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Nomenclature

Cs Turbulence SGS Smagorinsky model coefficient
c, Air specific heat. kg/m?

D, Mass diffusion coefficient

D* Flame characteristic diameter

g acceleration due to gravity

K Coefficients for centerline correlations

ks Heat-conductivity factor

I Grid size

Prr Turbulent Prandtl number

Q Stable stage HRR

Q Mean HRR of six stages

Q. Input stable stage HRR

Q.. Input mean HRR

r Radial distance from centerline

Scr Turbulent Schmidt number

Si Deformation rate tensor. i for normal direction and j for projective

direction.

T Temperature

T, Ambient air temperature

u; Velocity components(u,Vv,w ) along the X, Y,z Cartesian coordinate
Y, Mass fraction of component i
z Height from fuel surface
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Greek symbols

)

Hy

Yo,

Po

ij,SGS

AT

AX, Ay, Az

Rate of particle nucleation for soot volume fraction

Turbulent viscosity coefficient

Density

Ambient air density

Viscous stress tensor

Exponent of centerline correlation
Tangential velocity

Excess temperature

Subgrid length scale

Grid spacings along the X, Y,z Cartesian coordinate system



Abstract

Internal fire whirls (IFW) with single corner gap generated in a vertical shaft model were
investigated by experiments and numerical simulations. [IFW generation process, fuel burning
rate and temperature history were studied. Typical transient experimental and simulated flame
shape deduced from temperature were studied. The dynamic phenomena of IFW generation
and development was captured in both methods. Numerical simulations on medium scale [FW
using a fully-coupled large eddy simulation incorporating subgrid scale turbulence and a fire
source with heat release rates compiled from experimental results were carried out. Validation
by comparing predicted results with experimental data demonstrated that an IFW can be
simulated by CFD. Experimental and numerical results for flame surface, temperature, and
flame length were in good agreement. IFW flame region and intermittent region were longer
than ordinary pool fire. The modified centerline temperature empirical formula was derived.
Variations of vertical and tangential velocity in axial and radial directions were shown. The

vortex core radius was found to be determined by fuel bed size.

Keywords: Internal fire whirl, Large eddy simulation, Vertical structure, Flame surface



1. Introduction

Fire whirl, due to its intensive combustion, high temperature and heat release rate (HRR), will
cause more severe damage than ordinary fire (Soma and Saito, 1991). Generation of fire whirl
in laboratory environment was first reported by Emmons and Ying (1996) and Satoh and Yang
(1998) more than 2 decades ago. The formation of fire whirl is due to the coupling of upward
airflow caused by buoyancy and tangential airflow. Angular momentum was believed to be the
key element. Some vertical shaft fire whirl experiments have been done (Satoh and Yang, 1998,
1999; Yu and Guo, 2013) to study the impact of gap width on flame intensity. Recent studies
by Zou and Chow (2015) suggested that fire whirl burnt vigorously when the ratio of gap width
to wall width was in a certain range. No velocity field of fire whirl was measured or analyzed
by their studies. Lei and Liu (2013, 2015) carried out a series of comprehensive experimental
investigations with hot-wire anemometers to precisely measure the velocity at key positions.
Semi-empirical formula was used by Lei et al. (2017) with the assumption that turbulent fire
whirl height could be calculated based on turbulence suppression. By analysing Richardson
Number, turbulent fire whirl suppression was attributed to the decrease of mixing length and
plume expansion rate. The flame height, heat release rate, average axial velocity and the
Richardson number were interrelated. Comparing with fires of the same fuel pool size,
turbulence suppression was suggested to be the dominant mechanism of fire whirl elongation
rate. Chuah et al. (2009) clarified that flame height was determined by the vortex core diameter.
Since the average heat transfer rate to the burning surface varied inversely to the vortex core
diameter, smaller vortex core transferred more heat to the fuel surface and led to higher

evaporation rate.
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Numerical simulation (Liu and Chow, 2002; Ma and Quintiere, 2003) of fire field, for its nearly
unlimited data details, is a good addition to experiment. Previous researches (Murakami, 1998;
Zhang and Chen, 2000; Jiang and Chen, 2001) have discussed the application of large eddy
simulation to fire field computation and good performance has been reported. Satoh and Yang
(1997) carried out simulation by using an approximate fire field model and by directly defining
total heat load without experimental guideline. Chow et al. (2017) presented a mathematical
methods to study the relationship between burning rate and fire whirl height. Moreover,
simulation with the k-¢ turbulent model and commercial software Fluent was presented but
relationships between the parameters of fire whirl were not discussed in depth. Experiment and
numerical simulation were performed by Snegirev (2004). The authors suggested that standard
and modified turbulent model did affect the simulated fire whirl height. Good agreement
between experiment and simulation could be obtained when modified turbulent viscosity was
utilized. In the numerical simulation, the author got results agreeing with the experimental
results by enlarging turbulence suppression. Motivated by these experiences, LES method was

used in this paper.

