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Abstract: A fire whirl, a unique fire behavior, occurs when a vertical vortex of flames skyrockets
due to specific surrounding temperatures and thermal gradient conditions during a fire. Compared
with conventional fire plumes, fire whirls exhibit a higher air entrainment rate, tangential velocity,
and axial velocity, thus presenting greater risks and destructive capabilities. Thus, studying the
combustion characteristics of fire whirls becomes necessary. This experiment employed a small-
scale, fixed-frame fire whirl generator. We investigated how varying air-inlet widths and fuel pan
diameters influence the fire whirl’s combustion characteristics. Experimental images indicated a
negative correlation between the fire whirl’s flame height and the air-inlet width, and a positive
correlation with the fuel pan diameter. Our findings showed that the burning rate of the fire whirl
during the quasi-steady-state combustion phase initially increased and then decreased as the air-inlet
width expanded, peaking at a width of 7 cm. The data demonstrated a corresponding power-law
relationship between the fire whirl’s dimensionless flame height and excess temperature. Ultimately,
our results indicated a positive correlation between the 2/5 power of the fire whirl’s dimensionless
heat release rate and the dimensionless flame height. The ratios of maximum to mean flame height
and mean to continuous flame height are 1.35 and 1.5, respectively. Significantly, these ratios remain
unaffected by the air-inlet width, fuel pan diameter, environmental temperature, and heat release rate.

Keywords: small-scale fire whirls; air-inlet width; fuel pan diameter; burning rate; flame height;
flame temperature; heat release rate

1. Introduction

Fire whirls, often found in forest and urban fires, are rotating flames resulting from
the complex interaction of fire plumes and surrounding vorticity fields [1]. They exhibit a
burning rate, flame height, and other parameters significantly surpassing those of equiva-
lent buoyant pool fires [2]. Fire whirls pose a significant threat due to the heat they release
and the smoke produced by burning liquid fuels, both of which can cause severe damage
to the environment and harm human health.

Devices for creating fire whirls can be categorized into mechanically and thermally
driven types, depending on the vortex formation method [3]. The mechanically driven
device modifies the added circulation by adjusting the generator’s rotation speed, thus
achieving forced circulation. Emmons and Ying [4] were the first to conduct a combustion
experiment of fire whirls using a rotating screen with acetone as fuel. They established the
correlation between flame height, temperature, and other parameters and circulation, and
developed a hot-wire method for measuring radial temperature distribution. Zhou et al. [5]
developed a novel device encompassing a jet fire mechanism and a rotating generator.
They systematically investigated the jet fire dynamics within the rotating field, clarifying
their distinct differences from free jet fires and fire whirls. Lei et al. [6], using propane as
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fuel, explored the combustion characteristics of buoyancy diffusion flames within a small
rotating screen, categorizing them into nine different fire whirl flame patterns. Liu et al. [7]
were the first to investigate the transition of the flow field from conical to cylindrical fire
whirls using a small rotating screen, while measuring their axial and tangential velocities
by the stereo particle image velocimetry (SPIV).

