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Abstract: An experimental and modeling study was carried out to investigate the effect of wall
opening location on the mass flow rates of gases through the opening and the associated fire phe-
nomena, such as compartment temperature, projected flame height through the opening, and the
heat release rates inside and outside the compartment. A 0.3 m by 0.3 m opening was placed at
three different elevations—bottom, middle, and top—of a narrow end wall of a 0.8 m by 1.2 m by
0.8 m (H) compartment. A propane gas burner was used to provide four different fire sizes in the
compartment: 90, 110, 130, and 150 kW. The existing correlations for mass flow rates and heat release
rates generally do not include the wall opening location as a variable and are functions of only the
opening area and height. Based on the experimental and modeling analysis, it is found that the wall
opening location affects the internal and external fire phenomena. Two fundamental factors, K and O,
are introduced to explain the effect quantitatively. Factor K is the ratio of the air inflow predicted
by Fire Dynamics Simulator (FDS) to the existing correlation (0.5A,+/H,), and Factor O is the ratio
of the oxygen consumption rate in the compartment to the oxygen flow rate into the compartment,
indicating combustion efficiency. Factor K ranges from 0.78 to 0.94, and O ranges from 0.67 to 0.85
for different opening locations, which suggests that the existing correlations may overestimate the
amount of airflow to and the combustion efficiency within the compartment.

Keywords: compartment fire; under-ventilated; external flame; FDS modeling; opening location

1. Introduction

When a fire consumes existing oxygen in a compartment, the compartment becomes
fuel-rich, or under-ventilated, generating excess fuel gases [1]. If openings such as broken
windows are created, unburned fuel gas leaves the compartment and generates an external
flame [2,3]. This may yield a significant fire spread hazard if the flame is large enough
to ignite items on the upper floors. When the upper floor becomes involved with fire,
the fire from both floors may merge, leading to a larger fire [4]. This hazard has been
well-recognized in the fire research field, and various studies regarding this issue have
been conducted since the 1960s. To quantify this hazard, correlations for external flame
heights [5,6] and the resulting irradiance on the upper wall surface [3,7-9] have been
developed to check if a spread is likely to occur. Two of the factors that influence the severity
of the external flame are the airflow rate into the compartment through the openings and
the fuel gas generation rate in the compartment. A brief explanation is included below.

For a compartment fire with an opening, hot gases leave the compartment through
the upper part of the opening due to buoyancy, and fresh air flows into the compartment
through the bottom portion of the opening, as shown in Figure 1.

The correlations for the neutral plane height (h1) from the bottom of the opening and
the mass flow rate of air into the compartment are presented, as shown in
Equations (1) and (2), respectively [10].
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Figure 1. Compartment gas flow diagram where 71, is the mass flow rate out of the compartment
and 11, is the mass flow rate into the compartment.
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Equation (2) is further simplified into Equation (3).
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Here, df, density factor, is the only variable that determines the amount of airflow into
the compartment for a given opening configuration and ambient conditions. It becomes a
maximum value of 0.214 when Ty is about 730 K (or Tg /T, = 2.5) and slightly decreases
as Ty increases. A previous study found that a representative value of 0.214 can be used
for most compartment fire conditions where the temperature ratio is greater than 2, i.e., Tg
above 540 K, or a relatively well-developed fire in a compartment [10]. When Ty is less
than this value, e.g., at a relatively early stage of fire, the density factor is much less than
0.2. This relationship is presented in Figure 2.

With the following values: density factor =0.214, C;=0.7,g=9.81m/ s2,pa=12 kg/ m3,
Equation (3) turns into the well-known Equation (4).

1, ~ 0.5A,v/H, 4)

It is often assumed that the inflow is 100% fresh air, and all the air which enters the
compartment is well mixed and completely burned inside the compartment. Since burning
1 kg of air can generate about 3000 kJ energy for most fuels [11], the heat release rate (HRR)
inside the compartment changes, as presented in Equation (5). Both Equations (4) and (5)
have been widely applied in compartment fire research [10,12-15].

