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A severe accidental fire with ‘explosion’ resulting from spraying colored corn
flour powder occurred at a water fun park in Taiwan. The possible fire scenari-
os were studied in this paper using flame acceleration simulator (FLACS). En-
vironmental conditions including wind action and solid boundary conditions
were deduced based on government fire investigation and video records, and
were used as the input parameters in simulation. Simulation results indicate
that upon ignition of the sprayed powder, the maximum overpressure in the
open space was only 0.03 bar gauge, with a dust flash fire generated without
having an explosion. These environmental conditions or parameters and the
simulation results together would give a fire scene that agrees with the accident
observed, indicating that appropriate environmental parameters had been iden-
tified. Therefore, CFD simulation with carefully selected parameters can be
used to reproduce explosion scenarios and to identify key factors in supporting
accident investigations.

Key words: accident investigation, CFD model, corn flour dust, explosion,
environmental conditions

Introduction

Incidents of combustion and explosion from dust have been reported both locally
and overseas. For instance, dust was reported to have accumulated on the floor of a pharma-
ceutical factory in the USA and then became airborne. Eventually, the dust was ignited and
resulted in casualties [1]. Explosion caused by accumulated dust from grinding rubber in a
factory in the USA has also been reported [1]. Explosion occurred from ignition of dust of
combustible material appearing above the stove in a factory in the USA [2]. In a sugar factory
in the USA explosion from overheating of sugar powder by the conveyor belt bearings was
reported [3]. Another explosion occurred in China from dust accumulating in a pipe in a food
warehouse with nearby sparks from welding spatter [4]. These incidents involving casualties
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reveal that the hazards associated with dusts could be catastrophic. Isolated sparks could lead
to serious fires or even explosions.

A flash fire accident involving the ignition of colored corn flour powder spray in a
water fun park occurred in Taiwan [5, 6]. There are no specific fire safety requirements im-
posed by the authorities on such activities in this part of the world. No standard tests are spec-
ified for evaluating the fire hazards of using different powders. In dense urban cities such as
Taipei and Hong Kong, fire and explosions in residential areas might lead to big disasters.
The disastrous explosion of dangerous goods in Tianjin is a good lesson to learn from [7],
though that case was an extreme event. The potential fire and explosion hazards of spraying
powder in an open space should be carefully studied in order to propose appropriate fire safe-
ty management schemes.

Fire investigation was carried out to identify the possible causes of the Taiwan fun
park accident to avoid having similar cases. In the past, full-scale experiments were common-
ly used to reproduce the fire scenarios in investigations. However, large prohibitive resources
are required. On the other hand, CFD model can be used to study the possible scenarios of in-
cident and to identify key factors causing the accident. Such an approach was used in investi-
gating the hydro-power plant fire in Taiwan by using fire dynamics simulator (FDS) [8, 9]. A
hotel fire scene in Taiwan was also successfully rebuilt [10]. The FDS was also used to inves-
tigate an ammonia fire accident by successfully reconstructing the scene [11]. The CFD based
simulation was made to investigate the fire scene of an arson fire in Quakers Hill, Sydney
[12]. There are many similar works on powder explosion with numerical studies [13-15]. An
effective numerical algorithm was developed for a gas-melt two-phase flow and used to simu-
late a polymer melt filling process [16, 17]. The suggested algorithm can deal with the mov-
ing interface and discontinuities of unknowns across the interface. A fractal two-phase fluid
model for polymer melt filling process was developed to deal effectively with the unsmooth
front interface [18].

For explosion accident, the FLACS was used to investigate the fire [19, 20]. These
simulation studies show that when explosion occurred, the results of reduced-scale experiments
and those of CFD-FLACS matched fairly well. Consequently, FLACS was also used for study-
ing propane leakage explosion in a garage recently [21].