Thermally driven methods generate the initial flow field of a fire whirl by modifying
intake techniques and pulling in the surrounding air. Ghodrat et al. [8] elucidated the
formation and development process of fire whirls in detail and presented L-shaped covers
and semicylindrical fire whirl generators. Byram and Martin [9] pioneered a combustion
experiment on fire whirls using two cylindrical shells, finding that their burning rate triples
that of same-sized buoyant pool fires. Hassan et al. [10] developed a fixed-frame fire
whirl generator using two PMMA cylinders and employed 2D particle image velocimetry
(PIV) for measuring transient radial, tangential, and axial velocity distributions. The
results indicated an escalation in the absolute values of tangential and radial speeds with
increasing radial distance, while remaining relatively constant along the axis. Hayashi
et al. [11] utilized a pair of split cylinders with axially symmetric slits to induce fire whirls,
and measured tangential and radial speed distributions near the flame base for three
different inlet widths. The results revealed a significant influence of the radial speed
distribution near the flame base on flame height. Kuwana et al. [12], employing methane
and ethanol as fuels, examined the impact of the burning rate on fire whirls, formed by split
cylinders of four different diameters, gas fires, and buoyant pool fires. They developed an
analytical model based on experimental observations and computational fluid dynamics
(CFD) calculations. The predicted correlation between flame height and burning rate
aligns with the experimental data. Satoh and Yang [13,14] initially employed a four-wall,
narrow-slit fixed-frame device to generate fire whirls, investigating the effects of various
parameters, including air-inlet widths, heat loads, fuel sizes, and enclosure wall heights, on
the dynamics of rotating flames through numerical simulation. Lei et al. [15-19] employed
a medium-sized fixed-frame device to investigate the correlation between parameters like
flame height and fire whirls’ heat release rate, integrating both experimental and simulation
methods. They distinguished between fire whirls and buoyant pool fires, and disclosed the
independent effect of the imposed circulation on the flame width of turbulent fire whirls
and the evolution of temperature and speed fields in typical fire whirls. Drawing on the
concept of turbulence suppression, they conducted a novel semiphysical analysis of the
flame height of turbulent fire whirls. Chuah et al. [20] generated fire whirls on a plane
angled at 30°, utilizing a polygonal fixed frame. They gauged the burning rates and flame
intensities of methanol, ethanol, and 2-propanol, proposing a dimensionless flame height
model. The results indicated that the flame length bears no relation to the tilt angle at a
fixed burning rate. Building upon this, Yu et al. [21,22] made further revisions to the height
model. Yu et al. [23] utilized a fire whirl generator with six free-setting horizontal openings
to study the impact of air-inlet width on fire whirls’ combustion characteristics. However,
their focus was solely on measuring flame temperature, leading to a limited amount of
experimental data.

To date, previous studies have concentrated mainly on the aspects of velocity and
temperature fields within fire whirls. Research on the impact of the air-inlet width on
fire whirls” combustion characteristics has been confined to mid-scale experiments. Little
has been studied about how this air-inlet width influences the combustion attributes of
small-scale fire whirls. In this study, we utilize a four-wall, narrow-slit, fixed-frame small
fire whirl generator to experimentally investigate the effects of varying air-inlet widths and
fuel pan diameters on the combustion characteristics of small fire whirls. This provides a
theoretical foundation for the mitigation and extinguishment of real-world fire whirls.

2. Materials and Methods

Figure 1 demonstrates our study utilizing a Satoh—Yang-type device for fire whirl
creation. This device comprises one glass plate and three high-temperature-resistant
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mica plates, measuring 50 cm (length), 50 cm (width), and 200 cm (height). The device’s
top remains open, and we modify the air-inlet width by horizontally adjusting the wall.
We establish five air-inlet widths: 3 cm, 5 cm, 7 cm, 9 cm, and 11 cm. For each width,
combustion experiments are performed in stainless steel fuel pans with diameters of 5 cm,
7.5 cm, 10 cm, and 18 cm. Each pan is 3 cm high with a wall thickness of 0.3 cm. Detailed
experimental conditions are summarized in Table 1.
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Figure 1. Schematic diagram of the experimental design.

Table 1. Summary of test conditions.

