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Abstract

This paper presents the state-of-the-art in the field of hazardous dispersion with special
attention to two-phase jet conditions. After recalling the specificity of two-phase jet dispersion, the
uncertain features of the integral and multidimensional models are discussed and specific
suggestions for improvement are proposed. The boundary conditions corresponding to the rapid
flow change just downstream of the orifice due to flashing, gas expansion and droplet formation
are also considered. The lack of adequate two-phase jet dispersion data and the resulting poor
validation of the models are particularly pointed out. q 1998 Elsevier Science B.V.
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1. Introduction

After the extremely serious accidents which happened in the chemical, petrochemical
and petroleum industry in the last 3 decades, the safety authorities have to reconsider the
procedures and the models dedicated to the assessment of potential hazards. In particu-
lar, one may have to determine the impact on the environment of an accidental release of
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toxic or flammable chemicals. Many releases to be considered involve high-momentum
two-phase discharges. This may occur from emergency venting of vessels due to fire
exposure or runaway reaction, or from accidental breaches in vessels, pipes or sealings.
In the case of storage of pressurized liquefied gas, venting induces flashing of the
superheated liquid; in the case of thermal runaway reactions, gassy reaction products can
be released with the liquid phase. Releases involving two-phase flow exhibit specific
characteristics which can significantly influence the dispersion process. The rather recent
realization of the importance of these effects has led to the development of two-phase
dispersion models. A comparative review of these models is proposed here. To clarify
the situation under study and to introduce basic definitions, a description of the
phenomena taking place in the dispersion process is first recalled.

2. Dispersion process

Although some of the considered models may also handle other situations, we focus
here on high-momentum atmospheric releases of a liquefied gas or two-phase fluids
through a break or a pressure relief system. The release is supposed to originate from a
relatively small hole so that continuous, i.e. quasi-steady, conditions at the outlet can be
assumed. The cloud is defined as the smallest control volume containing the contami-
nant. In its first stage, where its initial momentum dominates, the cloud will also be
referred to as jet. In most cases involving two-phase releases, the flow is choked at the
exit and an external depressurization zone, where the pressure decreases down to the
atmospheric pressure, is formed. When the exiting liquid is sufficiently superheated with

Žrespect to ambient conditions, it is atomized by violent vaporization flashing atomiza-
.tion . Otherwise, the liquid or two-phase mixture is disintegrated due to liquid surface

Ž .instabilities aerodynamic atomization . Downstream from this region, air entrainment at
the perimeter of the cloud becomes important, which causes it to further widen. At least
for some distance, the cloud may be dense, i.e. heavier than air, as a result of high

Ž . Žmolecular weight e.g. chlorine or low temperature and airborne droplets e.g. evaporat-
. w xing ammonia 1 .

The dispersion of the contaminant in the atmosphere can be described in terms of
cloud trajectory and dilution. From an integral point of view, the trajectory is given by
a momentum balance on the cloud; the main effects involved are cross-wind, gravity and
friction on the ground after touchdown. The dilution is controlled by the rate of air
entrained in the cloud. Near the outlet, this is governed by the turbulence generated by
the jet itself; it is then controlled by atmospheric turbulence when the jet velocity has
decreased close to that of the ambient wind. Moreover, the interaction with a cross-wind
induces an enhancement of the entrainment rate. In the case of dense clouds, gravity
may also have an effect on air entrainment, related to gravity-induced turbulence as well
as suppression of atmospheric turbulence due to stable stratification. In the following,
the region of passive dispersion due to atmospheric turbulence only is referred to as the
far-field and the upstream region as the near-field.

