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ABSTRACT

The hydrocarbon leaks from process systems potentially lead to hazardous consequences with regard to
human safety, environmental pollution and valuable assets. The hydrocarbon leaks may be gas leaks,
liquid leaks or multiphase leaks. The gas leaks have the highest potential of damage due to explosion
accidents. Both gas and oil leaks can create long-lasting fires threatening personnel safety and structural
integrity of process plants and offshore platforms. One common method for limiting the consequences
associated with a process emergency is the rapid depressurization or blowdown of pressurized process
systems. There is experimental evidence that the assumption of thermodynamic equilibrium is not
appropriate during rapid depressurization, since the two phases show an independent temperature evo-
lution. The current work proposes a model for the simulation of the blowdown of vessels containing
two-phase (gas—liquid) hydrocarbon fluids, considering partial phase equilibrium between phases. Two
phases may be present either already at the beginning of the blowdown process (for instance in gas—
liquid separators) or as the liquid is formed from flashing of the vapour due to the cooling induced by
pressure decrease. In addition, the transient behaviour of hydrocarbon leaks from pressurized process
systems during depressurization is also included in the model providing the inputs for risk assessments.
The model is based on a compositional approach, and it takes into account coupled effects of internal
heat and mass transfer processes, as well as heat transfer with the vessel wall and the external environ-
ment. The vapour liquid equilibria calculations are performed using dynamic link library provided by
the comprehensive pressure volume temperature and physical properties package ‘Multiflash’. Numeri-
cal simulations show a generally good agreement with experimental measurements.
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1 INTRODUCTION

Hydrocarbon processing facilities pose severe risks with respect to fire, explosions and ves-
sel ruptures. Among the prime methods to prevent and limit the loss potential from such
incidents are the provisions of hydrocarbon inventory isolation and removal systems. These
systems are commonly referred to in the petroleum industry as emergency shutdown and
depressurization or blowdown. The term ‘blowdown’ refers to the emergency or planned
depressurization of process equipment, such as vessels, heat exchangers, distillation col-
umns, and compressors, in order to remove combustible hydrocarbons and protect against
excessively high pressures or temperatures. This may be necessary, for example, in the event
of a fire, leak, pipe rupture, or other hazardous situations, as well as for a planned shutdown.
Although the blowdown process is intended to ensure the safe operation of the plant, it is
itself a potentially hazardous operation, during which a number of concerns arise. During
depressurization, the temperature of the fluid can drop significantly. The heat transfer
between the fluid and the vessel wall leads to a reduction in the temperature of the wall,
which can lead to a fracture if the wall temperature falls below the ductile-brittle transition
temperature of steel. It is therefore critical to accurately determine the lowest temperatures
that can be reached during blowdown so that the proper construction materials can
be selected [1].
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The risk assessment of an accidental scenario starts with modelling of transient leak rates.
This may be hydrocarbon releases from different sources such as pipes and associated fit-
tings, vessels and pipeline/risers. The phase of the leaking medium is the next important
aspect. The hydrocarbon leaks may be gas leaks, liquid leaks or multiphase leaks. Different
models suitable for the different phase compositions and the different sources (mainly reflect-
ing the difference between outflow from a vessel or from a pipeline or pipe section) have to
be used. The models are primarily aimed at determining the flow rate as a function of time.
There are several factors which influence the flow modelling and influence the duration of the
leak. The isolation and depressurization will limit the volume of gas and oil escaping from
the leak. The depressurization model is the most difficult part in both simple and complex
hydrocarbon leak calculation tools [2]. The realistic modelling of the leak and its duration is
obviously very important to determine the size and duration of fire, explosion overpressure
and the response of the load bearing structures of the platforms and process plants.

