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Abstract

The storage and processing of fluids in a two-phase state at pressure requires the consequences of
a failure of the vessel wall or a pipe break due to corrosion or third party interference, be considered
as part of a safety analysis. The present paper describes a mathematical model for predicting outflow
rates from top venting high-pressure vessels undergoing level swell. A key aspect of the models
development is there are no free parameters that require adjustment to predict the correct outflow
from a top venting vessel. The mathematical model is validated by comparing predicted flow pa-
rameters such as vessel pressure and mass flow rate with measurements and existing mathematical
models. The new model agrees more closely with the experimental measurements than previous
approaches over the range of experimental conditions considered. © 2002 Elsevier Science B.V.
All rights reserved.
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1. Introduction

The storage and processing of fluids in a two-phase state at pressure requires the con-
sequences of a failure of the vessel wall or a pipe break due to corrosion or third party
interference be considered, as part of a safety analysis. The present paper describes a
mathematical model for predicting outflow rates from top venting high-pressure vessels
undergoing level swell. This scenario is of interest in a number of different industries, for
example the nuclear industry where the loss of coolant from the reactor must be considered,
or the assessment of gas, oil and condensate storage and processing plant. In this context,
an outflow model provides source conditions for consequence models of fire and dispersion
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Nomenclature

Avent vent area
Aves,cros cross-sectional area of the vessel
C0 radial distribution parameter
C

open
0 radial distribution parameter for an open system

E internal energy
g gravitational constant
H enthalpy
jL liquid phase superficial velocity
jG gas phase superficial velocity
mT mass in vessel
ṁvent mass flow rate
ṁvent,G mass flow rate of a gas phase release
Nν parameter in the bubble rise velocity correlation (l)
t time co-ordinate
Ubub bubble rise velocity
UG area averaged gas phase velocity
UL area averaged liquid phase velocity
VG volume of gas
VL volume of liquid
xq stagnation vapour quality

Greek letters
η closed system multiplier function for the radial distribution parameter
νf vessel void fraction
νL kinematic viscosity of the liquid phase
ρG gas phase density
ρL liquid phase density
σ surface tension
Ω ratio of the vent area to the vessel cross-sectional area
ψ dimensionless gas phase superficial velocity
ψmax maximum dimensionless gas phase superficial velocity

Subscripts
� a gas, liquid or two-phase quantity
G a gas phase quantity
L a liquid phase quantity

Superscripts
DIERS quantity used in the DIERS methodology
open an open system parameter
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as well as providing a tool for estimating the time a vessel takes to blowdown following
emergency depressurisation.

A model for the prediction of outflow from a vessel where level swell effects are not
important has been described previously [1]. The outflow models extension to include level
swell is described and evaluated below.

When top venting occurs from a vessel in a two-phase state, there is initially all vapour
venting and the pressure drops. As the pressure falls, the liquid becomes increasingly su-
perheated and bubbles form. This may cause level swell with the two-phase fluid vapour
interface rising up the vessel. If the interface approaches within a certain critical distance of
the vent, entrainment of liquid droplets into the vent may occur. If the interface reaches the
vent, two-phase venting is likely, with the vessel pressure increasing. The rise in pressure oc-
curs as the volumetric rate of flow through the vent reduces when two-phase venting occurs,
whereas the vapour volume production from the superheated liquid is initially maintained.
The pressure reaches a maximum and ultimately the interface falls below the vent entrance
and all vapour venting prevails again. The process is illustrated schematically in Fig. 1. The
time-scale for the process depends on the vessel and vent size. For a laboratory size vessel
with a vessel height of less than 1 m the time from the onset of the depressurisation to the
pressure maximum is typically of the order of several seconds.

The model considered in this paper, similar to other models [2], assumes two-phase
venting occurs instantaneously, ignoring the initial rapid decrease and recovery in vessel
pressure, as it occurs over a short time interval and adds little to the consequence assessment.
However, other studies have investigated the initial transient phase [3,4] where bubble

Fig. 1. Typical depressurisation behaviour of a top venting vessel undergoing level swell.
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growth, level swell and droplet entrainment are considered. The models developed in [3,4]
are however not at a stage of development for general application as they include a number
of parameters that must be estimated, such as the average bubble diameter.

