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Abstract. Fire around storage tanks for petroleum products can have disastrous consequences for the environment and the population. These ﬁres, due to accident or arson, are very well managed by security divisions but,
nevertheless, involve the release of an amount of vapour from the petroleum present in the storage device. The
exposure of a non-refrigerated aboveground liquid petroleum or petroleum product storage tank to ﬁre can also
lead to internal overpressure. PV-valves ensure that the normal and emergency venting requirements are satisﬁed, and determination of such requirements is key for the safety of petroleum tanks and should not be underestimated. This paper presents and discusses some methods that can be used to evaluate the vapour ﬂow. In the
aim of ﬁnding an exact answer rapidly, a thermal analytical approach is ﬁrst investigated, which reveals the
complexity of the solution. Thus, a numerical approach, based on ﬁnite-volume description, is used to set
the ﬁrst steps of the ﬂow assessment. Based on a thermodynamic hypothesis, a simpliﬁed method is ﬁnally
put forward for the evaluation of the amount of vapour released. The algorithm used to determine how temperature, pressure and ﬂow evolve over time, which is very useful information for the safety of these devices,
is then detailed and the results discussed.

Nomenclature
Cpl Liquid speciﬁc heat (J/kg K)
Cpv Vapour speciﬁc heat (J/kg K)
vliq Liquid speciﬁc volume (constant) (m3/kg)
T0 Initial temperature (°C)
Lv Vaporisation enthalpy (kJ/mol)
Tr
Reduced temperature (T/Tc)
Tc
Critical temperature
T1 Air temperature around the storage tank (°C)
u
Heating ﬂux (W/m2)
k
Equivalent thermal conductivity (W/(m K))
x
Quality (%) x = mv/mto
r
Radius (m)
R
Radius of storage tank (m)
H
Height of storage tank (m)
z
Height (m)
h
Convective heat transfer coefﬁcient (W/(m2 K))
t
Time (s)
Sc
Heat source (W/m3)
* Corresponding author:
stephane.ginestet@insa-toulouse.fr

ml
mv
qv
Pvs
c
Q
C
q

Initial liquid weight (kg)
Initial vapour weight (kg)
Speciﬁc vapour weight (kg/m )
3
Saturation pressure of vapour (Pa)
Cp/Cv
Speciﬁc ﬂow (kg/s)
Striction coefﬁcient (–)
density (kg/m3)

Acronyms
API
ASME
LNG

American Petroleum Institute
American Society of Mechanical Engineers
Liqueﬁed Natural Gas

1 Introduction
Storage tanks in reﬁneries and chemical plants contain large
volumes of ﬂammable chemicals. A small accident may lead
to million-dollar property loss and a few days of production
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interruption (Chang and Lin, 2006). Fire and explosion
account for 85% of the storage tank accidents. In a petroleum storage tank, outbreathing results from the vapour
expansion and liquid vaporization occurring when a tank
absorbs heat from an external ﬁre. All storage tanks are
equipped with devices allowing the vapour to escape. The
pressure relief device or emergency venting system must
be suitable to relieve the ﬂow capacity required for the largest single contingency or any reasonable and probable
combination of incidents. This parameter, the treatment
of discharges, is identiﬁed as an active method in the design
phase by Prugh (1992) and as a relevant protection measure by experts Argyropoulos et al. (2012), Wang et al.
(2013). The venting requirements provided in the API standard (API, 1998) are based on studies of hexane stored in
steel tanks. Sound engineering judgement should be applied
to extrapolate these results to other liquids and non-metallic tanks. Detailed engineering studies of a particular tank
and its operating conditions may indicate that the appropriate venting capacity for the tank is not the one estimated
in accordance with this standard. If the tank’s operating
conditions could deviate from those used to develop the
standard, detailed engineering studies should be performed.
Many standards or recommendations can be helpful for the
design of equipment (API, 2002, 2008, 2009a, 2009b;
CSTB, 2002; ASME, 2009). Engineering studies used to
determine technical parameters (cross-section, length,
etc.) of these devices can lead to tedious calculations with
broad hypotheses. For such phenomena as BLEVE (case
of liquid propane ﬂows through pipe at high pressure and
in low temperature conditions), a risk assessment methodology by using fuzzy logic is proposed in Karimpour et al.
(2016). The ﬁre duration is also an important parameter,
studied in Hauser et al. (2001), who give guidelines to help
the designers for three special external ﬁre cases. The aim of
this paper is to present and discuss some methods that can
be used to evaluate the vapour ﬂow. To obtain a quick,
exact answer, a thermal analytical approach is ﬁrst investigated and shows the complexity of the solution. A numerical approach, based on ﬁnite-volume description, is then
adopted in order to set the ﬁrst steps of the ﬂow assessment.
Based on thermodynamic hypotheses, a simpliﬁed method
is ﬁnally proposed, allowing an evaluation to be made of
the amount of vapour released. The calculation algorithm
used to determine the information indispensable for the
safety of these devices: evolution of temperature, pressure
and ﬂow over time, is detailed and discussed. The main
aim of this communication is to present a simpliﬁed
approach for the evaluation of vapour ﬂows.