The reliability of the fire field simulation is based on the verification versus experiment. In this
paper, medium-scale experimental observations were presented to investigate the features of
fire whirl, including fuel burning rate, flame height and temperature. The IFW was divided into
six stages from generation to extinction. The Fire Dynamics Simulator (FDS) (McGrattan,
2004; McGrattan and Forney, 2004) was used to simulate the IFW using a fire source with heat
release rate (HRR) compiled from experimental data. Taking HRR as FDS input parameters,

good agreement between simulated and experimental IFW transient flame surface, flame height,
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and temperature were achieved. Furthermore, axial (vertical) and tangential velocity,

streamline, velocity vector and vortex core were obtained.
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2. Experimental Studies

A 2.1 m x 2.1 m square vertical shaft 9 m tall with a corner gap of adjustable width as shown
in Fig. 1(a) was constructed. A glass wall of 2.0 m x 1.5 m was installed for observing flame
whirling motions. The other walls were made of iron sheets. Gasoline pens of different

diameters were put at centre of the floor.

The gap width was set as 0.33 m to provide a strong flame swirling. Thermocouples were put
in positions as shown in Fig. 1(b). Different horizontal thermocouple distributions were set for
different pool size. Tests for gasoline diameters of 0.2 m, 0.26 m and 0.46 m were labelled as
SW-S, SW-M and SW-L. Experimental parameters in these tests and results are shown in Table

1.

As observed in the experiments, there were 6 stages in the IFW from ignition to stable swirling

and then extinction, as summarized in Table 2.

e Stagel:
Behaved as a normal pool fire with gas and air temperature increased.
e Stagell:
Inclined pool fire with centerline temperature decreased.
e Stage IlI:
Transition from a normal pool fire to elongated flame height, swirling observed
intermittently with temperature rising rapidly.
e StagelV:

Inclined fire whirl rotated around central axis with temperature fluctuating.



e Stage V:
Straight fire whirl with strong swirling flame and steady temperature measured.
e Stage VI:

Flame swirling decayed with decreasing flame diameter and height until extinction.

Measured axial and horizontal temperature distributions for the three different fire pools were
shown in Fig. 2 and Fig. 3. For smaller fuel pool diameter, stage | and Il were longer, which
mean that the onset of fire whirl was later than bigger ones. Axial temperature rose up to the
highest at the end of the transition stage Il and then IFW was formed. Stage IV and stage V
alternating existence after IFW generation. By comparing SW-S, SW-M and SW-L, large
temperature fluctuations were observed for small pool diameters. Non-uniform density
difference due to buoyancy was probably the reason of tangential wind generation. IFW

trended to be generated easier with fire source having higher HRR.



The transient fuel mass was measured by an electronic scale placed under the fuel pool and
was shown in Fig. 4. As the fuel loss rate fluctuation was small, no significant fluctuation on
transient fuel mass was observed. The slope in the time interval (200 s to 250 s) of the three
curves would give the stage V burning rate. The negative mass readings occurred at the end of
combustion due to hot steam and negative pressure above the fuel tray resulted from high

temperature.
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3. Numerical Simulations

The Computational Fluid Dynamics (CFD) software Fire Dynamics Simulator (FDS) is used
to simulate the IFW. The simulation results are compared with the experimental data to validate
the selected models. Three simulations are conducted corresponding to the above experiments
labeled as SW-S, SW-M and SW-L. Based on experimental results, a fire source which heat
release rate varying with time is set up. The finite volume method (FVM) as radiation model,
the Large Eddy Simulation (LES) method as turbulent model with Subgrid scale (SGS)

turbulence Smagorinsky model are used.

SGS Smagorinsky model has been demonstrated to be successful in studying buoyant flames by

Zhou et al. (2001), using a viscous stress 7;; ¢o5 shown below.