There are three possible ways in which the two-phase fluid–vapour interface may be-
have, governing the quality of the fluid at the vent; complete vapour–liquid disengagement,
partial vapour–liquid disengagement and no vapour–liquid disengagement. When complete
vapour–liquid disengagement occurs the vapour and liquid phases separate completely at a
plane below the vent, giving a release of vapour. Partial vapour–liquid disengagement gives
a partial separation of the vapour and liquid at the interface so that the vapour quality enter-
ing the vent is higher than that of the bulk fluid. The final possibility of no vapour–liquid
disengagement, the vapour and liquid phases are uniformly mixed and there is no separation
at the interface. The quality of the fluid entering the vent is the same as the bulk fluid in the
vessel. This is often known as the homogeneous frothing or foaming condition.

The factors influencing the behaviour of the interface are; the initial liquid height in the
vessel, the fluid composition and properties, vessel pressure, vapour production rate, vessel
flow regime and vent size.

A number of models exist for predicting the depressurisation of a top venting two-phase
vessel developed to address the needs of the nuclear industry and the chemical processing
industry. Skouloudis [2] described a number of models, comparing their basis and accuracy
for a range of vessel and vent geometries and working fluids. For example SAFIRE contains
a vessel depressurisation model developed for the DIERS group, a collaborative group of
companies with an interest in assessing overpressure due to runaway reactions in batch
processes [2]. SAFIRE has a range of vent models available requiring a user to be well
versed in outflow modelling, and any predicted outflow is likely to be dependant on the user
of the model. Another difficulty with SAFIRE is that its numerical implementation is not
robust, often failing. The numerical problems in SAFIRE have largely been overcome in an
updated model called SUPERCHEMS. Another model discussed in [2] is RELAP, a vessel
depressurisation model developed for analysing the loss of coolant in a nuclear reactor.
The working fluid in RELAP is restricted to water although JRC ISPRA have extended the
model to include other fluids.

The model described below differs from SAFIRE and RELAP as it has been developed
with a view to calculating source conditions for other consequence models, primarily for
the safety assessment of hydrocarbon storage and processing systems. The model user is
not expected to have an in-depth knowledge of how to model outflow from high-pressure
multiphase vessels. All issues relating to outflow modelling such as which type of vent model
to use, for a given set of vessel operating conditions and optimal values for parameters in the
level swell model are all part of the model rather than input by the user. This is possible as
a simple theory extending the work of Kataoka and Ishii [5], for bubble columns to vessels
has been developed and is described below.

2. Description of the model

The transient behaviour of a vessel’s contents when depressurising, treating the vessel as
a single control volume is described by equations for the conservation of mass and energy:
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dmT

dt
= −ṁvent

d(mE)T
dt

= −ṁventHα

mT = ρGVG + ρLVL

(mE)T = ρGVGEG + ρLVLEL

wheremT denotes the mass in the vessel,E is the internal energy, andρ andV are the density
and volume of a given phase. The subscripts G and L refer to gas and liquid phase quantities,
respectively. The subscript� refers to the phase of the venting fluid, which can be either in
a gas, liquid or two-phase state. No heat transfer between the vessel surroundings and its
contents via the vessel wall is considered as its influence on the mass flow rate is small in
the initial stages of discharge, when the mass flow rate is at its largest.

The system of equations is closed by assuming thermodynamic equilibrium between the
two phases. This assumption is not always valid, particularly when rapid depressurisation
occurs, but Cumber [1] showed that apart from level swell, non-equilibrium effects have a
small influence on the predicted mass flow rate.

The liquid and gas phase density are calculated using the COSTALD method [6], and the
Peng–Robinson equation of state (EOS) [6], respectively. A number of different equations of
state were evaluated as part of the outflow models development, such as the Soave version of
the Redlich Kwong EOS [6] and a generalisation of the Soave version of the Redlich Kwong
EOS for polar fluids [7], with little sensitivity of the mass flow rate to the EOS exhibited.