The dispersion process may be significantly affected by the presence of an aerosol
phase. First, two-phase releases can lead to much higher discharge mass flow rates than
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w xsingle-phase gas releases 2 and, thus, increase the hazard zone distance. Moreover, the
jet density may be significantly higher. It can firstly be increased by the mere presence
of the liquid phase. However, this is only significant very close to the outlet, where the
liquid mass fraction averaged over the jet cross-section is not negligibly small. The
aerosol effect on jet density is mainly due to phase change phenomena. When the liquid
contaminant evaporates, the jet may significantly cool down and, thus, increase in
density. A gas which has a smaller molecular weight than air like ammonia can then
behave as a heavy gas. The cooling process may also lead to the condensation of the
entrained humidity. If the contaminant is hygroscopic, this can lead to its persistence to
significantly larger distances from the outlet. The formation of the aqueous aerosol will

w xcause the mixture to warm up more rapidly and have less density 3 . Furthermore, a part
of the liquid may not remain airborne in the jet and fall to the ground where an
evaporating pool could build up; such a pool may also be formed from the jet
impingement on a surface. This so-called rainout could induce a drastic reduction of the
downstream contaminant concentration but increases the danger close to the source as
well as the duration of the dispersion. Besides, it may lead to soil contamination.
Finally, the presence of the aerosol also affects the turbulent structure of the jet and,

Ž .therefore, the air entrainment, the direction of influence enhancement or suppression
depending on the particle size.

3. Two-phase dispersion models

The dispersion models which take into account the presence of an aerosol phase have
Ž .appeared only recently in the last decade in the literature. They are either integral or

multidimensional models. Integral models are obtained by integrating the balance
equations for mass, momentum, energy and species over the cloud cross-section. The
lateral variations of the local variables, such as velocity, concentration and temperature,
can be obtained by introducing lateral profiles in the integrated balance equations. If

Ž .these profiles are flat ‘top-hat’ profiles , the model reduces to the so-called ‘box’
model. Nonuniform profiles, which are supposed to be geometrically similar after a zone
of flow establishment, can also be adopted. In multidimensional models, the local
time-averaged equations of mass, momentum, energy and species are locally solved in
the whole space. Unlike the integral models where turbulent diffusion is implicitly given
through the profile shape function, closure must be provided for turbulent stresses.

Because of the high variety of possible situations to be considered in hazard
assessment, but which cannot or have not been covered by experiments, the dispersion
models are often extrapolated beyond the range where they have been validated. The
need for physically-based models is, therefore, very important to increase the reliability
of this extrapolation. Moreover, due to the frequent need to study a large number of
scenarios, a compromise between model detail and computing timercost is often

Ž .required. These conditions are best fulfilled by one-dimensional integral or box
models, which can be in most cases helpful. However, in some situations associated with
obstructed terrain, multidimensional models could be recommended, as it is shown, e.g.,

w xby Wurtz et al. 4 . They are however complex, costly to run and often faced with¨
numerical difficulties, and require a high degree of expertise.
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In the following description, every necessary jet property at the outlet, such as the
mass flow rate, is supposed to be known. However, within a short distance just
downstream from the outlet, the flow can experience drastic changes which must be
considered for subsequent dispersion calculations. The physical phenomena taking place

Ž . Ž .in this region comprise i flashing if the liquid is sufficiently superheated, ii gas
Ž .expansion when the flow is choked and iii liquid fragmentation. The corresponding

quantities to be determined as initial conditions for subsequent dispersion are the flash
fraction, the jet mean temperature, velocity and diameter, and the drop size. Due to its
relatively short length, a global and simplified modelling approach is normally adopted
in this region, also in the case of multidimensional models. Therefore, these initial
conditions are first described, followed by the description of the integral and multidi-
mensional dispersion models.

3.1. Initial conditions

3.1.1. Flashing
ŽFlashing occurs when the liquid is sufficiently superheated at the outlet with respect

.to atmospheric conditions and corresponds to the violent boiling of the jet. The vapour
quality after flashing, or flash fraction, is most often determined in the models by
assuming isenthalpic depressurization of the mixture between the outlet and the plane
downstream over which thermodynamic equilibrium at ambient pressure is attained, i.e.,
any transfer with the surroundings as well as the kinetic energy change are neglected;
the temperature reached is the saturation temperature at atmospheric conditions. It
should be noted that this calculation is applied in the models as soon as the liquid is
superheated.