Modelling a system during depressurization can be quite complex. During blowdown, a
multiphase mixture of gas, liquid and aqueous phases flow through the vessel, valve and any
associated piping. As the fluid flows, heat transfer between the fluid and vessel wall, as well as
between the different fluid phases, will occur. As liquid evaporates and vapour condenses, an
accompanying mass transfer between the phases will also occur. Both the fluid mechanics and
heat and mass transfer effects are time-dependent and three-dimensional. Additional model-
ling complexity is introduced for high pressure systems, where the thermodynamic trajectory
during the depressurization takes the fluid near or through the critical region [1]. In recent
years a number of theoretical and experimental studies have addressed the depressurization
issues. The theoretical models primarily fall into two categories. The first is based on the sim-
plified relations which are either incapable of predicting wall and fluid temperatures accurately
or are applicable to non-condensable gases only [3,4]. The second category is the one based on
rigorous analytical procedures such as those proposed by Haque er al. [5], Overa et al. [6],
Speranza et al. [7], Wong [8] and Berge et al. [12]. The mathematical model, BLOWDOWN,
developed by Haque et al. [5] is aimed at providing accurate predictions of physically signifi-
cant effects taking place during blowdown. The authors claim that their model allows for a
multicomponent system, non-equilibrium conditions between the gas and the liquid within the
vessel, and possibility of having separate water as well as gas and liquid phase. Also all the
heat transfer mechanisms, except for the one between the two fluids, are implemented in the
model. The numerical results obtained by the authors show a good agreement with some
experiments [5]. Speranza et al. [7] proposed a model for the simulation of the blowdown of
vessels containing two-phase hydrocarbon fluids, considering non equilibrium between phases.
The model is partially based on the description of the model by Haque e al. [5], and it takes
into account internal heat and mass transfer processes, as well as heat transfer with the vessel
wall and the external environment. The model has been validated against experimental meas-
urements. Heat exposure of process equipment during depressurization is a complex problem
area that has gained interest over the last years. VessFire has been developed for time-depend-
ent, non-linear analysis of thermo-mechanical response of process segments and process
equipment (vessels and piping) during blowdown, with or without exposure to fire [12].

The current work proposes a model for the simulation of the blowdown of vessels contain-
ing two-phase (gas-liquid) hydrocarbon fluids, considering partial phase equilibrium (PPE)
between phases. Two phases may be present either already at the beginning of the blowdown
process (for instance in gas-liquid separators) or as the liquid is formed from flashing of the
vapour due to the cooling induced by pressure decrease. In addition, the transient behaviour
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of hydrocarbon leaks from pressurized process systems during depressurization is also
included in the model providing the inputs required for risk assessments. The model is based
on a compositional approach, and it takes into account coupled effects of internal heat and
mass transfer processes, as well as heat transfer with the vessel wall and the external environ-
ment. The vapour liquid equilibria (VLE) calculations are performed using dynamic link
library (DLL) provided by the comprehensive pressure volume temperature (PVT) and phys-
ical properties package ‘Multiflash’. Numerical predictions are validated against the
experimental measurements.

2 MATHEMATICAL MODEL
The hydrocarbon mixture inside the pressure vessel is a complex mixture of various compo-
nents. At equilibrium, the gas and the liquid phases coexist inside the container. The heat
transfer into the liquid or the pressure drop causes the liquid to evaporate. Similarly, the
vapour surrounding the liquid condenses due to heat transfer or pressure increase.

When the blow down or leak occurs there is a sudden loss of pressure in the container.
Also, the loss of internal energy due to the lost mass/energy of hydrocarbon leads to sudden
drop of vessel temperature. This drop in temperature and pressure leads to vapour condensa-
tion in the vessel. Hence to simulate the hydrocarbon leak process, accurate prediction of the
phases and the composition of each phase are very important. The heat transfer process
includes the heat exchange between the wall of the container and the liquid, the wall of the
container and vapour and between the liquid and the vapour at the interphase. Figure 1 shows
an illustration of the physical processes occurring during a hydrocarbon leak from a pressur-
ized process vessel.

2.1 Partial phase equilibrium

Various existing methods for the prediction of the state of the mixture assume the mixture to
be homogeneous, that is, having a single temperature across the phases. In reality, gas being
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Figure 1: Schematic of the heat transfer process in a pressure vessel during depressurization.
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a low specific heat fluid will either cool down or heat up much faster than the liquid. Also, the
heat transfer rates for the gas and the liquid are different. These inequalities lead to significant
temperature differences for the gas and liquid phases (and hence the internal energy and den-
sity). Hence, when complete equilibrium calculations are used in leak simulations, the
compositions and the leak rates will be inaccurate.

