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Abstract

Fire whirls cause an increase in fire damage. This study clarified the unsteady
behavior of fire whirls, considering that instantaneous changes in the tem-
perature and flame shape of fire whirls can affect the damage to the surrounding
area. Numerical simulations of a lab-scale flame that simulates a fire whirl were
performed to investigate the changes in gas temperature and velocity fields un-
der various fuel inflow velocities. The flow field was obtained by solving a con-
tinuity equation and a three-dimensional Navier-Stokes equation, and the tur-
bulence was resolved using a large eddy simulation. A chemical equilibrium
partially premixed combustion model was used, and radiation effects were
considered. The time-averaged gas temperature distribution along the burner
central axis revealed that the gas temperature decreased monotonically from
upstream to downstream. The time-averaged velocity distribution along the
burner central axis showed that the velocity decreased as one moved down-
stream, but the decrease was uneven. The time variation of the gas tempera-
ture demonstrated that the higher the fuel inflow velocity, especially near the
burner, the greater the gas temperature flutter. Furthermore, the larger the
fuel inflow velocity, the larger the flame swell and wobble. The results showed
that the fuel inflow velocity affected temperature fluctuation and flame un-
dulating movement.

Keywords
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1. Introduction

Fire whirls occasionally occur in large-scale fires and cause severe fire damage.
Many researchers have conducted theoretical, numerical, and experimental stu-

dies on fire whirls, particularly on the correlation between flame height and es-
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sential parameters. For example, Liu and coworkers measured the burning rate,
flame height, velocity and temperature profiles, and other properties in a fixed-
frame-type fire whirl plume. They proposed a correlation between the flame
height of the fire whirls and the heat release rate and circulation [1] [2] [3] [4].
The flame height and flame shape of fire whirls could be predicted using Chuah
et al’s theoretical model, which included a heat-feedback mechanism from the
flame to the fuel surface and diffusion-momentum-buoyancy effects [5] [6].
Hartl and Smits experimented with a small-scale fire whirl and dimensional
analysis [7]. Their results showed that the nondimensional whirl height depends
on the nondimensional circulation. The results of experiments, computational
fluid dynamics, and theoretical analysis by Hayashi et a/ showed a correlation
between a fire whirl’s flame height and its vortex parameters [8] [9]. Chow ef al
experimentally studied internal fire whirls in a vertical shaft 15 m high with dif-
ferent ventilation conditions and derived a correlation between the flame height
and fuel mass consumption [10]. Dobashi et al studied the relationship between
flame height and radiant heat of fire whirls through small- and middle-scale
experiments [11]. In addition to research on flame height, there have been nu-
merical studies focusing on the vorticity-buoyancy interaction [12] [13], studies
on the interaction between the central fire whirl and peripheral flames [14],
and analytical and experimental studies on the flame width of turbulent fire
whirls [15].

Most of the above studies evaluated fire whirl characteristics such as flame
height in terms of time averages. In fire whirls, however, the flame height fluc-
tuates and the center of the whirl moves. And such unsteady behavior of fire
whirl is thought to affect fire damage. Regarding the movement of fire whirl,
studies have been conducted on fire whirls moving on a line fire [16] and the re-
lationship between crosswind and fire whirl movement [17]. Furthermore, an
experimental study of the horizontal wander of fire whirls has been conducted
[18]. However, few studies deal mainly with fluctuations in physical quantities
such as temperature and velocity or fluctuations in flame height. Therefore, we
clarify the fluctuation of fire whirls and their mechanism. This study examines
the temperature distribution and its fluctuation for a lab-scale fire whirl as a pre-
liminary step. In this regard, experiments and numerical simulations were per-
formed under the same conditions and compared to confirm the validity of the
numerical simulations. The differences in the temperature and velocity fields in-
side the fire whirl caused by the various fuel inflow velocities were then ex-

plained using numerical simulations.

2. Calculation Method
2.1. Outline

In this study, a numerical analysis was conducted using ANSYS Fluent from
ANSYS Inc. The calculation grids were generated using ICEM CFD (ANSYS
Inc.). A continuity equation and a three-dimensional Navier-Stokes equation
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were solved. Turbulence was solved using large eddy simulation (LES), and a
chemical equilibrium partially premixed combustion model was employed. The
governing equations were discretized using a finite volume method. The mo-
mentum equation was discretized using a bounded central differencing method,
and the energy, reaction progress variable, and mixing fraction equations were
discretized using a second-order upwind method. The radiative transfer equa-
tion was discretized using a first-order upwind method. The time discretization

was based on an implicit scheme.