*

Loent D Q Q Zs1-0.05 Zsr-05 Z¢1-0.95

(cm) (cm) (kW) (m) (m) (m)
5 373 6.46 0.72 0.53 0.32

75 8.68 5.45 113 0.83 0.56

3 10 17.01 5.20 1.60 1.18 0.76
18 55.43 3.90 213 1.75 1.39

5 3.39 5.87 0.66 0.46 0.22

75 9.58 6.02 1.09 0.83 0.58

5 10 16,53 5.05 1.54 113 0.74
18 57.04 401 2.08 1.74 141

5 7.20 12.45 0.65 0.45 0.26

75 14.19 8.91 1.07 0.82 0.56

7 10 18.90 5.78 145 1.07 0.69
18 59.41 418 1.95 1.66 1.36

5 29 513 0.64 0.42 0.18

75 8.93 5.61 1.03 0.81 0.52

9 10 15.72 481 134 1.06 0.76
18 53.82 3.79 1.86 153 127

5 318 5.49 0.61 0.41 0.20

75 9.03 5.67 0.95 0.77 0.49

11 10 16.35 5.00 122 1.00 0.75
18 51.96 3.66 1.66 1.40 1.19

We utilize N-heptane (purity > 0.98) as fuel. The fuel pan is placed on a removable
fireproof partition on the welding platform, where a Shinko GS1202 electronic balance
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(Shinko, Hongkong) is used, with a range of 12 kg and a measurement accuracy of 0.01 g.
This balance measures the total mass change of both the fireproof partition and the fuel
pan to determine the fuel’s mass loss rate over time.

To measure the flame’s central axis temperature within the fire whirl generator, we
employ a K-type thermocouple, with each measurement point using thermocouples of two
different junction diameters (0.4 & 0.02 mm and 2 £ 0.02 mm) to adjust for radiation errors
(the thermal conduction error of the thermocouple is not considered). Utilizing the method
referenced in the literature [15], we have arranged 17 pairs of thermocouples at varying
heights (from 1.5 cm to 181.5 cm) above the fuel pan’s top along the central axis at specified
intervals. A slot of 8 cm in length and 3 cm in width is cut into the wall at the same level
as the thermocouples. This placement ensures that the thermocouples’ position remains
constant during air-inlet width adjustments, always staying on the fire whirl generator’s
central axis. To avoid affecting the fire whirl’s formation due to airflow intrusion, we
seal the slot with tin foil during the experiment. The Sony FDR-AX700 camera (Sony,
Tokyo, Japan) captures the combustion process, and the OTSU method facilitates image
processing. We decompose the time-series flame video into individual frames, and convert
each into grayscale and further into a binary image by setting a threshold. By calculating
the average of each pixel, we obtain the flame’s appearance probability profile [24]. We
select a threshold of 0.5 as the average flame height. To minimize accidental errors, we
repeat each experiment condition at least twice.

3. Results and Discussion
3.1. Intermittent Flame Profile and Morphology

Figure 2 depicts intermittent flame profiles and flame images across varying air-inlet
widths and fuel pan diameters. The dynamics of fire whirls are governed by the interplay
of upward thermal buoyancy and tangential flow fields during combustion. The tangential
flow field curbs the radial entrainments of the fire whirl, subduing its radial turbulent
diffusion. This causes the fuel-rich combustion zone to ascend along the axis, thereby
absorbing more air and “elongating” the flame. This concentration of the flame along the
central axis results in enhanced stability. Our findings contrast with those of Zhen et al. [25]
and Dong et al. [26], who observed that nonswirling jet flames tend to be longer and thinner
compared to their swirling counterparts. This discrepancy may be attributed to the swirling
jet flames” high rates of entrainment of ambient air for combustion.

Ly=3 cm Lyey=5 cm Lyey= 7 cm Lyy=9cm Lyey= 11 cm
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Figure 2. Profiles and images of intermittent flames for varied air-inlet widths and fuel pan diameters.
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The figure demonstrates a positive correlation between flame height and fuel pan
diameter under equivalent air-inlet width conditions. An increase in the diameter of the
fuel pan enables more complete fuel combustion, thereby enhancing combustion efficiency.
This, in turn, amplifies combustion intensity and heat feedback, culminating in an elevated
flame height.

Under consistent fuel pan diameter conditions, the flame height exhibits a negative
correlation with the air-inlet width. The increase in the air-inlet width allows more ambient
air to enter the fire whirl generator. This aids in the complete combustion of fuel and
results in the fuel-rich combustion zone of the flame moving downwards. Concurrently,
the widened air-inlet profoundly influences vortex formation, thereby complicating the
formation of a fire whirl. Consequently, the cumulative effect of these variables results in a
decrease in flame height as the air-inlet width enlarges.