The FLACS was developed in Norway to model ventilation, leakage and diffusion
of gas, explosion of steam and gas, propagation of explosion, jet fire/pool fire and explosion
of dust, etc. [19]. Key equations on conservation of mass, momentum, transport equations of
enthalpy, the mixture fraction and fuel mass fraction, turbulent kinetic energy and its dissipa-
tion rate were solved numerically by finite-volume method. Full-scale experiments were con-
ducted to verify and validate the accuracy of the FLACS simulation results [22, 23]. One of
the functionalities of FLACS is the simulation of dust explosion [24, 25]. Thus the software is
employed for simulation in the present study.

The incident

The incident occurred at a water fun park in Taiwan on 27 June 2015, leading to 15
fatalities and 484 injuries [5, 6]. The major cause of the incident was the continuous spraying
of colored powder made from corn flour and food pigments during the party. Dust explosion
occurred and then fire spread rapidly and led to the disaster. The investigation results reveal
that the illumination lamp at the scene induced a high temperature and the corn flour in air was
ignited. The flame then propagated towards the people near the swimming pool. The staff at
the stage attempted to suppress the fire by spraying CO, from a fire extinguisher. As a result,
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the colored flour powder nearby was struck into the air. Furthermore, the corn flour deposited
on the floor was also raised into the air when people started to evacuate. All these resulted in a
higher concentration of powder, which was then ignited to give a faster fire spread rate. In ad-
dition, the ground and the swimming pool floor had a difference in level of 2 m, causing diffi-
culties in evacuation. As a result, there were serious casualties in this incident.

After the water fun park incident, a series of investigations were conducted by dif-
ferent government departments. Investigation of the incident included all details, such as fuel
and ignition sources. However, their focus was on responsibility clarification, not much on the
scientific fire investigation. Thus, investigations were only carried out on the ignition source
and not the entire incident.

Knowledge of the explosion hazards of combustible powder in that incident is lim-
ited. Corn flour powder is flammable with a minimum auto-ignition temperature of 420 °C as
reported [5]. The hazard level of flammability of dust can be determined by the explosion in-
dex, Ks. For corn flour powder having an average particle size of 16 um, K is 158 bar m/s
[26]. Explosion of dust can only occur when fuel and oxidant is mixed in appropriate propor-
tions together with sufficiently large ignition energy [26].

After investigating the background information of the incident site, it appeared that
only combustion, but not explosion of dust, had occurred. Therefore, relevant information col-
lected was taken as input parameters in FLACS to perform simulations of a possible dust fire
with explosion in the water fun park. The target is to reproduce the scene of the incident with
data matching the fire investigations. This would provide a scientific basis to justify the esti-
mated data for supporting the investigation results and to identify the key causes.

Computational methods

In the present study the explosion incident was simulated using FLACS. In FLACS,
in order to simplify computation, the combustion process was solved by only using a one-step
reaction. This can be expressed by the continuity equation, momentum equation, energy equa-
tion, turbulence kinetic energy equation, turbulence kinetic energy dissipation rate equation,
fuel composition equation, and mixture composition equation in FLACS [27].

In FLACS, turbulence is modeled using a RANS approach. In this approach fluid
velocity components and scalar quantities such as pressure, temperature and so on are sepa-
rated into mean and fluctuating components. The mean values are obtained by solving the
transport equations while the fluctuating components are obtained by using a model based on
the standard k-¢ model [25].

The k-& model is used to model turbulence in explosion whereas the beta model is
used to model the change of combustion reaction rate, which can be confirmed for the simula-
tion explosion process effectively. Note that the algebraic sub-grid scales-variational multi-
scale finite element method [16, 17] was used to solve the polymer melt filling process, the
first time ever performed for the two-phase flow of polymer melt filling process.