2.2. Continuity and Momentum Equations

The governing equations employed for LES are obtained by filtering the Navier-
Stokes equations. A filter decomposes turbulent flow into a resolvable scale and
a subgrid scale (SGS). A filtered variable (denoted by an overbar) is defined as

follows:
gB(x):IDw(x')G(x,x’)dx', (1)

where ¢(x) is the physical quantity defined at point x in the entire flow domain
D. A box filter was used for filter function G. For the variable density flows, den-
sity-weighted averages or Favre averages (denoted by an overtilde) are intro-
duced:

¢~7 = > (2)

SN

where p is the density. The continuity equation and the Navier-Stokes equation
obtained after filtering are, respectively, as follows [19]:

o oPi) o (3)
ot 0x,
o(pi) o(pii,) o5, ap o + P8, @)

ot Ox ; ox g Ox; ij

i

where u; is the velocity component in the 7 direction, p is the pressure, g;is the

gravitational acceleration, and &, is the stress tensor due to molecular viscosi-

o, o, 2_(aoa
G, =q| =L+ |z s 5
i ’{ax,. axj} 3”(6)@} g ®

where y is the viscosity and Jy is the Kronecker delta. The SGS stress tensor, 7

ty and is defined by

is expressed as

rij.:ﬁ(uiuj—ﬁiﬁj). (6)
7;is modeled through the SGS eddy viscosity, fgs, as

1 s lg
Ty _grkké‘ij =2l (Sij _ESkké:jj > 7)

where S'I.j is the strain rate tensor of the resolved scales shown as
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- 7. Ou,
T2\ ox; oy

The term involving 7 can be added to the filtered static pressure term. f; is

calculated using the Smagorinsky-Lilly model [19] expressed as

lusgs = ﬁLi |§ > (9)
where |§ | =, 1259.5'1.]. and L, is the mixing length for SGSs calculated by
L, :min(/(d,CSA), (10)

where x = 0.41 is the von Kédrmdn constant, d is the distance to the closest wall,
and C; is the Smagorinsky constant, which is set to 0.1 in this calculation. The

local grid scale A is given by
A=V", (11)

where Vis the volume of the computational cell.

2.3. Combustion Model

The combustion model was the chemical equilibrium partially premixed model
[19] in ANSYS Fluent. The model assumes that the premixed flame front is infi-
nitely thin. The composition of the burned gas was calculated assuming chemi-
cal equilibrium. A value of reaction progress variable indicated the flame brush,

¢, defined as

Y., Y
c= fuel fuel,u , (12)
quel,b - quel,u

where Yo is the fuel mass fraction. The subscripts u and b indicate unburned
and burned gases, respectively. When ¢ = 0, the mixture is unburned; when ¢ =
1, the mixture is burned.

Assuming an infinitely thin flame front, since only unburned and burned gas-
es exist, density-weighted mean scalars, ¢, such as species mass fractions and
temperature, are computed using the density-weighted mean reaction progress
variable ¢ and the density-weighted probability density function of the mix-
ture fraction £ writtenas p(f) in the following [19] [20]:

b=cf (1)) +(1-8)[ 4, () B(S)df » (13)

where the ¢, ( f ) and ¢, (f ) are the scalars of the burned and unburned gas-
es, both of which are functions of £ respectively. The mixture fraction fis written
as

f _ Zi _Zi,() , (14)

Zi,F - Zi,O

where Z;is the elemental mass fraction for the ith element. The subscripts O and
F represent the oxidizer and fuel flow at the inlet. The B-function PDF shape is
assumed to be a function of the density-weighted mean mixture fraction, f s

and the mixture fraction variance f'* .
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The transport equations of the density-weighted mean mixture fraction, f,

and ¢ are expressed as [20]

0(—=> —=7 k H 7
E(pf)JrV-(pvf)=V-{(c—p+ﬁjvf}, (15)
P A7 N
at(pc)—i—V (pveé) V{[CP+SCJVC}+/JSC, (16)

where v is the velocity vector, & is the laminar thermal conductivity of the mix-
ture, G, is the mixture-specific heat, Pris the Prandtl number, which is set to
0.85, g, is the turbulent viscosity, S¢; is the turbulent Schmidt number, which
is set to 0.7, and S'C is the reaction progress source term. The mean reaction

rate is modeled as
pS. =p,U,|Ve|, (17)

where p, is the density of the unburned mixture and U, is the turbulent flame
speed, calculated from the Zimont turbulent flame speed closure model [19]. For

LES, the transport equation of f”* is not solved. Instead, it is modeled as

sr=c vl (18)

var~—s

where G, is constant and set to 0.5.
When nonadiabatic mixtures are considered, the burned scalar ¢, is also a

function of enthalpy. Therefore, ¢ is expressed as [19]
§=2[0,(£.B)p(N)Y+(1-) [0, (£) B() (19)

where H is the density-weighted mean enthalpy. The transport equation for
the H is modeled as [19]

0

5(51—?)+v-(5vﬁ):v-[ciw{r}ﬁ@, (20)

p
where S, is the source term due to radiation. This calculation employed a dis-
crete ordinates radiation model [19] as a radiation model. Look-up tables can be
generated based on ]7 , /", ¢ and H described above, and scalar quanti-

ties such as mass fraction and temperature can be obtained by referring to them.