3.2. Burning Rate

The burning rate is a crucial parameter in fire research. Figure 3 illustrates the curve of
fuel mass changes over time under experimental conditions featuring a fuel pan diameter
of 7.5 cm and an air-inlet width of 5 cm. Due to the brief intervals between experiments,
the residual temperature inside the fire whirl generator remains high. This results in the
rapid generation of a fire whirl in successive experiments, virtually eliminating the free
combustion phase. Hence, based on the changes in mass, we can categorize the entire
combustion process into the free evaporation phase, transition phase, quasi-steady-state
combustion phase, and decay phase [27]. Linear fitting of the mass changes indicates that
the transition phase and the quasi-steady-state combustion phase have mass loss rates of
2.885 g/s and 0.235 g /s, respectively.

140 B Free Evaporation Phase :
i_» Transition Phase i
130 | 1V C~—2.885 i
@, :
i -0.235 ;
CIRTTIRE Quasi-Steady-State:
2 it Combustion Phase:
= 100 ®
whi
8O ! A
15l 1=265
70 ! =18 s 37 <008
/:/ 1 1 1 1 1 1 1 L N 1
0 50 100 150 200 250 300

Time (s)

Figure 3. Mass vs. time (D = 7.5 cm, Lyent = 5 cm).

Figure 4 depicts the formation and evolution process of the fire whirl. During the free
evaporation phase, the fuel remains unignited. In the transition phase, the initial flame
shape and height essentially match those of a buoyant pool fire of the same dimensions, a
phase often termed the brewing state. Over time, air entrainment causes air to flow in to the
fire whirl generator from the air-inlet, fostering fluid convergence and increasing angular
momentum. As a result, the flame consistently moves towards the center and quickly
rises, ultimately forming a fire whirl. During the quasi-steady-state combustion phase, the
fire whirl’s combustion tends towards stability, with the burning rate maintaining near
constancy. In the decay phase, the fuel gradually exhausts. As the heat source vanishes, the
negative pressure area above the fuel pan dissipates instantly. Consequently, the upward
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drag on the fuel pan is eliminated, rendering the mass measured by the electronic balance
“overweight” [28].

=9s =12s =15s =150s =265s =272s

Figure 4. The formation and development of the fire whirl.

Figure 5 represents the curve of the fire whirl’s burning rates under varying fuel pan
diameters as the air-inlet width changes. As illustrated in the figure, during the quasi-
steady-state combustion phase, the fire whirl’s burning rate exhibits a positive correlation
with the fuel pan’s diameter. As the air-inlet width enlarges, the fire whirl’s burning rate
initially escalates and subsequently diminishes, peaking when the air-inlet width measures
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Figure 5. Mass loss rate vs. air-inlet widths.

3.3. Temperature Distribution

Temperature is a paramount parameter in fire research, playing a crucial role in
assessing the fire source’s intensity, the amount of smoke produced, and the efficacy of fire
extinguishing efforts [29]. High combustion temperatures may lead to substantial errors
in thermocouple measurements, and these errors escalate with increasing thermocouple
diameters. Thus, we implemented the method suggested by Lei et al. [15], which involves
using two thermocouples of different diameters at the same measurement point. This
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method enables the measurement of the flame’s central axis temperature and helps correct
any radiation errors in the results:

h—T,

1— (== /D
TH-T4 Dy

T=T + (1)

where D1, D; are the diameters of the thermocouple junction (0.4 £ 0.02 mm and 2 £ 0.02 mm),
T is the corrected actual flame temperature, T; is the temperature measured by the thick
thermocouple, T; is the temperature measured by the thin thermocouple, and T is the
environmental temperature, which in this experiment is 20 °C. Figure 6 presents both the
measured and the corrected actual temperatures, recorded by the thermocouples during the
fire whirl’s quasi-steady-state combustion phase. These measurements were taken 81.5 cm
above the fuel pan’s top, with an air-inlet width of 5 cm and a fuel pan diameter of 18 cm.

