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NOMENCLATURE

D tank diameter (real-scale), m

L¢ flame height, m

a., average radiative heat flux, kW/m2
0 heat release rate, kW

t time, s

T average temperature, °C

X,y,Zz coordinates, m

tank diameter (reduced-scale), m

Greek symbols

ABSTRACT

Most of the accidents that occur in liquid fuel storage tank parks are caused
by fire. This paper presents a numerical study using Large Eddy Simulation
through Fire Dynamics Simulator (FDS) for the simulation of liquid fuel
(ethanol) storage tanks at different scales (real-scale 1:1, and reduced-
scales, 1:2, 1:4, 1:8). This paper proposes correlations for flame height, and
temperature profile and radiative heat flux profile in the region adjacent to
the tanks. Correlations have as inputs the diameters of the tanks in real- and
reduced-scale, temperature profiles and radiative heat flux profiles for a
reduced-scale tank simulation, and then provide as outputs flame height and
temperature profiles and radiative heat flux profiles for the tank in real-
scale. Percentage errors of the correlations found in this study are lower
than 2.0% and 0.6% for the maximum radiative heat flux and maximum
temperature, respectively.

Keywords: fuel storage tank, fire, fire dynamics simulator, reduced-scale

petroleum refineries, oil terminals or storage parks,
while fire and explosion account for 85% of the
accidents. Fuel storage tanks are usually clustered in
tank parks, and then a fire nucleated in one tank
could lead to a domino effect in which fire
propagates from one tank to another. This effect
could be responsible to major damages to the storage
park and to the life of workers. Therefore, among the
risks associated to liquid fuel storage tanks, fire is
one of the most worrying.

Literature presents some experimental and
numerical studies related to fuel storage tanks.
Wen-he et al. (2013) performed a numerical
simulation using Fluent to analyze thermal radiation
from a large crude oil tank. The safe distance to
install LPG (Liquefied Petroleum Gas) tanks in
houses and industries during a possible wildland fire
was experimentally studied in Heymes et al. (2013).
A numerical and experimental investigation was
performed (Zheng et al., 2013) aiming to check the
applicability and the validity of a standard test for
high-pressure hydrogen storage tanks exposed to
localized fire. Godoy and Batista-Abreu (2012)
presented a computational modeling of steel storage
tanks under heat induced by an adjacent fire in order

s parameter to compute radiative heat flux
profile, dimensionless
Subscripts
d reduced-scale tank
D real-scale tank
f final
INTRODUCTION
Taking into account the worldwide growing
demand for energy together with economic

development, storage of liquid fuel in multiple tanks
is a reality that arises challenges related to fire safety.
Chang and Lin (2006) presented a literature review of
two hundred forty two accidents of storage tanks that
occurred in industrial facilities over forty years.
Results shown that 74% of the accidents occurred in

to study its structural behavior. Qiang et al. (2012)
investigated the effects of spray distance and
sprinkler pressure on the effectiveness of controlling
the fire in a fuel tank of an emergency diesel
generator using the software FDS. FDS was also
employed in Lin and Wang (2011) with the objective
of analyzing safe distances between liquid fuel
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storage tanks in order to avoid that fire spreads from
one tank to another leading to damage to the whole
tank park. Silva et al. (2013) studied safety conditions
(spacing between tanks and actuation of sprinklers)
for liquid fuel storage tanks using FDS. Despite the
great importance of that topic, literature is not yet
complete in this research area, neither in
experimental nor in numerical works.

There are some works in the literature related to
fire in reduced-scale, both numerical and
experimental, covering buildings, houses, tunnels and
wildland (Overholt et al., 2014; Adam et al., 2013;
Bryner et al., 1995; Ryder et al., 2004). Zhang et al.
(2014) performed a small-scale experimental study
on the fireproof distance of oil tank fires in several
wind intensity conditions. The principles for scaling
fire phenomena are examined in Quintiere (1989)
from fourteen dimensionless groups derived from the
governing differential equations. Also, scaling
techniques based on Froude modeling, pressure
modeling and analog modeling are described and
illustrated. Such techniques satisfy only one or two
dimensionless groups and they are restricted to
specific scenarios. Experimental studies of fire
phenomena  in laboratory-scale  employing
dimensionless groups can provide a general insight of
the transport mechanisms and behavior of the real-
scale system, but generally, they do not provide
guantitatively precise results. Increasing in liquid fuel
demand in conjunction to the risks related to its
storage are the motivation to investigate heat transfer
and combustion processes in storage tanks fire. That
could be applicable to evaluate safety standards
presented in firefighting and fire prevention
regulations.