Discrete equations are derived from the control volume integral method. Staggered
grid technique is used, central difference scheme is used for the diffusion term, and mixed dif-
ference scheme is used for the convection term, local linearization method is used for the source
term. The SIMPLE pressure correction algorithm is applied and extended to the additional
source term of the compression work for the enthalpy equation of compressible flow. Further-
more, the special flame acceleration solver is used to solve the explosion shock wave, which
can account for the interaction and influence of the flame with the gas pipeline, fire extinguisher
boxes, distribution box, etc., and can compute the gas explosion shock wave directly [28].
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The software has three parts. The first part is the computer aided scenario design, a
preprocessor, utilizing the input data to define the explosion model for computing simulation.
This part contains the computational grid, porosities, geometry model, and scenarios. The
second part is called the FLACS simulator, the core solver of the software. It can solve the
Navier-Stokes equations and add variety of model modifications. The third part is the
FLOWVIS version. It is a postprocessor, used to present the numeral computing results visu-
ally. The compressible conservation equations of mass, momentum, turbulence kinetic energy
are solved by finite volume method on a 3-D Cartesian grid in FLACS.

The fire investigation reported that the cause of the incident was due to spraying of the
corn flour dust towards the hot illumination lamp. This immediately led to ignition of the corn
flour with flame propagating towards the audiences at the front of the stage. According to the
descriptions from the investigation authority, a wind speed of 2 m/s might be blowing along
southwest towards the site on the day of incident. This part should be further investigated.

The simulation domain

This study used the dust explosion module in FLACS v10.4r2 to simulate the fire of
dust in the water fun park.

The simulation domain was set at 160 m (length) by 80 m (width) by 20 m (height).
A uniform grid size of 1 m was used [27, 29]. Related objects, such as the swimming pool, the
stage, scaffolding and the nearby trees, etc. in the environment were all included in the simu-
lation domain. A total of 512 people were evenly distributed on a floor area of 128 m? located
at the front of the stage to simulate the actual situation during the incident. A photograph of
the water fun park and the schematic diagram for FLACS simulations are shown in fig. 1(a)
and 1(b), respectively.
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Figure 1. The water fun park; (a) photograph of accident and (b) model for FLACS simulation

The ignition source was located at the front right side of the stage as shown in fig.
2(a).

For simulation using FLACS in this study, the corn flour dust covered the region
near the swimming pool at the front of the stage as shown in fig. 2(b). The height of the corn
flour dust was 4 m. As reported in fire investigations, corn powder was sprayed to the stage
lamp. As in fig. 2(c), corn powder was ignited by the hot lamp. In this paper, an ignition
source of 10 J was put in the front of the stage as in fig. 2(c).
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Figure 2. Schematic diagram; (a) position of ignition source, (b) region with corn flour dust, and
(c) ignition

This is because steel cylinder was put on both sides of the stages so the sprayed
powder can be distributed to the whole space as in fig. 3. Two powder clouds were as in
fig. 3(c). Fire investigation report pointed out that flame did not spread to left front side of the
stage. To simulate the scenario matching with the report, corn powder cloud was sprayed to
50% of total floor area, and front right of stage as in fig. 3(c) for better matching with the fire
investigation report. Color powder concentration was referred to 125 um corn powder tested
by GexCon AS as in fig. 2(c). At powder density 500 g/m?® (laminar burning velocity
0.155 m/s; Fraction burnt: 0.451) [30] as in fig. 3(d), burning speed is the maximum. There-
fore, density of color powder is taken as 500 g/mq.

At the fun park explosion and fire site, 499 people were injured by heat; 41 persons
with burning area over 80%; 240 persons from 40% to 80% in this study, stage front
16 m x 8 m had 512 people (4 persons/m? occupancy load) [31].
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Figure 3. The incident; (a) corn flour dust was ignited in front of the stage
(https://www.youtube.com/watch?v=1tq2RbigQzY), (b) flame in front of the stage
(https://www.youtube.com/watch?v=1tq2RbigQzY), (c) flame spread from the stage
(https://www.youtube.com/watch?v=1tq2RbigQzY), and (d) corn powder concentration distribution
(DESC 1.0, file modified 26.01.2008 by T.S., GexCon AS [30])

