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Abstract. To comprehensively understand the effect of horizontal opening size on
the soot evolution and transportation of flames in the confined compartment, 2D
soot distribution and characteristic soot volume fraction of non-premixed propane

flames were theoretically and experimentally investigated in the confined compart-
ment (0.2 m 9 0.2 m 9 0.2 m) with different horizontal openings (0.03 m to 0.10 m)
in this work. The oxygen concentration supplied by the horizontal opening was deter-

mined by the ratio of dimensionless opening size and dimensionless flame volume
within a range of 14.5% to 20.7%. Results showed that the soot distribution of non-
premixed propane flames in the confined compartment with a horizontal opening
complied with the classical three-zone assumption. The maximum soot volume frac-

tion, the characteristic length of the soot formation zone and the characteristic length
of the soot oxidation zone were all positively related to the dimensionless flame vol-
ume and negatively correlated with the dimensionless opening size. There was a posi-

tive correlation between the ratio of two characteristic lengths and dimensionless
flame volume, and the correlation was independent of the dimensionless opening size.
Moreover, a linear correlation of characteristic soot volume fraction was proposed to

predict the maximum soot volume fraction of non-premixed flames in the confined
compartment with a horizontal opening.

Keywords: Confined compartment, Horizontal opening, Non-premixed flames, Laser-induced incandes-

cence, Soot volume fraction

1. Introduction

Soot is the primary source of particulate pollution [1] and plays an important role
in flame radiation heat transfer and fire spread [2]. The studies on soot formation
and oxidation are helpful for us to understand the fire combustion mechanism
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and better control the generation and emission of particulate pollutants. In the
past few decades, the soot evolution in various situations has been widely investi-
gated through experiments [3–8] and numerical simulations [7–10]. Mahmoud
et al. [3] observed log-normal conditional soot probability density functions across
the full range of temperatures and found it was associated with a high degree of
intermittency in soot turbulent fluctuations. The temperature and soot volume
fraction measurements of a 2-m diameter pool fire reported by Sean et al. [4]
agreed with the results obtained in Mahmoud [3] and provided valuable data for
the development of soot radiation and emission models. Wei et al. [7] developed a
global soot model for fires based on the previous studies [11–14], and made good
agreements between the soot volume fraction predicted by numerical simulations
and data measured by experiments. In a word, our understanding of soot forma-
tion and oxidation has evolved from a phenomenological explanation of laminar
flames to an age of mathematical modeling for complex turbulent combustion and
quantitative validation by experimental data [15].

Several works focused on the soot evolution in the compartment fire [16–19],
and demonstrated that the incorporation of combustion, soot, and radiation mod-
els improved the fire parameter prediction in compartment fires with a vertical
opening. Yuen et al. [19] compared the detailed soot formation for sooty and non-
sooty flames in a door-ventilated ISO room using numerical and experimental
methods, and he pointed out that the existing soot model might overestimate the
soot mass fraction in compartment fires. Deepak et al. [20] measured the soot
extinction coefficient of different liquid pool fires in the compartment and further
estimated the soot yield. Gwon et al. [21] performed a mixture fraction analysis to
study the characteristics of species production in compartment fires. They found
that soot yield was a function of fuel types and local equivalence ratios in the
upper layer.

It is surprising to note that little studies of soot evolution of flames in the con-
fined compartments with horizontal openings have been reported. As one of the
important research branch of the compartment fire, the confined compartment fire
with horizontal openings was often a simplified model on the basis of the ship
cabin, nuclear reactor and underground, etc. Previous works focused on the com-
bustion characteristic parameters and fire behaviors of confined compartment fires
with horizontal openings, such as burning rate [22, 23], temperature [24], product,
flame shape [23], self-extinction [25], flame pulsation [26] and flame tilt [27]. Chen
et al. [23] studied the burning characteristics of pool fires with different initial fuel
depths inside a confined compartment with a horizontal opening and found that
the burning rate presented the different trends with increasing fuel depth in the
free burning atmosphere and the confined compartment. He et al. [25] investigated
the self-extinction behavior of the pool fire in the compartment with a horizontal
opening and established a model to predict the extinction time. As we all know
that soot had a significant impact on the flow and thermal radiation characteris-
tics, it is essential to investigate the flame structure as well as the production of
smoke particulates to further characterize the flame behavior in the confined com-
partment with a horizontal opening. However, the effect of horizontal opening
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size on the behavior of soot evolution and the characteristics of soot distribution
in compartment fires has not been revealed.

