, experimental samples of different widths are
set up and the parameters of flame height, mass loss rate, and
heat release rate are analyzed. By processing and fitting the
experimental data, the relationship between the parameters in
the stabilization stage with width is derived.

Flame height

The study of the flame height in the stable stage is of great
significance to the discrete flame-spreading behavior. Since the
solid material shows turbulence after complete combustion in
the experimental process, the fluctuation is large, so this paper
selects the average value of the flame height of the stable
combustion stage of the material as the flame height in this
experiment.

Figure 7 shows a schematic diagram of the flame height
under different working conditions. As can be seen from the
figure, in the initial stage of combustion of the material, the
flame height is small, and the flame moves up and down more
gently, with the continued development of the flame, the flame
burns sufficiently, the flame height shows a stabilizing trend,
the flame height fluctuates up and down within the average
value, which tends to stabilize the situation. This is mainly
because: in the initial stage of combustion, due to the flame
pyrolysis area being small, the PMMA plate pyrolysis gas release
is small, the combustion is not sufficient, so the flame height is
small; with the rise of the flame top, the unburned area of more
material being heated causes the release of flammable gases,
when the material is uniformly burned, pyrolysis release of
gases tends to stabilize the rate of loss of quality of the mate-
rial stabilized at this time and the flame height change tends to
stabilize.

From Fig. 7, the average height of the flame, and the aver-
age height of conditions A-5, A-6, A-7, A-8, A-9, and A-10 are
25.46, 25.60, 27.24, 29.31, 30.63, and 32.85 cm, respectively.
From the section on flame morphology, the first layer of the
PMMA plate combustion at the bottom of the combustion
presents laminar combustion and combustion stability, in the
upper part of the flame due to the bottom flame buoyancy
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Fig.7 Schematic diagram of flame height at the steady stage.

dominated by a turbulent state. Combustion is stable, in the
upper part of the flame due to the bottom flame buoyancy
dominated by the turbulence state, it is known from the flame
height that the width effects in the combustion of the first
PMMA plate is more obvious, i.e, the larger the width, the
higher the flame height. The flame heights of conditions B-5, B-
6, B-7, B-8, B-9, and B-10 are 40.17, 42.26, 43.81, 45.19, 46.73,
and 47.18 cm, and from the data, it can be seen that the larger
the width, the higher the flame height, and the difference
between the flame heights of the conditions with 5 and 10 cm
widths is further increased by the presence of the air spacing.
further becomes larger. This means that the effect of the pres-
ence of air spacing on the width is more pronounced. The
flame heights for conditions C-5, C-6, C-7, C-8, C-9 and C-10 are
54.83, 56.18, 59.83, 63.17, 65.86, and 68.86 cm. This further
proves that the presence of an air spacer further increases the
width effect. Combined with the change of pyrolysis front posi-
tion and flame spreading speed in the previous section, it can
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be seen that although the speed of the 6 cm width flame will
be reduced during the spreading process, the height of the
flame stabilization stage will be greater than that of the 5 cm
width specimen when the material is fully burned. Therefore,
the larger the width, the higher the flame height in the stabi-
lization stage.

The average flame height during the stabilization phase was
plotted as shown in Fig. 8.

Dimensionless flame height is the ratio of the average flame
height to the width of the material (H/W)['7). In the width effect,
the dimensionless flame height decreases with increasing spec-
imen width. The diffusion flame height is mainly determined by
the buoyancy and inertia forces, and a dimensionless number,
the Froude number is usually introduced to describe the
magnitude relationship between the buoyancy and inertia
forces, defining the Froude number as: Fr = u%/Wg . When the
Fr number is small, the flame height is controlled by the buoy-
ancy force, and the dimensionless flame height satisfies
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Fig.8 The relationship between average flame height and width.

Hy/W Fr'. Therefore, the dimensionless flame height and
width have the following relationship!'7l:

H /W ~W™ )]
An et al.l'8l obtained 0.7 < n < 0.9; Zhang et al.l'¥l obtained
1/5 < n < 1/3. After converting the above obtained average
flame height to dimensionless flame height, the relationship
between the width and dimensionless flame height is plotted
in Fig. 9, and the image is fitted by applying Eqn (1). It can be
seen that the dimensionless flame height is well fitted to the
width of the specimen, and with the increase of the width, the
dimensionless flame height shows the tendency to decay as a
negative power law, which is shown from the figure that the
value of n ranges from 0.6 to 0.8. In general, the width effect
still exists with the increase in the number of discrete blocks,
and the more the number of blocks is, the more obvious the
tendency to decrease is 0.6~0.8. In general, with the increase of
the number of discrete blocks, the width effect still exists, and
the more the number of blocks, the more obvious the trend of
decreasing dimensionless flame height.