¢=¢(f,;‘ﬁ,5,b7) (1)

2.4. Calculation Condition

Figure 1 shows the schematic of the computational domain. The computational
domain size was identical to that of the experimental apparatus, with a base of
500 mm x 500 mm and a height of 1000 mm. Fuel flowed in from 24 nozzles,
each 1 mm in diameter, on the bottom surface. Air flowed in at a constant veloc-
ity from two locations on the sides to generate a swirling flow. The air inlet size
was 50 mm x 150 mm. ICEM CFD from ANSYS Inc. was used for mesh genera-
tion. The total number of meshes was approximately 320,000. Hybrid Initialization
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Fuel inlet nozzle \ /
1 mm diameter X 24 holes
7 Helght
° «,\/’/
= 1000 mm
’ Air inlet
Bottom ¢ ~ 50 mm width
500 mm X 500 mm \ % 150 mm
/ -
Top view Side View
Figure 1. Schematic of the computational domain.
Table 1. Calculation conditions.
Fuel Ethanol
Fuel temperature at the inlet 353K
Air temperature at the inlet 300 K
Fuel inflow velocity 0.8,1.2, 1.6 m/s
Air inflow velocity 2.5m/s

in ANSYS Fluent [19] was used to initialize the entire flow field. The bottom and
wall surfaces, except the fuel and air inlets, were subjected to a no-slip wall
boundary condition at a temperature of 300 K. An outflow boundary condition
was used for the upper part of the computational domain.

The conditions used in the numerical analysis are shown in Table 1. The fuel
temperature at the inlet was set to the temperature at which ethanol volatilizes.
Three cases were assumed for the fuel inflow velocity. The experiment’s condi-
tions were the same, with a fuel inflow velocity of 1.2 m/s. The fuel inflow veloc-
ity in the experiment was calculated from the fuel volume, time to burn off, and
density ratio of liquid ethanol to ethanol vapor. The air inflow velocity of 2.5 m/s
was the same as in the experiment. Additionally, air inflow velocities were calcu-
lated at 1.5 and 3.5 m/s. However, as these did not result in a fire whirl, only the
results for 2.5 m/s were presented in this study. A 4-mm-diameter high-energy re-
gion was placed at the center of the bottom surface for 0 to 0.2 s to initiate the
combustion reaction. For a total analysis duration of 60 s, the timesteps were to-
taled at 1200, and the time increments were set to 0.05 s. The number of itera-

tions per time increment was 150.

3. Validation of Numerical Analysis

In this section, experiments were conducted to compare the numerical results

and confirm the numerical methods’ validity.
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3.1. Experimental Setup

An alcohol burner (Trangia TR-B25) (Figure 2) was placed in the center of a ta-
ble (Figure 3). The diameter of the fuel port of the burner was approximately 40
mm, and 24 small holes of 1 mm diameter were placed around the fuel port.
Four partitions surrounded the 500-mm square table, and blowers blew the air
through two of the 50-mm gaps between the partitions. Anhydrous ethanol was
used as fuel. The flow velocity of the blower was measured using a hot wire
anemometer (Anemomaster Lite Model 6006-D0, Kanomax Japan Inc.) and ad-
justed to 2.5 m/s. The temperatures in the flame were measured using a high-
temperature sheath thermocouple type K (1SCHS1-0 K 0500 64 XL WX]J 003
AY, Chino Corporation). The time resolution of the thermocouple measurement

was 2 s.

3.2. Generation of Lab-Scale Fire Whirl

The occurrence of a fire whirl in the experimental apparatus described above is
shown in Figure 4. The figure from left to right shows how a flame developed
into a fire whirl. A flame about 50 mm in height was observed immediately after
ignition. The flame grew more significant with swirling and swellings and be-
came a fire whirl about 500 mm high with a low, intense sound. The upper part

of the fire whirl showed frequent large swells and fluctuations in height.

Figure 2. Alcohol burner.