In the PPE approach, the gas and the liquid phases are treated separately. But, as shown in
Fig. 1, the condensation of the gas and the evaporation of the liquid inside the container occur
simultaneously. The condensed gas and the evaporated liquid need to be mixed with their
respective phases when the PPE approach is used. The entire process will be quasi-static. The
gas and the liquid phases are treated separately for the heat transfer, blowdown and leak cal-
culations. The temperature of the gas and the liquid are also treated separately. This leads to
accurate heat transfer prediction between the gas to the container wall, liquid to the container
wall and gas to liquid. Also, since the compositions are treated separately for the two phases,
the leak compositions and mass flow rates are predicted accurately. The two bulk phases, gas
and liquid, produce the vapour condensate and the evaporated liquid as the daughter phases.
The two daughter phases are named as ‘condensate’ and the ‘vapour’. The daughter phases
appear only instantaneously, i.e. they merge with respective parent phases quickly. The ‘con-
densate’ which is a daughter phase from the gas, immediately merges with the liquid phase
and similarly the ‘vapour’ phase which is a daughter phase of liquid merges with the gas.
When the daughter phases merge with the parent phases, the temperature they acquire is
assumed to be that of the parent phase with which they merge. The compositions, energies
and volumes of the parent phases are thus adjusted every time-step taking into account the
merged daughter phases.

The PPE simulations involve the flash calculations to determine the state of the mixture at
every time step. The Peng Robinson or the Soave Redlich Kwong models are used as the
equations of state for the hydrocarbon mixtures. These models are widely used in the oil and
gas industry for modelling the hydrocarbon behaviour. Implementing the flash calculations
involve libraries with hydrocarbon properties, binary interaction parameters and iterative
solution procedures with stable convergence. Hence, VLE calculations are performed using
DLL provided by the comprehensive PVT and physical properties package ‘Multiflash’.
Multiflash being accurate, fast, comprising of comprehensive database of hydrocarbons and
equations of state improves the computational efficiency and accuracy of the model.

2.2 Mathematical model

The mathematical model is based on the quasi-static equilibrium assumptions or PPE. The
conservation relations of mass and energy are detailed in this section. For PPE, the tempera-
ture for the gas phase and the liquid phase are treated separately. The pressure is calculated
as a single entity. The conservation equations for the mixture are as below:
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dU
Ttl = ql - UlLeak’ (4)

where n, and n, are the number of moles of liquid and gas inside the container, Q, and Q, are
the molar flow rates of liquid and gas due to leak or blowdown, respectively, U, and U, are
the internal energies of the liquid and the gas, U, ,, and U, are the energy lost due to gas
and liquid leaks, respectively, g, and ¢, are the heat added to the gas and liquid phases due
temperature gradients, respectively. The heat transfer to the gas and liquid phases are made of
two components, one is the heat transfer with the wall of the container (g, and g,,) and the
other is the heat transfer between the gas and the liquid phases (g, ). Thus, ¢, = g, + ¢, and
4, = 4,, *+ q,,- The spatial variation of either the temperature or the compositions in the mix-
ture are not accounted in the current work, i.e. the temperature and the compositions vary
only for different phases and for a given phase they are uniform everywhere. Only the con-
duction and the convection heat transfer modes are included in the model. The radiation heat
transfer is not accounted for in the model as it has negligible effect unless the fire hazards are
considered, i.e. if a fire directly impacts the process equipment under consideration.

2.2.1 Gas blowdown/leak rate modelling

The gas leaks and the blowdown valve are modelled as converging flow passages with a given

opening diameter and the discharge coefficient (C,). The gas flow can be identified as either

critical (choked) or subcritical (non-choked) conditions. The two conditions are identified based

on the ratio of ambient pressure to the tank pressure. The gas flow rates are modelled as below.
For a subcritical flow, if

e
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Otherwise, the flow is choked or supercritical.
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where p and p, are the container pressure and the atmospheric pressure, y is the ratio of
specific heat capacities (Cp / CV) , C,, 1s the coefficient discharge for gas leaks (C,, =0.81),
p is the density of the gas, A is the cross-sectional area and Z is the compressibility factor.
The properties such as density, specific heat capacity ratio and the compressibility factor are
calculated with Multiflash software as a function of container pressure ( p) and temperature.
The cross-sectional area is the simplified circular area for a defined leak diameter.

2.2.2 Liquid leak rate modelling
The liquid flow rate from the leak is a function of the container pressure, temperature and the
liquid height. The liquid height (h) is determined from the volume fraction and the geometry
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of the tank. The tank geometry in the current study assumes flat ends on two sides. If the

container is oriented vertically, then the liquid height from the volume is calculated with
simple formula as

h=—" @®)

where V is the liquid volume and D is the container diameter. If the container is horizontally
oriented, then the height calculation will involve finding the root for

V—[rze—(r—h)\/Zrh—hz]l:O, ©)

where

G:COSI(r_hJ. (10)
r

Figure 2 demonstrates the liquid height calculation for the horizontal and vertical contain-
ers. The liquid leak rate is then given by eqn (11). The default discharge coefficient
value (C,,) used for liquid flow calculation is 0.61.