In this work, a theoretical and experimental investigation of the 2D soot distri-
bution of non-premixed propane flames in the confined compartment with a hori-
zontal opening was conducted using the laser-induced incandescence (LII)
technique. The 2D distributions of instantaneous soot volume fraction and aver-
age soot volume fraction were obtained. The statistical characteristics of maxi-
mum soot volume fraction were analyzed. The characteristic lengths of normalized
soot distributions were proposed and correlated with the dimensionless opening
sizes and dimensionless flame volumes. The relationship of characteristic soot vol-
ume fraction with the dimensionless opening sizes and dimensionless flame vol-
umes was established, which could provide the theoretical guidance for the
improvement of soot modeling of confined compartment fires with horizontal
openings.

2. Theoretical Analysis for Soot Evolution of a Flame
in the Confined Compartment

As shown in Fig. 1, whether in a free burning atmosphere or in a confined com-
partment, the soot evolution process could be divided into three zones: (1) the
soot precursor zone, (2) the soot formation zone, and (3) the soot oxidation zone
[28]. In zone I, the chemical reaction begins to generate the small aromatics and
precursors of soot. The soot volume fraction increases very slowly. In zone II,
incipient particles are formed by the precursors at a critical soot inception mixture
fraction (nc) in the mixture fraction space or equivalently at an initial height (Lc)
in the geometric space. They grow continuously through surface growth, collision,
and polymerization, which results in the graphitic aggregates and rapid increasing
soot volume fraction. There exists a mixture fraction (nm) or equivalently a height
(Lm) that soot formation rate equals oxidation rate and the soot volume fraction
reaches a maximum value. In zone III, the soot oxidation rate is higher than the
formation rate. The oxidation products are formed and the soot volume fraction
decreases to zero at the stoichiometric mixture fraction (nst) or equivalently flame
height (LH) when no more fuel forms soot. The stoichiometric mixture fraction is
defined as,

nst ¼ 1þ Y FTMO2vO2
Y O2MF vF

� ��1

ð1Þ

where YFT is the fuel mass fraction at the burner nozzle, YO2 is the oxygen mass
fraction of air, MF and MO2 are the molecular weights of the fuel and oxygen, vF
and vO2 are the stoichiometric coefficients of the fuel and oxygen in the chemical
reaction. LH, Lm, Lc in the geometric space can be associated with nst, nm, nc in
the mixture fraction space on the centerline of the flame [11]

Lm=LH ¼ nst=nm; Lc=LH ¼ nst=nc ð2Þ

Analysis of Visual Characteristics of Short-circuited Arc Sites 499



When the fuel is burned in the confined compartment as shown in Fig. 1, the hor-
izontal opening is the only supplement of air. Therefore, the flame will be stret-
ched to get enough oxygen. This phenomenon will be described in detail in the
results. When the oxygen concentration falls below the critical oxygen concentra-
tion, the combustion could not be maintained and the flame is eventually extin-
guished.

The global soot model was initially proposed by Delichatsios [11] to describe
the soot formation in an axisymmetric laminar non-premixed flame and then
extended [12] by considering the temperature effect. In the soot formation zone,
the modified volumetric soot formation rate could be expressed as

_x000
s;f ¼ Afq

2 Y F ;1
n� nst
1� nst

� �
T ce�T a=T ; nm � n � nc ð3Þ

where Af is the pre-exponential factor of soot formation, q is the gas density, YF,1

is the fuel mass fraction at n = 1, c is the temperature exponent and Ta is the
activation temperature.

After neglecting the soot oxidation in the soot formation zone [11], the maxi-
mum value of soot volume fraction along the centerline can be estimated by inte-
grating the Eq. (3) as:

f v;max ¼
Z Lm

Lc

_x000
s;f

qsuc
dz ¼

Z Lm

Lc

Afq2Y F ;1

auqs
ffiffiffiffiffi
gz

p
n� nst
1� nst

� �
T ce�T a=T dz ð4Þ

Figure 1. A sketch of soot evolution of a non-premixed flame and
the opening air flow of a compartment fire with a horizontal opening.
The flame is magnified in the figure to better illustrate the structure.
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where uc is the velocity along the centerline, qs is the density of soot. Assuming z/
LH = nst/n, the soot density and the temperature within the soot formation zone
remain constant [29]. Equation (4) can be further transformed into the following
form:

f v;max ¼
LHAfq2Y F ;1T ce�T a=T

auqs
ffiffiffiffiffiffiffiffiffi
gLH

p nst
1� nst

fcn nc; nm; nstð Þ ð5Þ

where fcn(nc, nm, nst) is the function of nc, nm and nst, and can be integrated as:

fcn nc; nm; nstð Þ ¼ 2

ffiffiffiffiffi
nst
nc

s
þ

ffiffiffiffiffi
nc
nst

s
�

ffiffiffiffiffiffi
nst
nm

s
�

ffiffiffiffiffiffi
nm
nst

s !
ð6Þ

Overall, the maximum soot volume fraction of a non-premixed flame is associated
with the flame height, the stoichiometric mixture fraction and fcn(nc, nm, nst),
which are affected by the oxygen concentration supplied by the limited horizontal
opening and fuel property.

3. Experimental Approach

3.1. Flame Configurations

As shown in Fig. 2, the stable non-premixed flame was produced by a gas burner
nozzle with an inner diameter (D) of 17.8 mm filled by perforated plates and cera-
mic beads. Propane was used as the fuel and the volume flow rate was controlled
by a mass flow controller (MKS Instruments Inc. GE50A). The maximum volume
flow rate of propane was 0.3 L/min with a maximum exit gas velocity of 0.02 m/s.
The maximum Reynolds number (Re = uD/v, v = 4.4 mm2/s for propane [30]) at
the nozzle was 81. The inner dimension (d0) of the confined compartment was
0.2 m, and the horizontal opening (d) ranged from 0.03 m to 0.1 m. The oxygen
concentration near the flame base was measured by an electrochemical oxygen
sensor (CiTiceL, AO2) when the flame was stable enough. Detailed experimental
conditions are shown in Table 1. 500 samples of instantaneous soot distribution
were measured to study the statistics for each experimental condition. Each test
was repeated at least four times and averaged to enhance the measurement accu-
racy, although the standard deviation of four tests was found to be less than
5.1%.

The oxygen consumed by the fuel combustion was closely related to the charac-
teristic scale of confined compartment and flame characteristic scale. The charac-
teristic scale of confined compartment, represented by the dimensionless opening
size, was defined as the area ratio of the horizontal opening and the confined
compartment,

x ¼ d2=d20 ð7Þ
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where d was the opening size and d0 was the inner diameter of the confined com-
partment.

The flame characteristic scale, represented by the dimensionless flame volume,
can be expressed as [31],

H ¼ V f =d
3
0 ¼

_Q
q1cpT1

ffiffiffi
g

p
� �6=5

=d30 ¼
qf _V Dhc

q1cpT1
ffiffiffi
g

p
 !6=5

=d30 ð8Þ

where Vf was the flame volume and can be expressed as a function of the heat
release rate or the volume flow rate for a given fuel type [32]. qf and 4hc were the
gaseous density and the effective heat of combustion of fuel propane, qf = 1.8 kg/
m3 and 4hc = 43.70 MJ/kg. q¥, cp and T¥ were the density, the specific heat and
the temperature of the air, q¥ = 1.2 kg/m3, cp = 1.004 kJ/kg/K and
T¥ = 298 K.

Therefore, a dimensionless opening factor x/H can be defined to connect the
oxygen concentration XO2 during the stabilization period of combustion with the
horizontal opening size and volume flow rate of the fuel. As shown in Fig. 3, the
dimensionless oxygen concentration first had rapid growth with the dimensionless
opening factor and then slowly increased up to 1.

Figure 2. Gas burner configuration.