Q. = 3000 - iz, = 1500A,+/H, (5)
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Figure 2. Density factor in Equation (3) as a function of temperature ratio (= Tg/Ta) where Ty is the
upper gas layer temperature in the compartment, and T, is the ambient temperature (=293 K).

Previous studies often used the multiplied value of the opening area and the square
root of the height as a single variable, often called the ventilation factor, to determine the
mass flow rate of air and the maximum HRR within the compartment. Recent studies
demonstrated that other variables, such as opening shape [16-18], fuel elevation [19], and
compartment size [5,20], also influence the external flame phenomena. However, these
studies were conducted with a centrally located wall opening [21,22], and very limited
research using the opening elevation as an independent variable exists. Frank et al. [23]
investigated external flame height and incident heat flux on the exterior wall using hep-
tane with different elevations of a wall opening and compared the results with existing
correlations developed using a central opening. Lu et al. [24] developed new correlations
for the external flame height using propane fuel based on the two non-dimensional length
scales developed by Lee et al. [5]. They also showed that compartment temperature and
external flame height increase as the opening moves from the bottom to the middle and
decrease when the opening moves from the middle to the top. In addition, the heat release
rate within the compartment decreases as the opening moves from the bottom to the top.
These two studies accepted existing correlations, such as Equations (4) and (5), as they are,
and additional terms were employed to explain variations in experimental results. The
current study also investigates the effect of opening elevation on general compartment
fire phenomena, such as external flame height and compartment temperature, but with a
focus on the mass flow rates through the opening and the combustion efficiency within the
compartment, which have not been well studied in previous research.

2. Method

Both experiments and computer modeling studies are conducted for the followings:
the temperature inside the compartment, the external flame height, and the total HRR.
Modeling is used to calculate the HRRs inside and outside the compartment individually,
which is not possible in the experiments. Since Fire Dynamics Simulator (FDS) also allows
advanced calculation devices, the mass flow rates of substances in and out of the compart-
ment are included to investigate how the wall opening location influences the compartment
fire phenomena.

2.1. Experiments

The current study used a scaled compartment that is 0.8 m wide, 1.2 m deep, and
0.8 m high, which is based on ASTM E2257 or NFPA 265, as illustrated in Figure 3. The
compartment, other than the front wall, was constructed in two layers: 1.27 cm thick
ceramic fiberboards were used for the inner layer, and 2.54 cm thick calcium silicate boards
were installed for the outside layer. For the front wall, 0.635 cm thick cement board was
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Upper wall

used. To replicate the upper floor’s exterior wall, a 0.8 wide and 1.8 m high cement board
was installed right above the front wall. To reduce the uncertainty of heat feedback from the
flame to the fuel surface and associated oxygen consumption in the compartment [25-27],
a propane gas burner attached to a digital flow rate controller was used. The burner was
located 0.4 m away from the front wall in the middle of the two side walls.

[uary
@]

iling

ide walls

Figure 3. Compartment box configuration and device installation.

Figure 4 depicts the three different locations of the 0.3 x 0.3 m front wall
opening—bottom, middle, and top. According to Equation (5), the fire size to produce
an external flame need to be greater than 75 kW. In the current study, four different fire
sizes were chosen—90, 110, 130, and 150 kW—within the compartment, which theoretically
generate external fires of 15, 35, 55, and 75 kW, respectively.
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§ 0.5m
0.3m 0.25m 0.3m [0.25m
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Figure 4. (a) Bottom, (b) middle, and (c) top openings.

The experiments were conducted in an indoor lab with the compartment located under
a large exhaust hood. The initial ambient temperature and the make-up air temperature
varied between 0-10 °C. The following devices were installed to measure the compartment
gas temperature and the external flame height.
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The compartment gas temperature was measured using a total of 14 K-type thermo-
couples (TC), as shown in Figure 5. The front TCs and the middle TCs were 10 cm
and 60 cm away from the front wall, respectively. The TC beads were located 5 cm
away from the interior wall surface. As the compartment fire reaches a steady-state,
the gas temperature inside the compartment also becomes relatively uniform [2,17].
For further analysis, the average value of the 14 TCs was used to represent the com-
partment temperature.
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Figure 5. Thermocouple configuration on the side wall.

