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Accidental fires represent a serious threat for vessels devoted to the transportation and storage of liquefied
gases, such as propane and butane. The present work focuses the impact of full engulfing hydrocarbon pool
fires on propane and butane storage tanks. The analysis was carried out using a computational fluid dynamics
(CFD) model, previously validated against experimental data. Results are presented in terms of pressurization
rates, and temperature distributions showing the difference in the response to fire between propane and
butane tanks. The effect of the filling degree is also pointed out. The outcomes of this work provide useful
results to evaluate the possible failure conditions, thus supporting the emergency response to accidental fires
in the proximity of storage tanks or transport units.

1. Introduction

Accidental fires represent a serious threat for vessels devoted to the transportation or storage of liquefied
gases, such as propane and butane (D’Aulisa et al. 2014). In fact, the heat load generated by the fire can
induce the thermal failure of the vessels, leading to extremely dangerous events like boiling liquid expanding
vapor explosion (Landucci et al. 2013), fireball (Landucci et al., 2015) and missiles projection (Tugnoli et al.,
2014). Therefore, being able to predict how fast the pressure will rise under a given fire load and to quantify
the energy content of the vessel at the moment of failure would represent a valuable advantage for tanks
designer and for those involved in the emergency response and management. Traditional lumped models
suffer several limitations and are not able to predict pressurization and temperature distributions with
confidence (Landucci et al. 2016). With the aim of characterizing and predicting the response of pressurized
tanks exposed to fire, Scarponi et al. (2018a) proposed a two-dimensional (2D) model, based on
computational fluid dynamics (CFD). This was validated against data from an extended set of fire test
simulating full engulfing pool fire scenarios affecting liquefied petroleum gas (LPG) tanks. Simulations of a fire
test considering a distance heat source were also carried out (Scarponi et al. 2018b). In all the cases, the
model predictions showed a good agreement with the experimental measurements in terms of pressure and
temperatures, proving the robustness of the modelling setup. Despite the variety of simulated scenarios
(different tank size, filling degree, fire conditions), the analysis was always limited to tanks devoted to store
LPG assumed as pure propane, hence the effect of liquid composition and heavier components, such as
butane, was not taken into account in modelling the vessel response to fire. In the present work, the above
mentioned CFD modelling approach was extended to pressure tanks containing liquid n-butane, thus
addressing the effect of LPG composition on the pressure build-up, pointing out differences and similarities in
the thermo-fluid dynamic behaviour of propane and butane, and highlighting crucial aspects from the safety
point of view. The effect of different filling degree was also taken into account, in order to investigate
complicating phenomena, such as thermal stratification induced by the tank heat-up.
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2. Overview of the modelling approach
2.1 Model equations and solution methods

The CFD model was based on the solution of the conservative equation for mass, momentum, energy (solved
also in the solid domain) and turbulent quantities reported in Table 1. All the simulations were carried out
using the software ANSYS® Fluent® 18.2.0.

Table 1: CFD model equations

Property Equations

Volume fraction of i
the secondary phase ot

(1

(appy) + V- (apppiiy) = My, — 1y Ly

(liquid) pu: liquid density; t: time; o1 liquid volume fraction; 1, : Reynolds averaged velocity;
. _ T — Tsat _ (2)
ifT>Tsa myy = Cgaypy, T ) my_,;, =0
sa
Mass transfer . _ _ Tsart =T (3)
equations if T > Tsar mpy =0,my, = Ccavpv( " )
T: temperature; T4 saturation temperature; Ce and Cc: coefficients (both set to the
default value of 0.1 s™)
Volume fraction of (4)
. ay=1—a,
the primary phase .
oy : vapor volume fraction
(vapor)
¢ =oyay +oLa; (5)
Two-phase averaged Two-phase volume fraction averaged property ¢ function of liquid and vapor
quantity properties (¢, and @y, respectively) where ¢ can be density p, viscosity x4, turbulent
viscosity ur, thermal conductivity k.
9 o ey 2 L 6
a(pu)+|7-(puu) = —Vp+|7-[u(|7u+l7uT)—§ul7-u1 +pg+F —V-1' (6)
Momentum

p. two-phase volume fraction averaged density; p: Reynolds averaged pressure;
u: two-phase averaged viscosity; g: gravity acceleration; /: identity tensor.
Reynolds stress 2
tensor (introducing 1’ = u[(Vd + Vu")] — 3 (pK + prV -4l
the Boussinesq
approximation)

()

ut. two-phase averaged turbulent viscosity; K: turbulent kinetic energy

_PrK1 ®)
Turbulent viscosity 7~ 4 L
w: Turbulent specific dissipation rate; the definition of L can be found in [48]

%(pK) +V- (oK) = V- (L,VK) + Gy — Yy ©)

Turbulent kinetic

energy Tk: turbulent Prandtl number for K; Gk: generation of K due to mean velocity

gradients; Yk: dissipation of K due to turbulence. The definitions of 7k, Gk and Yk can

be found in [48]

i i (10)
Turbulent specific ~ at (pw) + V- (pwt)) = V- (I,Vw) + Gy = Yo

dissipation rate I: turbulent Prandtl number for w; G, generation of w; Y, dissipation of w. The

definitions of 7, G, and Y, can be found in ANSYS inc (2012).

i} . . .