Fig. 1. Overview of the case under study.

Many parameters are difﬁcult to master so various
hypotheses are proposed to develop an analytic solution
close to real conditions. First, the heat ﬂux from the ﬁre
is uniformly distributed on the side of the tank and its value
varies from 20 to 40 kW/m2 (CSTB, 2002). Note that the
radiant energy ﬂux from large open hydrocarbon ﬁres can
be sufﬁciently high to threaten the structural integrity of
neighbouring storage tanks. This case is not considered in
our study. Adequate ﬁre protection to guard against the
catastrophic failure of storage vessels is studied in Nitesh
and Gupta (2007) which deals with the use of a water-spray
system to protect an adjoining tank from a tank on ﬁre. So
in Nitesh and Gupta (2007) the amount of radiative heat
ﬂux falling on the adjoining tank is ﬁrst calculated and is
then used to determine the amount of water required to prevent any serious temperature rise in the adjoining tank. The
present work focuses on overpressure inside the tank.
In contact with the soil, the tank base is adiabatic and
the tank top is considered to be in contact with the atmosphere. The heat convection in the liquid phase is modelled
with an equivalent thermal conduction coefﬁcient. The
height of the liquid phase is ﬁxed at the beginning of the
process and the initial temperature is 20 °C. Thermal transfers are axisymmetric and therefore cylindrical coordinates
will be used (Fig. 1).
The internal source term S corresponds to a phase
change. This leads to the following equations:
Heat balance in the ﬂuid (unsteady two-dimensional
conduction)
oT ðr; z; tÞ
¼
ot 2

o T ðr; z; tÞ 1 oT ðr; z; tÞ o2 T ðr; z; tÞ
k
þ
þ
þ S:
or2
r
or
oz2

qC p

2 Hypotheses – methodology
The study concerns a cylindrical petroleum storage tank
exposed to ﬁre. The heat emitted by the ﬁre warms the
whole lateral side of the tank by radiation. The petroleum
is also heated by conduction and convection, causing the
liquid phase to evaporate. The study reports on the determination of the dynamic thermal behaviour of the hydrocarbon contents according to some hypothesis.

ð1Þ

Boundary conditions
– Adiabatic base of the storage tank

k 

oT ðr; 0; tÞ
oz


¼ 0:

ð2Þ
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– Heat convection at the top of the storage tank


oT ðr; H ; tÞ
k 
¼ h  ðT ðr; H ; tÞ  T 1 Þ:
oz

ð3Þ

– Fire around the storage tank

k 

oT ðR; z; tÞ
or


¼ u0 :