3. Vent models

Considering the mass loss term (mvent) a number of possible vent types and phase of
release are possible. Flow through an orifice or pipe are considered together with gas or
two-phase releases. Liquid outflow was considered in a previous paper [1]. For a gas phase
release through an orifice the mass flow rate is calculated using the isentropic ideal noz-
zle flow equations [8], with the modification that the static density is calculated by the
Peng–Robinson EOS. The use of a cubic equation of state to calculate the gas phase density
rather than the ideal equation of state, a common approach, significantly improves the vent
models accuracy for a modest increase in computer run-time [1]. In the vent models, a
discharge coefficient is included to account for non-ideal effects. The value of the discharge
coefficient used is 0.8 for gas or two-phase flow, typical of a sharp edged sudden contraction.

Gas outflow from a pipe is calculated by assuming the flow of gas from the vessel to
the pipe entrance as isentropic and the flow of gas along the pipe to be isenthalpic with
frictional effects included. The fanning friction factor is a function of wall roughness and
Reynolds number [9].

To calculate the mass flow rate for a two-phase fluid through an orifice, the homogeneous
equilibrium model is used. The two-phase mixture is treated as a single fluid with the two
phases taken to be in equilibrium with equal velocities and temperatures. Two-phase flow
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through a pipe is calculated by solving an equation for the conservation of momentum under
the homogeneous equilibrium assumption for two-phase flow [9].

4. Level swell model

The final aspect of predicting vessel depressurisation of a two-phase vessel is the level
swell model. The level swell model does not take into account the time taken for the
swell height to reach its maximum extent and assumes two-phase venting occurs instan-
taneously. This gives conservative predictions of outflow early in the vessel depressuri-
sation event. The basis for estimating level swell is a drift flux model [10]. The level
swell model will be discussed for a churn turbulent flow regime, but is also applicable
with minor modifications to the bubbly flow regime. The level swell model described
below follows the DIERS methodology [9], with a number of improvements developed
recently.

The superficial velocity of the liquid and gas phases are

jL = UL(1 − νf ), jG = UGνf

whereUL andUG are the area averaged liquid and gas phase velocities in the vessel andνf
is the vessel void fraction. Using the drift flux model, the superficial velocities of the liquid
and gas phases can be related to the bubble rise velocity:

νfUbub = (1 − C0νf )jG − C0νf jL

whereUbub is the bubble rise velocity andC0 is a radial distribution parameter:

C0 = 〈νf (jL + jG)〉
〈νf 〉〈jL + jG〉

where the angled brackets indicate quantities averaged over the cross-sectional area of the
vessel. The radial distribution parameter is introduced into the analysis to take into account
the non-uniform distribution of bubble formation in the vessel liquid space. The parameter
valueC0 = 1 defines a uniform void distribution. The bubble rise velocity correlation
implemented is

Ubub =




0.03

[
σg(ρL − ρG)

ρ2
L

]0.25[
ρG

ρL

]−0.157

N−0.562
ν , Nν ≤ 0.00225

0.92

[
σg(ρL − ρG)

ρ2
L

]0.25[
ρG

ρL

]−0.157

, 0.00225< Nν ≤ 0.1

(1)

Nν = νLρL√
ρLσ

√
σ/g(ρL − ρG)
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whereσ is the surface tension andνL is the liquid phase kinematic viscosity. Wehmeir et al.
[11] showed that this formulation was a significant improvement over the equation:

UDIERS
bub = 1.53

[
σg(ρL − ρG)

ρ2
L

]0.25

(2)

for correlating the gas phase mass flux in bubble columns. The DIERS superscript in Eq. (2)
is introduced to indicate that this is the bubble rise velocity implemented in the DIERS
methodology [9]. Continuity of the flow at the vent during two-phase venting in a vessel
and the drift flux model gives the equation:

jG = Ububνf

1 − C0νf [1 + (1 − xq/xq)(ρG/ρL)]
(3)

wherexq is the stagnation vapour quality. The vapour mass flow rate entering the vent also
satisfies the equation:

jG = xqṁvent

ρGAves,cros
(4)

whereAves,crosis the cross-sectional area of the vessel. Combining Eq. (3) with Eq. (4) gives
an equation coupling the vessel and vent conditions. The coupling equation can be solved
iteratively to give the stagnation quality at the vent entrance. The above analysis is for a
vessel with a constant cross-section. Recently, Sheppard [12], has extended the analysis to
level swell in spheres and horizontal cylinders, although the correlations derived are similar
to those found in [9] for a vertical cylinder.