Table 1
Summary of Experimental Conditions

Test

no

Volume flow rate

(L/min)

Mass flow rate

(mg/s)

Reynolds

number

Opening size

(m)

Oxygen concentra-

tion (%)

1–5 0.1–0.3 3.2–9.4 27–81 0.03 17.1–14.5

6–10 0.05 19.8–18.0

11–15 0.08 20.5–20.0

16–20 0.10 20.7–20.1
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3.2. LII Experimental Setup

The laser-induced incandescence method is a visual and quantitative method of
studying the 2D soot distribution of flames. It was also one of the most effective
means to verify the theoretical model and numerical simulation of soot evolution
in laminar and turbulent flames [33–36]. As shown in Fig. 4, a Nd: YAG laser
(Beamtech SGR-30) with a frequency of 10 Hz and a pulse duration of 10 ns
approximately was used in the LII experimental setup. The laser provided energy
up to 1.2 J/pulse at 1064 nm. Therefore, the 532 nm laser with an energy output
of 0.4 J/pulse was used in the present work. A laser sheet was created with an
optical lens system, which consisted of a beam expander, a collimating lens
(f = 450 mm), and a focus lens (f = 600 mm). The effective height of the laser
sheet were 200 mm with a thickness of 0.5 mm. The total energy of laser sheet
above the burner was about 180 mJ. Considering the energy variation across the
laser sheet due to the Gaussian beam profiles, only 120 mm was actually used for
LII measurements. The mean laser fluence in the zone of LII measurement was
0.23 J/cm2 with a relative standard deviation of 8.4%, which agreed with the rec-
ommended value that the LII signal reached a plateau region at 532 nm and the
laser irradiance caused minimal soot vaporization [37].

The incandescence signal was recorded at 10 frames per second with an intensi-
fied 1040 9 1392 pixel ICCD camera, which was equipped with a 50 mm zoom
lens and a 410 nm optical filter. Two techniques were adopted in LII measure-
ments to avoid the potential interference with other species [38]: (1) optical filter
was placed in front of the camera to eliminate the laser diffusion effect [39]; (2)
the collection of LII signals was delayed by 50 ns with an intensifier gate width of
50 ns to prevent the interferences of PAHs signal [38, 40].

Figure 3. The oxygen concentration during the stabilization period
of combustion varied with the dimensionless opening factor.
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3.3. Calibration and Process of LII Signal

LII signal was essentially a light intensity signal approximately proportional to the
soot volume fraction [41]. The proportional coefficient of actual soot volume fac-
tion and LII signal was closely related to experimental parameters. As shown in
Fig. 5, two steps were taken to obtain the actual soot volume fraction of flames.
The first step was to obtain the calibration coefficient of the actual soot volume
fraction and LII signal. The calibration method of Francqueville [42] was used to
determine the proportional coefficient:

a ¼ kLEKLLEMð Þ= keKLLIIð Þ ð9Þ

where kLE was the LE laser wavelength, kLE = 632.8 nm and ke was the dimen-
sionless extinction coefficient, ke = 9.7 for propane [43, 44], KLLII was the inte-
gral value of LII signal within the LE optical path, KLLEM was the cumulative
value of optical-path soot volume fraction obtained by the laser extinction (LE)
method and related to the attenuation of passing radiation by Lambert–Beer’s law
[45],

KLLEM ¼ �ln I=I0ð Þ ð10Þ

Figure 4. LII experimental setup.
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where I0 and I were the incident light and outgoing light of LE measurement,
respectively, and were recorded by the digital oscilloscope and photoelectric recei-
ver.

The distribution of soot volume fraction in the laminar diffusion flame was
measured firstly on a Santoro gas burner using the LII system and LE method. In
the calibration experiment, the propane flow was set at 0.15 L/min, and the co-
flow air was set at 43 L/min to ensure that the co-flow air was adequate for com-
bustion. Under these conditions, a stable laminar diffusion flame with a height of
90 mm could be obtained. The measured distribution of the LII signal and the
normalized intensity of the LE light were shown in Fig. 5. The proportional coef-
ficient of the actual soot volume fraction and LII signal, calculated by Eq. (9), can
be expressed as

a ¼ 632:8� 10�9= 9:7� 27:1ð Þ ¼ 2:4� 10�9 ð11Þ

In addition, the second step was to process the multi-frame mean for each experi-
mental condition. 500 LII images were taken when the flame was stable enough to
reduce Gaussian noise.