Performing fire experiments in real-scale tanks
is unfeasible due to dimensions and operational
safety risks, emerging the use of reduced-scale
models and its validation. In this manner, the
objective of the present work is the development of a
numerical methodology via Computational Fluid
Dynamics (CFD) employing the software FDS
through numerical experiments in reduced-scale to
perform a thermal evaluation of liquid fuel storage
tanks under accidental fire conditions. Numerical
simulations are performed to obtain correlations
between results for reduced-scale tanks simulations
as compared to results for real-scale tank simulations.

METHODOLOGY

CFD codes, in particular Large Eddy Simulation
(LES), are a powerful and efficient tool to fire
modeling. That tool is capable of predicting fire
effects, including plume characteristics, pollutant
dispersion, and heat transfer to objects adjacent to the
fire source.

According to McGrattan et al. (2007), the
software Fire Dynamics Simulator (FDS), a LES
code developed by NIST (National Institute of
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Standards and Technology), is ideal to simulate
realistic geometries of explosions and fire in large
scales, and it has several advantages in relation to
traditional CFD codes. Transient simulations of fires
and explosions can be performed using hardware less
sophisticated (less cost) than the necessary to
traditional CFD codes (PC-type computer versus
UNIX workstations). Also, FDS allows solutions for
long time-histories with minimal computational
resources (processing-CPU times of the order of
hundreds of minutes, depending on mesh resolution
and on geometry size).

FDS, selected to run the simulations in the
present work, is based on the finite volume method
and it solves numerically Navier-Stokes equations
appropriate to low velocity (“low-Mach number
approximation”) and buoyancy-driven flows, with
emphasis on smoke transport and heat transfer in
fires. Its basic algorithm employs an explicit
corrector-predictor scheme, second-order accuracy on
time and on space. For the gas-phase, the
hydrodynamic model includes equations for
momentum conservation, energy and chemical
species. Turbulence is treated with Deardorff subgrid
model (Deardorff, 1972). Thermal radiation is
computed using a finite volume method over the
same grid employed to solve flow equations, while
radiant properties modeling is performed with a gray-
gas model. The solid angle is discretized on
one-hundred discrete angles. Combustion model is
based on mixture fraction with a single-step global
chemical reaction. It is considered that combustion is
controlled by the turbulent mixture with infinitely
fast reaction between fuel and oxygen, independently
from temperature. Lagrangean particles are employed
to simulate smoke movement. Along its development
at NIST, FDS was optimized to solve practical fire
problems related to fire protection engineering and it
is also a tool to investigate fundamentals of fire
dynamics and combustion (McGrattan et al., 2007).

PROBLEM STATEMENT

The problem consists in numerically solving
several liquid fuel storage tanks under fire condition.
In this work, the real-scale tank has 4 m diameter and
1 m height. Besides the simulation for the real-scale
tank, the computational domain is down-scaled and
additional simulations are performed for reduced-
scale tanks: 1:2, 1:4, 1:8. Table 1 shows different
cases studied in this work, from scale 1:1 (real-scale)
to scale 1:8 (smallest domain considered for
simulation). For each case, Table 1 presents: scale,
tank diameter, tank height, computational domain
dimensions (tridimensional domain in cartesian
coordinates).

Figure 1 presents the computational domain
sketch where it is observed geometric relations for
tank diameter (D), tank height, and domain
dimensions (width 4D x length 4D x height 4D -
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height is not plotted in Fig. 1). Fuel selected for
simulations was ethanol. Except the south boundary
of the domain (ground), all other boundaries (north,
east, west, front, back) were set open, representing a
storage tank installed in an open field. Other
boundary conditions were kept standard ones of FDS.
Figure 1 also shows positions from where average
temperature profiles and average radiant heat flux
profiles were extracted.

Table 1. Tank dimensions and computational domain
dimensions for each case simulated.

Scale _Tank Ta}nk Cor'nput'ationa}l
Diameter Height Domain Dimensions
1:1 40m 1.000 m 16mx16mx16m
1:2 20m 0.500 m 8mx8mx8m
1:4 1.0m 0.250 m Admx4mx4m
1:8 0.5m 0.125m 2mx2mx2m

2=D/4
o GBI SCUSOTS
= z=0

- {[ = etha

y FThlmdiam heat flux sensors
|

[ 4D

Figure 1. Ethanol storage tank computational domain.

