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ABSTRACT

Background: Pool fire is a phenomenon caused by the leakage of flammable materials on the ground leading to serious hazards,
irrespective of its consequences. The proximity and high volumes of chemicals in warehouses require that the characteristics of
various materials in warehouses be taken into account for calculating the chain effects of the pool fire. Methods: One of the
effective parameters in expanding the impact of the pool fire chain is heat flux value. There are different models for calculating
and predicting it. In this study, two approaches of computational fluid dynamic (CFD), fire-driven fluid flow, fire dynamics
simulator (FDS), and solid flame model were used to predict heat flux values. Results: In both models, the calculated heat flux
was used to evaluate the effects on humans (first-degree burns, second-degree burns, and deaths) and the materials. The CFD
results were compared with the results of the solid flame model, which indicated that there was little error in the predicted heat
flux values. Conclusion: The results of this study can be used to better understand the effects of pool fire on chemical
warehouses, and provide appropriate control measures to prevent such accidents in warehouses.
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Nomenclature
| intensity of the thermal radiation reaching a given target (kW m-2) & grey-body emissivity

T atmospheric transmissivity o Stefan-Boltzmann'sconstant {5.6703x10-8 W m-2K-4)
F the view factor T, temperature at the surface flame(K)
E average emissive power of the flames (kW m-2) P probit function
Q heat release rate (kW) C,  constant coefficients
m fuel mass burning rate per unit surface and per unit time (kg m-2 C, constant coefficients
s-1)

AH, Heat of vaporization (kJ kg-1) D thermal radiation dose (W4/3sm-8/3)
AH, Heat of combustion (kJ mole-1 or kJ kg-1) 2] probability
Cp specific heat at constant pressure (kJ kg-1 K-1) erf error function
T, boiling temperature at atmospheric pressure (K) F influence of clothes
T ambient temperature (K} t exposure time(s)

a eef
D* characteristic fire diameter (m L person's reaction time(s)
Y% density (kg/m3) X, distance between the flame's surface and the position(m)
T temperature (K) r distance of the person from the surface of the flame(m)
g gravitational acceleration {m/s2) u escape velocity(ms-1)
q heat flux (kW/m2) RSME  root-mean-square error
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Introduction

ne of the accidents in a chemical

warchouse is the damage caused by the

chemical leakage and the subsequent pool
fire. Pool fire is usually the turbulent spreading of
fire over a horizontal pool of evaporating flammable
materials. However, flammable materials have an
initial momentum equal to or less than zero. Pool
fires usually occur in jet fuels, diesel engines,
hydrocarbons (heavier than hexane), glycols, and
hydraulic oils and fluids. ' Previous studies have
shown that pool fire is one of the most common
accidents in the hazardous materials processing and
transportation  industries. * There have been
numerous incidents of pool fire, such as Buncefield,
in the UK (2005), Puerto Rico, USA (2009),
Sitapura, India (2009), and Bucheon LPG Filling
Station, Korea (1998). * Concerns about the
probability of such accidents have led to laws and
regulations to quantify their risk. *

Many methods have been proposed for assessing
fire risk, designing fire protection systems, and
reducing the fire risk. * According to a report by the
International Association of Oil and Gas Producers,
fire risks can be assessed in two ways of analytical
relationships and modeling methods with CFD. °
Point source and solid flame models are among the
analytical models. The point source model does not
take into account the shape of the flame, and
assumes that the heat flux originates from a point
source. This model usually estimates the heat flux
more than its actual value. In addition, large pool
fires with smoke do not take into account the effect
and direction of wind, ¢ however, at 10 times the
radius of the fire center, it gives favorable results. '
Solid flame models assume that the flame is solid in
shape, emits heat only from its outer surface,
calculates the heat flux as a function of the surface
flame's propagating power and shape, and obtains air
permeability coefficients. These models are simple to
operate, and can provide favorable results. ' The

most important limitation of this model is that it

does not include accurate predictions of pool fire
behavior in complex geometries. /

Field models or CFD models are based on the
numerical solution of partial differential equations of
Navier-Stokes. These models need to be evaluated by
experimental or real data. Major drawbacks of these
methods are the long computational time, the
difficulty of programming, and incompatibility with
many  applications.  However, with  rapid
development of computer programs and the
development of codes for fire assessment, the results
of these models are more accurate than experimental
methods. ” ®One of these codes is FDS. This code
shows a time resolution which can provide important
information in evaluating potential situations. °

FDS is a CFD code designed to simulate the flow
of fluids containing fire. This software numerically
solves the Navier-Stokes equations for low-speed heat
flows, and also simulates heat transfer and smoke
from fire. '° Henrik and Partners in 2007 studied the
sensitivity of FDS code for software inputs, such as
physical parameters (including heat release rate, fire
geometry, fire position, fuel type, indoor and
outdoor temperature, room dimensions) and
program parameters (such as Smagorinsky radiation
and constant model). "' The phenomena, such as
thermal instability in finite and infinite flows in pool
fires have been studied in labs by Wickman and
Sobiesiak, ' Cetegen and Ahmed", and Finney
etal. . "

This study aimed to evaluate the effects of pool
fire on chemical warehouses. Numerous studies have
been carried out in warehouses, including studies on

15

fire risk management, layout of warehouse

architecture, fire extinguishing systems, fire-resistant

1619 process of fire and smoke spread ** !

structures
and fire alarm systems. '” Using this code, the impact
of heat radiation on humans and materials in the
warehouse can be estimated, and accordingly,
appropriate preventive measures can be taken. In this

study, the FDS code was used to simulate anti-icing
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of pool fire in a chemical warehouse.

