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Abstract: In this study, experiments and numeric studies were conducted to analyze the causes
of abnormal behavior in temperature, heat flux, and combustion efficiency that occurred before
a compartment fire was converted to the under-ventilated condition. The fire experiments were
performed using a 1/4 reduced-scale ISO 9705 compartment and propane fuel. Considering that
the occurrence and termination of abnormal behavior are related to ventilation conditions, vertical
openings of various shapes designed to have the identical ventilation factor (0.52Av/h) were used.
As a result, an abnormal phenomenon was observed in which the measured heat release rate did not
increase despite the increase in the fuel flow rate under the over-ventilation condition in all opening
shapes. Due to this phenomenon, the combustion efficiency was reduced to 70% regardless of the
opening shape. In order to understand these abnormal behaviors and to analyze the causes of their
occurrence, the temperature and chemical species concentrations of the opening discharge flow were
measured. The results indicated that the abnormal behavior of thermal physical quantities, HRR, and
combustion efficiency occurred because fuel that was not burned inside the compartment did not
reach the lower combustion limit even outside the compartment and was discharged.

Keywords: compartment fire; ventilation condition; combustion efficiency; global equivalence ratio;
fire behavior

1. Introduction

Thermal feedback from the heated wall and smoke layer in the compartment fire
environment promotes thermal decomposition of combustibles. The increase in fuel supply
causes incomplete combustion due to insufficient oxygen and an increase in the yield
of toxic substances (e.g., soot and carbon monoxide) [1,2]. When the oxygen inside the
compartment is continuously reduced, the fire transitions to the under-ventilated condition,
and flames are ejected through openings. Flame ejection through openings can increase
damage to life and property as the fire spreads to upper floors and adjacent spaces [3-5].
Therefore, the start time of an under-ventilated fire is regarded as important information
for assessing the risk of compartment fires. Even under the same combustible conditions,
the initiation time of an under-ventilated fire may vary depending on the air inflow rate of
the opening. As such, changes in fire characteristics according to ventilation conditions are
of major interest in fire engineering, and many studies on this are underway [6-11].

As part of the literature on fire characteristics, studies [12-14] were performed to
evaluate the effects of fuel type and distribution and opening size on fire characteristics.
In these studies, fire characteristics according to various variables were investigated. In
addition, thermal physical quantities different from those commonly known were observed
during this process. It is known that the gas temperature in the compartment under pre-
flashover fire conditions is proportional to the HRR [15]. However, in these studies [12-14],
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the upper layer temperature (ULT) and incident heat flux were not proportional to HRR
in the fire growth stage. Specifically, in studies by Lock et al. [12] and Hwang et al. [13]
that used ISO 9705 [16], the ULT and incident heat flux on the floor temporarily decreased
despite the increase in HRR due to the boiling of liquid fuel, and then increased afterwards.
Similarly, in the study by Parkes [14], the ULT was constant at approximately 250 °C
despite the increase in HRR from 450 kW to 650 kW. After the transient abnormal behavior,
ULT increased rapidly, showing behavior proportional to HRR. The HRR measured in the
section where this phenomenon was observed was considerably lower than the ideal HRR.
Considering this, it can be inferred that incomplete combustion is the cause of the abnormal
thermal physical quantities. Incomplete combustion in the fire growth stage can increase
the fire risk by generating more toxic substances than expected. However, the causes and
effects of this phenomenon, which appears very temporarily, have not been analyzed in
detail. Therefore, it is necessary to better understand it by analyzing the fire behavior of
compartment fires that grow in stages.

Staged fire growth can be implemented using the concept of global equivalence ratio
(GER, ¢g). GER, a concept similar to the equivalence ratio of a premixed flame, can be
used to quantify the ventilation condition of a compartment fire assuming the complete
mixing of fuel/air in the compartment from a macroscopic perspective. Fuel is locally
mixed and diffused with the air in an actual compartment, so GER calculated based on
the assumption of complete mixing may differ from the actual value. Nevertheless, GER
can be used to predict CO yield through the fuel-specific correlation that varies with the
ULT [17,18]. Hwang et al. [19] examined chemical species concentrations and ULT in the
range of ¢ = 0.5~3.0 under various ventilation conditions in ISO 9705 and confirmed that
the chemical species concentration and ULT had a linear relationship with GER, and the
predictability through correlation was suggested. In addition, Ko et al. [20] investigated
local and global combustion efficiency according to GER to analyze fire phenomena. These
studies demonstrate that the GER concept is effective for analyzing the phenomena of fires
that grow in stages.