Relatively to the time discretization, the initial
time step is automatically set dividing the smallest
mesh cell size by the flow characteristic velocity.
During calculations, the time step is adjusted in such
a manner that the CFL (Courant, Friedrichs, Lewy)
condition is satisfied (McGrattan et al., 2007). Then,
time steps for simulations in real-scale and reduced-
scales were, aproximately, At = 5.0 x 1073 s, At=4.0
x 10% s, At = 3.0 x 10° s, e At = 1.5 x 107 s, for
scales 1:1, 1:2, 1:4 and 1:8, respectively. Simulations
were taken to a final time of t; = 60.0 s, and the
interval of 50.0 < t < 60.0 s was employed to
determine average and statistical parameters for the
temperature field and for the radiant heat flux field.
Computational CPU times for each simulation were
about 9.90 x 10*s, 1.26 x 10°s, 1.76 x 10°s and 2.40
x 10° s for simulations in scales 1:1, 1:2, 1:4 and 1:8,
respectively. For all cases studied, spatial domain
was discretized in 100 x 100 x 100 volumes in
directions x, y and z. Such spatial resolution can be
considered adequately refined to solve flow field and
fire dynamics since the relationship between the
characteristic diameter of fire (which is proportional
to the heat release rate) and the control volumes size
is satisfied (Stroup and Lindeman, 2013).

RESULTS AND DISCUSSION

The parameters chosen to be analyzed and to fit
correlations were: average flame height, average
temperature profile adjacent to the tank and average
radiative heat flux profile adjacent to the tank. Those
important parameters were chosen since they are
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related to firefighting and to fire propagation to
adjacent tanks.

The following empirical correlation can be
employed to compute flame height (L - units m) as a
function of heat release rate (Q - units kW) and fire

diameter (D - units m) (Quintiere, 2006):

2

L, =0.235Q5 -1.02D @)

Heat release rates (Q) obtained in the present

study were 18092.7 kW, 3200.3 kW, 656.7 kW and
106.9 kW for tanks of scales 1:1, 1:2, 1:4 and 1:8,
respectively. Such values of @ were given as outputs

from FDS, and they are function of burning rate
(units kg/(m2.s)), combustion enthalpy (units kJ/kg)
and surface area of fuel (units m?). Flame heights
obtained from Equation (1) are presented in Table 2,
whose agreement with FDS results (also presented in
Table 2) is good. Instantaneous flame fields are
shown in Fig. 2, where can be observed flame heights
for each case simulated.

Table 2. Average flame height for real-scale and
reduced-scales tanks.

Flame height [m]
. Eq. (1)
Tank FDS (Fi9-2) | (quintiere, 2006)
D=4.0m (L) 8.0 7.8
d=2.0m(12) 3.8 3.9
d=1.0m (1:4) 2.1 2.2
d=05m(1:8) 11 1.0
=0.5m(1:8)

IiII‘IIII‘IIII‘ %

(b) d = 1.0 m (1:4)
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Figure 2. Flame height for tanks of different
scales: (a) 1:8d=0.5m, (b) 1:4d =1.0 m,
(c)1:2d=20m,(d)1:1D=4.0m.

The graph in Fig. 3 shows flame heights
obtained for each simulation against tank diameter. It
is observed a linear relationship between flame height
and tank diameter. With those results, the following
correlation can be fit:

L, =0.06522+1.96522D 2

where Ly and D are in meters. Equation (2) was
specifically fit for ethanol storage tanks studied in the
present work, and it serves as an estimative to easily
obtain the flame height using as input the tank
diameter only. Such equation is in contrast to Eq. (1)
which has broader applicability but is function of heat
release rate, a parameter that is not easily obtained.
Figure 4 presents average radiative heat flux
profiles at ground level (z = 0 m) for different
x-positions from the tank wall (position x = 0 m
corresponds to the position at the tank wall, while
increasing x-positions correspond to distant position
from the tank, as per Figure 1). Abscissa-axis of Fig.
4 was made dimensionless employing tank diameter
(D) for each tank simulation. It is observed that
radiative heat flux profile increases sharply from tank
wall (x = 0 m), reaching a maximum value at position
X/D = 0.3, then decreasing smoothly as the distance
from the tank increases. That behavior of the average
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radiative heat flux was the same for all tank sizes
studied in the present work. It must also be noted that
none of the tanks reached the human exposition limit
of 5 kW/mz2, which could lead to serious burnings in
case of exposition time higher than 60 seconds.

flame height [m]
O o= W BN ] 0N O

2 3 4 s
tank diameter [m]

[

Figure 3. Flame heights x tank diameters: results for
different scales.
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Figure 4. Average radiative heat flux profiles for
different tank scales (x/D = 0 corresponds to the
position together with the tank wall).

2
B =1.113333— o.ons((?j + 0.0079167((?) @3)

Urad.p = B Uraa g (4)

Results obtained for the radiative heat flux
profiles presented in Fig. 4 can be correlated in order
to estimate the radiative heat flux profile for the real-
scale tank using as input a radiative heat flux profile
for one of the reduced-scale tanks. Equation (3) was
fit using data from Fig. 4. That equation provides
parameter S, which is employed to obtain the
radiative heat flux profile for the real-scale tank per
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Eg. (4). Where D is the real-scale tank diameter (m),
d is the reduced-scale tank diameter (m), Urog o is the

real-scale tank radiative heat flux profile (kW/m2),
Org ¢ 1S the reduced-scale tank radiative heat flux

profile (kW/m?2). Equations (3) and (4) must be
applied as follows: (i) compute the parameter $ using
as inputs D and d, (ii) compute the real-scale tank
radiative heat flux profile (q,, ,) using as input the

reduced-scale tank radiative heat flux profile (g ;).