(b)

The external flames were captured using a charged-coupled device (CCD) camera, and
the flame height was calculated using an in-house MATLAB code [23]. For accurate
flame region extraction, a thick black cloth was located in the background for the
video data. One image per second was sampled from the video data. A threshold
value to discern the flame region from the rest of the image area was first determined
by the authors based on three randomly selected flame images, and all the sampled
images were subjected to the threshold value. This produced black and white imaging
from the videos, as shown in Figure 6. The white area shows the flame shape. The
pixels between the highest white point and the lowest white point were counted at
each frame and 50% intermittency was used to calculate the flame height.

(a)

(b)

Figure 6. (a) flame image captured by a CCD camera and (b) flame shape extracted by a MATLAB
code for a 150 kW fire.
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HRR was measured using an oxygen depletion calorimeter. The calorimeter was first
calibrated against a propane gas flow meter at the four different fire sizes mentioned
previously.

2.2. FDS Computer Modeling

FDS is a fire modeling computer program developed by NIST, and it has been widely

used to study compartment fire phenomena [28]. In the current study, FDS 6.7.5 was used.
The dimensions of the compartment model in FDS are identical to those of the experiments,
but additional devices were located in the FDS model to assess crucial parameters that are
not directly measured in the experiments.

(a)

(b)

(©

Two HRR devices were located in the FDS model, one inside (Qm), and the other

outside (Q,,) the compartment. This is one of the major advantages of computer
modeling, as there are no accurate means to individually measure the HRR inside and
outside the compartment in experiments.

In order to analyze the combustion reaction inside and outside of the compartment,
substances in the inflow and the outflow through the opening need to be identified.
Flow devices were located at the opening in the FDS model to calculate the bidirec-
tional mass flow rates of the following substances: total mass flow, air, oxygen, fuel,
product, CO,, CO, Ny, water vapor, unburn fuel gas (propane), and soot.

The external flame height (i1f) was determined by the heat release rate per unit length
(HRRPUL) device. The HRRPUL device calculates the time-averaged heat release rate
at the device height. As indicated in Figure 7, an HRRPUL device was inserted into
each grid cell from the bottom of the compartment to the top of the front panel. The
outputs were integrated from the bottom to the top until the integrated value reached
99% of the input HRR used for simulation and the top device’s location is considered
to be the flame tip location [29]. The neutral plane height was calculated based on
Equation (1), and flame height was determined from the neutral plane to the flame tip.

[SSEEN

~FTRRPUL device

Figure 7. HRRPUL devices for flame height.
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The wall material properties were defined as shown in Table 1 to accommodate heat
losses through the walls and the ceiling. Furthermore, the auto-ignition temperature (AIT)
of the propane gas was set at 450 °C to avoid any spurious combustion; it should be
noted that the default setting in FDS modeling only considers fuel and oxygen mixture
composition for ignition, and the mixture temperature is not taken into account [30].

Table 1. FDS wall materials input.

Parameter Calcium Silicate Board Ceramic Fiber Board Cement Board
Density [kg/m 250 18 1400
Specific heat [k] / (kg-K)] 1.03 1.13 1.05
.. 0.8-0.22
Conductivity [W/(m-K)] 0.05 (260-1093 °C) 0.36
Thickness [m] 0.0254 0.0127 0.006