The next modelling issue addressed is the vessel and vent conditions for which two-phase
venting occurs. It is convenient to define the dimensionless superficial gas velocity:

ψ = jG

Ubub

In the DIERS methodology, for churn turbulent flow, the boundary between gas phase and
two-phase venting is given by the correlation:

ψDIERS(νf ) = 2νf

1 − C0νf
(5)

Sheppard and Morris [13], derived an exact form for the relationship between the dimen-
sionless superficial gas velocity and vessel void fraction in the implicit form:

νf = 1 + ψ(1 − C0)
2

ln[1 + (C0 − 1)ψ ] − C0(C0 − 1)ψ
(6)

by formulating and solving an energy balance for a differential slice in a vessel. Eq. (6) is
implemented in the level swell model, rather than the DIERS correlation (5).

The maximum dimensionless superficial gas velocity (ψmax) occurs for all gas venting,
and the predicted vent phase is determined by the condition:

ψ(νf ) < ψmax ⇒ two phase venting, ψ(νf ) ≥ ψmax ⇒ gas phase venting
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In the DIERS methodology, the maximum dimensionless superficial gas velocity also gives
an indication of the most likely flow regime:

ψmax ≤ 0.2 bubbly flow regime, 0.2< ψmax ≤ 20 churn turbulent flow regime,

20< ψmaxhomogeneous flow regime

However, it should be noted that this is not appropriate where small concentrations of
foaming agents have been introduced to the vessel.

The above analysis is a brief description of the level swell model. More details can be
found in [8–12].

To close the model the radial distribution parameterC0 remains to be specified. In some
previous vessel depressurisation studiesC0 was treated as a free parameter adjusted for
each scenario considered to gain agreement with measured flow parameters, but with little
or no generality [7]. Kataoka and Ishii [5], proposed the functional form:

C
open
0 = 1.2 − 0.2

√
ρG

ρL
(7)

for open round bubble columns, however this tends to under predict the radial distribution
parameter for gas phase to liquid phase density ratios of less than 0.01. In this paper, the
following power law correlation is proposed:

C
open
0 =

(
ρG

ρL

)−0.05

(8)

Fig. 2 shows the measured radial distribution parameter for open round bubble columns.
Kataoka and Ishii [5] and the proposed power law fit (8), are also shown. The two correlations
are similar for density ratios above 0.1. For density ratios below 0.1 the power law correlation
differs from Kataoka and Ishii’s correlation and is a better fit to the experimental data.

To derive the radial distribution parameter for a top venting vessel undergoing level
swell, an extension of the open system correlation is proposed. A vessel differs from an
open system when the liquid level is sufficiently high as the pressure field is distorted by the
outflow at the vent, which in turn influences the bubble distribution. The radial distribution
parameter for a closed system is postulated to have the form:

C0 = C
open
0 η(νf ,Ω), Ω = Avent

Aves,cros
(9)

whereη is a closed system multiplier function. The functional form forη has the theoretical
limits:

νf → 1 ⇒ η → 1, Ω → 1 ⇒ η → 1

For top venting two-phase vessels:

Ω 
 1

Therefore, as there is limited data available it is assumed, that theΩ dependency can
be ignored. Using experimental data for top venting two-phase vessels taken from the
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Fig. 2. Radial distribution parameter for round bubble columns.

open literature [2,9,11] to calibrate Eq. (9), an expression for the closed system multiplier
function,η can be derived. The simplest functional form for the closed system multiplier
function is

η = max{1, A− Bνf } (10)

where it is assumed that for

A− 1

B
≤ νf

the top venting vessel with respect to level swell behaves like an open system. Calibrating
the above functional form (10), with the open literature data gives the expression:

η = max{1,2.6 − 8.4νf } (11)

Fig. 3 shows the goodness of fit for the function,η with the experimental data. There is
some scatter in the experimental data, but no more than that used in the open system bubble
column data. In Fig. 3 some of the data points violate the theoretical lower bound of unity
for the closed system multiplier function, and these should be viewed as a comment on
the goodness of fit of the open system correlation. The points labelled as “measured” in
Fig. 3 represent the best fit of the outflow model to the measured data achieved by adjusting
the radial distribution parameter. Implicit in the scatter in the data are the experimental
errors, but more significantly any shortcomings of the two-phase vent model. This issue is
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Fig. 3. Closed system multiplier function for the radial distribution parameter, Eq. (11).

considered further below. The experimental data used to calibrateη has a range of initial
pressures up to 11 bar, vessels with a maximum volume of 2300 l and a range of fill levels,
from 70 to 98% of the vessel volume.