Energy 3 (PE) + V- (U(pE +p)) = —Vp + V- [kepfVT| + AHygp (rivy Ly, — 110 5y)

(fluid domain) E: two-phase Reynolds averaged specific energy; ker: effective thermal conductivity;
A: heat of vaporization;

a
a (pstSTs) =r- (kSVTS)

(11)

(12)

Energy
(solid domain) Ts: temperature in the solid; ks: steel thermal conductivity; ps steel density; Cps steel
heat capacity
Cplr (13)
kepr =k + -5
Effective thermal eff Pry

conductivity k = two-phase volume fraction averaged thermal conductivity c,: two-phase volume
fraction averaged heat capacity, Prr: turbulent Prandtl number = 0.85
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Fluid properties of the substances considered (pure propane and pure n-butane, in the following indicated as
“butane”) are expressed as a function of temperature adopting the thermodynamic dataset reported in Liley et
al. (1999). The Soave-Redlich-Kwong state equation was considered to be valid for the vapor phase. The
thermal properties of carbon steel for the tank wall were taken from (CEN, 1998). All the simulations were run
until the pressure reached the pressure relief valve (PRV) set point, with a time step of 5 ms, considering a
first order implicit scheme for the transient formulation. At each time step, the solution was considered
converged when one of the following criteria was satisfied:

- The sum of the scaled residuals was below 107

- For a given time step, the ratio between the residuals and the residuals at the beginning of the time

step was below 0.05

Pressure and velocity coupling was obtained by means of the SIMPLEC (Semi-Implicit Method for Pressure
Linked Equations-Consistent) algorithm. For what concerns the spatial discretization, a second order upwind
scheme was chosen for density, momentum, energy and turbulent quantities (k and w), whereas the
PRESTO! and the Geo-Reconstruction schemes were used for the pressure and the volume fraction
respectively (ANSYS inc, 2012).

2.2 Case study and fire scenario definition

In order to analyse the differences in the behaviour of propane and butane storage tank under fire exposure, a
set of case studies was defined (see Table 2). The same tank was considered for both substances, with a
diameter of 1 m and a wall thickness of 6 mm. The filling degree was varied simulating considering a situation
in which the liquid occupies the 20%, the 50% and the 80% of the total volume.

Table 2: List of case studies considered in the present work.

Case number Case ID Substance Filling degree
1 B_20 Butane 20 %
2 B_50 Butane 50 %
3 B 80 Butane 80 %
4 P_20 Propane 20 %
5 P_50 Propane 50 %
6 P_80 Propane 80 %

The scenario taken into consideration is full engulfing pool fire with a black body temperature of 871°C,
according to the guidelines proposed by Anderson et al. (1974), Birk et al. (2016) and Scarponi et al. (2017).
In order to be conservative, the emissivity of the tank wall was set to 1. At the beginning of the simulations, the
tank lading was assumed to be motionless and at the saturation pressure at 20°C. Turbulent kinetic energy
and specific dissipation rate were initialized at 10° m%s? and 107 s™ respectively. The no slip condition was
set at the inner wall, whereas symmetry was considered at the vertical tank centerline.

2.3 Computational domain and grid definition

The computational domain consists of a 2D vertical (and perpendicular to the axial direction) section of
cylindrical tank positioned horizontally. The grid is unstructured and is formed by a combination of
quadrilateral and triangular elements. The maximum cell size was 30 mm with a global growth rate of 1.1. The
inner and the outer wall were divided in the same number of segments, so that each segment on the outer
wall was approximately 2 mm-long. In order to ensure a good resolution in the near wall region, 25 inflation
layers were built starting from the inner wall of the tank with a growth rate of 1.2. The first layer thickness was
setto 0.2 mm.

