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Fires may impact on process and storage equipment causing severe damages and potential accident
escalation. In the present study, a Computational Fluid Dynamics (CFD) model was set up for pressurized
vessels exposed to accidental fires, aimed at determining the transient behaviour of the stored fluid during
the heat-up. The model was developed for vessels containing pressurized flammable gases, such as
methane, propane and hydrogen. The ANSYS FLUENT software was used in order to implement a two-
dimensional circular geometry considering a medium scale spherical tanker. The presence of a heat
resistant coating was considered in the analysis. The model allowed predicting the velocity and
temperature profiles, thus obtaining the pressurization rate in the vessel and providing key indications for
the evaluation of the vessel resistance.

1. Introduction

Severe fires, mainly due to the ignition of accidental releases, may affect process equipment (Bi et al.,
2011) or transport vessels (Lautkaski, 2009) leading to a catastrophic loss of containment. Hence, a key
issue to enhance safety and to reduce the risks related to both fixed installations and hazardous materials
transportation is the development and the application of specific protections able to reduce the loss of
mechanical properties of the equipment exposed to fire. This measure is widely applied in fixed
installations both onshore (Di Padova et al., 2011) and offshore (Tugnoli et al., 2012). On the contrary,
several issues are still open concerning the possible implementation of effective fire protections, based on
fireproofing coatings, for road and rail tankers in the specific European context (Paltrinieri et al., 2009). In
the literature, several small and medium scale tests were carried out in order to investigate these issues
and to provide indications on the effectiveness of fireproofing materials (Landucci et al., 2009a). Due to
safety and economic reasons, a limited number of large scale tests is available, one performed in North
America (Townsend et al., 1974) and one in Europe (Balke et al., 1999). Therefore, the use of advanced
computer models able to reproduce the heat up of a vessel engulfed in flames may constitute a sound tool
to design and verify the thermal protections (Birk, 1988).

In the present study, a Computational Fluid Dynamics (CFD) model was set up for pressurized vessels
exposed to accidental fires, aimed at determining the transient behaviour of the stored fluid during the heat
up. In particular, the model was preliminarily developed for vessels containing pressurized flammable
gases, such as methane, propane and hydrogen.

As evidenced by experimental works (Birk and Cunningham, 1996), a key issue in modeling pressurized
vessels exposed to fires is in the prediction of the stratification of the inner fluid during the heat up process.
The stratification is due to a buoyancy driven flow, caused by the more rapid temperature increase of the
vapour in contact with the vessel walls heated by the fire with respect to the bulk fluid. This process has a
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direct influence on the pressurization rate of the vessel, and thus it affects the time to failure, e.g. the lapse
of time between the fire start and the eventual vessel rupture (Birk, 1988).

The ANSYS FLUENT software (ANSYS Inc, 2011) was used in order to implement a two-dimensional
circular geometry considering a medium scale spherical tanker. The model was first developed for
unprotected vessels, then considering the presence of an external insulating coating layer.

The results of the simulations allowed predicting the pressurization rate in the vessel, thus obtaining key
indications for the evaluation of the vessel resistance (e.g. the time to failure).

2. Behaviour of vessel exposed to external fire

Figure 1 shows the schematization of the phenomena involved during the heat up of a pressurized gas
vessel exposed to fire heat radiation.
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Figure 1: Physical phenomena involved during fire heat-up of a pressurized gas vessel

As shown in the figure, the vessel is heated up by the flames due to radiation and convection receiving the
heat load Qi fie. Heat is then transferred by conduction through the vessel wall, which can be protected by
a layer of insulating coating, resulting in heat flux towards the vapour phase (Qinvap). This phenomenon
causes the vapour temperature (Tvap) and pressure (P) increase. Heat is transferred by convection and
also by radiation when wall temperature grows due to the fire heat load. Vapour presents a significant
thermal inertia, e.g. low convective heat transfer coefficients, due to low thermal conductivity and low
velocities.

The convective heat transfer joined with a buoyancy driven flow results in thermal stratification of the
vapour (Heymes et al., 2013). In fact, the temperature of the upper vapour layer exceeds the average fluid
temperature value. The temperature rise in the fire engulfed vessel leads the pressure growth: the tank
pressure is driven up by the warmest vapour layer, increasing the stress intensity on the vessel. On the
same time, the vessel wall temperature rise results in the weakening the wall construction material
resistance properties of the tanker wall. When the vessel resistance equals the stress intensity, the vessel
integrity is jeopardized with severe deformations on the vessel shell and possible rupture (Landucci et al.,
2009b).

In case of severe vessel heat up, the failure may also occur before the opening of the pressure relief valve
(PRV), due to severe weakening of construction material. Hence, the installation of a heat resistant
coating, able to mitigate the heat up and reducing the vessels wall temperature, is a key strategy to avoid
the vessel rupture.

3. Modeling vessels exposed to external fire

3.1 Set up of CFD simulations

In the present study, spherical vessels containing only a gas phase are considered. These can be
representative of a pressurized gas storage buffers or of a liquefied pressurized gas storage with a low
value of the filling level.