5. Model evaluation

Implicit in the calibration of the closed system multiplier function,η is the two-phase vent
model implemented. The gas phase vent model implemented is well accepted, whereas for
two-phase venting the situation is less clear, with many different two-phase venting models
in the open literature. Fig. 4 shows some of the validation study used to demonstrate that
the homogeneous equilibrium model is sufficiently accurate for hydrocarbon systems. The
sources for the measured mass flow rates are [14,15]. The flow conditions range from
liquefied natural gas to mixtures of hydrocarbons including propane, butane and heptane,
and stagnation pressures of up to 100 bar.

It should be noted that the majority of the data in Fig. 4 is for mass flow rates through
orifice plates. The good agreement between the homogeneous equilibrium model and mea-
sured mass flow rates for the flow of hydrocarbon mixtures through orifice plates, verified
independently by Hewit et al. [14] is unexpected based on studies with other fluids [16].
Danby [16], showed that for water–air systems and steam–water systems, the homogeneous
equilibrium model was accurate for vents with lengths of 150 mm or more, but for shorter
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Fig. 4. Validation of the homogeneous equilibrium two-phase vent model for hydrocarbon systems.

vents tended to under predict the measured mass flow rate. This issue is ongoing and further
research is required to understand why the homogeneous equilibrium model works so well
for hydrocarbons flowing through short vents.

When considering top venting of a high pressure two-phase vessel, the first concern is
whether two-phase venting occurs or not. Fig. 5 shows the transition from two-phase to gas
phase venting for a vessel filled with refrigerant R12 at a pressure of 10 bar. Thex-axis is
the vent area relative to the cross-sectional area of the vessel and they-axis is the initial
liquid fill level expressed as a percentage of the total vessel volume. The measurements are
taken from Wehmeir et al. [11]. An open circle in the figure indicates gas phase outflow and
a full circle indicates two-phase outflow during the early stages of vessel depressurisation.
Three predictions of the outflow phase transition boundary are shown in the figure. One
of the curves is calculated using the criteria derived by Wehmeir et al. [11], based on a
comparison of the bubble rise velocity and the velocity of the liquid–gas interface. This
gives an equation for the two-phase vapour venting transition line of the form:

νf = ṁvent,G

2AventUbubC0Ω + C0ṁvent,G
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Fig. 5. Outflow from a vessel venting refrigerant R12 and the predicted two-phase vapour transition boundary.

where the radial distribution parameter is given by Kataoka and Ishii’s correlation (7) and
the bubble rise velocity is given by Eq. (1). The second phase transition line in Fig. 5 is
calculated with the radial distribution parameter set to 1.5 and the bubble rise velocity given
by Eq. (2). Zuber and Findlay [17], proposed the bubble rise correlation (2) and a value of
1.5 for the radial distribution parameter was proposed by Grolmes [18]. This combination of
bubble rise velocity correlation and radial distribution parameter was used in Skouloudis’s
benchmarking studies of the SAFIRE model [2]. The final curve in Fig. 5 is calculated using
the radial distribution parameter given by the correlation (9) and Eq. (1) for the bubble rise
velocity, the equations used in the model proposed in this paper. For convenience the three
lines are labelled using the first name of the references cited, as the Wehmeir, Zuber and
Cumber curve, respectively. The Wehmeir curve tends to be conservative with respect to
predicting the onset of two-phase venting. The model was formulated with this property as
its application is vent sizing. The Zuber curve is not conservative, particularly for large vent
areas. For example it predicts gas phase outflow for an initial fill level of 43% for a relative
vent area of 0.01, whereas an experiment with an initial fill level of 37% gave two-phase
venting. The Cumber curve is the most accurate of the three curves, correctly separating
the experimental data into gas outflow and two-phase outflow except for two data points.