ð4Þ

Initial condition:
T ðr; z; 0Þ ¼ 20  C:


oT ð0; z; tÞ
Axis of symmetry: k 
¼ 0.
or
These equations are based on the unsteady form of the
heat equation, which combines the other relevant heat
transfer mechanisms discussed above as well as the phase
change that will occur within the liquid portion of the tank.
The phase change is considered in our simpliﬁed modelling
but it was decided here not to consider or account for the
effects of the static head of liquid hydrocarbon on the
increase in saturation temperature of the liquid hydrocarbon here.
Because an open system is analysed here, the mass balance is included in the description of our problem. For
example, the boiling of the liquid close to the wall may start
a mixing process. This process is discussed using an equivalent thermal conductivity.
The ‘‘ﬁre exposure’’ conditions are as follows: the tank is
fully engulfed in ﬂames; the ﬁre radiates to the lateral wall
only; as the ﬁre radiates to the whole vertical wall of the
tank, the conditions that thermally characterize the heat
load to the tank are those available in the literature (CSTB,
2002) (long-wave emissivity of the ﬁre, long-wave absorptivity of the tank wall, temperature of the ﬁre source, etc.).
Speciﬁcally, the convection conditions inside the tank
(both in the vapour space and in the liquid space) are taken
into account. The assumed convection ﬂux on the tank outside wall is considered negligible relative to the radiation
ﬂux, even if it is probable that the dry bulb temperature
of the air thermally communicating with the tank will be
signiﬁcantly higher than the ambient temperature due to
the presence of the ﬁre.

3 An approach to the analytical solution
An exhaustive study of the literature was conducted to
reach a classic analytical solution. One of the most complete
documents on conduction problems (Ribaud, 1960) does
not handle this particular case. Indeed, the most complete
solution available in the literature on cylindrical problems
does not take lateral heat ﬂux into account. Even so, the
analytical solution is very cumbersome to use. Other references investigated (Carlsaw and Jeager, 1959; Ingersoll
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et al., 1955) are rather old; they remain too general and present only scholar solutions.
The paper that gives the closest solution to the problem
under study can be found in De Vriendt (1990). Chapter 11
‘‘Non-stationary conduction with several dimensions’’
describes many conﬁgurations (wall, cylinder) and boundary conditions (Neumann, Dirichlet and Fourier). The case
of a short cylinder is solved thanks to the ‘‘separation principle’’, as the sum of an inﬁnite rectangular wall and an inﬁnite cylinder. The analysis of the proposed solutions makes
reference to many Bessel functions and leads to the tedious
use of numerous Bessel coefﬁcients.
Finally, the solving method considered uses the thermal
quadrupole method (Maillet et al., 2000). It implies solving
two sub-systems: a short cylinder with zero lateral ﬂux and
ﬁxed upper and lower ﬂux, and a short cylinder with nonzero lateral ﬂux and zero upper and lower ﬂux. The solving
has to be done in Laplace space and again leads to the
tedious use of Bessel functions.
To conclude, it can be said that, in this case, an analytical solution is very difﬁcult to achieve since these equations
are complex to solve directly.
This search of the literature encouraged us to investigate a numerical solution. In our study, the system was
solved using the ﬁnite volume technique in MatlabÒ. The
results in conduction, the heat balances, are correct, but
the liquid vaporization is very difﬁcult to consider with
the effects of the various speciﬁc weights. The ﬁrst results
showed consistency in the solution obtained during the
heating of the hydrocarbon with the lower heat ﬂow density
of 20 kW/m2 (Fig. 2).
To conclude on this part, it appears relevant to investigate a form of simpliﬁed modelling, since using a numerical
method or analytical solution to solve the equations will be
long and require a lot of work. However, the accuracy of the
numerical method and analytical solution must be more
precise, on condition that the calculations could be entirely
led with correct hypothesis.

4 Simpliﬁed modelling
In the API standard (API, 1998), the vapour venting
requirements are based on studies using hexane. For the
present study, hexane is also considered as a representative
substance, the physical properties of which were issued
drawn from Carruth and Kobayashi (1973), Çengel and
Boles (2001), Guo et al. (2001), Handbook of Chemistry
(2004), Majer and Svoboda (1985a, 1985b), NIST (2012),
Williamham et al. (1945).
4.1 Thermal modelling
The case presented is a vertical closed cylinder (height h,
radius R, volume V) subjected to a lateral radiative heat
ﬂux u. The ﬁrst hypothesis is that the system has a uniform
temperature during the heating phase (high conductivity).
This is not valid if only conduction is considered. A quick
study based on thermal diffusivity (about 107 m2/s) shows
that the liquid thermal properties vary greatly (Kourneta
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Fig. 2. Overview of numerical results (left temperature ﬁeld, right quality ﬁeld).