Aside from specifying AIT, another important element that affects the simulation
outcome is the grid size in the computational domain. A smaller grid size generally results
in more accurate simulation, but requires a longer calculation time. To determine a proper
grid size with a reasonable simulation time, a sensitivity analysis was performed using
three different grid sizes—5 c¢m, 2.5 cm, and 1.25 cm—for the smallest (90 kW) and the
largest (150 kW) fires. Two criteria were adopted to determine the proper grid size. The
first is to determine whether there is any meaningful improvement in the parameters of
interest by reducing the grid size, and the second is to determine the difference between the
HRR output from the simulation and the input fire size. The results of 5 cm and 2.5 cm grid
sizes presented considerable differences, as shown in Table 2; the difference ranged from
25% to 33% for the compartment gas temperature and 33% to 45% for the HRR inside the
compartment. Then, the grid size was reduced from 2.5 cm to 1.25 cm and no substantial
improvement was observed between these two grid sizes, although the 150 kW fire showed
larger differences than the 90 kW fires. While 2.5 cm is still acceptable, 1.25 cm was selected
for the grid size in the current study, promising more accurate results. The results from the
sensitivity analysis are summarized in Table 2.

Table 2. Sensitivity analysis.

. . . . % Difference— % Difference—
Fire Case Parameters 1.25 cm Grid 2.5 cm Grid 5 cm Grid 1.25 vs. 2.5 25vs. 5
Qtotal (kW) 88 87 80 1.1% 7.8%
90 kW with Oin (KW) 55 54 30 0.5% 45%
mid. opening Ti (C) 975 968 652 0.7% 33%
hf (m) 0.8 0.9 0.9 130/0 00/0
Qtora (KW) 149 148 140 0.9% 5.41%
150 kW with Oin (kW) 49 45 30 8.3% 33%
mid. opening T (O) 947 896 676 5.4% 25%
hs (m) 1.2 1.35 1.3 13% 3.9%

2.3. Test Matrix

The test matrix is presented in Table 3. The comparison of the experimental and
modeling results is expected to reveal unknowns in terms of airflow rates, HRRs inside
and outside the compartment, and external flame height through a wall opening, using
additional devices utilized in FDS. The name of each test or modeling is determined by
the following conventions: E = (experiment); F = (FDS modeling), with the fire size in kW;
opening elevation = (Bottom, Middle, and Top), based on Figure 4.
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HRR(kW

Temperature(C)

Heat release rate (E-150-Mid)

Table 3. Test Matrix.

Heat Release Rate (kW) Experiment FDS Modeling
E-90-Bot F-90-Bot
90 E-90-Mid F-90-Mid
E-90-Top F-90-Top
E-110-Bot F-110-Bot
110 E-110-Mid F-110-Mid
E-110-Top F-110-Top
E-130-Bot F-130-Bot
130 E-130-Mid F-130-Mid
E-130-Top F-130-Top
E-150-Bot F-150-Bot
150 E-150-Mid F-150-Mid
E-150-Top F-150-Top

2.4. Steady-State Data Extraction

Due to the heat transfer through the walls and the ceiling of the compartment and
the relatively low-temperature ambient airflow into the compartment, the compartment
gas temperature changes gradually. A preliminary experiment with a 150 kW fire was
conducted to identify how to determine the steady-state temperature. With the ambient
temperature ranging from 5 to 10 °C, the compartment needed to be preheated to reach a
relatively steady temperature and heat release rate. Although propane gas was used as a
fuel source, the fire was extinguished soon after ignition without preheating. Therefore, the
propane fuel flow rate was gradually increased from 30 kW to 150 kW. The steady-state
period was determined based on the HRR measured by the oxygen depletion calorimeter
and the compartment temperature data from thermocouples. Only 600 s of steady-state
data from 900 s to 1500 s were trimmed out and used for analysis in the experiment, as
shown in Figure 8a,c. For FDS modeling, each simulation ran for 1000 s; steady-state data
from 400 to 1000 s were trimmed out, and the average temperature was used for analysis.

Heat release rate (F-150-Mid)

150 = 150
-
100 I = 100 |
! = [
50 I T 50 I
0 500 1000 1500 2000 2500 0 200 400 600 800 1000
Time(sec) Time(sec)
(a)
Compartment Temp.(E-150-Mid) Compartment Temp.(F-150-Mid)
1200 1200 i s |
1000 75 1000
800 T 800
=
600 £ 600 I
400 £ 400 |
200 I =200 |
0 . — - 0 | L I S S
0 500 1000 1500 2000 2500 0 200 400 600 800 1000
Time(sec) Jime(sec)
(©) (d)

Figure 8. An example of data trimming for the steady-state; (a,c) are from the experiments, and

(b,d) are from FDS modeling.
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3. Results

This section presents the effect of the wall opening location on the compartment gas
temperature and external flame height. Further investigation on the reasons for the different
effects is conducted through FDS modeling.