Blower

500 mm

500 mm

Figure 3. Schematic of the experimental setup.
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Figure 4. Transition to fire whirl.
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Figure 5. Temperature at a height of 200 mm from the top of the burner (on the burner’s
central axis).

3.3. Comparison of the Experimental and Numerical Results

By comparing the flame temperatures obtained from the experiments and nu-
merical analysis, the validity of the numerical method was evaluated.

Figure 5 shows the measured temperature at the height of 200 mm from the
top of the burner (on the burner’s central axis). The burner was ignited at 0 s. A
fire whirl formed at approximately 550 s, after which the temperature rose ra-
pidly and converged to a constant value at approximately 700 s. When the fuel
ran out and the fire whirl disappeared, the temperature rapidly decreased. The
same trend was observed when the measurement height was changed. The expe-
rimental and numerical results for the temperature in the flame are compared in
Figure 6. In the numerical analysis, the temperature values were averaged over
the 40- to the 60-s period from the start of the calculation. In the experiment, the
temperature values were averaged over a 100-s period, during which the gas
temperature showed almost constant values. The graph also shows the maxi-

mum and minimum values. The difference between the maximum and mini-
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mum values and the average is at most a dozen [K] and is barely visible on the
graph because of the plot. By comparing the two, it can be observed that numer-
ical analysis showed a higher gas temperature. This was because the time resolu-
tion of the experiment was 2 s and could not follow the rapid increase in gas
temperature. In contrast, the numerical analysis captured the rapid increase in
gas temperature. Although the difference between the two was about 20% at the
height of 300 mm, there was the same tendency for the gas temperature to de-
crease as one moved downstream. Therefore, the flame structure may be eva-

luated using this numerical analytic technique.

4. Calculation Results and Discussion

4.1. Average Temperature and Velocity

Figure 7 shows the distribution of time-averaged gas temperature on the central

axis between 40 and 60 s for three cases with different fuel inflow velocities. The

2500
A Experiment
2000 @ Simulation
3
2 1500
-]
14
5
g 1000
@
=
500 T
0
0 100 200 300 400

Time [s]

Figure 6. Comparisons of the experimental and numerical results for the gas temperature.

1000
O 00.8 m/s
800 A A12m/s
v) O D 01.6 m/s
‘g 600 A | 0
: ° 8 A
Q
& 400 6
g O
H
200
0
0 100 200 300 400 500 600

Height [mm]

Figure 7. Comparison of the time-averaged gas temperature distribution on the central
axis for different fuel inflow velocities.
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average gas temperature was greater near the burner in all circumstances and dip-
ped as the flow moved downstream. Also, the average gas temperature increased as
the fuel inflow velocity increased. The distribution of the time-averaged velocity
on the central axis between 40 and 60 s is shown in Figure 8. In the numerical
simulation, the flow velocity near the bottom was minimal. It was not considered
to match the actual phenomenon, so the results above the 300-mm height from
the bottom were included in Figure 8. The velocity decreased at a constant rate
for the fuel inflow velocities of 0.8 and 1.6 m/s as the flow proceeded down-
stream.

Meanwhile, for the 1.2 m/s, the velocity decreased relatively slowly between
300 and 500 mm and significantly between 500- and 600-mm. Figure 7 shows
that the average gas temperature increased as the fuel inflow velocity increased,
but the average flow velocity was higher for the 1.2-m/s case at the height of 500
mm. This irregularity, which is also explained in section 4.2, may be due to the

undulation of the flame or a shift in the center position of the swirling flow.

4.2. Fluctuation of the Gas Temperature

The variations in gas temperature fluctuation at different fuel inflow velocities
were studied. Figure 9 shows the time variation of the gas temperature between
40 and 60 s at the heights of (a) 100 mm, (b) 300 mm, and (c) 600 mm from the
bottom. Figure 10 shows the standard deviation of the gas temperature’s time
variation. In Figure 9(a), the peak temperature value was almost the same at
about 2000 K even when the fuel inflow velocity was changed, but there was a
difference in the frequency of the peak occurrence. According to the peak tem-
perature values, the temperature peak at this location could be inferred as due to
the reaction zone passing through the observation point. In Figure 9(b), be-
tween 40 and 52 s, the gas temperature peaked above 1000 K for the fuel veloci-
ties of 1.2 and 1.6 m/s, and the flame temperature and its fluctuations were

0.5
00.8 m/s
0.45 1 A12 m/s
—_ A 01.6 m/s
0.4
L] O 0
£
E 0.35 O ﬁ
§ 0
@)
0.3
0.25
200 300 400 500 600
Height [mm]

Figure 8. Comparison of the time-averaged velocity distribution on the central axis for
different fuel inflow velocities.
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Figure 9. Time variation of the gas temperature between 40 and 60 s at the heights of (a) 100
mm, (b) 300 mm, and (c) 600 mm from the bottom.
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slightly larger than those for the 0.8-m/s case. Meanwhile, there was no signifi-
cant difference in all conditions after 52 s. Figure 10 shows that at the height of
300 mm, the standard deviation increased with the fuel inflow velocity, although
it was only a few tens of K. In Figure 9(c), there is a clear peak around 46 s for
the fuel flow velocities of 1.2 and 1.6 m/s, but overall, temperature fluctuations
are small for all conditions. The standard deviations are slight for all conditions,
as observed in Figure 10.