Simulation scenarios

Three scenarios under the same ambient temperature of 31 °C and wind speed 2 m/s
but with other conditions different were allowed to report at the present moment:
— Scenario 1: No people and southwest wind, being the suspected scenario in the fire inves-
tigations.
— Scenario 2: No people and northeast wind resulting from turbulence effects due to ambi-
ent conditions.
— Scenario 3: With 512 people and northeast wind.
The Wind boundary condition was set up at the boundaries with wind. Euler condi-
tion was used at the other boundaries. Properties for corn flour powder for the dust/fuel pa-
rameters of FLACS are shown in tab. 1.

Table 1. Corn flour powder parameters

Parameter Numerical values
Particle density 1180 kg/m?3
Particle diameter 15 um
Enthalpy of formation —4.85 x 10° J/kg
Specific heat capacity 4.0 x 102 J/kgK
Dust concentration 500 g/m?
Fuel mass fraction 0.294
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Results

Scenario 1

Scenario 1 was conducted according to the information proposed, but without con-
crete evidence, by the investigation authority. The wind speed was 2 m/s blowing along
southwest of the swimming pool towards the stage. The results of simulation show that under
this condition, wind would drive a large amount of corn flour dust towards the stage and in-
duce fire, fig. 4. The simulation results are different from the actual direction of fire spread
recorded in the water fun park incident [6], fig. 3. Such results are unlikely to cause serious
injuries to the audience at the front of the stage. As the simulated results for the flame propa-
gation are different from those observed during the incident, two more scenarios were simu-
lated and analyzed.
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Figure 4. Fire propagation for Scenario 1; (a) 1 second after igniting dust, (b) 1 second after igniting
dust, (c) flame 3 second after igniting dust, (d) flame 3 second after igniting dust, (e) flame 10 second
after igniting dust, and (f) flame 10 second after igniting dust

Scenario 2

For Scenario 2, wind blew from the northeast caused by turbulence effects in adja-
cent buildings. The wind direction was opposite to that in Scenario 1. Simulation results
shown in fig. 5 indicated that when the corn flour dust was ignited, flame appeared only near
the front of the stage. From the air-flow field at the position of 80 m in fig. 6, return air
(shown by the brown arrow in the figure) appeared at the front of the stage since wind from
the northeast entered the stage. Continuous supply of dust to the ignition point due to this re-
turn air stream sustained burning only near to the front of the stage. Combustion could not
propagate towards the swimming pool. Again, the simulation results of Scenario 2 did not
match with the observed incident.
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Figure 5. Fire propagation for Scenario 2; (a) top view and (b) lateral view
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Figure 6. Distribution of flour dust (fuel) and air-flow after ignition of
dust; return of air is shown in brown (for color image see journal web site)

Scenario 3

Both Scenarios 1 and 2 without people did not give simulation results matching with
the observation. In the actual incident, fire occurred on the left side of the swimming pool as the
hot lamp ignited the corn flour dust. The flame propagated towards the direction of the swim-
ming pool. People on the right of the stage were not affected. Therefore, people were included
in the simulation in Scenario 3 with wind speed and direction being the same as in Scenario 2.

The simulation results are shown in fig. 7. It is observed that when the wind was
blowing towards the swimming pool, flame would propagate towards the swimming pool. In
Scenarios 1 and 2, people were not included in the simulation. In such scenarios, the corn
flour powder would fall onto the floor rather than on the people. As proposed by Eckhoff
[32], a dust explosion pentagon on dust, oxygen, ignition source, confinement, and the mixing
state of reactant can be used to describe explosion. Thus the presence of people would provide
a means for forming a dispersed distribution rather than a layer on the floor. This would pro-
vide appropriate dispersion to satisfy the explosion pentagon criteria. The simulation results
of Scenario 3 matched well with the observed incident. Consequently, this study indicates that
wind was blowing towards the swimming pool from the northeast when the incident occurred,
and the presence of people is also a key factor for the fast spreading of fire.
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Figure 7. Fire propagation for Scenario 3; (a) top view and (b) lateral view