3.1. Experiment Results

According to Equation (5) and the energy balance Qex = Qtotal — Qm, all experimental
cases having the same fuel flow rate are expected to have identical HRRs inside and outside
the compartment. Since the HRRs inside and outside the compartment cannot be directly
measured in experiments, the gas temperature within the compartment and external
flame heights were measured to represent the HRRs inside and outside, respectively, and
the results are presented in Figure 9. A higher gas temperature means a higher HRR
inside the compartment, and a higher external flame height means a higher HRR outside
the compartment.

1000 1.6
@®bot @mid Atop
1.4
— 900
= —1.2 4
2 =
& 800 = 1
é Py L ¢ &
£ =038
=700 * 0
SUR 2
@¢bot Mmid Atop
600 0.4
90 110 130 150 920 110 130 150
HRR(kW) HRR (kW)
(a) (b)

Figure 9. Experiment results: (a) gas temperature inside the compartment and (b) external
flame height.

The gas temperatures inside the compartment varied as the opening location changed.
With the same opening area and height, the experiments with the middle opening showed
the highest gas temperature inside and those with the top opening showed the lowest
temperature. The external flame heights also varied; the experiments with the top opening
presented taller flame heights for all fire sizes and those with the middle and bottom
opening showed relatively similar flame heights, although the bottom opening has a slightly
higher flame height at a lower fire size (90 kW) and a slightly lower flame height at a higher
fire size (150 kW). The gas temperature and external flame height data substantiated that
varying wall opening locations can lead to different compartment fire phenomena. Among
the three different wall opening elevations, the most gas fuel is burned inside with the
middle opening and the least is burned with the top opening.

3.2. FDS Results and Analysis

The gas temperatures inside the compartment and the external flame heights of the
FDS modeling results are compared to the experimental results to check if FDS outputs are
reasonable for further investigation. The steady-state compartment gas temperature data
from the experiments and the modeling are shown in Figure 10.
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Figure 10. Comparison of the average compartment gas temperatures from (a) experiments and
(b) FDS modeling.

The FDS modeling results are roughly about 150 °C higher than those from the experi-
ments. There may be various reasons for this discrepancy, such as the material properties
typed in the modeling which may not be accurate enough compared to those in the ex-
periments. It may be also due to the increased convective heat loss on the compartment’s
exterior surface caused by make-up air for the exhaust hood in the lab during the exper-
iments. In the FDS modeling, the ambient temperature was set at 5 °C, but any airflow
around the compartment caused by exhaust, i.e., with natural convection only, was not
implemented. Despite the temperature difference of about 150 °C, the results reveal a
similar pattern of the compartment gas temperatures of the three opening locations; the
average gas temperature with the middle opening is the highest, followed by those with
the bottom and the top openings.

The external flame height was calculated based on the extracted images from the
captured video clips from the experiments, while the HRRPUL device was used for FDS
modeling. The external flame height was calculated from the neutral plane height, i.e., from
the bottom of the flame outside the compartment. The results are presented in Figure 11.
For the 90 kW and 110 kW fire cases, the flame heights in the experiments are slightly
lower than those in the FDS modeling. This may be partially due to more fluctuating
external flames at lower heat release rates; with sufficient unburned fuel gases leaving the
compartment at 130 kW or 150 kW, more steady external flames were observed. This is
congruent with a previous study demonstrating that the probability of capturing correct
flame height is lower at lower HRRs [31]. Despite the discrepancy at lower HRRs, both
experimental and modeling results show a similar pattern: the compartment with the
top opening has the tallest external flame height followed by the middle and the bottom
openings. This means there is more unburned fuel leaving the compartment with the
top opening.