In this approach, the neglect of the kinetic energy change seems to be justified due to
w xthe large contribution of the heat of vaporization in the energy equation 3 . However, a

more general expression, where this assumption is relaxed, is recommended by Britter
w x5,6 . Adiabatic and frictionless conditions as well as the absence of air entrainment are
reasonable approximations provided that the distance up to the point where thermody-
namic equilibrium at atmospheric pressure is reached, is short enough. Atmospheric
pressure is in general attained after a flow length of about two orifice diameters and the
flashing phenomenon is observed to occur very fast so that these assumptions should be
met in practice. When the liquid is not sufficiently superheated for flashing atomization
to occur, the flow path before thermodynamic equilibrium is restored, could be greater.
However, the degree of non-equilibrium being low in this case, the above assumptions
should still be acceptable.

3.1.2. Expansion
When the flow is choked at the outlet, the gas phase expands to ambient pressure

within a downstream distance of about two orifice diameters. This causes a strong
acceleration of the two-phase mixture and usually an increase of the jet diameter. In the
models, the velocity and diameter of the jet at the end of the expansion zone are given
by the momentum and mass balance, respectively, integrated over a control volume
extending from the outlet to the plane where atmospheric pressure is first reached. It is
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assumed that no air is entrained in this region. An alternative model based on isentropic
w xexpansion has been proposed by Woodward 7 . This led to substantially different

results.
This control volume approach, which cannot provide the variations within the

expansion zone, appears to be suitable in view of its short length. The absence of air
entrainment is also justified by the strong lateral expansion. Because of the lack of
experimental data, the alternative predictions obtained by using the model of Woodward
could not yet be validated. Finally, it should be noted that the flow speed can be
increased by a factor as high as 10 in this region, which has important consequences on

w xthe downstream dispersion 3 .

3.1.3. Drop size
The models incorporating fluiddynamic and thermodynamic non-equilibrium phe-

nomena, like rainout or droplet evaporation, require submodels for the determination of
the initial drop size. There are basically two main mechanisms for atomization: flashing
and aerodynamic atomization. With flashing atomization, the fragmentation results from
the violent boiling and bursting of bubbles in the superheated liquid, whereas aerody-
namic atomization is the result of instabilities at the liquid surface. Most authors do not
use any specific criterion to determine which mechanism dominates and deliberately

w xselect one of them. Nevertheless, Ianello et al. 8 use a mechanistic criterion based on a
critical superheat corresponding to the activation of a nucleation site. It requires,
however, the specification of a characteristic nucleation site radius for which reliable

w xpredictive relations are not available. Woodward and Papadourakis 9,10 consider that
the actual regime is the one which predicts the smallest maximum stable drop size. A
comparison of these criteria with available empirical relations relying on experiments

w xwith low velocity jets 11–13 could be fruitful. In any case, more studies on this
transition region where both fragmentation regimes may play a role are clearly needed.

In the case of aerodynamic fragmentation, the maximum stable drop size is usually
given by a critical Weber number, which represents the ratio of inertia over surface
tension forces:

We sDU 2r d rs , 1Ž .max g max

Ž .where s is the static surface tension of the liquid, r the gas density, d theg max

maximum stable droplet diameter and DU the mean relative velocity between both
phases. In the models, DU is calculated as the jet mean absolute velocity at the end of
the expansion zone in the case of choked flow conditions and the subcritical outlet
velocity otherwise. This implies that interfacial stress occurs at contact with the
surrounding still air, which is justified in the case of a single-phase liquid jet. However,
if a two-phase choked flow were to occur at the outlet, the fragmentation will be induced
by the shear stress between the liquid and the accelerating released gas and, thus, a more
appropriate relative velocity should be based on the difference between the jet velocity

Ž .at the end of the expansion zone representative of the gas velocity and the exit velocity
Ž .representative of the liquid velocity .

w xMoreover, the number We is taken equal to 12, 20 and 25 by Ianello et al. 8 ,max
w x w xWheatley 14 and Woodward et al. 15 , respectively. Default values ranging between