1050
r A
A-ATN A A
1000 F Ap AA ADLA A A A
| ’/,/ \ A'A AL ,A/ W~ \A/
950 A D\D/D’D'D\ O--g-0- =N
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Figure 6. Diagram representing the measured and calibrated temperatures from the thermocouple
pairs during the quasi-steady-state combustion phase.

Assuming uniform overall flame combustion, the flame shape can be determined by
the fuel pan size, and the combustion power output does not rely on the fuel’s chemical
properties [30-32]. The heat release rate can be calculated as follows:

Q = xmAH, ¢)

where x represents the combustion efficiency. For small fires, we take x as 0.92 [33]. m is
the mass loss rate of the fuel pan, and AH, is the combustion heat of the unit mass fuel. For
n-heptane, AH, is 44.56 MJ /kg [34].

Similar to buoyant pool fires, fire whirls exhibit pronounced axial oscillation char-
acteristics and comprise three zones: the continuous flame zone, the intermittent flame
zone, and the plume zone. To anticipate the fire whirl flame’s behavior and identify the
genuine starting point of the plume region, we introduce the concept of a virtual origin (z¢)
as a geometric function of the flame to refine the correlation. The formula to calculate the
virtual origin reads as follows [35]:

- 2/5
20 =0.083Q " —1.02D 3)

where zg is the height of the virtual origin above the top of the fuel pan, Q is the heat release
rate, and D is the diameter of the fuel pan.
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To investigate the central axis’s temperature distribution pattern during the fire whirl’s
combustion process, we define parameters for excess temperature and dimensionless height:

AT =T —Te (4)

where AT represents the excess temperature, T is the measured temperature, and Ty, is the
surrounding environmental temperature, and

.2/5
Z=1z/Q )

where Z is the dimensionless flame height, z is the height of the thermocouple measurement
point, and Q is the heat release rate.

Figure 7 plots the curve correlating the central axis’s excess temperature with the
variation in dimensionless flame height, demonstrating basic consistency with the classic
McCaffrey model [36]. The ultimate expression for its temperature distribution is as follows:

) b
2/5] ©)

T—Tw:a{(z—zo)/Q

where a and b are both fitting parameters.
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Figure 7. (T — Teo) vs. (z — 29)/Q

Within the continuous flame zone, the central axis’s excess temperature demonstrates
a positive correlation with the 0.06th power of the standardized height (AT ~ Z%%). As
the dimensionless flame height ascends, the fire whirl flame’s diameter gradually reduces,
drawing the flame nearer to the central axis. At the continuous flame zone’s peak, the
flame temperature culminates, approximating 900 °C. This peak temperature is higher
than that of a buoyant pool fire (850 °C) [37], attributable to the fire whirl’s lower ratio of
inhaled to required combustion air and lesser cold air, leading to a heightened peak flame
temperature. Within both the intermittent flame and plume zones, the flame center axis’s
excess temperature is inversely related to the dimensionless height, with power function
indices of —1.82 and —2.06, respectively. Our findings exhibit slight deviations from the
—1.75 and —3.55 obtained by Lei et al. [15], potentially due to scale effects. Given varying
fuel pan diameters and air-inlet widths, the boundary line’s average value between the
continuous and intermittent flame zones approximates 0.17, while between the intermittent
flame zone and the plume flame zone, it is around 0.31. Our conclusion reveals that fire
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whirls display a proportion of continuous flames reaching up to 55%, exceeding the 40%
observed in ordinary buoyant pool fires of equivalent size in our experiments.

3.4. Evolutionary Pattern of Flame Height

Figure 8 delineates the evolution pattern of the maximum, average, and continuous
flame heights (Zf,1—0.05, Zf,1=05, Zf,1=0.95) in relation to the heat release rate under varied
air-inlet widths. As depicted, the flame height correlates positively with the heat release
rate and negatively with the air-inlet width, which is in line with its flame configuration.