3. Results and discussion

Fire exposure determines an increase in the internal pressure of the tank due to the heat-up of the lading.
Figure 2 shows the pressurization curves obtained for the cases listed in Table 2. Quite clearly, due to the
higher volatility of the stored substance, the cases in which propane tanks are simulated exhibit a faster
pressurization than those in which butane is considered. In fact, in cases P_20, P_50 and P_80, the PRV
opening set point is reached after a fire exposure period of 120s, 140s and 115s, respectively. This time is
more than doubled for the cases involving butane (260s, 275s and 340s for cases B_20, B_50, and B_80
respectively). Figure 1 also shows the effect of the filing degree. For both substances, the lowest
pressurization curve was obtained in the 50% filling cases (Cases 2 and 5, respectively for butane and
propane). This situation changes considering the other two filling conditions. As far as cases involving propane
are concerned, the PRV opening pressure is reached earlier when the tank is almost full of liquid (80% filling
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degree). On the other contrary, when tanks storing butane are considered, the PRV set point is reached first
for the lowest filling degree case (B_20).
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Figure 2: Pressurization curves obtained for the three case studies listed in Table 2, to which the Reader is
referred for cases identification. Solid lines represent the cases in which propane is simulated, while dashed
lines the ones with butane.
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Figure 3: Outer wall temperature profiles at PRV opening function of the y-coordinate (as defined in panel d)
for simulations at different filling degrees: a) 20%,; b) 50%; c) 80%. Solid lines represent the cases in which
propane is simulated, while dashed lines the ones with butane. For cases identification refer to Table 2.

Besides pressurization, one of the key factors affecting the vessel integrity during fire exposure is the wall
temperature. In fact, carbon steel suffers sever weakening at temperatures above 400°C (Cotgreave, 1992).
Furthermore, creep becomes important beyond this temperature and the tank wall begins suffering thinning
phenomena that can rapidly result in the formation of a small hole in the vapor region, which can then
propagate and lead to a total loss of containment (Manu et al., 2009).
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Figure 3 compares the temperature distributions along the tank wall obtained for the case studies listed in
Table 2 at the instant of time when the pressure reaches the PRV set point (i.e., the end of each simulation).
In all the cases, it is well visible the cooling effect of the liquid on the tank wall. On the other hand, the vapor
wetted wall attains higher temperatures. This is more evident for the cases involving butane, for which values
between 500°C and 800°C are registered. This is due to the fact that the pressurization of butane tanks is
slowed down by the lower substance volatility, resulting in a more prolonged fire exposure before the PRV
opening, hence in a high energy accumulation in the tank leading and a marked increment in wall
temperature. At such high temperatures, the steel strength is severely compromised (Cotgreave, 1992) and
the tank would most probably fail well before the PRV activation. This is a very important aspect to take into
account when considering safety measures aimed at reducing the risk of the tank collapse in case of fire
exposure. In fact, the PRV (when present and if properly sized) only allows to avoid that the pressure inside
the tank reaches the design limits, but it has no relevant effect on the weakening of construction material due
to heat exposure, as remarked in previous studies (Landucci et al., 2013).
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Figure 4: Temperature contour plots in °C calculated for the liquid phase after 120s for the following cases:
B 20 (a), P_20 (b), B_80 (c) and P_80 (d). For cases identification refer to Table 2.
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Figure 5: Comparison between the tank pressure, P, and the saturation pressure calculated at the average
liquid temperature, P*. For cases identification refer to Table 2.

Figure 4 compares the temperature contour plots below the liquid surface obtained for both butane and
propane cases with the lowest (B_20 and P_20) and the highest (B_80 and P_80) filling degree after 120s of
fire exposure. In the low filling level conditions (see Figures 4a and 4b), the temperature is more uniform than
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in the high filling level conditions (Figures 4c and 4d), where the thermal stratification is quite evident and may
have a relevant influence on the pressurization rate.

In order to investigate this latter phenomenon, Figure 5 shows the comparison between the predicted tank
pressure (P) and the saturation pressure (P*) estimated at the average liquid temperature. Similar qualitative
results are obtained for propane and butane. In fact, in the B_80 and P_80 cases, P is much higher than P*.
On the other hand, P and P* almost coincide in the cases with the intermediate filling degree (B_50 and
P_50). Finally, the liquid phase in the B_20 and P_20 appears to be slightly superheated, with P* exceeding P
of almost 2 bar at the end of the simulations.

4. Conclusions

In the present work, a CFD modelling approach was developed to simulate the behaviour of pressurized tanks
exposed to fire. In particular, the aim of the work was to investigate differences and similarities in the response
to a full engulfing hydrocarbon pool fire between propane and butane storage tanks. The pressurization of
propane tanks is much faster due to the higher volatility, and the elapsed time from the fire start and until the
first PRV opening is less than a half with respects to cases involving butane. However, the lower
pressurization rate observed for butane storage tanks allow the wall temperatures to reach very high values,
at which steel mechanical properties are compromised, especially in the vapour phase. This represents a
critical issue. In fact, if no safety measure is put in place to cool down the tank in absence of fireproofing, the
failure of the tank may probably occur before the PRV intervenes to limit the pressure rise. This kind of
outcome can result very useful to improve storage safety and to support the emergency response planning.
Another interesting aspect pointed out by the CFD simulations is the role played by thermal stratification in the
tank pressurization. Both for propane and butane, this phenomenon is well visible in the cases with the highest
filling degree. On the contrary, it appears to be negligible when less the half of the tank volume is occupied by
the liquid phase.
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