Figure 11 shows the temperature distribution when the fire whirl is stable,
whereas Figure 12 shows the isosurface at a 500-K temperature. Figure 13
represents the velocity vector diagram in the horizontal plane at the height of
300 mm from the bottom at the same time as Figure 11 and Figure 12. The size
and color of the arrows indicate the magnitude of the velocity. Although not

readily apparent from this figure, the flow is three-dimensional, and has a velocity

600
00.8 m/s
E A12 m/s

400
01.6 m/s

200

A
O

Standard deviation of temperature [K]

5

100 200 300 400 500 600
Height [mm]

=
]

Figure 10. Standard deviation of the time variation of the gas temperature.

Temperature [K] R
500 _—

300

@ (b) ©

Figure 11. Temperature distribution when the fire whirl is stable: (a) fuel inflow velocity = 0.8 m/s,
time = 48.75 s; (b) fuel inflow velocity = 1.2 m/s, time = 35.00 s; (c) fuel inflow velocity = 1.6 m/s, time
=39.75s.
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Figure 12. Isosurface at a 500-K temperature: (a) fuel inflow velocity = 0.8 m/s, time = 48.75 s; (b)
fuel inflow velocity = 1.2 m/s, time = 35.00 s; (c) fuel inflow velocity = 1.6 m/s, time = 39.75 s.
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Figure 13. Velocity vector diagram in the horizontal plane at a height of 300 mm from the bottom: (a) fuel inflow velocity = 0.8
m/s, time = 48.75 s; (b) fuel inflow velocity = 1.2 m/s, time = 35.00 s; (c) fuel inflow velocity = 1.6 m/s, time = 39.75 s.

component perpendicular to the paper surface. As shown in Figure 11 and Fig-

ure 12, as the fuel inflow velocity increased, the temperature of the entire calcu-

lation region became higher, and the undulation and waviness of the flame in-

creased. Consequently, a swirling flow can be observed in the horizontal plane,

as shown in Figure 13. The velocity at the wall was zero because the no-slip

boundary condition was applied, but the velocity was large near the wall and de-

creased toward the center of the turning. The center of the swirling flow is off

the central axis of the burner, and the position of the center of the swirling flow

varied with the height from the bottom and time, although the figure is omitted
in this study. At the 300- and 600-mm heights from the bottom, the combustion
reaction is considered to be almost complete based on their gas temperatures.

Therefore, it is assumed that the gas temperature fluctuations at these sites are

influenced by horizontal motions such as flame undulation and movement of
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the center of the swirling flow, as shown in Figure 11 to Figure 13, in addition

to the effects of flame fluctuations upstream.

5. Conclusion

To investigate the transient behavior of fire whirls, we performed an LES that can
numerically analyze lab-scale fire whirls and confirmed its accuracy by compar-
ing numerical results with experimental results. Then numerical simulations
were performed to investigate the changes in temperature and velocity fields in
the fire whirl under various fuel inflow velocities. The time-averaged gas tem-
perature distribution along the burner’s central axis showed that the gas temper-
ature monotonically decreased from upstream to downstream. Additionally, the
higher the fuel inflow velocity is, the higher the gas temperature is. The distribu-
tion of time-averaged velocity along the burner’s central axis showed that the
velocity decreased as one moved downstream; however, the decrease was not
uniform, and there was a gradual decrease at a fuel inflow velocity of 1.2 m/s.
Then, we examined the time variation of the gas temperature and found that the
larger the fuel inflow velocity, the greater the flutter of the gas temperature, es-
pecially near the burner. The visualization results of the gas temperature distri-
bution showed that the larger the fuel inflow velocity, the larger the flame swell
and wobble. The results showed that the fuel inflow velocity affected tempera-
ture fluctuation and flame undulating movement. This study enabled simula-
tions that captured the fluctuation of fire whirls. In the future, while conducting
experiments in parallel, we will investigate the characteristics of flame height
fluctuations and clarify the relationship between various parameters and fluctua-

tion characteristics.
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