Yamada et al. [21] examined compartment fire phenomena by analyzing combustion
efficiency according to GER and reported a decrease in combustion efficiency in the over-
ventilated condition (d>g < 1.0). The combustion efficiency continued to decrease from $g =075
to the condition of ¢ = 1.27 where the flame was ejected. After flame ejection, the combustion
efficiency increased with GER, showing a value close to 100%. Lee et al. [22] and Ukleja et al. [23]
also observed this phenomenon; they reported that the CO yield rapidly increased in the
section where the combustion efficiency decreased. Researchers have named this phenomenon
“plateau” and “under-ventilated condition,” but the causes of this abnormal behavior have
not been analyzed. In Parkes’s study [14] mentioned above, the abnormal behavior of ULT
occurred in the range of ¢y =0.6~12, similar to the findings of Yamada et al. [21]. With these
similarities, given that the abnormal behavior of thermal physical quantities and the reduction
in combustion efficiency occur due to incomplete combustion, it can be inferred that these are
the same phenomenon. Additionally, a rapid increase in CO yield due to abnormal behavior
can cause serious errors in fire risk assessments. Accordingly, it is necessary to closely analyze
the causes of the phenomenon and changes in the internal environment.

In this context, compartment fire experiments were conducted to understand the
abnormal behavior occurring in the over-ventilated condition. A 1/4 reduced-scale ISO
9705 compartment was used for the experimental apparatus. A wide range (¢, = 0.2~2.0)
including over- and under-ventilation conditions was considered as the GER conditions for
the compartment fire experiments. In order to examine the fire characteristics across a wide
GER range, the temperature and chemical species concentration inside the compartment
were measured. Outside the compartment, HRR and combustion efficiency were measured,
as well as the temperature and species concentration of the discharge flow through an
opening. Through this, the effects and causes of abnormal phenomena occurring in the fire
growth stage were analyzed.
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2. Description of Experiments

Figure 1 shows a schematic diagram of the 1/4 reduced-scale ISO 9705 compart-
ment [16] and measurement equipment. Figure 1a shows a perspective view of the experi-
mental apparatus. The frame of the compartment was made of 5 mm thick steel, and the
inside was finished with a 25 mm thick blanket-type insulator. The internal volume of the
compartment installed with insulation was 0.6 m(x) x 0.9 m(y) x 0.6 m(z). A square burner
with an area of 0.02 m? was installed at the center of the compartment floor to supply fuel.
Propane, through which the supply rate can be easily adjusted, was used as the fuel in
the analysis of fire phenomena by stage. To uniformly supply fuel, the burner was filled
with glass beads, and the fuel flow rate was controlled using a mass flow controller. The
considered experimental conditions and corresponding fuel supplies are described later.
Two thermocouple trees were installed at the front and rear regions of the compartment to
measure the ULT. Each thermocouple tree consisted of 11 k-type thermocouples, providing
temperature measurements at 0.05 m intervals in a range of z=0.05 m to 0.55 m. The
bead diameter of the thermocouples is 1.0£0.02 mm and has a bare-bead type. Bare-bead
thermocouple has an error due to radiant heat in a compartment fire environment, but
it can be used to understand the thermal environment of a compartment fire [24]. Plate
thermometers [25] to measure incident heat flux as well as temperature were installed
on the ceiling and floor of the compartment. Inhalation probes were used to measure
the chemical species concentrations of the upper layer and discharge flow. Figure 1b,c
show the installation locations of the probes. The high-temperature gas sampled through
the probes may cause a chemical reaction while moving to the analyzer. Taking this into
account, a cooling system was used to prevent the sampled gas from showing different
results from the actual values in the compartment. The triple-structured probes were cooled
with an average temperature of 15 °C water. The water was supplied at a sufficient flow rate
(4 L/min) so that the water temperature did not greatly increase even after passing through
the probe inserted into the compartment. The sampled gas passed through a copper tube
installed in the ice bath, and additional cooling and moisture removal were performed in this
process. The cooled gas passed through a soot filter (1 um) and then flowed into a portable
analyzer (MEXA-554]JK). In this study, O,, CO;, CO and unburned hydrocarbons (UHC)
were considered for the analysis of the chemical environment. The measurement range and
accuracy of the portable analyzer used to measure the concentration of chemical species are
presented in Table 1.