( )P. Bricard, L. FriedelrJournal of Hazardous Materials 59 1998 287–310292

Ž .17 and 44, with a possible dependence on stagnation pressure or exit velocity , have
w xbeen tested by Muralidhar et al. 16 ; their best prediction for the liquid capture on the

ground was obtained with the value of We depending on pressure. According tomax
w xKolev 17 , the experimental observations provide maximum Weber values between 5

and 20 for low-viscosity liquids, with the most commonly used value being 12. Ianello
et al. adopt this value but considered the corresponding droplet diameter as the mean
value and not the maximum stable one. The value of 20 adopted by Wheatley can be
deduced from a balance on the drop between drag and surface tension forces with a drag

w x w xcoefficient of 0.4 17 , which is an acceptable approximation for a rigid sphere 18 in
Ž 5.the turbulent regime Re sDUd rm between 500 and 2=10 as long as thep max g

relative velocity is small enough compared to the speed of sound. This is, according to
w xKolev 17 , an upper limit for the maximum stable droplet diameter d since in realitymax

the particle is deformed and experiences a higher drag during the fragmentation process.
The value of 25 is proposed by Woodward and Papadourakis by reference to the work of

w xBrown and York 11 . However, this value was actually not proposed by Brown and
York for the drop size but for the jet to distinguish between two regions for the
necessary superheat for flashing; it is therefore, not justified here. In Muralidhar et al.’s
model the relatively high values of We as well as its dependence on the exit velocitymax

may be due to incompleteness in other parts of the global model. In any case, the need
for checking these criteria against drop size data is evident. Although obtained for

Ž . Ž .relatively small orifices f1 mm and high pressures )50 bar , correlations devised
w xfor the analysis of diesel-type injectors 19 could serve this purpose. In particular, the

w xcorrelation proposed by Elkotb 20 shows a dependence on the reciprocal value of the
exit velocity in agreement with a modified Weber number formula used by Muralidhar
et al. Besides, it should be noted that the drop size predicted by Rayleigh’s formula in
the case of very low jet speed is additionally used in some of the above models; it does
not apply, however, to the high initial momentum jet conditions we consider in this
study.

w xFor the flashing atomization, Ianello et al. 8 propose a mechanistic model based on
a Weber number where the characteristic relative velocity DU is composed of two
components, in the axial and radial direction, respectively. The axial component is due
to the vapour acceleration in the expansion zone; the relative velocity is taken as the
difference between the jet velocities at the end and at the beginning of this zone. The
radial component comes from the momentum transfer caused by the rapidly growing
bubbles; it is given by the maximum bubble expansion velocity as deduced from Forster

w x w xand Zuber 21 . On the other hand, Woodward and Papadourakis 10 have established a
correlation for the maximum stable diameter to match rainout experimental data. As
indicated by the authors, this relation may not necessarily agree with values measured
independently because of incompleteness in some other parts of the dispersion model.
Among the relations they considered, the one depending on a so-called ‘partial
expansion energy’, which is a measure of the superheat, gave the best results. Moreover,
some authors adopt constant default values for the drop size based on experimental

w xresults. They usually range between 10 and 100 mm 22–24 . The predictions of the
above proposed expressions should be checked against drop size data in flashing flow.

w xThe data recently obtained by Hervieu and Veneau 25 for flashing propane could
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contribute to the validation of these submodels. Moreover, it should be noted that if
Ž .flashing occurs upstream from the orifice e.g. in a long pipe , the different flow regimes

at the exit could lead to specific fragmentation processes, as shown by the drop size data
obtained for the aerodynamic fragmentation of a dispersed-annular flow regime by

w xLemonnier and Camelo-Cavalcanti 26 .
Regarding the assumed drop size distribution, every model considers a unique

w xequivalent size except Ianello et al. 8 who adopt a log-normal distribution and Pereira
w xand Chen 24 who use two size classes. The assumption of one-size droplets is

obviously contrary to observations but simplifies the matter. A sensitivity analysis
regarding this assumption should, however, be performed. The log-normal distribution

w xproposed by Ianello et al. is based on the results of Bettis et al. 27 for instantaneous
w xflashing releases. The root-normal distribution recommended by Faeth et al. 28 for

aerodynamic atomization should also be considered.
w x w xFinally, Kukkonen et al. 29 and Nikmo et al. 30 have shown that, due to

compensating effects, the droplet evaporation rate does not strongly depend on the initial
drop size below 100 mm. This has been confirmed by the sensitivity analysis performed

w xby Pattison et al. 22 with their model. On the other hand, the results of Muralidhar et
w xal.’s model 16 show that the rainout fraction is very sensitive to the initial drop size.