1 _
Tij,ses _ggijrkk,SGS = zluTSij (1)
where

Turbulent viscosity coefficient: 14 = p(C;A)*(2S,S;)"? (2)

_ u Oou;
and deformation rate tensor: S, = 1 (% +—1) 3)

20, ox

_ 2 _

Tijses = Hr (ZSij - 55ijskk) (4)

Then turbulent viscosity coefficient is given by

12
#: = P(CsA)* S| = A(CsA)? {—%(S‘kk@,-f + Z(S_i,-)z} )
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The subgrid length A is expressed as A=(Ax,Ay,Az)"® , Cs is taken to be within 0.1~0.25.

Applying literature results in studying turbulent flow (Warrantz et al. 1996), the species

diffusion vector is given by:

Y
- p(Yu, _Y'uj)_ScT a (6)
The heat flux vector is
_— = uy T
-p(Tu, -Tu,) = "—
p(Tu; ) Pr; 0x; (7)

The heat-conductivity factor k; and mass diffusion coefficient D, are given by:

_ 4Gy
“=h ®)
My (10)

D. = 1

P Sc

Smagorinsky constant Cs, turbulent Schmidt number Scr and turbulent Prandtl number Prr
have to be specified in the Smagorinsky model. According to the results of previous studies,
Cs is not sensitive when the grid is small enough (Liu and Chow, 2002). The value of Cs has
an impact on the simulation results when buoyancy is strong. A greater Cs is recommended
(Zhang et al., 2002) when the grids are not fine enough. Values of Sct and Prr have little effect
on simulation results. FDS numerical simulation applying SGS model for ordinary pool fire
was conducted by Sherman ) (Cheung and Yeoh, 2009) by taking Cs= 0.2, Prr =0.7, Sct =0.3.
Combining studies by Murrakami (1998), Zhang and Chen (2000) and Jiang and Chen (2001),
Cs=0.2, Prr =0.5, Sct=0.5 are used in this paper.
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Uniform Cartesian coordinate grids are used. In order to exactly capture the fire whirl details
such as vortex, the grid size is determined by the flame characteristic diameter D * and grid
size I . D*/I can be seen as the amount of grid in characteristic length. Reasonable results are

obtained when D */I lies between 4 and 16 (Jiang and Chen (2001) with D * given by:

2
5

Q
D*=| ———— 11
(poCPTo\/aJ 4y

Characteristic diameter D * should cover (Wang, 2009) at least 10 grids to capture the fire
plume. Taking p,= 1.293 kg/m, ¢, = 1.004 ki/kg - K, 9=9.8 kg/s?, the calculated grid size

is shown in Table 3.

For simulating SW-L, the selected grid size is 0.05 m x 0.05 m x 0.05 m. The total number of
grids is 42 x 42 x 183. For SW-S and SW-M, a smaller grid size of 0.03m was needed to
capture flame data. If the grid size of the whole simulation zone is set to be 0.03 m x 0.03 m x

0.03 m, the total number of grids is nearly 1.5 million.

The whole computing domain is then divided into several parts to achieve simulated results. A
region of 0.9 m x 0.9 m x 6.0 m around the flame is set as the flame zone, where 0.03 m x 0.03
m X% 0.03 m grid is used. The other region is set as the flame far field, where 0.05 m x 0.05 m
x 0.05 grid is used. The total number of grids is 0.46 million and the grid setting is shown in
Fig. 5. Free boundary conditions on the gap and roof are set to allow fluid flowing across. The

velocity and temperature gradients at these boundaries are set to zero.
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The estimated total HRR of these three experiments at IFW stable stage are Q =125.1 kW,
213.4 kW, and 552 kW, respectively, higher than the mean HRR over the six stages denoted
by Q (in kW). The simulated input stable-stage HRR Q,, (in kW) should be equal to Q.
Meanwhile, the input mean HRR Q, should be equal to Q (obtained from average fuel loss

rate in Fig. 6) too. After stage 1V, a stable fire whirl formed. The end time of stage 1V is the

end of the ascent of the input HRR curve. When the stage VI begins, the fire whirl starts to

extinguish, and the IFW is no more stable with the HRR curve starts to decrease, Q,, =Q. In

this way, one can find that the mean input HRR is Q, = 99.5 kW, 168 kW and 440.5 kW, very

close to estimated mean HRR Q =103.4 kW, 173 kW and 441.6 kW.

Predicted flame temperature, flame height and flame pattern are compared with experimental
results first to validate the simulation method using FDS. Flame axial velocity and tangential

velocity are then studied by CFD-FDS.
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4. Flame Surface and Streamline

Simulation results on the central lateral plane of the shaft under different parameters for SW-
L are shown in Fig. 7. The IFW length is 3.1 m. The temperature distribution in Fig. 7(a) shows
that the transient IFW temperature is not continuous while the pressure distribution is
continuous (Fig. 7(b)). In Fig. 7(c) and Fig. 7(d), the velocity on the centerline and v at the

lower part is smaller than the other regions in IFW. The vertical velocity w is shown in Fig.