FDS provides a device to calculate an HRR value for a specific region in the modeling
domain. The HRRs inside and outside the compartment were obtained from the FDS
modeling as shown in Figure 12.

The middle opening presents the highest HRR inside the compartment, indicating
that more combustion occurred inside the compartment. With the same amount of fuel
provided, this also means the amount of air reacting with the fuel in the compartment was
larger. The top opening presents the highest HRR and the tallest flame height outside the
compartment, indicating that less air is reacted inside the compartment, leading to more
unburned fuel escaping and combusted outside.
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Figure 11. Comparison of the external flame heights from (a) experiments and (b) FDS modeling.
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Figure 12. (a) HRR inside the compartment and (b) HRR outside the compartment from
FDS modeling.

4. Discussion

Both the experiment and modeling results show that the wall opening location in-
fluenced the compartment fire behavior. With the bottom, middle, and top opening, the
results showed the following trends, as presented in Table 4.

Table 4. The effect of wall opening elevation on the various parameters of compartment fires and
external flame height.

Trend

Compartment gas temperature Tin_mid > Tin_bot > Tin-top
Qin_mid > Qin_bot > Qin_top

Qex_mid < Qex_bot < Qexftop

HRR inside the compartment

HRR outside the compartment

External flame height ht mid # b pot <hg top

One of the fundamental reasons for this difference is the amount of air reacting with
the fuel inside the compartment, which can be influenced by the flow paths of fresh air
into the compartment. To visually analyze the flow paths, representative snapshots of the
velocity vector from 130 kW fires are included in Figure 13. The bottom opening provides
the incoming air with a straight path and the shortest travel distance to the fuel source,
which allows for more flames at the back of the compartment. The top opening offers the
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incoming air with the longest travel distance to the fuel source in a downward direction,
and the buoyancy of combustion products competes with the incoming airflow, which may
result in its entrainment to the outflow without meeting fuel gas. The compartment with
a middle opening presents a stronger fuel-air mixture; the area showing dynamic flow
motion near the opening is larger than those of the other openings, with higher velocities.

4
35
RS R
AR
ARG
N Slice
£ 0
VA mfs
LR
R
15312
R 40
NP
LSCOEIE
1 LIS
1 g
1 I
: B 3.6
; Heade
- 32
(a) Top opening
28
2.4
2.0
Zz 16
12
(b) Middle opening
- 8x10"
................................................. I f,
4x10™
0.0
= ”~~-~-~-A~,A4><//q.%,

(c} Bottom opening

Figure 13. FDS velocity vector slices at Y = 0.4 m, dissecting the opening in half, captured at 800 s in
a1.2m deep (X =1.2) and 0.8 m high (Z = 0.8) compartment.
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The cause of the different amounts of air involved in combustion within the com-
partment may be understood according to two aspects—the air inflow amount and the
combustion efficiency. Either one of these, or both, can change the amounts. In most
experimental studies of compartment fire phenomena, the former is often assumed to
be identical, as shown in Equation (4), and the latter is often checked by comparing the
amount of fuel flow rate multiplied by the heat of combustion and the heat release rate
measured by the oxygen consumption calorimeter. In the current study, two factors (factor
K and factor O) are introduced to quantify their effect on the amount of air involved in the
combustion reaction within the compartment.

4.1. Factor K

To address the difference in the flow rate of air into the compartment, factor K, as
shown in Equation (6), is introduced. It indicates the ratio of air that enters the compartment
in FDS modeling to the value based on the existing Equation (4).

K — muir_FDS

(6)

ma_Eq
where, 711, g, = 0.5A,+/Ho.
Factor K varies with the wall opening location, and the values for multiple fire sizes
are presented in Figure 14a. Factor K ranges from 78% to 95% of the value of Equation (4).
The middle opening allows about 10% more air than the other two opening locations. More
air in the compartment led to higher gas temperatures, as substantiated by the experiments
and HRRs inside the compartment, as shown in FDS modeling.