4. Results and Discussions

4.1. 2D Distributions of Soot Volume Fraction

Typical 2D distribution of instantaneous soot volume fraction was shown in
Fig. 6. For dimensionless opening size x £ 0.0625, the 2D distribution of instanta-
neous soot volume fraction was stable during the stabilization period of combus-
tion, and there was a slight oscillation for x = 0.0225, as shown in Fig. 6a and b.
For x = 0.25, the 2D distribution of instantaneous soot volume fraction was
unstable and flickering at a fixed frequency in the stabilization period, as shown in
Fig. 6d. For x = 0.16, the 2D distribution of instantaneous soot volume fraction

Figure 5. Calibration and process steps of LII signal.
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was stable at some times and flickering at a fixed frequency at other times, as
shown in Fig. 6c. The decrease of the proportion of flickering distribution of
instantaneous soot volume fraction in the stabilization period may be affected by
the change of flow pattern. Previous study [46] investigated the flow pattern
induced by a fire in a ceiling vented enclosure, and found that there are three flow

Figure 6. 2D distributions of the instantaneous soot volume fraction
of propane flames (H = 0.0097) in the confined compartment with
different horizontal openings: a x = 0.0225, b x = 0.0625, c
x = 0.16, d x = 0.25. t0 and t1 represent the time in the stabilization
period of combustion.
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patterns determined by the opening size and fire diameter: (a) unidirectional flow,
transient and comparative stable; (b) bidirectional flow, transient and unstable; (c)
compound flow, presented both a unidirectional flow and a bidirectional flow,
transient, more complex and unstable than unidirectional flow and bidirectional
flow. For dimensionless opening size x £ 0.0625 in Fig. 6a and b, the stable instan-
taneous soot distribution was similar to the unidirectional flow pattern. The com-
bustion product flowed out of the opening at some times and a small amount of
air flowed into the opening to maintain the combustion at other times. For
x = 0.25 in Fig. 6d, the unstable instantaneous soot distribution was similar to
the bidirectional flow pattern. The combustion product and large amount of air
could be well mixed so that the flame was unstable and flickering. For x = 0.16
in Fig. 6c, the soot distribution was stable at some time (t0 � t0 + 0.5 s), while
unstable at other time (t1 � t1 + 0.5 s), which was similar to the compound flow
pattern. The phenomena affected by unidirectional flow and bidirectional flow
may appear alternately.

The 2D distributions of average soot volume fraction (SVF) were processed
from 500 instantaneous images for each experimental condition. Figure 7 illus-
trated the 2D distributions of average soot volume fraction of propane flames for
different dimensionless flame volumes and dimensionless opening sizes. The height
of soot formation and oxidation zone, which could be represented by the height
of 2D average SVF, increased with the decrease of dimensionless opening size for
each dimensionless flame volume. The maximum value of 2D average SVF also
increased with the decrease of dimensionless opening size, except for Fig. 7(1) and
(5). For the cases with 0.0078 £ H £ 0.0097, the maximum value of 2D average
SVF for x = 0.0225 was smaller than that for x = 0.0625 because self-extin-
guishing occurred for x = 0.0225. The maximum value of 2D average SVF was
highest for H = 0.0078 and x = 0.0625. As the dimensionless opening size
decreased, the decreased proportion of flickering period of instantaneous soot vol-
ume fraction in the stabilization period of combustion was the reason for the
increased average SVF.

4.2. Statistics on the Maximum Soot Volume Fraction

Two parameters were used to describe the statistical characteristics of maximum

soot volume fraction. We defined f v;max as the average value of maximum soot

volume fraction, and f v;max as the maximum value of the 2D distribution of aver-

age soot volume fraction. The different trends of calculated results of f v;max and

f v;max varied with the volume flow rates were observed in Fig. 8a and b. f v;max

increased with the dimensionless flame volume and decreased with dimensionless

opening size except for x = 0.0225 and H ‡ 0.0060. f v;max first increased and then

decreased with the increase of the dimensionless flame volume. f v;max and f v;max

reached the maximum value at x = 0.0225 for H £ 0.0042, while reached the
maximum value at x = 0.0625 for H ‡ 0.0060. The maximum soot volume frac-

tion f v;max is simultaneously affected by the soot formation rate and oxidation

rate. For general situation, the increase of dimensionless flame volume increased
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the concentration of reactants involved in the soot formation reaction per unit
compartment volume, and further increased the soot volume fraction; and the
decrease of dimensionless opening size decreased the oxygen concentration, as well
as the soot oxidation rate, and further increased the soot volume fraction. How-
ever, the increase of dimensionless flame volume increased the consumed oxygen,
while the decrease of dimensionless opening size decreased the oxygen concentra-
tion in the compartment. Therefore, the flame with high dimensionless flame vol-
ume and small dimensionless opening size cannot maintain for a long time. The