Methods

Numerical simulations in this study were
performed using Computational Fluid Dynamics
(CFD) code FDS 6.5.1. In order to evaluate the
validity of the results, the CFD results were
compared with the results of solid flame analytical

model. The stages are discussed below.

1- Fire Modeling Using FDS

The amount of heat generated by the pool fire is
different at various time intervals, the lifetime of
which can be divided into three phases, including
growth phase, steady phase, and decay phase. ** The
steady phase is generally the most important and the
longest in the lifetime of the pool fire, and the heat
flux value can be assumed to be stable in this phase
with little error. 2> % In pool fire modeling, the first
step is to obtain the heat generated by fire. To this
end, empirical equations and numerical simulations
were used. » This software numerically solves
Navier-Stokes equations for low-velocity heat flows,
and also simulates heat transfer and fire smoke
motion. Smokview software is a companion
application of FDS software designed to produce fire

simulation images and animations. %

2- Solid Flame Model

This model assumes that the flame has a solid
shape, from the surface of which the heat flux is
emitted. In this model, the smoke plume radiation
(invisible flame) over the fire is partially taken into
account in the calculations. In fact, most models
consider the maximum flame length rather than the
average, which also includes the volume of smoke
over the flame. The shape of the flame depends on
the fire characteristics. In the case of pool fire, if the
pool is circular, the fire will be approached as a
cylinder. If a rectangular basin contains liquid fuel,
the fire will be considered a parallelepiped cube. ** Tt
is generally assumed that energy is uniformly emitted

from the entire surface of the flame. ! The coefficient

1200

of vision is defined as the fraction of radiation which
reaches the surface unit at the receiving end. Figure 1
considers the flame a tilted cylinder. Using equation
1, the heat flux intensity received can be calculated. '

(1) | =zFE

3- Boundary Conditions

In this study, all surfaces (up, down, walls) were
considered adiabatic. The barrels containing these
materials were metal and the capacity of each barrel
was 0.22 m ? (height 0.85 m and diameter 0.37 m).
The anti-icing barrels were arranged in quadruple
pallets, which a total of 4 pallets stacked in two rows
were evaluated. Table 1 shows the input parameters

in anti-icing of pool simulation.

4- Fire Risk Modeling

Fire has many broad consequences in process
industries. The simplest way to define the effects of
heat flux is studying the heat generated by the surface
flame. Stephen Boltzmann's equation can be used to
estimate the initial heat flux value (equation 2). This
equation cannot represent the actual amount of heat
flux, since the surface temperature of the flame varies
along the flame, and there is no unit temperature to
be determined. Furthermore, the flame does not
radiate from its entire surface; for part of it is covered
with soot, and much of the heat flux is absorbed by
carbon dioxide and atmospheric moisture. Therefore,
the heat flux calculated by this equation is
significantly higher than the actual heat flux. Several
methods have been developed for accurate heat flux
evaluation, such as point source model, solid flame
model, field model, integral, and zone models. ** %
In this study, computational fluid dynamics methods

were used.
@ A=eo(T-T))
For calculating probability, injury (first or second

degree burn) or death, as a consequence of the

specified dose, equations 3 and 4 were used. "%

3) Pr=C,+C,InD
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1 Pr-5
4) P=F =|1l+erf
R

Heat radiation dose was used to determine the
number of burns and deaths depending on the
radiation heat flux and its exposure time, which was
calculated using equation 5. *

(5) D=ty ()"

The individual's exposure time is usually equal to
the sum of the initial reaction time plus the time
required to reach a safe point determined by
equation 6. **

6) tgu =t +M

u
The reaction time is considered 5 seconds. X;is

the distance between the surface flame and the
position at which the heat flux intensity is less than 1
kW/m. ? u is the escape speed (usually 4 m/s).