The aim of the present study is to develop a model able to reproduce the vessel heat-up, as described in
Section 2.1, and the behaviour of the inner gas, accounting for the buoyancy-driven flow and the
temperature stratification resulting from the external fire heat load, including the effect of heat transfer by
radiation from the vessel wall to the vapour.

In the present study the simulation of the vessel behaviour after the pressure relief valve (PRV) opening,
thus considering gas outflow and strong mixing effects, is not taken into account, as it will be addressed in
the further development of the present activity.

A commercial CFD (Computational Fluid Dynamic) tool, ANSYS FLUENT (ANSYS Inc, 2011), is used to
set up the fluid dynamic model. The main equations considered are: 1) Continuity equation; 2) Energy
equation; 3) Momentum equation; 4) Radiative Heat Transfer equation.

Since gas physical properties are strongly affected by the temperature rise, in the model developed the
continuity and the momentum equation are coupled to the energy equation, and the solution of the energy
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equation provides the temperature distribution in the flow field. The vapour phase participation to the
radiative heat transfer is not considered. A standard k-e model is used to account for the turbulence
(Ferziger and Peric, 2002).

Table 1 summarizes the features of the model developed and the geometry of the reference tank
considered in the simulations. Figure 2 shows the computational grid used for the calculations. As shown
in the figure, the domain is axisymmetric and a spherical coordinates system is set up, thus reducing the
number of cells needed for the study (see Table 1).

Table 1: Summary of the features of the CFD model developed for pressurized vessels engulfed by fires

ltem Description or selected value

Vessel geometry: Spherical Vessel; external diameter = 1,700 mm; Wall thickness = 10 mm
Boundary conditions Constant heat radiation temperature

Initial conditions required  Initial pressure and temperature

Mathematical models Turbulent Flow: Standard k-¢ Model

Scalable Wall Function (ANSYS Inc, 2011)
Radiation: S2S Model (ANSYS Inc, 2011)

Convergence criterion 10°® for all the equations
Type of mesh Structured mesh
Number of elements 18,600 cells

a) o

v
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Figure 2: Mesh adopted in the present study for the analysis of pressurized gas spheres engulfed by fires:
a) overview: b) detalil

3.2 Definition of case studies

Table 2 summarizes the four case studies considered in the present analysis. The same heat load
conditions are imposed, assuming a full engulfment in a large scale fire with constant radiating
temperature (Tr). The influence of the stored gas on the temperature and pressure behaviour of the
pressurized vessel is investigated in case studies 1, 2 and 3, respectively considering hydrogen, methane
and propane as stored substances. No thermal protections (unprotected vessels) were considered.

Table 2: Summary of the case studies analysed with the CFD tool. Po = initial pressure; To = initial
temperature; T = effective fire radiation temperature

ID Stored gas Insulating coating Boundary conditions Initial conditions
1 Hydrogen NO Full engulfment in fire To =300 K

2 Methane NO Tr=1,14415K Po = 5 barg

3 Propane NO

4 Methane YES

In case study 4, an insulating coating layer is implemented on the outer surface of the vessel in order to
evaluate the effect of passive fire protection on the vessel heat up. An inorganic formulation with constant
thermal conductivity (set equal to 0.1 W/(mK)) and 10mm thickness is considered as heat resistant
coating. In order to obtain conservative results, the thickness of the vessel wall is neglected, assuming an
uniform temperature in the steel due to the high thermal conductivity. In all the considered case studies,
the presence of the PRV is taken into consideration. In fact, the simulation end is fixed at the PRV opening
time. The PRV opening pressure is set to 1.6 MPa.
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4. Results and discussion

4.1 Simulation of unprotected vessels
The present Section discusses the CFD results obtained for pressurized spheres containing different

gases simulated in absence of thermal protection. Table 3 summarizes the PRV opening time for each
case study. As expected, increasing the thermal inertia of the gas allows delaying the pressure and
temperature rise due to the heat up.

Table 3: Summary of PRV opening time for the unprotected case studies.

ID Stored gas PRV opening time (s)
1 Hydrogen 38
2 Methane 72
3 Propane 99

The advantage of CFD modelling of pressurized vessels engulfed by fires is related to the possibility of
obtaining local predictions of temperature and fluid velocities, thus supporting a more accurate evaluation
of the inner pressure growth. This allows having a more precise evaluation of vessel resistance respect to
lumped parameters models (Landucci et al., 2009b).

In order to show examples of the possible results obtained by CFD, Figure 3 and 4 report temperature and
axial velocity maps obtained for the methane simulation (case study 2). In both figures, the CFD results
are obtained at different times.