7(e).

Stable strong fire whirl could be generated in the simulation of the three cases corresponding
to SW-S, SW-M and SW-L. The flame height has been defined by Zukoski et al. (1981) to be

the region having a temperature of 500-600°C. In fact, a temperature of 550°C has been used

to denote maximum flaming regions by Bullen and Thomas (1979) and Chow and Han (2009).

Taking 550°C as flame surface temperature, the spiral flame surface of 0.46 m fuel diameter

agrees well with the experimental pattern. The 6 stages of fire whirl from generation to

extinction are validated by comparing the experimental and simulated flame phases (Table 2).

Stage | simulated pattern is different from the experimental one due to assuming a linearly
increasing HRR in the CFD input. Stage 11 simulated pattern inclines to the gap because of the
air distribution. Gas temperature rises due to combustion and leads to stronger buoyancy with
increased entrained air velocity. When the uneven velocity field is coupled with the buoyancy
field, the flame starts to transit to IFW in Stage Ill. As the coupled field becomes steady, an

inclined IFW (Stage V) and a stable IFW (Stage V) are then formed.
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CFD-FDS results for streamline is shown in Fig. 8(a). IFW of SW-L trends to be more slender.
The streamline of larger fuel diameter is more concentrated and higher than the others, which
means that it has stronger and steady airflow. Spiral streamlines are observed and air is mainly
entrained from the base of gap. The lower part of the flame swirls more strongly. As height
increases, the swirling streamline decays. The top views of the velocity vectors across flame

base are shown in Fig. 8(b). A larger fuel diameter leads to stronger fire whirl.
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5. Temperature

An ordinary pool fire is divided into the flame region, intermittent region and plume region as

in McCaffrey (1979). The centerline temperature varies with height as

29AT
TO

z
=k?(=)"
(Q) (12)

2/5

The characteristic region of flame corresponds to z/Q“” and comparisons between an

ordinary pool fire and an IFW are shown in Table 4. The IFW flame region and intermittent
region are longer than those in a pool fire. Fig. 9 shows the experimental and simulated
temperature distribution comparing with McCaffrey pool fire centerline temperature
(McCaffrey, 1979). Similar empirical formula is applicable to an IFW too. It can be seen that
for the pool fire flame region the average temperature of centerline is nearly constant, but falls
in the intermittent region to about 320°C. However, the IFW average temperature rises a little
in the flame region. This is because stronger fuel vaporization and air entrained at lower part
consume more heat. At the end of the intermittent region, the centerline temperature falls to
490°C, significantly higher than that of pool fire. Thus, one would expect taking 550°C as
the flame surface is appropriate. Taking 550°C as the flame surface temperature, in the three
simulated cases, the flames height is 1.7 m, 2.25 m and 3.15 m respectively. Photographs taken
by Bullen and Thomas (1979) during the experiments suggest that this might underestimate the
height by ~10%. Experimental results are 1.85 m, 2.25 m and 3.2 m, indicating good matching

with results of simulation.
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In Fig. 10, Tree D simulated temperature is higher than the experimental temperature while
Tree E and F are not. Usually simulated results trend to overestimate temperature, but strong

entrained air current at the base (Fig. 8 (a)) would result in a lower simulated temperature.
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6. Tangential and Axial Velocity

Variation of tangential velocity along the radial length at different height (0.1 m, 0.3 m, 0.5 m
and 0.8 m above the surface of fire pool) for the three cases are shown in Fig. 11. Trends of the
four curves in the three cases are similar. The maximum tangential velocity is found on the
flame surface, and the radical distance of maximum tangential velocity is equal to the vortex

core radius in general. The vortex core radius is very close to the fuel pool radius.

Fig. 12 is the vertical distribution of tangential velocity at different radial distances. The
tangential velocity is larger at pool radius (vortex core radius) than at other vertical line in or
out the IFW, which indicates that air swirls most strongly at the pool radius surface. Also, the
tangential velocity fluctuates around z=0 at the centerline of the fire whirl. At each radius
surface outside the IFW, tangential velocity starts to rise to a maximum at the flame base, and
after decreasing a little bit, the tangential velocity maintains stable with height. The curves

reach the peak at 1.36 m, 1.6 m, 0.8 m, and Q.. =3.6 m/s, 3.9 m/s, 4.8 m/s.