Fi refers to the impact of clothing on the
probability of injury or death, and assuming no
combustion occurs under the clothes, it is a
correction factor. Its value varies from 0.14 for
winter clothing, and 0.95 for summer clothing. In
this study, it is considered to be 0.95 for summer
clothes. The coefficients C; and C, are constant
values determined by table 2. '

5- Modeling the Impacts on Materials inside
the Warehouse

Damage to materials caused by heat flux can be
divided into two categories, depending on the impacts
observed, which includes: First-degree burn (complete
destruction of materials), second- degree burn
(surface, damage to the visible part of materials). The
criterion for this damage is the surface temperature of
the material under investigation. When the surface
temperature exceeds a critical temperature (Tecrit),
then first- or second-degree burn is observed. ' In this
study, given the barrel containing anti-icing was made
of iron, the critical temperature was considered
496.8C for the first-degree, and 196.8C for the

second-degree burn. '

Results

1- Fire Modeling

In this study, structured meshes and time step
10 were used. Simulation was performed using a
G4cores / CPU E5 -2690 V4@2.6 GHz
(2processors) and 32 GB memory system, in the
Shahid Beheshti University of Medical Sciences,
Tehran, Iran. The results were analyzed based on
the heat flux obtained at the receiving point. The
results of this comparison are shown in table 3,
and figure 1 presents the development of the pool

fire in second 20.

2- Numerical Gridding

In this study, three different mesh sizes (0.04,
0.0625, 0.08) were investigated and compared with
analytical models. Figure 2 shows the results of the
comparison between the values predicted by the
simulation and the values obtained from the

analytical models.

Table 1. Input Parameters of Anti-icing of Pool Fire Simulation

Parameter value
Fuel anti-icing C5H1203
Pool diameter (m) 25
Combustion heat (Kj / Kg)? 25083
HRR(Kw/m?) 903
Density (ka/m?) 1020
Radiative fraction % 0.35
Ambient temperature (K) 294
Burning rate (kg/mZ.s) 0.073
Domain size Fire filed (m) 16x34x6
Domain size Far filed (m) 24x55%6
Total simulation time (s) 300
@Grid resolution (R) 4,6/2,8/2

Table 2. C1 and C2 Coefficients®

Effect Ci C,
First-degree burn -39.83 3.0186
Second-degree burn -43.14 3.0186
Death -36.38 3.56

Table 3. Comparison of CFD Simulation Results with
Analytical Models

Heat flux (kw/m?)

Distance = Ezg —— Solid flame model
VD04 228 195 412 2279
YD=15 57 522 389 1089
YD=22 341 27 262 763
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Figure 4. Temperature Distribution Resulting from Pool Fire in a Chemical Warehouse

3. Modeling of the Impacts on Humans
Figure 3 shows the damage probability of

numerical simulation and solid flame model.

4. Modeling of the Impacts on Materials
Figure 4 shows the effect of temperature on the
adjacent barrels of chemicals and warehouse
building. In this scenario, the maximum temperature

is 970 ° C.

Discussion

As can be seen, the maximum probability of death
based on the solid flame model results, was at a
distance of 1.5 meters, and the maximum safety
distance was at 3 meters, whereas the CFD model
predicted a maximum safety distance of 3.5 meters.
Therefore, it can be concluded that due to the
exposure time, the range of vulnerability based on
these two models is 1.5 to 5.5 meters from the fire.
The CFD model revealed that at a distance of 1 m
from the fire, the heat flux was 100Kw/m? which
gradually decreased to 3.5 meters. CFD predicted the
maximum safety distance of 3 meters for heat flux

exceeding 12.5Kw/m’, while solid flame model

predicted it to be approximately 5 meters. Studies
have shown that heat fluxes below 25Kw/m? can have
the following effects: 1% death in 1 minute of
exposure and first degree burns in 10 seconds of
exposure.

The adjacent barrels were made of iron. The critical
temperature of iron was 496.8C for the first -degree
burn, and 196.8C for the second-degree burn. Due to
the critical temperature of the adjacent equipment, it
is expected that the walls of adjacent chemical barrels
less than 4 meters away from the fire would cause an
error, leading to a fire domino. The FDS used one-
dimensional thermal conductivity to obtain this
temperature. The FDS assumes that thermal
conductivity is performed from a normal surface.
Since the surface of the barrels containing chemicals is
cylindrical, heat conduction is carried out on both
sides. As a result, a uniform temperature distribution
simulates the barrel surface, which in these conditions
can provide more accurate results with real
scenarios.  CFD simulation of pool fire in a chemical

warehouse was performed using FDS 6.5.1 code.
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Conclusion

The results of their impacts can be better
understood by the simulation of fire in chemical
warchouses, the conclusions of which are as
follows:

1.Numerical simulation of pool fire in the
chemical warehouse, temperature distribution, and
heat flux induced by pool fire at different intervals
predicted that the effects of heat flux and
temperature on humans and materials could be
assessed.

2.The numerical simulation results were
compared with the results of the solid flame model.
The maximum predicted error in the selected mesh
size in the CFD model was 6.87%, compared to the
solid flame model.

3.In order to verify the results, laboratory methods
were used. The estimated relative error values in
predicting HRR and temperature were 26% and
4.6%, respectively.

4. Modeling of the effects of pool fire on a
chemical warehouse was investigated, and the results
of this study indicated that the vulnerability range in

the chemical warehouse was between 1.5 and 6.5
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