Figure 2 shows a schematic diagram of the various vertical opening shapes considered
in this study. Incomplete combustion in the fire growth stage ended at the same time as
the flame was ejected to the outside of the compartment [21]. This indicates that the start
and end of this phenomenon (incomplete combustion in the fire growth stage) are closely
related to the ventilation and air inflow rate through the openings. In relation to this,
Yamada et al. [21] proposed a correlation equation on the abnormal behavior of combustion
efficiency as a function of GER based on experimental results with various opening shapes.
The GER is a variable to quantify the ventilation condition of compartment fires and can be
obtained through Equation (1):

GER((bg) — (vs/Yo,a) X (/) (1)

where v; is the mass ratio of oxygen to fuel for complete combustion, and n-heptane has a
value of 3.62. Yo, , and m ¢ means the oxygen mass fraction in the air and fuel supply rate
[kg/s]. Finally, m , [kg/s] is the air flow rate into the compartment through an opening
and is evaluated by Equation (2):

m, = 0.52Avh )

where A and h mean the area and height of the opening. The ventilation factor of the
openings in Figure 2 based on equation (2) is 0.0092 kg/s, which is the same for all.
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However, according to previous studies [26,27], the ventilation factor needed to derive
GER may differ from the theoretical value depending on the opening shape. Because of
this, correlations [21] that do not take into account the effect of opening shape may have
uncertainty. Therefore, the effect of changes in the opening shape with a fixed ventilation
factor on fire characteristics should be investigated. As shown in Figure 2, openings of
various shapes designed to have a constant ventilation factor were used in the experiment.
The opening shapes were designed to more easily implement a wide range of GER values,
including the range where abnormal behavior occurs (¢, ~ 0.6~1.2). The opening width
(door width, DW) was changed to 0.10 m, 0.15 m and 0.20 m based on DWO05, and the

height (h) was changed to keep the ventilation factor constant. The name of each opening
was determined by its width.
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Figure 1. Schematic diagram of the 1/4 reduced-scale ISO 9705 compartment and installation location
of measurement devices.

Table 1. Specification of a portable analyzer for measuring the concentration of chemical species.

(o)) CO, CcoO UHC
Range (%) 0-25 0-20 0-10 0-1 (10,000 ppm)
Error (%) +0.4 +0.5 +0.06 +0.0012
Measurement method  Electrochemical sensor Non-Dispersive Infrared (NDIR)

Figure 3 presents a schematic diagram of the lab-scale calorimeter (LSC) [28] based on
the oxygen consumption method [29,30] used to measure HRR and combustion efficiency.
A square hood with a side length of 1.5 m captures combustion products and surrounding
air and exhausts them through an exhaust duct (D = 0.20 m). Part of the flow passing
through the exhaust duct is sampled through two porous tubes. After undergoing a pre-
process to remove soot and moisture, the sampled gas is introduced into the gas analyzer
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(OXYMAT 61, ULTRAMAT 23). In addition to these measurements, the HRR is calculated
through the additional consideration of the mass flow rate and the average cross-sectional
temperature in the exhaust duct.

Case name
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Figure 2. Schematic diagram of openings designed to have a constant ventilation factor (0.52Av/h).
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Figure 3. Lab-scale calorimeter based on the oxygen consumption method for measuring the heat
release rate.

Table 2 provides a summary of the experimental conditions considered in this study
and the fuel flow rate to implement each GER. At room temperature (25 °C), the ideal HRR
considering fuel density (1.808 kg/m?) and heat of combustion (46,400 kJ/kg) [31] ranges
from 5.5 to 55.2 kW. Experiments for each GER were carried out for 600 to 1200 s, in which
the measured HRR, temperature, incident heat flux, and species concentration reached a
steady state and were sufficiently maintained. Changes in fire phenomena according to
GER and opening shape were analyzed by comparing the averages at 100 s in the steady
state, and the standard deviations in the form of vertical error bars were also presented.
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Table 2. Summary of experimental conditions considered in the present study.

Global Equivalence Ratio ( cbg) Fuel Flow Rate (L/min) Ideal HRR (kW)
0.20 3.9 5.5
0.40 7.9 11.0
0.60 11.8 16.6
0.70 13.8 19.3
0.80 15.8 22.1
0.85 16.8 23.5
0.90 17.8 24.8
0.95 18.8 26.2
1.00 19.7 27.6
1.10 21.7 30.4
1.20 23.7 33.1
1.30 25.7 35.9
1.40 27.6 38.6
1.50 29.6 414
1.75 34.6 48.3
2.00 39.5 55.2