Figure 7. 2D distributions of the average soot volume fraction in the
confined compartment with horizontal openings for different
dimensionless opening sizes and dimensionless flame volumes.
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actual heat release may not be equal to the theoretical value, which is the possible
reason for the fact that the soot volume fraction before extinguishment was lower
than the expected result and reached the maximum value at x = 0.0625 for

H ‡ 0.0060. The change of f v;max was also affected by the soot intermittence,

which can be estimated by the ratio of f v;max and f v;max as shown in Fig. 8c. The

ratio of f v;max and f v;max decreased with the increase of dimensionless flame vol-

ume and dimensionless opening size to the minimum value of 0.2, which indicated
that the flame was laminar and stable for the cases with low dimensionless flame
volume or low dimensionless opening size, while the flame was turbulent and
unstable for the cases with high dimensionless flame volume and high dimension-
less opening size. For the turbulent flames, the soot existed at a certain position in
the flame with a high degree of intermittence and the soot volume fraction was
low for most of the time, which is the direct reason for the different trends of

f v;max and f v;max.

5. Characteristic Lengths Lm and LH

Considering that the maximum value of the soot volume fraction in the flames
was simultaneously affected by the soot formation rate and oxidation rate, the
characteristic lengths (or characteristic mixture fractions) of the soot formation
zone and soot oxidation zone may be the key to quantify the maximum soot vol-
ume fraction.

A normalization method was used to quantifying the characteristic lengths Lm

and LH. The normalized maximum of soot volume fraction was defined as:

f
�
v ¼ f v;max Hð Þ=f v;max 2 0; 1½ � ð12Þ

(a)

(b)

(c)

Figure 8. Three parameters a fv ;max, b fv ;max, c the ratio of fv ;max and
fv ;max varied with the dimensionless flame volumes for dierent dimen-
sionless opening size.
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where f v;max Hð Þ was the maximum value of the 2D distribution of the average

soot volume fraction at the height H. Using the maximum profiles of different
heights could avoid the underestimation of the maximum soot volume fraction
along the centerline. Besides, the maximum profiles of soot represented the radia-
tion ability of a flame at different heights.

The profiles of f
�
v for various dimensionless flame volumes and dimensionless

opening sizes were presented in Fig. 9. f
�
v first increased and then decreased with

the height. The height of f
�
v=1 increased with the dimensionless flame volume

while decreasing with the dimensionless opening size. Actually, the dimensionless
opening size affects the oxygen concentration of the confined compartment. The
decrease of oxygen concentration increases the initial height of soot oxidation (the

height of f
�
v=1).

f v and f
�
v for the typical condition of H = 0.0097 and x = 0.0625 were pre-

sented in Fig. 10. The height of f
�
v=1 was defined as the characteristic length Lm.

(a) (b) (c)

(d) (e)

Figure 9. The profiles of f
�
v of flames in the confined compartment

with dierent horizontal openings for dierent dimensionless flame vol-
umes: a H = 0.0026, b H = 0.0042, c H = 0.0060; d H = 0.0078; e
H = 0.0097.
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After reaching the maximum value, the soot volume fraction decreased to zero
due to soot oxidation. The height that the soot volume fraction decreased to zero
was defined as the length of soot oxidation ending or equivalently the flame height
LH. However, the value of LH was directly affected by the value of chosen thresh-

old when processing the boundary of the soot zone. Thus, the height of f
�
v=0.5

was considered as 0.5(Lm + LH) to avoid the impact of the threshold.

5.1. Correlation of Maximum Soot Volume Fraction with the Dimensionless
Flame Volume and Dimensionless Opening Size

Based on the previous theoretical analysis and experimental results, a characteris-
tic soot volume fraction was proposed to explore the effect of horizontal opening
sizes on the value of maximum soot volume fraction in the following

f v;max= fcn nc; nm; nstð ÞL1=2H

h i
ð13Þ

The function fcn(nc, nm, nst) calculated by Eq. (6) was mainly controlled by the
value of nc/nst (the ratio of LH and Lc) and nm/nst (the ratio of LH and Lm). The
critical soot inception mixture fraction nc was proportional to the stoichiometric
mixture fraction nst (nc/nst = 2.5) in previous studies [7, 47]. The relationship
between nm and nst was shown in Fig. 11a. nm/nst was independent of the dimen-
sionless opening size and increased from approximately 1.3 to 1.8 with an increase
of dimensionless flame volume from 0.10 to 0.30 L/min. This indicated that the
proportion of the height of the maximum soot volume fraction and the flame
height decreased with the dimensionless flame volume. nm = 1.56nst could be an

Figure 10. Characteristic lengths Lm and LH in the 2D soot
distribution for H = 0.0097 and x = 0.0625.
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estimated average value of the characteristic mixture fraction. fcn(nc, nm, nst)
decreased with the increase of the dimensionless flame volume as shown in
Fig. 11b.