Rate of mass loss

The material mass loss rate in the stabilization stage can be
obtained by the first-order derivation of the mass loss curve.
However, in the experimental process, the data acquisition
time of the computer is smaller than the response time of the
mass sensor, which leads to large noise interference in the

11 ——A |
> y=31.76x09 B
0 \ g T |
k- ‘ - - - - Fitting line
9 et - - - Fitting line ]
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4 g |
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Fig. 9 The relationship between dimensionless flame height and
sample width.
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process of deriving the mass loss curve, so it is necessary to
filter the mass loss rate curve to get a smoother curve. Take the
C-10 condition as an example, draw the mass loss rate process-
ing diagram, as shown in Fig. 10, and do the mean value
processing for the mass loss rate in the stabilization stage to
get the average mass loss rate at the stabilization moment is
0.286 g/s.

Equivalent treatment as described above for the other condi-
tions yields the instantaneous mass loss rate at the moment of
the stabilization phase as shown in Table 2.

The mass loss rate vs sample width is shown in Fig. 11, and
the results are all for the flame in the stabilization phase, as
shown in Fig. 10 after 450 s. The mass loss rate is the average
value of the curve. For the same conditions, the mass loss rate
shows an increasing trend with the increase of the sample
width, which is because the increase of the sample width
increases the area of the flame of the material in contact with
the air, increasing the mass loss rate. Jiang et al.®! summarized
the mass loss rate s (g/s) prediction formula, i.e:

0.387Ra,’®

= Be,S 0.825+

y c,D 9/16
» [1 +(0.492/Pr)°

]8/27 2
In addition to what is in the Table 3, the Ra Reynolds
number2% in the above equation can be expressed as:
T;-Te)D?
_ gﬁ( fm ) 3)
B is the coefficient of thermal expansion (CTE). During the
upward spread of the flame, the entire surface of the material
burns, and the area of the material exposed to the flame
consists of two parts, one of which is the front surface, and the
other is the four regions at the edges of the material block,
which can be expressed by the following equation:

RLIL

Sioar =3 X (WL+2TL+2TW) @)

In the above equation, the S, is the area of the solid
surface region, and W is the width of the material, and T is the

C-10
Filtering processing |

034

L t- kb u 1
0.24 t | (v

0.19 | 1[I

Mass loss rate (g/s)

0.14

0.09 f /'t

0.04 =
0 150 300 450 600 750
Time (s)

Fig. 10 C-10 Mass loss rate processing diagram.

Table 2. Rate of material mass loss (g/s).

Height
Conditions
5 6 7 8 9 10
A 0.076 0.082 0.085 0.087 0.091 0.093
B 0.155 0.160 0.169 0.170 0.179 0.184
C 0.243 0253 0260 0263 0276 0.286
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Fig. 11 The relationship between mass loss rate and width.

Table3. Physical parameters of PMMA in Eqn (2)L

Parameters Characteristic Numerical value
B Atomic weight of an element 1.32
Cp Specific heat capacity 1.207 kJ/(kg-K)
ky Heat conductivity 0.091 W/(m-K)
Pr Prandtl (math.) 0.073
T Flame temperature 1,400 K
T, Pyrolysis temperature 623K
a Thermal diffusivity 168 X 10 M52 /s
v 121X 10m™52 /s

Kinematic viscosity

material thickness, and L is the material length, as shown in
Fig. 12.

In the field of flame, for irregular fuel shapes, it is common to
use a characteristic length transformation method to evaluate
the flame dynamics behavior. The most commonly used
method is the equivalent diameter method. This method typi-
cally converts rectangular and other irregularly shaped fuels to
the equivalent diameter of a circle. However, this method is
only applicable to conditions that have approximately the
same length and width. The length of the material in this exper-
iment is much larger than the width, so the equivalent diame-
ter method is not applicable. The method of combining previ-
ous definitions of force diameters is used to solve the problem
of irregular fuel shapes!2'22:;

D=2L(W+2T)/L+W+2T %)

Substituting the above equations, we can find the 7, of the
predicted equation, and compare it with the experimentally
obtained stable combustion rate 7z The comparison is shown in
Fig. 13. From Fig. 13, it can be seen that the prediction curve is
over-predicting the experimental value for condition A. The
main reason is that the above equation does not take into
account the mass flow rate of heat loss, which leads to a large
calculated value. For condition C, the experimental value is
larger than the predicted value, and the degree of deviation
increases with the increase in the number of PMMA blocks. In
this paper, it is argued that although the mass of heat loss is not
accounted for in the calculation formula, the experimental
values are larger than the predicted values because as the
flame develops, the air spacing between the discrete materials
provides more oxygen for combustion, and the heat transfer
mechanism changes from being dominated by heat loss to
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being dominated by the air entrainment, which is further
evidence that reasonable air spacing between the discrete
solids accelerate the rate of the material's mass loss.