et al., 1994) and a convection phenomenon appears quickly.
Therefore, it is legitimate to consider a higher equivalent
conductivity. A similar approach was used by (de Nevers,
1997). In this study, the heating of propane and other liquid-ﬁlled tanks by the ambient air and surroundings and
by a radiative source is investigated. Lumped-parameter
heat transfer models describe correctly the experimental
tests of this behaviour. In more complex situations, these
models give only intuitive guidance but not detailed
predictions.

The initial speciﬁc volume is ﬁxed, which allows the initial
quality (x) and initial weights (vapour mv and liquid ml) to
be calculated. The whole weight is mtot. The initial
enthalpy is calculated in (5), and the reference for enthalpy
is H = 0 J for liquid at 0 °C.
H 0 ¼ ml  Cpl  T 0 þ mv :ðCpv  T 0 þ LvðT 0 ÞÞ:

During the time interval dt, enthalpy variation is
directly linked to the energy carried by U (incoming heating
ﬂux from lateral ﬁre):

4.2 Thermodynamic modelling
The liquid vaporization leads us to take the vaporization
enthalpy into consideration, as a function of temperature
(NIST, 2012)
"
LvðT Þ ¼ A  exp

a 

T
Tc




b #
T
:
 1
Tc

dH
¼ U:
dt

ð7Þ

So the enthalpy becomes
H 1 ¼ H 0 þ U  dt:

ð5Þ

ð6Þ

ð8Þ

This new value permits the new temperature T1 to be
calculated, taking the following two criteria into account.
4.3 Convergence criteria

With, for hexane,
A (kJ/mol) = 43.85,
a = 0.039,
b = 0.397,
Tc (K) = 507.4,
T, temperature.
Other data regarding state equation of other ﬂuids are
available in Neau et al. (1995) and more recently in de
Hemptinne and Béhar (2006). A more precise description
of these phenomena can be found in Lacassagne et al.
(2017) who explained the physical phenomena acting in
the liquid phase during the transfer of a gas at a ﬂat twophase interface and who measured the inﬂuence of these
phenomena on mass exchanges.
As the system is closed, the vaporization leads to a
vapour pressure rise at the top of the cylinder. This vapour
pressure is equal to the sum of the saturated vapour
pressure and the atmospheric pressure. Initially, the
tank contains liquid and vapour at equilibrium (20 °C).

Criterion # 1
T1 should verify he value H1. The quality (x) and the
speciﬁc liquid and vapour enthalpies corresponding to H1
can be identiﬁed using Lv. An inﬁnity of (T,P) ﬁt this
criterion.
Criterion # 2
The saturation pressure of vapour Pvs, is calculated using
Antoine’s law expressed in (9)
log ðP vs Þ ¼ A 

B
T þC

ð9Þ

with (Majer and Svoboda, 1985a; Persson et al., 2003)
A = 4.00266,
B = 1171.53 K1,
C = 48.784 K.
The vapour speciﬁc volume, obtained through Avogadro’s law, and the quality give the vapour speciﬁc volume
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Fig. 3. Algorithm used to evaluate the leak ﬂow value.

in the tank. The two values are compared and iteration
leads to the appropriate speciﬁc volume for the vapour.
The objective is to ﬁnd both the enthalpy and vapour speciﬁc volume corresponding to the value T1.
The vapour ﬂow through the valve is then calculated
with a classic ﬂuid dynamics relation. The emptying of
the tank is then computed step by step (Fig. 3).
The critical state of the ﬂow is determined using Pn+1/
Pn (10, 11) between step n and step n + 1.

– Critical state:
P nþ1

Pn



2
cþ1

c
c1

:

ð10Þ

:

ð11Þ

– Hypocritical state:
P nþ1
>
Pn



2
cþ1

c
c1
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Fig. 4. Internal temperature and pressure evolution of hexane
in the storage tank.