0, =C,Ap /2(&+ gh]. (11)
p
2.2.3 Heat transfer modelling

The gas and the liquid phases of the mixture interact differently with the surrounding based
on their heat transfer capacities. The different phases exchange heat with the surrounding
through the wall of the container and also among themselves through the phase interface. The
heat transfer modes during depressurization are illustrated in Fig. 1. The heat transfer modes
considered in this analysis are mainly the conduction and the convection. The radiation heat
transfer being very insignificant contributor has been neglected. If the fire hazards are to be
simulated, then the radiation heat transfer would be a dominant mode of heat exchange. The
heat capacity of the liquid phase is higher than that of the gas phase. Hence, the heating or
cooling effects alter the gas temperature faster than that of the liquid (for the same area of
heat transfer). This in turn affects the internal energy and the density of the gas. The leak rate

Figure 2: Liquid height calculations for vertical and horizontal containers.
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is a function of pressure and gas density. The pressure is calculated from the internal energy
and the specific volume of the gas. Hence, accurate calculation of gas temperature (along
with composition) is essential in determining the container pressure and leak rates at any
given time. The heat transfer between the gas, liquid and the container wall is given by

qngh A (Tgw—T), (12)

gwr T ew g
qlw :h]wAIW(]wlw_T;)’ (13)

where g, and g,, are the heat transfer rates for gas and liquid phases with the container wall,
A,, and A, are the corresponding heat transfer areas, &, and &, are the heat transfer coef-
ficients, respectively, and 7, and T}, are the film temperatures at the gas-wall and liquid-wall
interfaces, respectively. At the gas-liquid interface, the smaller heat transfer coefficient
among the gas and liquid phases is used. The heat transfer rate at the gas—liquid interface
is thus

Gy = hlgAlg (Tg -1 ) (14)

where g, is the interfacial heat transfer rate, h,, is interfacial heat transfer coefficient and A,,
is the corresponding interfacial heat transfer area between gas and liquid phases.

The heat transfer coefficients on air and fluid side (natural convection) are a function of
Raleigh, Prandtl and Grashof numbers. The heat transfer correlations used for vertical and
horizontal cylindrical vessels are given below.

Vertical vessels: Nu =0.59Pr"*Gr*® , Ra< 10° (15)
Nu =0.129Pr**Gr*¥, Ra > 10’ (16)
Horizontal vessels: Nu=0.525Pr**Gr’* , Ra< 10’ (17)
Nu =0.129Pr"*Gr** , Ra > 10° (18)

C
In the above equations Pr = pu ?” is the Prandtl number, Gr is the Grashof number given

AT p° 1 . . o
by Gr= gﬁ—zp and Ra = PrGr is the Raleigh number. The heat transfer coefficient is

then calculated as 7 = Nu— where D is the characteristic length. For a horizontal cylinder,

D is the diameter and for the vertical cylinder the same becomes its length. Also f is the
thermal expansion coefficient of the fluid, u is the viscosity and p is the density.
The conduction heat transfer equation to be solved in the differential form is given by

ar_ &7

a (19

where o = is the thermal diffusivity of the material. The above differential equation is

pC,
discretized using central differencing scheme and solved using the boundary conditions
based on heat transfer on the air and fluid sides on the vessel.
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Figure 3: Heat transfer area used in calculations: (left) heat transfer area for bulk liquid and
gas and (right) for very small liquid fractions, the thin film deposited at the bottom
of tank leads to large heat transfer rates.

While calculating the heat transfer rates, a particular area of concern is the calculation of
heat transfer area for liquid droplets. The heat transfer area for bulk liquid is the area of the
container in contact with the liquid as shown in Fig. 3. In many simulations, the container
may be filled with pressurized gas. As the pressure drops due to leak or blowdown, the
temperature drops and the liquid may start to form. If the liquid volume is too small compared
with the volume of the container, as an example when liquid is in the form of droplets, it is
difficult to know the heat transfer area. Generally for liquid, it is assumed to settle down at
the bottom of the container. With this assumption, for very small liquid quantity, it will be
spread at the tank bottom as a very thin film. Since, the specific heat for liquid is larger than
gas; suddenly a large amount of heat is transferred in to the container. This leads to spikes in
the internal energy of the system that further influences the calculations. To overcome this
problem a switch has been introduced in the model for initiating the heat transfer calculations.