1 1

0.95 @®bot EMmid Atop 0.95 ®bot Wmid Atop
0.9
0.9 =
o o 085 & * ¢
2085 S 08 |
] 2
s = 0.75
0.8 ® ®
v v 0.7
0.75 0.65
0.7 0.6
90 110 130 150 90 110 130 150
HRR{kW) HRR(kW)

(a) (b)

Figure 14. (a) Factor K and (b) factor O for various compartment fire sizes and wall opening elevations.

4.2. Factor O

Besides the varying mass flow rates of air into the compartment, the percent of oxygen
burned in the compartment may be another reason for different inside HRRs. It is often
assumed that the air entering the compartment is completely consumed, but if the amount
of oxygen is less than the limiting oxygen concentration, combustion is not possible. FDS
uses 13.5 Vol% as a default [29]. Based on the HRR inside, the mass consumption rate of
oxygen is calculated as Equation (7).

; Qin
m = 7
0p_consumed 13,100 k]/kg ( )

To indicate the contribution of oxygen to the HRR inside, factor O, the ratio of oxygen
consumed for combustion to the oxygen entering the compartment, is defined as shown in
Equation (8). .

0 — mOZ_consumed - Qin

. = - (8)
MO, _inflow (131 100 k]/kg)mOz_inﬂow
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The values of factor O are presented in Figure 14b. Approximately 80% to 85% of
oxygen coming into the compartment was consumed in the compartment with the bottom
or the middle opening. The compartment with the top opening has a significantly lower
factor O, at about 67%. This may be due to a larger fraction of air inflow entrained to the
outflow; it should be noted that the amount of air entering the compartment with the top
and the bottom opening are similar as shown in Figure 14a.

4.3. Updated Mass Flow Diagram for a Compartment Fire

It is often assumed that all the inflow is fresh air, but the FDS mass flow devices
showed that m, # g0, Based on FDS modeling, strictly speaking, about 1-2% of the
inflow (noted as « in Figure 15) is composed of combustion products and unburned fuels,
which are entrained from the outflow to the inflow back to the compartment. In addition,
the air entering the compartment in the inflow was not all involved with combustion:
about 15%~35% of the air inflow was entrained to the outflow. This is indicated as § in
Figure 15. With the default oxygen mass fraction in FDS, yp,= 0.230997, the mass flow
rate of oxygen into the compartment is calculated as yo, - K - m,_g;. Combined with factor
O, the rate of oxygen consumption is written as O - yo, - K - 111,_g4. Therefore, the HRR
inside the under-ventilated compartment in Equation (5) is updated to Equation (9), and
the compartment fire flow diagram is updated as Figure 15.

Qin = 13,100 - yo, - 111,_gq(K - O) )

(H)

G

. -
%C'ﬁe@

Y

1 D) (A)
m fuel

a_Eq (B) . munnm’nadﬁinﬂnw =a- moutﬂnw

(A): 1 =K

air _FDS

(C):m, = mmrjns +m

inflow entrained _inflow

{E) : muh'_oulﬂow = )8 ) m(rir_FDS
(G):m, o =it

outflow

(H):m

(D) : mOE _consumed = 0 ) y03 ' K -m

a_Eq
(F } . mlJ’HhJH‘Hﬁd fuel + mmmhn.\riurr products

unburned fuel e mwmbm‘/iuu products it muir_uutﬂuw

oxtornal T "ﬂmwrﬂnw mmh‘r/linr-r/ inflow

Figure 15. The mass flow diagram in a compartment fire determined by FDS.

Equation (9) shows that the compartment fire and external flame phenomena are
influenced by not only the ventilation factor, but also by the amount of oxygen entering
and burning in the compartment as a function of the opening location. These two are
represented by factors K and O. Since the multiplied values of K and O vary from 0.55 to
0.77, as shown in Figure 16, the existing correlation for the HRR inside the compartment is
found to be overestimated.



Sustainability 2022, 14, 12084

15 of 17

@bot mid top
0.9

0.8

0.7

Kx O
4
4
*
L 4

0.6

90 110 130 150
HRR(KW)

Figure 16. K multiplied by O, indicating the ratio of the air entering and reacting with fuel in the
compartment, as determined by FDS to 11, ~ 0.5A4,+/Ho.