3.2. Integral models

Integral models can either deal with both the near-field and far-field or consider the
near-field only. In the latter case, they are regarded as source term for a far-field
dispersion model. However, they are similar in principle and are, therefore, described
together in the following. The dispersion models including two-phase flow that we have

w x w x w xconsidered are the ones of Wheatley 14 , Ianello et al. 8 , Epstein et al. 31 ,
w x w x w xWoodward et al. 9,15 , Tickle et al. 32,33 , Morud and Selmer-Olsen 34 , Muralidhar

w x w xet al. 16 , Pattison et al. 22,35 . The situations which each model can handle are
summarized in Table 1. It should be noted that these application limits are most often
rather easy to extend and reflect more the stage of development of the model or its
specific goals rather than inherent limitations. Some of these models can handle
ground-level clouds, i.e., clouds in contact with the ground. In the following, the special
features corresponding to this case are ignored and the review is restricted to elevated
jets.

The models are all based on the balance equations for mass, momentum, energy and
species, integrated over the jet cross-section; they mainly differ by the adopted closure
relations. A common frame based on the mixture balance equations is first proposed to
enable a comparison between the models. Then, the closure relations, or submodels, are
described.

3.2.1. Balance equations
Ž .In the following, we assume that the cloud or jet centreline remains in the

Žwind–gravity plane. Let s be the curvilinear coordinate of the cloud centreline, x, y,
.z its cartesian coordinates such that wind and gravity are oriented along the x and z
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Table 1
Characteristics of the two-phase dispersion models

Model Fluids Continuous Instantaneous Cross-flow Elevated jet Ground-level Initial Dense cloud Atmospheric
release release cloud momentum dispersion

Wheatley NH q y y q y q y y3

Ianello et al. Liquefied gas q y y q y q y y
Epstein et al. Liquefied gas q y y q q q q q
Woodward et al. Liquefied gas q q q q q q q q
Tickle et al. Liquefied gas q y q q y q q q
Morud and Selmer-Olsen Propaneqinert gas q y q q q q q q
Muralidhar et al. HFqadditives q y q q y q q q
Pattison et al. Liquefied gas q q q q q q q q
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Ž w x.Fig. 1. Characteristics of a cloud dispersion adapted from Ref. 31 .

Ž .directions, respectively Fig. 1 , and u the angle between the jet centreline and the
horizontal axis such that:

d xrd sscos u ; d zrd sssin u . 2Ž .
With A being the cloud cross-section area, r, u and h, the mixture density, velocity

Žand specific enthalpy, respectively, and c the contaminant mass concentration in
3. Ž .kgrm in the cloud, the balance equations for continuous steady-state release can then

be written as:

d
Mixture mass balance: ru d AsE, 3Ž .H

d s A

d
Contaminant mass balance: cu d As0, 4Ž .H

d s A

d
Mixture enthalpy balance: ruh d AsEh , 5Ž .H ad s A

d
2Mixture xymomentum balance: ru cos u d AsEu qF , 6Ž .H a xd s A

d
2Mixture zymomentum balance: ru sin u d AsF , 7Ž .H zd s A

where E is the so-called entrainment function representing the rate of air entering the
cloud; u and h are the velocity and the specific enthalpy of the ambient air,a a

respectively; F and F are the forces which act on the jet in the horizontal and verticalx z

direction, respectively. For ground-level clouds, additional transfer terms with the
Ž . Ž .ground could be introduced in Eqs. 5 and 6 . It should be noted that Ianello et al. use