Rate of heat release

Width effects on flame spread include lateral diffusion of
gaseous fuels, heat loss, and air entrainment. To better com-
pare width effects on the discrete flame spread, this section
focuses on analyzing the unit width heat release rate Q of the
flame. According to a previous research summary(23], the rate of
heat release per unit width can be obtained from the rate of
mass loss. O can be found from the mass loss rate, i.e.:

Q = (in/w) AH, (6)
In the above equation, s is the mass loss rate, g/s; w is the
width of the material; AH, is the heat of combustion of the
material, this paper takes 25.2 kJ/g. The calculated heat release
rate per unit width Q is exponentially fitted with the width W,
Q~wn
As can be seen from Fig. 14, the effect of width on the heat
release rate shows approximately the same pattern as the
effect of width on the average flame height in the previous
section, i.e, the heat release rate decreases with increasing
width in a negative power law relationship. Laterally, for
increasing width, the heat release rate 9 The main reason for

Fig. 12 Schematic diagram of solid area parameters.
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Fig. 14 The relationship between heat release rate and width.

the decrease is due to the decrease in the lateral diffusion of
fuel and heat; vertically, for the increase in the number of
blocks, the increase in the rate of heat release of the material is
mainly due to the full development of the flame spread of the
discrete solids, so that the air convolutes more oxygen into the
flame and pushes the unburned fuel to the center of the mate-
rial, increasing the rate of combustion of the pyrolysis region.

Theoretical analysis of material width in open
space and discrete flame spread

Rangwala et al.'l and Pizzo et al.l2l The theory proved by
the study focuses on the laminar flame without sidewalls
(width of 200 mm), which has relatively large pyrolysis pro-
ducts and heat loss around the sidewalls. Rangawala et al.l'!l
combined mathematical models and experimental results to
analyze the effect of finite width on the flame-spreading
tendency, and established a simplified physical model of lami-
nar flames, as shown in Fig. 15. In Fig. 15, the X-axis is the direc-
tion of the flame spread, the Y-axis is the direction of flame
thickness on the surface of the material, the Z-axis is the direc-
tion of the width of the material, the 77", (x) is the mass released
in unit time, and 7z (x) is the mass lost within XY unit moment,
and X, is the length of pyrolysis, and &, is the flame thickness.

Rangawala et al.l'", through theoretical analysis, has made
the following statement about the effective rate of combustion
M’ is expressed as follows:

M = M- 2, o)
Iowp e

Where, M} is the solid fuel mass loss rate, and by integrating the
m} (x) and the position of the pyrolysis front, the mass loss per
unit area per unit time can be obtained and can be expressed as:

Fig. 15 Physical model of width-influenced flame spread!?*.
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Wy = | Vi () dx ®)
M. is the rate of heat loss, the total mass lost by diffusion in

the z-direction (i.e., lateral diffusion) and can be obtained by
integrating between the fuel surface and the flame position:

5 S
[ i () dy = sz i, (x)dny ©)

It can be seen from the formula that when the width of the
specimen is small, the heat loss of the specimen spreading to
the transverse direction is large and becomes a non-negligible
part, which not only reduces the number of gases involved in
the combustion reaction but also reduces the transfer of heat
to the center thickness region.

Conclusions

In this study, an experimental platform was established to
investigate the influence of material width on the behavior of
discrete flame spread in open space. Utilizing discrete materi-
als with widths ranging from 5 to 10 cm and fixed spacings, the
stabilization phases of the flame spreading process were metic-
ulously analyzed. Key metrics such as mass loss rate, flame
height, pyrolysis front, flame-spreading rate, and heat release
rate were measured under various conditions. These parame-
ters helped elucidate the impact of specimen width on the
dynamics of discrete flame spread. The findings confirm that
the width of the material significantly affects the flame behav-
ior, providing a quantifiable relationship between material
dimensions and flame dynamics. The key conclusions drawn
from the data are as follows:

(1) The discrete flame spreading pattern shows that as the
width of the specimen increases, the flame-burning area
increases, the flame brightness becomes brighter, and the
brightness of the edge region on both sides is larger than that
of the center region; meanwhile, it is found that the width does
not have much influence on the discrete flame frontal pattern,
which all show the phenomenon of laminar flow at the bottom
and turbulent flow at the top.

(2) In the flame stabilization stage, the dimensionless flame
height and the heat release rate per unit width show the same
trend, i.e., they show a negative power-law decay relationship
with the width, and from the experimental results, the value of
the exponent n is in the range of 0.6 to 0.8. At the same time,
since the air spacing of the discrete materials provides more
oxygen for combustion, the mass loss rate in the stabilization
stage is gradually higher than that predicted by the increase in
the number of blocks of the discrete materials. predicted value.

(3) Mathematical analysis of the effect of width on flame
behavior led to the conclusion that the heat loss mass flow rate
decreases as the width increases, and when the width is greater
than the critical width, the width has a negligible effect on the
flame spreading behavior. It was found that the 10 cm width
did not reach the critical width.
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