Figure 12 illustrates the characteristic soot volume fraction varied with the
dimensionless flame volume for dimensionless opening sizes. The characteristic
soot volume fraction presented a linear correlation with the increase of the recip-
rocal of dimensionless flame volume. The correlation could be shown in the fol-
lowing:

f v;max= fcn nc; nm; nstð ÞL1=2H

h i
¼ 154:00� 0:32=H ð14Þ

For x = 0.0225 and H ‡ 0.0078, self-extinguishing behavior happened and the
flame could not maintain due to the lack of oxygen.

6. Conclusions

The present study theoretically and experimentally investigated the 2D soot distri-
bution of non-premixed propane flames in the confined compartment with a hori-
zontal opening using LII. The 2D soot distribution and characteristic soot volume
fractions for different dimensionless opening sizes and dimensionless flame vol-
umes were obtained. The major findings are:

(1) The soot evolution process of a non-premixed flame in the confined compart-
ment with a horizontal opening was examined to comply with the three zones

Figure 11. The values of a nm/nst and b fcn(nc, nm, nst) varied with
dimensionless flame volume for different dimensionless opening
sizes.
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by height: soot precursor zone, soot formation zone, and soot oxidation zone.
The maximum soot volume fraction of a non-premixed flame in the confined
compartment with a horizontal opening was theoretical analyzed and corre-
lated with the flame height LH, the stoichiometric mixture fraction nst and
fcn(nc, nm, nst).

(2) Time evolution of instantaneous soot volume fraction in the stabilization per-
iod of combustion was stable for dimensionless opening size x £ 0.0625 and
flickering for x = 0.25. As the dimensionless opening size decreased, the pro-
portion of flickering period of instantaneous soot volume fraction descended.
The maximum soot volume fraction increased with a fall of dimensionless
opening size and increased with a rise of dimensionless flame volume. Under a
condition of x = 0.0225 and H ‡ 0.0078, the flame could not maintain.

(3) Characteristic lengths Lm and LH were proposed in the analysis of the normal-
ized soot distribution of the soot volume fraction. They were both positively
proportional to the dimensionless flame volume and negatively related to the
dimensionless opening size. There was a positive correlation between nm/nst
(the ratio of LH and Lm) and dimensionless flame volume and the correlation
was independent of the dimensionless opening size. Characteristic soot volume
fraction f v;max= fcn nc; nm; nstð ÞL1=2H

h i
linearly correlated with the reciprocal of

dimensionless flame volume, which was proposed to predict the maximum
soot volume fraction of non-premixed flames in the confined compartment
with a horizontal opening.

One of the limitations of the established model in this paper is that no compre-
hensive analysis of the joint impact of soot generation rate and oxidation rate on
the peak volume fraction of soot has been made. It is assumed that the position
of peak soot volume fraction Lm is the position where soot starts to oxidize. The
position where the soot starts to oxidize is slightly lower than Lm. In addition, the
method to accurately define the threshold of soot volume fraction measured by

Figure 12. The characteristic soot volume fraction
fv ;max= fcn nc ; nm; nstð ÞL1=2

H

h i
varied with the reciprocal of dimensionless

flame volume for dierent dimensionless opening sizes.
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LII is one of the urgent problems to be solved at present. The method used in this
paper avoids the definition of the threshold, but the determination of LH is affec-
ted by Lm to a certain extent.

In conclusion, although the established model in this paper simplified the soot
evolution process in the confined compartment, the results show that the above
simplification and assumption is acceptable within the scope of this study. Of
course, further validation on a larger scale of confined compartment fire is needed
for the expansion of the application of this model. Besides, it would be necessary
to analyze the correlation between the maximum value and maximum position to
improve the understanding of soot evolution and transportation of flames in the
confined compartment with a horizontal opening.
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