5. Conclusions

From the fire engineering perspective, the top opening presents higher fire spread
hazards to the upper floors. Not only is the opening closer to the upper floors, but it also
generates a larger external fire with a taller flame height. The wall opening location has not
been well perceived as an independent variable for the compartment fire phenomena in
under-ventilated conditions and associated projected flame out of the opening. However, it
is found that the wall opening location affects the amount of incoming and outgoing gas
flows, leading to varying combustion efficiencies within the compartment. To account for
these variations, two factors are introduced in the current study based on FDS modeling.

Factor K indicates the amount of air entering the compartment relative to the existing
correlation (0.5A,1/H,). The middle wall opening allows for about 10% more air inflow
than the top and bottom openings.

Factor O indicates that not all the air entering the compartment is reacted with fuel.
Depending on the wall opening location, it is found that about 15-35% of air inflow is
entrained to the outflow, and is not used for combustion reaction within the compartment.

Based on the factor K and O values for the compartment and opening dimensions
given in this study, the existing correlations for the mass flow rate of air into the compart-
ment (0.5A,1/H,) and the maximum HRR inside the compartment (15004,+/H,) may be
overestimated by about 6-22% and 15-33%, respectively. It should be noted that these
variations are based on the FDS modeling results. Further studies are required to develop
generalized correlations that include the wall opening location as an independent variable.
A comparative study with real-scale compartment and computer modeling would also be
beneficial, as this would be expected to minimize any scaling effect on the results.

Author Contributions: Conceptualization, H.P.; Data curation, L.W.; Formal analysis, L.W.; In-
vestigation, L.W. and H.P.; Methodology, H.P.; Supervision, H.P.; Writing—original draft, L.W.;
Writing—review & editing, H.P. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

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



Sustainability 2022, 14, 12084

16 of 17

Nomenclature

Ao Opening area (m?)

Cy Drag coefficient

ds Density factor

g Gravitational acceleration (m/s?)

hq Neutral plane height from the bottom of the opening (m)

hy External flame height (m)

H, Opening height (m)

g Mass flow rate of combustion products out of the compartment (kg/s)
1y Mass flow rate of air into the compartment (kg/s)

r'rzu_Eq Mass flow rate of air into the compartment based on existing equations (kg/s)
Mair FDS Mass flow rate of air into the compartment, determined by FDS (kg/s)

Mair_out flow
Meombustion products

men trained_inflow
mentrained?aiuoutﬂow
mexternal

minﬂow

MO, _consumed

Mass flow rate of unreacted air leaving the compartment (kg/s)

Mass flow rate of combustion products leaving the compartment, including
nitrogen (kg/s)

Mass flow rate of entrained gases to the inflow from the outflow (kg/s)
Mass flow rate of entrained air to the outflow from the inflow (kg/s)

Net mass flow rate of gases contributing to external flame (kg/s)

Mass flow rate of gases entering the compartment (kg/s)

Mass consumption rate of oxygen (kg/s)

MO, inflow Mass flow rate of oxygen into the compartment, determined by FDS (kg/s)
Moutflow Mass flow rate of gases leaving the compartment (kg/s)
Mynburned Fuel Mass flow rate of unburned fuel leaving the compartment (kg/s)
QC Critical heat release rate inside the compartment (kW)
Qm Heat release rate inside the compartment, determined by FDS (kW)
Qmm, Total heat release rate (kW)
Qex Heat release rate outside the compartment, determined by FDS (kW)
T, Ambient air temperature (K)
Tg Upper gas layer temperature in the compartment (K)
T; Average gas temperature in the compartment(K)
Wo Opening width (m)
Yo, Mass fraction of oxygen in the air
o Fraction of mentrained_inﬂow to moutflow
p Fraction of 14y oufiow t0 Mair_FDs
Qa Ambient air density (kg/ m?)
Og Density of gases in the compartment (kg/m?)
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