rather a control volume approach by integrating these equations between the origin and
the current position of the jet; the closure relations do not, however, basically differ.
Moreover, Pattison et al. additionally consider a momentum balance equation in the y
direction to describe releases which are not in the windrgravity plane. Furthermore, to
take into account thermodynamic non-equilibrium effects, the enthalpy balance equation
is separately written for the liquid and gas phase by Woodward et al., Muralidhar et al.
and Pattison et al.; interfacial mass and heat transfer terms are then introduced. Finally,
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Woodward et al. apply the momentum balance equation in the z-direction separately for
the gas and liquid phase, adding an interfacial drag force.

3.2.2. Profiles
In the integral approach, radial profiles for velocity, density, concentration and

enthalpy are introduced in the above balance equations. These profiles are supposed to
be self-similar, i.e., when adequately normalized, they are expressed by a unique shape
function. This allows the integrals to be replaced by mean or centreline values. A system

Žof ordinary differential equations is then solved for u, c, A, u , h, x, z centreline or
.mean value when appropriate provided that closure relations are given. Most models

Ž . w xadopt the simplest possible profile, i.e. flat or top-hat profiles 8,14,16,31,32 . In this
case, the mean and centreline values are equal and the variables are discontinuous at the
cloud boundary. The form of the cross-section is supposed to be circular. More
sophisticated profiles based on the Gaussian function are adopted by Woodward et al.
for velocity and concentration and by Morud and Selmer-Olsen for all variables.
Moreover, a different diffusion rate is considered for the velocity compared to that of the
other variables via a coefficient related to the Schmidt number. Provision is also made

Ž . Ž .for different diffusion rates between the vertical z and lateral y directions to take
into account gravity effects. This induces an elliptic cloud cross-section.

The use of top-hat profiles gives a simple and more readable set of equations.
w xMoreover, if needed, profiles may be ‘hung’ on the calculated mean values 36 . Yet, the

use of Gaussian profiles is more realistic. However, in the case of vertical gas jets at
different source temperature and associated with rather low exit velocities, Davidson
w x37 has shown that the differences between top-hat and Gaussian profiles have no
significant effect on the prediction of the cloud trajectory, temperature and concentra-
tion. The validity of this conclusion should be checked for high-momentum releases.
Moreover, the similarity assumption has been shown to be well verified in the case of a
single-phase jet in still ambient environment after a zone of flow establishment. Popper

w xet al. 38 observed that it was still valid for two-phase jets associated with particles
w xsmaller than 50 mm. This was further confirmed by Seifert et al. 39 . However, Moodie

w xand Ewan 40 found that, in the case of a Refrigerant R-11 flashing jet, the similarity of
the velocity profile was not achieved within a distance of 60 diameters from the exit,
which is three to four times longer than in the case of single-phase gas jets. This
suggests that it may be important to model this zone in more detail. This is possible, e.g.

w xwith the generalized shape function adopted by Woodward and Papadourakis 9 , which
allows a smooth transition in the zone of flow establishment from sharp-edge toward

w xGaussian profiles. Moreover, Tickle and Webber 41 mentioned that the similarity
assumption is expected to fail for jets in co-flow or cross-flow when neither the jet nor
the cross-flow speeds are negligible. However, according to these authors, no better
practical approaches have been proposed yet.

3.2.3. Entrainment
The entrainment function E is an important item in the integral models because it

controls the rate of dilution of the contaminant. This function is usually composed of
several terms corresponding to different mechanisms; they are listed with a common
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Table 2
Entrainment functions in the jet dispersion models

Model Entrainment function

E E E E1 2 3

Wheatley 0.08 r Cu y y Ea m 1
1r2Ž .Ianello et al. 0.08 r r r r Cu y y Em a a m 1

1r2 1r2Ž . Ž . < < Ž .Epstein et al. 0.1 r r r r C 0.5 rr r r Cu sinu pr u max E q E , Em a a a a a a a 1 2 3
d