Those correlations provide satisfactory percentage
errors of 2.0% for the maximum radiative heat flux.

Figure 5 presents instantaneous temperature
fields at physical time of 60 seconds. Despite the
strong non-linear nature of the transport phenomena
related to the process (turbulence, combustion,
thermal radiation, etc.), Figure 5 shows that all
instantaneous temperature fields have the same
qualitative characteristics (approximately the same
hot gas plume height and the same temperature
distribution). It should be emphasized that hot gas
plume heights shown in Fig. 5 are larger than flame
heights shown in Fig. 2 since flame heights are
related to the visible region of the flame while the
upper portion of the hot gas plume is not visible
(actually, it is at infrared region of radiation
spectrum).

T [°C]

920'

830

740

(d) d=0.5m(1:8)

105
20

(b)d=1.0m (1:4)
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Figure 5. Instantaneous temperature fields at physical
time of 60 seconds.

Figure 6 shows average temperature profiles at
different x-positions from the tank wall at z =D/4
(coincident with tank top coordinate - see Figure 1).
Abscissa-axis of Fig. 6 was made dimensionless
employing tank diameter (D) for each tank
simulation. For every case under investigation
average temperature profiles have peak temperatures
close to the tank (x/D =~ 0) and then those profiles
smoothly decrease to ambient temperature (20 °C).
Despite average temperature profiles have similar
behavior for all tanks, it is observed at the region
close do x/D = 0 that such profiles present qualitative
divergences, i.e., average temperature profile for tank
of 4.0 m diameter has a positive slope close to x/D =
0, while such slope is negative for the other tanks.
That qualitative divergence could be attributed to the
energy release of each flame, so the larger flame has
enough energy to warm ambient air further than the
smaller flames, which have lower energy release. In
this manner, the correlation fit to obtain average
temperature profile for the real-scale tank from
average temperature profile of a reduced-scale tank is
function of both diameters ratio (D/d, where D is
real-scale tank diameter and d is reduced-scale tank
diameter) and position x/D.
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average temperature [°C]

Figure 6. Average temperature profiles for different
tank diameters (x/D = 0 corresponds to positions
together with tank wall).

T, =T, '[1.015—(E')12J-[1.04381+ 0.26535(%)—..
4
2

3
0.83046-(1j +0.74717.[L] o
D D

0.21788-(3]4} 5

where Tp is the average temperature for real-scale
tank (°C) and T4 is the average temperature for
reduced-scale tank (°C), both evaluated at the same
position x/D. Employing Equation (5) to compute Tp,
percentage errors are less than 4.5% and that error is
even less than 0.6% at the highest temperature region
(0<x/D <0.5 m).

CONCLUSIONS

This work presented a numerical study
employing Large Eddy Simulation using the software
FDS to predict flame heights, temperature profiles
and radiative heat flux profiles adjacent to ethanol
storage tanks under fire situation. Simulations
considered different tank sizes: real-scale (1:1) and
reduced-scales (1:2, 1:4, 1:8). The objective was
correlating the results obtained from the different
simulations for each tank size. Parameters chosen to
be analyzed (flame height, temperature and radiative
heat flux profiles) are important since they are related
to firefighting and fire spread to adjacent tanks in a
park of tanks.

Results shown that flame heights can be linearly
correlated to the tank diameter. Other correlations
available in literature to estimate flame height are
functions of additional parameters, some of them
difficult to obtain, demonstrating the importance of
the present study. On the other hand, the simple
linear correlation obtained in the present work was
not validated to other fuels than ethanol, while
correlations more complex are valid for a wide range
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of fuels through the heat release rate specification.

Correlations for average temperature profile and
average radiative heat flux profile were also
presented in this paper. Those profiles were
considered at a region adjacent to each tank. Such
correlations provide real-scale tank profiles of
temperature and radiative heat flux using as inputs
reduced-scale tank profiles of temperature and
radiative heat flux. Once temperature profile or
radiative heat flux profile at the region adjacent to a
tank is available for a reduced-scale tank,
computation of the correlations present in this work
provides temperature profile and radiative heat flux
profile for the real-scale tank. The correlation fit for
the radiative heat flux profile is function of diameters
ratio (D/d) and it provided percentage error of less
than 2.0% for the maximum radiative heat flux. The
correlation fit for the temperature profile is function
of both tank diameters (D/d) and distance from the
tank wall (x/D). In that case, percentage errors were
of 0.6% at the highest temperature region.
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