Compositi Multiflash Container
on,EOS, mEEP  mflfile geometry
h \N /
Flow rates,

Leak Python- User
geometry ‘ datainput

blowdown
etc..

Partial Phase

Equilibrium
approach
Python —flash, MLTIFLASH for
heat transfer, flash
calculations calculations..
Leak rate
Output W plots

Figure 4: High level architecture of the mathematical model.
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The heat transfer to the liquid occurs only if the liquid is present for more than 1 mm height.
Otherwise, the liquid is assumed to be suspended in gas as small droplets.

2.3 Numerical implementation

The above-mentioned sections describe the mathematical equations used in various calcula-
tions. The equations for energy, flow and temperature need to be coupled and solved at every
time step. The model is developed in the Python programming language. A DLL is used to
interact with the Multiflash software in order to carry out the VLE calculations. A high level
structure of the numerical model is as shown in Fig. 4.

3 VALIDATION

The model predictions were validated against extensive available sets of experimental data in
order to test the accuracy over a wide range of operating conditions. The test results were
selected from various publications. The major publications referred for the blowdown exper-
iments in hydrocarbon containers are DAlessandro et al. [9], Speranza et al. [10] and Haque
et al. [11]. Most of the experimental cases are already compiled in the publication presented
by DAlessandro ez al. [9]. The abovementioned publications discuss the blowdown experi-
ments. There was no experimental data found for pure liquid leaks.

3.1 Experiment I1: blowdown of pure nitrogen gas

The ‘I1”° experiment considered the blowdown of pure nitrogen from the top of a vertical
vessel. Since the phase equilibrium calculations need multiple components, a small mole
fraction of methane of 0.1% is added. The experiment was originally published by Haque e?
al. [11] and was referred to by DAlessandro et al. [9]. The temperature of the tank is 290 K
and pressure 190 bara. The ambient temperature is 290 K. The diameter, height and wall
thickness is 0.273, 1.524 and 2.5 cm, respectively. The blowdown orifice diameter is 0.635
cm. The backpressure in the blowdown system is 1 atm.

The variations with the time of the pressure, bulk gas temperature and inside wall temper-
ature are shown in Fig. 5. The vessel depressurized to atmospheric pressure in approximately

predictions data d. gas . inside wall e data
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Figure 5: The variations of (a) the vessel pressure and (b) the bulk gas and inside wall
temperature with time for the Experiment I1: blowdown of pure nitrogen. The
dashed lines indicate experimental measurements, while the solid lines are the
predictions.
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100 s, and the gas rapidly cooled during this expansion. Heat is transferred between the fluid
and the wall; however, the wall temperature does not reduce nearly as much as the fluid does.
The experimental results show a range of temperatures, as there are some spatial variations in
the measured temperatures. The predicted pressure variation inside the tank, gas and inside
wall temperatures compare well with the experimental data.

3.2 Experiment S9: blowdown of a hydrocarbon mixture

In the ‘S9’ experiment, a vertical vessel was blown down from the top. These experiments
used mixtures of methane, ethane and propane (mole fractions 0.855, 0.045 and 0.1, respec-
tively). The composition contained trace amounts of higher molecular weight hydrocarbons,
in particular butane, which were not reported in the literature [1]. The experiments were
originally carried out by Haque et al. [11] and were later referred to by DAlessandro [9]. The
temperature of the tank is 303 K and pressure 120 bara. The diameter, height and wall thick-
ness of the tank is 1.13 m, 3.24 m and 5.9 cm, respectively. The blowdown orifice diameter
is 1 cm. The ambient temperature is 293 K. The back pressure in the blowdown system
is 1 atm.

Figure 6 shows the experimental measurements and model predictions that include the
time of the pressure in the vessel, the bulk gas and liquid temperatures during depressuriza-
tion. The bulk liquid temperature was not measured in this experiment. Initially, the fluid in
the vessel was only gas as shown in Fig. 7. As the blowdown proceeded, the pressure and
temperature of the gas decreased. After approximately 100 s, liquid condensate formed and
the droplets fell to the bottom of the vessel to form a pool of liquid. Droplets continued to
condense as the bulk gas temperature decreased during blowdown. As heat was transferred (it
is easier to transfer heat to liquid than to gas from the vessel wall), the initial liquid tempera-
ture was higher than that of the gas. However, as the blowdown continued, the depressurization
rate decreased and therefore the bulk gas temperature did not decrease rapidly. Eventually,
the bulk gas temperature started to increase as heat was gained from the vessel wall more
quickly than when it was lost due to expansion. Consequently, the bulk liquid temperature
became lower than the bulk gas temperature; therefore, the vessel wall had a lower tempera-
ture when in contact with the liquid. There is a very good agreement between the predicted
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Figure 6: The variations of (a) the vessel pressure and (b) the bulk gas and liquid temperatures
with time for the Experiment S09: blowdown of hydrocarbon mixture. The dashed
lines indicate experimental measurements, while the solid lines are the predictions.
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Figure 7: The predicted variations of the container gas and liquid mass with time for the
Experiment S09: blowdown of hydrocarbon mixture.