3. Numerical Details

Fire Dynamics Simulator (FDS) [32] version 6.7.0 was used for the numerical analysis of
fire phenomena under experimental conditions. To minimize the error caused by boundary
conditions in the numerical analysis results, including the compartment (0.6 m x 0.9 m x 0.6 m),
the expanded calculation area had a size of 0.6 m x 1.8 m x 1.2 m. The physical properties of the
inner walls were input with reference to the specific heat (1.088 kJ /kg-K), thermal conductivity
(0.058-0.17 W/m-K), and density (128 kg/ m?) of the insulating material used in the experiments.
FDS directly analyzes the governing equations for large eddies, which are responsible for most
of the energy and turbulent transport in a fire environment, and for sub-grid scale eddies,
large eddy simulation (LES), which applies a model, was adopted. Therefore, the accuracy of
numerical analysis using FDS is closely related to the grid size (6x). This is why it is critical
to select an appropriate grid size when using FDS, and grid sensitivity analysis is performed
for this. When selecting the grid size for an experimental set comprising many conditions, it
is effective to perform grid sensitivity analysis on the smallest-scale experiment (HRR). The
smallest-scale experiment in this study is the condition ¢, = 0.2. Hence, a grid sensitivity
analysis was conducted under the conditions of DW05 and ¢ = 0.2. When configuring the grid
system for the grid sensitivity analysis, the characteristic fire length (D*) concept [33] can be
considered. The characteristic fire length is a dimensionless number that indicates the size of a
fire source and is defined as in Equation (3):

* Q max ’
b= (pooCPTOO\/g> (3)

where Q max 18 the maximum HRR of the fire source. py,, Cp, Teo, and g indicate the density
(1.2 kg/m?3), specific heat (1 kJ/kgK), and temperature (293.15 K) of the surrounding air
and gravitational acceleration (9.81 m/s?), respectively. Under room temperature 20°C and
atmospheric pressure 1 atm, D* of the condition ¢, = 0.2 according to Equation (1) is 0.12 m.
According to previous studies [34,35], adequate predictive performance can be expected when
D*/bx is 4 to 20. This study considered coarse (5x = 0.02 m), moderate (6x = 0.015 m), and
fine (6x = 0.01 m) conditions for the grid sensitivity analysis. D*/6x of each grid system
is 6, 8, and 12, and the total cell number is 162,000, 384,000, and 1,296,000. 1The grid
sensitivity analysis using these grid systems was conducted for the ULT and chemical
species concentrations (O, COy).

Figure 4 shows the grid sensitivity analysis results. In Figure 4a, in the process of
increasing the temperature, the temperature measured in the experiment rises more slowly
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than the predicted temperature; this difference is attributed to the shape, diameter, and
direction of the beads. However, the predicted and measured temperatures in the steady
state, the focus of this study, exhibited similar trends. The temperatures predicted according
to grid size showed the same values over all sections, indicating that the grid sensitivity to
temperature was not large. In contrast, in Figure 4b, the decrease in O, was overestimated
for the coarse condition, unlike moderate and fine. Moreover, a comparison with the
experimental measurements indicated relatively large errors for coarse. In Figure 4c as
well, the CO; volume fraction was overestimated for coarse compared with moderate and
fine, with large errors in the measured values. A grid sensitivity analysis is the process
of finding the conditions in which the grid size does not impact the numerical analysis
results. Taking this into account, the coarse condition was not suitable to use in this study
because the predicted values changed depending on the grid size and also showed a
relatively large error. Considering the costs (computational resources, time) required for
the numerical analysis, it was efficient to use the moderate condition. However, at higher
GER conditions, the reduction in the resolution of the opening flow can cause errors in the
numerical analysis results [36]. Taking this into account, the fine condition where as many
grids as possible can be inserted in the opening area was used for the numerical analysis.
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Figure 4. Results of grid sensitivity analysis for major fire physical quantities (temperature, O,, and
CO concentrations).

4. Results and Discussion

Prior to the compartment fire experiments, experiments according to fuel flow were
performed in an open environment, and the results are presented in Figure 5. In the
figure, the average HRR and combustion efficiency measured in the steady state for each
experimental condition are presented as a function of the fuel flow rate. Except for a slight
difference in the high fuel flow rate condition, the average HRR measured with the LSC
showed similar behavior to the ideal HRR (solid line) according to the fuel supply. This
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trend was identical in the investigation of combustion efficiency. The combustion efficiency
was close to 100% at a relatively low fuel flow rate but gradually decreased as the fuel
flow rate increased. Nevertheless, the lowest value of combustion efficiency in an open
environment is 94%, indicating that the conditions considered in this study burn very
smoothly in an open environment.
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Figure 5. Heat release rate and combustion efficiency in an open environment according to the fuel
supply conditions.