< < Ž .u yu cosu s sm a y zd x
a 1r2Ž . < < Ž .Woodward et al. 0.04 r r r r C 0.29r Cu sinu 5.6pr u max E q E , Em a a a a a a 1 2 3

d
1r2Ž < <. Ž .u u yu cosu s sm c a y zd x

< < < <Tickle et al. 0.08 r C u yu cosu 0.6r Cu sinu a pr u E q E q Ea m a a a 3 a a 1 2 3
d

Ž .s sy zd x
< <Morud and Selmer-Olsen 0.028r Cu 0.37r Cu sinu 4.6pr u E q E cosu q E cosua c a a a a 1 2 3

d
Ž .s sy zd x

Xb 1r2Ž . < < < <Muralidhar et al. 0.0806 r r r r C u yu cosu 0.5r Cu sinu r Cu E q E cosu q Em a a m a a a a 1 2 3
c 1r2Ž . < < < <Pattison et al. 0.1 r r r r C u yu cosu 0.5r Cu sinu 0.28 r Cu E q E cosu q Ec a a c a a a a ) 1 2 3

a w x 2E is deduced from Ref. 9 with m s r u C r4p .1 cld m m
b w x XSee Ref. 16 for the relations for u in E .3
c w xThe original formula are reported here assuming the cloud axis in the wind–gravity plane; see Ref. 22 for the relations for u in E .

) 3
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notation in Table 2. The contribution due to the jet turbulence is modelled as an
Ž .extension to cross-wind conditions when cross-flow is considered of two well-known

entrainment formulas for jets into still environment. The first one was proposed by
w xMorton et al. 42 :

E sa r Cu , 8Ž .1 1 a

where u is the density of the ambient air, C the cross-section perimeter and a ana 1

empirical constant. The velocity u can either be the centreline velocity u or the meanc
Ž .jet velocity u both are equal for top-hat profiles . The second formula, proposed bym

w xRicou and Spalding 43 , takes into account the density difference between the jet and
Ž . Ž .1r2the ambient air by multiplying the right side of Eq. 8 by rrr . The use ofa

Ž .1r2rrr to correct for dense jet effects has been often discussed in the literature. Asa

recalled by Wheatley, this correction has been verified for single-phase gas jets at a
normalized distance srd greater than 20 where the jet density was at most 5% higher0

than the ambient air. Since experimental observations of the behaviour of two-phase jets
close to the outlet, suggesting that the initial jet angle is lower than the asymptotic value,
are in contradiction with this correction, Wheatley concluded that this equation is not
valid when the densities differ significantly from each other. We think that this
correction, which is based on dimensional analysis, could be used for jet densities higher
than 1.05r , but its validity should be considered questionable close to the outlet sincea

the complex flow development in this region, especially for two-phase flows, is not
taken into account.

The cross-flow perpendicular to the jet axis is known to enhance the dilution of jets,
Žwhich is attributed to the formation of a vortex-pair at the jet boundary see, e.g., Coelho

w x.and Hunt 44 . This is modelled as a contribution proportional to the wind velocity
component perpendicular to the jet:

< <E sa r C u sin u . 9Ž .2 2 a a

w x w xSome authors 16,34 , following Ooms et al. 45 , arbitrarily multiply E by cosu to2

reduce its influence compared to that of E at short distance from the outlet.1

For the description of the atmospheric turbulence contribution, several approaches
can be found. The first one, adopted by Muralidhar et al., has been proposed by Ooms et

w xal. 45 who assumed that:

E sa r CuX , 10Ž .3 3 a

X Ž .where u is a relevant atmospheric turbulent intensity. Pattison et al. use Eq. 10 with
the friction velocity u instead of uX. Another approach consists of casting the

)

well-known Gaussian model for passive atmospheric dispersion into the integral formu-
lation. This leads to:

d
E sa pr u s s , 11Ž . Ž .3 3 a a y zd x

where s and s are the so-called Pasquill–Gifford horizontal and vertical dispersiony z

coefficients, respectively. They depend on the atmospheric stability class and the
w xdistance from a suitably chosen virtual source. Following Havens et al. 46 , Morud and
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Selmer-Olsen multiply E by cosu to limit its effect close to the source. It should be3

noted that the Pasquill–Gifford coefficients correspond to an averaging time of about 30
min, which leads to relatively low concentration and high air entrainment due to the

Ž w x.meander of the cloud trajectory. Although noted by some authors e.g. Ref. 32 , the
Ž .possible inconsistency with shorter time scale phenomena e.g. aerosol effects has not

yet been resolved. For ground-level clouds, a fourth contribution is sometimes used to
take into account the suppression of turbulence due to heavy gas effects.