Variation of the centerline average velocity of fire whirl with height is shown in Fig. 13. It is
observed that the centerline axial velocity increases rapidly with height due to increasing
density difference and pressure gradient difference until its maximum value is reached. The

maximum velocity appears at the average height of the flame. Comparing with McCaffrey's

ordinary pool fire axial velocity fitted line, the IFW simulated data are not a function of Q*”

any more. This is because pool fire velocity consists of radial and axial velocity but not
tangential velocity. The tangential velocity has an increasing effect on the axial velocity. The
IFW axial velocity increases more slowly than in pool fire because of the lower temperature

distribution at the base of the flame due to stronger fuel vaporization. However, the maximum
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axial velocity of IFW is much larger than the maximum axial velocity of a turbulent pool fire

with the same diameter at the position higher than 0.6 m.
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7. Conclusion

Characteristics of an IFW were studied by both experimental and numerical methods. The
temperature (average and time dependent), burning rate, IFW height and diameter were
measured. With SGS Smagorinsky CFD-FDS simulation, the simulated results agree well with
the experimental results in flame patterns, velocity (vertical and tangential), vortex core radius.

Major results are summarized below.

(1) Circumferential non-uniform density difference and baroclinic gradient due to buoyancy

contribute to tangential current generation. Thus IFW forms more easily with larger HRR.

(2) Single corner gap IFW character development process can be divided into 6 stages. In each
stage the relationship between the vertical transient temperature and flame shape is

summarized. Good agreements of experimental and simulated flame surface are achieved.

(3) Comparison between average vertical temperature of IFW and pool fire is studied. IFW
has longer flame region and intermittent region. Empirical equation for IFW vertical

temperature is given.
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Table 1. Experimental parameters and results

Label  Fuel diameter Mass Fuel depth HRR estimated Fuel burning rate Burning Maximum Mean flame
(m) (kg) (cm) from burning rate (kW) (gs?) time flame height height
Mean(Q) Stage V(Q)  Mean Stage V (s) (m) (m)
SW-S 0.2 0.91 4 103.4 125.1 2.8 3.4 330 1.85 1.46
SW-M 0.26 1.53 4 173.0 213.4 4.7 5.8 327 2.25 181
SW-L 0.46 4.81 4 441.6 552.0 12.0 15.1 401 3.2 2.5
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Table 2. Experimental and simulated flame phase of SW-L

Stage | I 11 \Y \Y VI

Flame Ordinary pool Inclined pool fire  Transition fire Inclined fire Straight fire Weak straight

fire whirl whirl fire whirl
w4
_L

Experi-
mental
patterns

Corres-
ponding
CFD
patterns
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Table 3. Grids of different cases

Simulation Number

q (kW) D* Gridsize (m)  Grid size in flame zone (m)

SW-S 125.1 0.35 0.035 0.03
SW-M 213.4 0.45 0.045 0.03
SW-L 552 0.65 0.065 0.05
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Table 4. Parameter differences between pool fire and IFW

Pool fire IFW
Region 2/Q%" z2/Q*"
k k n
(M/KW25) (M/KW?25)
Flame 7.5mY2/s 0 <0.08 7.7 mY2/s 0.3 <0.1
Intermittent 2.1m/kw¥.s -1 0.08-0.2 4.4m/kW¥.s -042 0.1-0.25
Plume 1.2 mkw3.s  -5/3 >0.2 2 mkw.s  -158 >0.25
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Fig. 1: Vertical shaft
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Fig. 2: Central gas temperatures under 0.8 m
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Fig. 4: Transient fuel mass
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Fig. 5: Simulation geometry of model and grid
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Fig. 6: Input HRRs in simulations. The horizontal section corresponding to experimental
stable fire whirl stage HRR. Q, =99.5 kW, 168 kW and 440.5 kW respectively.
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Fig. 7: SW-L simulated results. (a)Temperature varied 20-870 ‘C (b)Pressure varied -90~2
Pa. (c) Velocity varied 0~8.5 m/s. (d) v varied -5.5~4.5 m/s. (e) w varied -1.3~8.7 m/s.
t=150s. Blue represents small value and red represents large value.
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Fig. 10: Comparisons between experimental and numerical radial temperatures with 0.46 m
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Fig. 11: Tangential velocity versus radius at different height
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Fig. 12: Variation of tangential velocity versus height at different radial location. From top to
bottom, r=0, r=r,, r=r +02, r=r,+05.
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Fig. 13: Average centerline velocity
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