Air-Inlet Width Flame Intermittency
16 | Lici 0.05--0.5--0.95
(@] 3cm Oo: o0 0O
= o) 5cm O O O
14 O 7 cm A A A A
\Y 9cm vV V V
2 75 > 11 em S & O
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5 B4
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5 v D% .
eV @ =05
B oA o
v V<>
8 -
Thowa S s A
S % ‘
6 VO
1 L 1 L 1 L 1 1 1
4 6 8 10 12
Heat Release Rate (kW)

Figure 8. Variation of (maximum-(I = 0.05), mean-(I = 0.5), continuous-(I = 0.95)) flame height (Z f)

with HRR (Q).

To delve deeper into the changing relationship between heat release rate and flame
height, we normalized the heat release rate [38].

. o
= PoocpToogl/zDS/Z

@)

where Q* represents the dimensionless heat release rate, po, represents the density of
ambient air, ¢, represents the specific heat of air at constant pressure, T represents the
surrounding environment temperature, g represents the acceleration of gravity, and D
represents the diameter of the fuel pan.

Figures 9 and 10 illustrate the relationship between the fire whirl’s dimen-
sionless flame heights (maximum, average, continuous), their corresponding ratios
V4 f,1:00.05/ Zf 1205 2Zf,1=05 /Z £,1=095), and the dimensionless heat release rate. As can be
seen from the figure:

1. These three dimensionless parameters of flame height (maximum, average, contin-
uous) each have a power-law relationship with the dimensionless heat release rate

(Zf/D o Q*O"L), denoting the primary control mechanism of a three-dimensional

axially symmetrical flame whirl [39,40]. This aligns with the correlation between
flame height and heat release rate as proposed by Sun [41]. The distribution of the
continuous and maximum flame heights near the fitting curve appears more discrete
than the average flame height, potentially due to the flame’s periodic fluctuations,
leading to certain measurement errors.

2. Considering different flame height ratios, the maximum-to-average flame height ratio
is approximately 1.35 (Zf,1—0.05/ Zf,1=05 = 1.35), and the average-to-continuous flame
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height ratio rounds to 1.5 (Z¢,1—05/Zf,1=095 = 1.5). Both of these ratios remain unaf-
fected by factors such as the air-inlet width, fuel pan diameter, ambient temperature,
and the fire whirl’s heat release rate.
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Figure 9. Normalized flame height (Z f/ D) as well as the ratio of maximum flame height (I = 0.05
in black symbols) to mean flame height (I = 0.5 in red symbols) (Zf,1—0.05/ Zf,1=0.5 in blue symbols)

against non-dimensional HRR (Q*).
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Figure 10. Normalized flame height (Z g /D) as well as the ratio of mean flame height (I = 0.5 in black
symbols) to continuous flame height (I = 0.95 in red symbols) (Zf,;—05/ Zf,1=0.95 in orange symbols)

against non-dimensional HRR (Q*).

4. Conclusions

This research explored the influence of the air-inlet width and the diameter of the
fuel pan on the combustion characteristics of fire whirls, employing a small-scale fixed-
frame fire whirl generator for the experiments. The principal findings of the study are
summarized below:

1.  Fire whirl flame height exhibits a negative correlation with air-inlet width and a
positive correlation with fuel pan diameter;

2. The entire combustion process of a fire whirl can be divided into four phases: free
evaporation, transition, quasi-steady-state combustion, and decay. As the air-inlet
width incrementally expands, the fire whirl’s burning rate in the quasi-steady-state
combustion stage demonstrates an initial increase, followed by a decrease, peaking at
an air-inlet width of 7 cm;
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3. A fire whirl also consists of a continuous flame zone, an intermittent flame zone, and
a plume zone, where the dimensionless flame height adheres to the corresponding
power-law relationship with the excess temperature. The fire whirl’s continuous
flames can comprise up to 55% of the total flames, a notable “stretch” compared to a
buoyant pool fire of identical size;

4. The2/5th power of the fire whirl’s dimensionless heat release rate maintains a positive
correlation with the dimensionless flame height. The ratio of maximum to average
flame height is approximately 1.35, and the ratio of average to continuous flame height
is about 1.5. Both ratios remain unaffected by variables such as air-inlet width, fuel
pan diameter, ambient temperature, and fire whirl combustion heat release rate.
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