Figure 6 shows a comparison of instantaneous flame photos under typical GER conditions
to examine the effect of the opening shape on the fire phenomenon. As confirmed in previous
studies [26,27], the actual air inflow rate may differ from the theoretical value depending
on the opening shape. Under identical fuel flow rate conditions, a change in air inflow rate
causes a change in GER. Accordingly, in the analysis of compartment fire experiments, GER
was expressed as nominal GER (cbg) based on fuel flow rate and theoretical ventilation factor.
Figure 6a—c presents photos of instantaneous flames under the over-ventilated (¢ = 0.2),
stoichiometric (c])fg1 = 1.0), and under-ventilated (d>g=2.0) conditions for the DWO05 opening.
In Figure 6(a), the over-ventilated condition, the combustion reaction occurs only in the
compartment, and the flame length is short. In the condition of ¢g = 1.0 (Figure 6b), most of
the combustion reaction takes place within the compartment, but the intermittent ejection of
the flame tip is observed as the flame length increases. Figure 6c corresponding to ¢pg=2.0
shows the characteristics of under-ventilated condition in which flames are ejected outside
the compartment. Through this, a change in the fire phenomenon according to the fuel flow
rate is observed under the same opening condition. Figure 6d—e show instantaneous flame
photos of different openings taken in the experiment under the condition ¢g = 1.0. Figure 6d
presents a photo of DW10. This condition did not show a great difference from DWO05, and
only the flame tip was intermittently ejected. Figure 6e shows the DW15 experiment, in which
the flame volume ejected through the opening slightly increased. Finally, Figure 6f shows the
DW20 experiment, where a substantial flame volume is ejected outside the compartment even
under ¢g = 1.0. Consequently, the ejected flame volume tended to increase as the width of
the opening increased (as the height decreased) at the same nominal GER. This difference
indicates that even if openings are designed to have a constant ventilation factor, the fire
phenomena change according to the opening shape.



Appl. Sci. 2022,12,12278

90f18

(a) DWO5, ¢2=0.2 (b) DWO05, ¢2=1.0 (c) DW05, $p2=2.0

(d) DW10, ¢=1.0 (e) DW15, $2=1.0 (f) DW20, $2=1.0

Figure 6. Comparison of instantaneous flame photos according to the opening shape in representative
nominal GER () conditions.

To investigate the internal environment according to flame behavior, Figure 7 shows a
comparison of the average ULT according to nominal GER. The front and rear temperatures were
measured via thermocouples installed at a height of 0.55 m from the compartment floor. When
the fire source is located at the center of the compartment, the internal thermal environment
undergoes the following changes as the fire grows. At a very low GER condition, the flame
forms in the vertical direction of the fire source, and the front and rear temperatures do not
greatly differ. As the fuel flow rate (i.e., GER) increases, the mass of combustion products and air
entering and exiting the compartment also increases. At this time, the increased flow rate of the
inlet causes the flame to move to the rear of the compartment, thus increasing the temperature
at the rear. As GER further increases, the oxygen inside the compartment is depleted, and the
flame moves to the front. In this process, the front and rear temperatures become reversed, and
the front exhibits a higher temperature. From this perspective, examining the experimental
results of DWO05 in Figure 7a, the front and rear temperatures in the range of ¢g = 0.2to 0.8 do
not show a large difference (Tgont & Trear). However, at d)fg‘ = 0.85, it shows a relatively high
temperature at the rear side (Tgont < Trear). At cbfo,‘:2.0, the temperature difference between the
front and rear decreases due to the forward movement of the flame, and at a higher d)Ig‘, the front
will show a higher temperature (Tgont > Trear). The experimental results of the other openings
in Figure 7b—d also exhibit similar behavior. However, the timing at which the relationship
between the temperatures measured at the front and rear changes varies depending on the
shape of the opening. The experimental results of DW10 in Figure 7b do not greatly differ from
DWO05. On the other hand, in the experiment of DW15, the rear temperature showed a higher
value at ¢z = 0.8, and the temperatures were reversed at ¢y = 1.5. This trend is intensified in
the DW20 experiment. Specifically, the rear temperature is higher than under the condition of
d)é1 =0.7, and the temperature reversal is observed under the condition of c])é1 =1.1.
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Figure 7. Average upper layer temperature of the front and rear regions in the compartment according
to nominal GER (d)g).