The distribution of maximum gauge pressure Pt o [021]

(overpressure) at each position for Scenario 3 is o
shown in fig. 8. The maximum gauge pressure was 0.0260
only about 0.03 bar in the region of simulation of the oite
incident after the corn flour dust was ignited. Such a 0.0010

low gauge pressure could only lead to tumbling of Figure 8. Distribution of value of peak
people but not hurt them [33]. In fact, all the injuries gauge pressure in Scenario 3 (for color
in the water fun park incident were burns instead of image see journal web site)

injuries from explosion. Hence, this incident only

involved minor explosion.

Discussion

Flash fire and explosions associated with natural products such as flour, grain,
wood, feedstuff, starch, cork, sugar malt and bark are well-known [34]. Colored powders and
liquid dyes are made of natural herbs and flowers [35, 36]. More detailed chemical composi-
tions in the colored powders and liquid dyes available in the market can be searched from the
relevant websites [37]. Lead oxide for black, copper sulphate for green, chromium iodide for
purple, aluminium bromide for sliver, mercury sulphite for red and Prussian blue for blue are
listed [37, 38]. Some chemicals found in some of these products can be toxic [35, 36, 39, 40].
Both natural and artificial products such as cornstarch from flowers and herbs consisting of
hydrocarbon chains are combustible.

There is no detailed information available about the colored powder commonly used
in spraying activities, suspected to be food grade cornstarch [37-42]. The organizer of the
event in the water fun park in Taipei claimed that the powder complied with the requirements
of the U.S Food and Drug Administration after the incident [43].

Flammable powder is no longer allowed to be used in many places after the disaster
in the water fun park above, but the testing standard is not clear. Organizers of colored pow-
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der spraying events have changed to the use of liquid dyes which are non-flammable [43, 44].
Such liquid dyes are tested by igniting dye poured on a flat surface with a lighter [45].

Some planned events involving colored powder spraying have been cancelled or
postponed since it is difficult to get approval from local authorities [46]. However, there is
still no control on the use of colored powder. The potential hazard [47-49] of these powder
spraying activities should be properly addressed.

Conclusions

The software FLACS was applied to simulate flame spread in a water fun park inci-
dent in Taiwan 2015 in this paper. Simulations were performed using different wind direc-
tions including that provided by the investigation authority. Based on the results of simula-
tion, the following concluding remarks can be made.

e The simulation results on Scenarios 1 and 2 with wind blowing from southwest and
northeast cannot reproduce the water fun park incident without including people on the
site.

e For wind blowing from northeast together with the inclusion of people in the simulation,
the results match well with the actual scenario of fire of corn dust in the water fun park
incident.

e Despite the incident being described as explosion of dust in the media, the results of sim-
ulation indicate that the maximum gauge pressure was only 0.03 bar upon ignition of corn
flour powder. Consequently, the incident should be classified as an incident in which ex-
plosion only played a minor role, with fatalities and injuries mainly resulting from rapid
flame spread, not due to overpressure.

The present study shows that in addition to a strong enough heat source at some lo-
cation and the spraying of a large amount of corn flour powder, the conditions of wind direc-
tion and speed, together with the presence of objects for forming a dispersed powder distribu-
tion, like people in the present study, are also decisive in powder explosion or rapid flame
spreading.

The present study demonstrates that CFD based model can be applied in fire investi-
gations with appropriate input parameters. For example, correct estimated wind speed and di-
rection together with proper boundary conditions based on the presence of people and trees
would give correct information of the complete process of the incident. Only a few full-scale
burning tests are then required to fully support the conclusions of fire investigations, if in-
structed by the court to do so.
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