This leads to the calculation of the mass vapour ﬂow Q
– Critical state:
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Q ¼ CS c  P n  qn

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ

cþ1
c1
2
:
cþ1

– Hypocritical state:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ



2
P nþ1 c
c
Q ¼ CS 2 
P n  qn 
c1
Pn
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
"
#
u

c1
u
P nþ1 c
t
:
 1
Pn

ð12Þ

ð13Þ

5 Results and discussion
The calculations presented in the previous part were
applied to a cylindrical tank (R = 6 m, h = 20 m) exposed
to a classic ﬁre (20 kW/m2). The initial temperature of the
system (hexane) was taken to be 20 °C. The tank was
equipped with one PV valve 5 cm in diameter.
In Figure 4, the temperature increases quite linearly,
due to the equivalent conduction hypothesis and constant
lateral heat ﬂux. The simpliﬁed modelling gives the
expected behaviour of the mean ﬂuid temperature. On the

Fig. 5. Internal hexane vapour ﬂow and vapour ﬂow through
the PV valve of the storage tank.

other hand, the internal mean pressure rises exponentially,
due to Clapeyron’s law and the rising temperature.
In this case study and in these conditions, we can
observe that the internal vapour generation rate is higher
than the vapour ﬂow through the PV valve (Fig. 5). These
results are in accordance with the pressure elevation
observed in Figure 4. In this case, the external ﬁre must
be extinguished to interrupt the increase of internal pressure. It can also be considered that the PV valve diameter
is not suited to these tank characteristics (height, radius,
etc.).
The methodology developed in this study assesses this
kind of parameter fairly easily without requiring signiﬁcant
calculation time. Many cases can be investigated using this
approach. First, several PV valve diameters can be tested
to determine the effects on the internal pressure in the tank
in order to see whether the envelope is suitably designed in
terms of shear stress and material behaviour. Then, the
effect of various heating ﬁre ﬂows (intensity, part of the
envelope exposed) can also be considered. However, the
model developed in this study can be completed by considering other liquids (petroleum mixtures) and other boundary conditions (especially for the upper face of the storage
tank).

6 Conclusion
Knowledge of the thermal behaviour of the petroleum storage tanks is needed to evaluate vapour ﬂows. This data cannot be easily determined by an analytical approach, even if
the case study seems to be a conventional one. On the other
hand, numerical simulation can lead to very long, difﬁcult
calculations, especially because of the phase change. The
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method presented here enables the thermodynamic properties (T,P) of the ﬂuid to be investigated quite easily, assuming simpliﬁed modelling. Then a technical approach is used
to evaluate the ﬂow to be evacuated by venting devices.
These results can be compared with the recommendations
presented in API (1998). The behaviour of other storage
tanks exposed to ﬁre, such as LPG tanks, has already been
investigated (Aydemir et al., 1988; Chen and Lin, 2001;
Landucci et al., 2009a). However a simpliﬁed approach such
as the one presented in this paper could also be applied to
these systems in order to provide a new way of evaluating
vapour ﬂows in these particular two-phase losses. The ﬁnal
objectives in Landucci et al. (2009a) are to evaluate the
quantitative assessment of the risk inherent in escalation
scenarios triggered by ﬁre. Other simpliﬁed models for estimating the vessel time to failure (ttf) with respect to the
radiation intensity on the vessel shell were obtained in Landucci et al. (2009b) by means of a multi-level approach to
the analysis of vessel wall failure under different ﬁre conditions. The behaviour of the structure of storage tanks must
also investigated. For instance, in Subba and Gorla (2010),
an LNG storage tank was simulated computationally and
evaluated probabilistically in view of the several uncertainties in the ﬂuid, structural, material and thermal variables
governing the LNG tank. Finally the results of our study
could be integrated in computer-automated tools used for
quantitative risk assessment in a typical petroleum industry, such as Khan and Abbasi (2000). In case of ﬁre,
engineering models have been developed to predict
foam spread and extinguishment under ﬁre conditions on
liquid fuels in some other research projects (Persson et al.,
2003).
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