That is, as the opening height decreased, the thermal environment changed at a lower
nominal GER. Through this, it can be seen that even if the ventilation factor is the same, the
transition condition (fuel flow rate, GER) to the under-ventilated fire varies depending on the
opening shape. Similarly, the same result can be obtained in comparison with the condition
in which the maximum temperature is measured. In general, the temperature of the fire
environment shows the maximum value under stoichiometric (cl)rg1 = 1.0) conditions [19]. The
nominal GER at which the maximum temperature was measured in the experiment of each
opening was 0.95, 0.90, 0.85, and 0.70 in the order of increasing opening width. That is, as the
height of the opening decreases, the stoichiometric ratio is reached under the condition of a
relatively lower fuel flow rate.

Figure 8 compares the average volume fractions of species measured in the upper layer
according to the nominal GER under various opening shape conditions. Under the same
nominal GER conditions, the volume fraction of O, decreases with decreasing opening
height in Figure 8a. Conversely, CO, exhibits a higher volume fraction as the height of the
opening decreases. Through this, it can be seen that the change in the opening shape affects
the chemical environment inside the compartment under the same fuel flow condition. As
a result of examining CO volume fraction (Figure 8c), under the same fuel supply condition,
the lower the opening height, the higher the value, and the UHC also exhibits the same
behavior with CO. In particular, the volume fraction of UHC exceeded the measurement
limit under some conditions during the experiments on DW15 and DW20, which have
relatively low heights. Considering that CO and UHC are incomplete combustion materials,
these results mean that the lower the opening height, the more inefficient combustion occurs
under the same fuel supply condition. Changes in the chemical environment according to
the opening shape can lead to changes in the overall characteristics of the compartment
fires. Therefore, the cause of the change in chemical environment according to the shape of
the opening should be examined.
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Figure 8. Comparison of species (O,, CO,, CO and UHC) volume fraction according to opening
shape at the upper layer as a function of the nominal GER (¢y).

In order to analyze the cause of the change in the fire phenomenon according to the
opening shape, Figure 9 compares the average air inflow rate in the steady state under
representative nominal GER (d)Ig‘) conditions. There are various difficulties in directly
measuring air inflow through an opening. These typically include flow derangement
caused by the measurement instrument, real-time changes in flow due to interaction with
neutral plane height, and difficulties in deriving representative values for non-uniform
flow distributions. Accordingly, Figure 9 compares the average air inflow rate in the steady
state predicted through FDS. Figure 9a presents a comparison of the predicted air inflow
rate according to the opening shape at ¢3 = 0.2, the over-ventilated condition. As a result,
although the openings had the same ventilation factor, the lower the opening height, the
lower the air inflow rate. As a result of comparison under the condition of ¢ = 1, the air
inflow rate was also increased for all opening shapes due to the increase in the emission of
combustion products. Nevertheless, the trend of decreasing air inflow with the height of the
opening was the same. This trend was also observed under the ¢3=2.0 condition (Figure 9c),
which is the under-ventilated condition. The cause of the changes in fire phenomena shown
in Figures 7 and 8 can be explained by these results. As the opening height decreases, the
air inflow rate decreases, causing differences in the thermal and chemical environments
of compartments with the same ventilation factor. This examination suggests that errors
occur in the air inflow rate predicted from 0.52Av/h depending on the opening shape.
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Figure 9. Comparison of predicted air inflow rate according to opening shape under various nominal
GER () conditions.

In order to examine the effect of the difference in air inflow rate on the fire phenomenon,
Figure 10 compares the GER and average HRR according to the opening shape under the
same fuel flow condition. In Figure 10a, the actual GER (¢,) based on the air inflow rate
predicted through FDS is presented as a function of the nominal GER (¢g). As a result of
the comparison, the actual GER, considering the air inflow rate according to the opening
shape has a higher value than intended under all experimental conditions. Under identical
fuel flow rates, actual GER increased as the opening height decreased. In particular, it was
confirmed that DW20 had an actual GER exceeding 3.0 under the condition of fuel flow
rate corresponding to ¢3=2.0. This difference is closely related to the change in the fire
phenomenon according to the opening shape observed in Figures 6-8. Under the same
fuel supply condition, a relatively high actual GER can have a very large effect on fire
characteristics. Specifically, as confirmed in Figure 6, it causes an increase in the ejected
flame volume and also brings a large change to the temperature distribution and chemical
environment inside the compartment, as shown in Figures 7 and 8. Accordingly, actual
GER (¢) considering air inflow rate for each opening shape, was used in the following
analysis of fire phenomena. Figure 10b presents the average HRR in the steady state as
a function of the ideal HRR. As shown in the figure, under the condition of a low ideal
HRR (<20 kW), HRR does not greatly differ from the ideal HRR regardless of the opening
shape. However, average HRRs in specific sections were considerably lower than the ideal
HRR despite the increase in fuel flow rate. This phenomenon occurs earlier as the opening
height decreases. This abnormal behavior occurs when the ideal HRR is 20-35 kW and is
attributed to incomplete combustion before flame ejection as mentioned earlier.
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Figure 10. Change in fire phenomena according to the shape of openings with the constant ventilation
factor.