Temperature (K) Temperature (K) Temperature (K)
1080 1090 1110
1030 1050 1070
973 1010 1040
921 974 1010
869 933 978
816 893 945
764 852 913
712 812 881
659 772 849
607 731 816
554 691 784
502 a) 650 b) 752 c)

Figure 3: Example of temperature profiles obtained for methane (case study 2) at different time steps: a)
24's;b)48s;¢) 72s

Velocity (m/s) Velocity (m/s) Velocity (m/s)
0.621 0.474 0.399
0.543 0.399 0.324
0.464 0324
0.385 : 0.249
0.306 0.249 0.174
0.228 0.174
0.149 0.986 0.986
0.070 0.023 0.023
0.000 .

-0.09 -0.052 0.052
-0.166 a) -0.127 -0.127 )

Figure 4: Example of axial velocity profiles obtained for methane (case study 2) at different time steps: a)
24s;b)48s;c)72s

Figure 3 shows that gas temperature stratification occurs during the heat up process. This is due to a
buoyancy driven flow, which causes the rise of hotter gas layers. This is confirmed by the analysis of
Figure 4 in which the axial velocity profiles (plotted in form of vectors) are represented at the time step of
the correspondent temperature map. In fact, Figure 4 clearly shows that the flow induced by buoyancy
forces leads to the stratification of hot gas layers. It can also be seen that at the beginning of the heat
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exposure (Figure 4a) the maximum velocity is higher than the one predicted in the last step (Figure 4c),
since the fluid is approaching a quasi-steady state.

In order to analyze the behavior of the vessel during fire exposure, charts representing the dynamic
temperature and pressure rise can be obtained by the software. Figure 5 shows an example of charts
obtained for the three gases, reporting pressure and average gas temperature as a function of time. The
figure shows that increasing the thermal inertia of the gas allows reducing the severity of the heat up. In
fact, the highest average gas temperature is predicted for hydrogen (Figure 5a), while lower values are
obtained for methane (Figure 5b) and propane (Figure 5c).
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Figure 5: Average gas temperature, pressure profiles and dynamic stratification index behavior for:
a)hydrogen, b) methane, c) propane

In order to quantify the level of stratification in the fluid, a dynamic stratification index (namely, ) was
defined as follows:

IB:Tmax/Tavg (1)

in which Tmax is the maximum gas temperature and Tayg is bulk gas average temperature of the gas, both
evaluated by the CFD tool at the same time. Quite clearly, this parameter at unitary at the simulation start.
Then, its behaviour is strongly affected by the type of gas and fire exposure conditions.

In the charts shown in Figure 5, the B index is also reported as a function of time for the considered case
studies. In all the simulated cases, the index features a rapid growth after which a maximum value is
reached. The maximum predicted  value is about 2 for all the simulated gases, thus evidencing that the
hottest gas layer, close to the vessel wall, reaches temperatures which are double with respect to the ones
of the gas bulk at the beginning of the fire exposure. Then, while the heat is transferred into the lading and
the inner fluid reaches the quasi-steady state, as evidenced by the velocity profile, a decrement of B is
evaluated, and a plateau is reached. The value of B at the plateau is strongly affected by the type of gas,
and is higher for gases having higher thermal inertia. In other words, for high values of gas thermal inertia
(e.g., heat capacity and/or gas density), the temperature stratification is more pronounced.

4.2 Simulation of vessels in presence of passive fire protection

In case study 4 (see Table 3) the presence of an insulating coating layer is implemented in the simulations
of the sphere containing methane. A comparison with the correspondent non-protected case (e.g., case
study 2) is carried out.
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Figure 6: a) Average gas temperature for coated vessel at PRV opening time (136s), b) pressure profiles
comparison between uncoated and coated vessel (case studies 2 and 4).
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It is worth to mention that complicating phenomena concerning the PFP behaviour (e.g., devolatilization,
degradation, swelling, etc.) described in several works (Gomez-Mares et al., 2012a,b) are neglected in
order to limit the complexity of the simulation. Figure 6a shows the temperature map of the vapour at the
PRV opening time (136 s). As shown in the figure, the gas stratification is still significant even if lower
temperatures are predicted with respect to the unprotected case. Moreover, the PRV opening time is more
than doubled with respect to the previous case as a consequence of the less severe tank heat up. This is
evidenced by Figure 6b, in which the pressure rise curve is compared for the protected and unprotected
cases. Hence, the effect of the PFP on the heat up of the vessel is assessed in detail.

5. Conclusions

In the present study the CFD modeling of pressurized vessels engulfed by fires is presented. The model
was developed for pressurized gas spheres, thus considering only one phase in the domain. The case
studies analyzed demonstrate the potentialities of the modeling tool in providing detailed pressure, velocity
and temperature predictions. The study demonstrated the influence of gas thermal inertia, e.g. heat
capacity and/or density, on the thermal stratification during fire exposure. A future development of the
activity will be the modeling of cylindrical vessels containing pressurized liquids in order to assess the
influence of liquid temperature stratification on the pressure growth and thus determining key information
for the evaluation of vessel resistance. Moreover, the implementation of the fluid dynamic behavior of the
stored fluid in structural analysis by FEM and the implementation of sub-models able to reproduce fire
protection thermal behavior will be critical issues to be addressed.
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