results and experimental measurements of bulk gas temperature. However, some deviations
are observed in predicted and measured bulk gas temperature in the latter part of the depres-
surization process.

3.3 Experiment S12: blowdown of a hydrocarbon mixture

In the ‘S12’° experiment, the same vertical vessel previously used in ‘S9’ experiment was
blown down from the top with different initial composition. The experimental measurements
were initially presented by Haque ez al. [11] and later referred by DAlessandro [9]. In this
case, the initial hydrocarbon mixture contains methane, ethane and propane. The composi-
tion of initial hydrocarbon mixture is 66.5% methane, 3.5% ethane and 30% propane in mole
percent. The initial temperature of the tank is 290 K and the initial pressure is 120 bara. The
ambient temperature is 293 K. The back pressure in the blowdown system is 1 atm. The
diameter, height and wall thickness of the tank is 1.13 m, 3.24 m and 5.9 cm, respectively.
The blowdown orifice diameter is 1 cm.

Figure 8 shows the experimental measurements and model predictions that include the
time of the pressure in the vessel, and the bulk gas and liquid temperatures for experiment
‘S12’. Initially, the fluid in the vessel was only gas as shown in Fig. 9. Compared to the ‘S9’
experiment, significantly more liquid condensed from the gas in the ‘S12’ experiment. This
leads to lower temperatures of the bulk liquid and gas phases inside the container. The
temperature seems to be the most sensitive parameter in these calculations. It is observed
that small variations in operating conditions or compositions lead to significant variations
in temperature. As shown in Fig. 8(b), there was very little spatial variation in the bulk
liquid temperature as there was for the bulk gas temperature. The original authors attrib-
uted this to the intense boiling in the liquid phase, which resulted in rapid mixing and
thermal equilibrium in the phase. Therefore, it is essential to include this phenomenon in
the model [1]. There is very good agreement between the predicted results and experimen-
tal measurements of bulk gas and liquid phase temperatures. However, some deviations are
observed in predicted and measured bulk gas temperature in the latter part of the depressur-
ization process.
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Figure 8: The variations of (a) the vessel pressure and (b) the bulk gas and liquid temperatures
with time for the Experiment S12: blowdown of hydrocarbon mixture. The dashed
lines indicate experimental measurements, while the solid lines are the predictions.
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Figure 9: The predicted variations of the container gas and liquid mass with time for the
Experiment S12: blowdown of hydrocarbon mixture.

4 CONCLUSIONS
The hydrocarbon leaks from process systems potentially lead to hazardous consequences
with regard to human safety, environmental pollution and valuable assets. One common
method for limiting the consequences associated with a process emergency is the rapid
depressurization or blowdown of pressurized process systems. However, the blowdown pro-
cess comes with its own challenges. There is experimental evidence that the assumption of
thermodynamic equilibrium is not appropriate, since the two phases show an independent
temperature evolution due to differences in heat transfer process. This paper presents a model
for the simulation of the blowdown of pressurized vessels containing two-phase (gas—liquid)
hydrocarbon fluids, considering non-equilibrium between phases. Two phases may be pres-
ent either already at the beginning of the blowdown process (for instance, in gas-liquid
separators) or as the liquid is formed from flashing of the vapour due to the cooling induced
by pressure decrease. In addition, the transient behaviour of hydrocarbon leaks from pressur-
ized process systems during depressurization is also included in the model providing the
inputs for risk assessments. The model is based on a compositional approach, and it takes into
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account coupled effects of internal heat and mass transfer processes, as well as heat transfer
with the vessel wall and the external environment. Numerical simulations show a generally
good agreement with experimental measurements. The model is currently being tested on
industrial cases to further investigate the importance of including thermodynamic behaviour
in the leak calculations for quantitative risk analyses. Other improvements to the model that
are under investigation are the addition of radiation effects and the inclusion of water in the
thermodynamic model.
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