A typical experiment used in the calibration of the radial distribution parameter for
vessels, is a saturated water vessel depressurisation [2]. The vessel volume was 50 l, filled
with saturated water at an initial pressure of 2.5 bar and a void fraction of 0.02. The vent
was a 20 mm diameter pipe of length 1.8 m. Fig. 6 shows the measured and predicted vessel
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Fig. 6. Transient release of saturated water.

pressure; mass flow rate and the static exit quality. For each flow quantity two predictions
are shown. The full line is a prediction calculated by the model described in this paper,
for convenience labelled as the Cumber model. The dotted line is a prediction calculated
using the bubble rise velocity (2) and a value of 1.5 for the radial distribution parameter,
for convenience labelled as the Zuber model. The Cumber model predictions are in closer
agreement with the measured flow parameters than the Zuber model. The Cumber model
prediction of the final void fraction in the vessel is 0.2 compared to a measured value of 0.22
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and the Zuber model prediction of 0.33. This is encouraging but not altogether compelling
evidence of the accuracy of the Cumber model as this experiment was used in the calibration
of the radial distribution parameter for closed systems.

The final two experiments used to evaluate the proposed vessel depressurisation model
are interesting because they have not been used in the model calibration and are a good test
of the model’s accuracy given the scarcity of experimental data. Fig. 7 shows the measured
and predicted vessel pressure, mass flow rate and static exit quality for a vessel filled with

Fig. 7. Transient release of methanol.
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saturated methanol at an initial pressure of 11.2 bar, and an initial fill level of 95%. The vent
was an orifice with a diameter of 30 mm [19]. In this experiment the vessel had a volume
of 105 l and discharged into a catch tank. When predicting the vessel depressurisation, the
catch tank was modelled by adjusting the backpressure in the vessel depressurisation model
to be the same as the measured pressure in the catch tank. The level of agreement between
the Cumber model predictions and the measurements is similar to the saturated water vessel
depressurisation experiment considered earlier. The Cumber model prediction of mass flow
rate over predicts the measured mass flow rate although it is in much closer agreement than
the Zuber model prediction.

The final experiment used to assess the Cumber model is a vessel filled with freon, with
an initial pressure of 7 bar and an initial fill level of 85% [2]. The vent line was a pipe with a
diameter of 19 mm and a length of 1.5, 0.7 m from the exit of the vessel an orifice plate with
a diameter of 15 mm was located. In the simulations of the experiment, the vent is modelled
as a 15 mm orifice. This simplification would tend to overestimate the mass flow rate, as the
frictional losses of the pipe are not included, although this would have a second order effect
on the mass flow rate as the orifice area was approximately 60% of the pipe cross-sectional
area. Fig. 8 shows the measured and predicted vessel pressure; mass flow rate, static exit
quality and vessel void fraction. The predictions calculated by the Cumber model and the
Zuber model are similar with the Cumber model being marginally closer to the measured
mass flow rate and static exit quality. The vessel pressure and the static exit quality are
well predicted yet both models over predict the mass flow rate. The predicted vessel void

Fig. 8. Transient release of freon.
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fraction of the two models are consistent with the predicted mass flow rates in that the
two predictions are similar and tend to over predict the measured vessel void fraction. The
Cumber model prediction of vessel void fraction is in marginally better agreement with the
measurements than the Zuber model prediction. A contribution to the over prediction of the
mass flow rate is the approximation of the vent line as an orifice, but it is unlikely that this
is the only factor. Skouloudis [2] noted that the accurate prediction of the vessel pressure is
no guarantee that other flow properties are also accurately predicted.

6. Conclusion

In this paper a mathematical model for predicting outflow for a top venting vessel under-
going level swell was described. A key aspect of the model’s development was that there be
no free parameters requiring adjustment by a safety engineer, with little detailed knowledge
of the high-pressure system being considered. The model includes a simple extension of the
radial distribution parameter for round open bubble columns to vessels. The mathematical
model has been validated by comparing predicted flow parameters such as vessel pressure
and mass flow rate with measurements and existing mathematical models. The new model
agrees more closely with the experimental measurements than previous approaches over
the range of experimental conditions considered.

Even though the new model shows good agreement with the experiments considered it
should be used cautiously for conditions outside the range of the validation study. It is likely
that the radial distribution parameter calibration is compensating for weaknesses in other
components of the model reducing its generality. The next step in the model development
would be a detailed experimental or computational study such that the bubble distribution
could be calculated directly, and thereby allow a more credible calibration of the radial
distribution parameter. Further work is also required to extend the model’s validation, as
more accurate experimental data becomes available.
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