Figure 11 shows the detailed analysis results of abnormal behavior according to the
experimental conditions. In Figure 11a, the combustion efficiency is presented as a function
of actual GER, and the combustion efficiency predicted based on the correlation proposed
by Yamada et al. [21] is shown together. This study refers to the abnormal behavior
of combustion efficiency caused by incomplete combustion before flame ejection as the
“sinkhole phenomenon.” The sinkhole phenomenon can be explained with the additional
figure inserted at the top of Figure 11a. The combustion efficiency of the compartment
fire under low GER conditions does not show a significant difference from that of the
open environment, but the combustion efficiency begins to decrease as the GER increases.
However, this decreasing trend does not continue. When GER is further increased, the
sinkhole phenomenon ends, and combustion efficiency increases again. Considering this
process, looking at the compartment fire experiment, the combustion efficiencies in the
range of ¢, = 0.2~0.6 show a value close to 100% regardless of the opening shape. However,
the combustion efficiency starts to decrease around ¢g = 0.6 and reaches a minimum
of about 70%. The combustion efficiencies were compared based on the actual GER, in
which the change in air inflow rate according to the opening shape was taken into account.
Nevertheless, differences according to the opening shape were observed in the condition
((bg) at which the decrease in combustion efficiency starts and the condition (dg) showing
the lowest value. Because of this, the correlation [21] does not seem to adequately reflect the
shifting of the sinkhole phenomenon along the actual GER axis according to the opening
shape. These differences can be attributed to the change in the height of the neutral plane
according to the opening height and the change in fuel and air mixing time due to the
corresponding change in air inflow path. Therefore, the influence of these factors should
be further examined to specify when the sinkhole phenomenon occurs. After showing
the lowest value, the combustion efficiencies increase rapidly to reach close to 100%. The
increase in combustion efficiency is achieved at the same time as the flame is ejected
through the opening. Figure 11b presents actual GER (¢,) at the time when the flame is first
observed outside the compartment and a photo of the flame. In Figure 11a, the combustion
efficiency of DWO05 begins to increase at the condition with ¢, = 1.36, at which point flame
ejection is first observed. The same phenomenon is observed in the conditions of DW10,
DW15 and DW20. From these results, it can be seen that the sinkhole phenomenon has
a close relationship with the flame ejection through the opening. In order to understand
the relationship between flame ejection and the sinkhole phenomenon, an analysis of the
opening exhaust flow according to the actual GER was performed.
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Figure 11. Comparison of combustion efficiency and flame behavior according to opening shape in
relation to the sinkhole phenomenon.

Figure 12 presents the measurement results of the average temperature of the discharge
flow through the opening. The temperature of the discharge flow was measured through
experiments on DW05, and the measurement results were presented as a function of the
actual GER. The location of thermocouples (T¢c, Tr and Ty ) for temperature measurement
is shown in Figure 1. The three thermocouples are useful for considering the temperature
deviation in the width direction of the opening. Figure 12 shows the average value and
standard deviation for the three measurements. In the conditions before the sinkhole
phenomenon occurs, the temperature of the discharge flow increases with GER. This
behavior is the same as the result of a study [19] showing that the temperature of the fire
flow field increases with GER in the over-ventilated fire condition. However, in the region
where the sinkhole phenomenon occurs (shaded region), the temperature of the discharge
flow shows abnormal behavior. In the section where the combustion efficiency decreases
(g = 0.9~1.36), the temperature of the discharge flow does not change significantly despite
the increase in the fuel flow rate. Through this, it can be seen that the amount of heat
released inside the compartment is limited for some reason, and some of the supplied
fuel is not burned. After that, starting with the condition of ¢g = 1.36 where the flame
was ejected out of the compartment, the temperature of the discharge flow increased.
Because the temperature inside the compartment decreased under the same conditions
(Figure 7a), the temperature increase of the discharge flow is attributed to contact between
the ejection flame and the thermocouple beads. To verify whether some fuel was not burned
in the section where the temperature of the discharge flow did not increase, the chemical
composition of the discharge flow was analyzed.

Figure 13 shows the concentration measurements of chemical species contained in
the discharge flow in the DW05 experiments. In Figure 13(a), the O, concentration in the
section where the combustion efficiency decreases remains constant and then decreases
from when the flame is ejected. This indicates that the amount of fuel burned in the com-
partment is limited in the section where the combustion efficiency decreases. Moreover,
in Figure 13b, the CO; concentration in the same section does not increase but slightly
decreases. This behavior is attributed to the dilution effect of CO and UHC (products of
incomplete combustion), along with the limitation of the combustion reaction occurring
in the compartment. As shown in Figure 13c,d, the volume fractions of CO and UHC
continuously increase from the time the sinkhole range is entered. The concentrations of
O, and CO; do not greatly change, whereas the concentrations of CO and UHC increase,
indicating that the amount of incomplete combustion continuously increases. In conclusion,
it can be seen that the sinkhole phenomenon occurs because the residual fuel discharged
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out of the compartment after local fuel/air mixing and combustion in a real fire environ-
ment does not reach the lower combustion limit. Considering this, the reason why the
actual GER exceeds 1 in the condition where the flame is first ejected in Figure 11b can
be interpreted. Even in a real compartment environment, if fuel and air burn in a perfect
mixture, the flame will be ejected to the outside under the condition of (bg =1. However, in
the actual compartment environment, a phenomenon different from the theory is observed
because flames are ejected after the concentration of the fuel discharged to the outside
of the compartment reaches the lower flammable limit. When the combustion reaction
does not start outside the compartment despite an increased fuel flow rate, the combustion
efficiency continuously decreases. However, when the concentration of the incompletely
combusted material contained in the discharge flow reaches the lower flammability limit,
the combustion reaction starts outside the compartment. At this time, the incompletely
combustion material comes in contact with sufficient oxygen from the outside and com-
busts, thus increasing the combustion efficiency. Unfortunately, the lower flammability
limit has not been quantitatively evaluated because it is impossible to specify the types of
incompletely burned materials contained in the discharge flow. According to the results of
this study, the sinkhole phenomenon occurs in over-ventilated conditions. However, as
mentioned earlier, to specify when the sinkhole phenomenon occurred, it is necessary to
comprehensively consider the influence of the neutral plane height according to opening
shape and the resulting change in mixing time. The sinkhole phenomenon leads to fire char-
acteristics considerably different from those expected given the fuel supply; in particular, it
generates more incompletely combusted material (CO and UHC) than under higher GER
conditions. In this case, the fire may have a higher risk than is predicted based on generally
accepted knowledge and may cause an increase in human life and property damage due
to an inadequate response. Therefore, changes in fire characteristics due to the sinkhole
phenomenon should be considered when performing a fire risk assessment. In addition, a
follow-up study to specify the occurrence range of the sinkhole phenomenon is required.
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Figure 12. Average temperature of discharge flow measured according to actual GER (¢ ) in experi-
ments on the DW05 opening.
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Figure 13. Measurement results of chemical species volume fraction contained in the discharge flow.

5. Conclusions

This study conducted an experimental investigation to analyze the causes of the sink-

hole phenomenon, which led to abnormal behavior of heat release rate and combustion
efficiency, and evaluate the influence of opening shape on fire phenomena. For this purpose,
the ISO 9705 compartment reduced to 1/4 scale was utilized, and a wide range of global
equivalence ratios, including over- and under-ventilated fire conditions, were considered.
To analyze the fire characteristics according to the global equivalence ratio and the open-
ing shape, the heat release rate, temperature, and chemical species concentration were
measured. The conclusions of the present study are as follows:

)

@)

®)

The air inflow rate varied with the shape of openings designed to have a constant
ventilation factor. Consequently, under identical ventilation factor and fuel supply
conditions, the thermal and chemical environment inside the compartment consider-
ably differed according to the opening shape. To accurately understand compartment
fire phenomena, theories for predicting air inflow rates must be improved.

The cause of the sinkhole phenomenon was analyzed through the measurement of
the temperature and the chemical species concentration of the discharge flow. The
sinkhole phenomenon occurs because the fuel that is not burned due to the local com-
bustion reaction occurring inside the compartment does not reach the lower flammable
limit even outside the compartment. The sinkhole phenomenon ended simultaneously
with the combustion reaction outside the compartment, i.e., flame eruption.

The sinkhole phenomenon caused by incomplete combustion in the over-ventilated
condition leads to a higher fire risk than predicted. In particular, the generation of
toxic substances due to incomplete combustion poses a huge threat to human safety,
so this must be considered in fire risk assessments.
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