As can be seen from Table 2, the values of the empirical constants are quite different,
reflecting a high uncertainty in modelling entrainment. Furthermore, the presence of the
aerosol affects the turbulence structure of the jet. Indeed, compared to the turbulence
intensity of the single-phase flow, the turbulence intensity of the gas phase in dispersed

Ž .particulate flow, and therefore, air entrainment, is lower resp. higher when the particle
Ž . w xdiameter is below resp. above a critical value 47 . However, the degree of change

depends on various parameters, e.g. it increases with the dispersed phase concentration,
w xand is, until now, not predictable, although some attempts have been recently made 48 .

This explains why this effect is disregarded in the models, or only taken implicitly into
account through constant optimization. In the case of N rH O not-vaporizing two-phase2 2

w xjets associated with fine atomization, Seifert et al. 39 had to reduce the constant a by1

approximately 20% when the exit gas quality was reduced to 0.4 to obtain a good fit to
w xthe data with their integral model predictions. MacGregor 49 measured the air

entrainment in an industrial spray. Compared to single-phase results, he observed a more
complex behavior and obtained an entrainment constant 30% higher. The presence of the
aerosol phase, thus, remains a source of uncertainty in modelling air entrainment.
Moreover, the sensitivity analysis performed by Pattison et al. with their model showed
that an uncertainty of factor 4 on air entrainment prediction could completely change the
trajectory of an upwardly inclined release.

3.2.4. Forces on the cloud
Models which do not include wind and gravity effects on the jet trajectory assume

w xconstant jet momentum so that F sF s0 8,14 . Other models contain a gravity termx z
w xas a contribution of F . Most authors 9,16,22,32,34 also introduce an additional dragz

force F due to the cross-wind. This force is supposed to act in the directionD

perpendicular to the cloud axis. Its components in the x and z directions are therefore
written as:

1 2xydirection: F sC C r u sin u sin u , 12Ž . Ž .D x D a a2

1 2zydirection: F sC C r u sin u cos u , 13Ž . Ž .D z D a a2

where C is a drag coefficient. A constant value of 0.3 is adopted by Woodward et al.,D

Muralidhar et al. and Pattison et al. and a value of 0.2 is taken by Morud and
w xSelmer-Olsen. For ground-level clouds, additional friction terms can be introduced 9 as

w xwell as gravitational forces in the x-direction 31,34 . According to Birch and Brown
w x50 , the addition of a drag force may be useful to take into account the pressure gradient
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perpendicular to the jet flow; however, the drag coefficient should be drastically lower
than for the flow around a solid cylinder due to suction effects. The approach adopted in
the above models is in contradiction with this recommendation. Moreover, according to

w x Ž .Tickle 32 , other forces on the jet may arise from deposition rainout , curvatures of the
jet and impact on the ground. They are, however, considered negligibly small.

3.2.5. Cloud thermodynamics
Ž .The enthalpy of the jet mean or centreline value is given by the two-phase mixture
Ž Ž ..enthalpy balance equation Eq. 5 . However, additional relationships are necessary to

determine how the overall enthalpy change affects the jet composition and temperature.
Ž .The jet is a mixture of the released material liquid andror vapour , dry air and, for all

Žconsidered models but the one of Woodward et al., ambient humidity liquid andror
.vapour . Most often, the overall mixture enthalpy is expressed as a function of the

enthalpies of the jet components by assuming that the mixture is in thermodynamic
equilibrium. Gas and vapour are supposed to behave as an ideal gas. The partial
pressures of the released material and the water are usually supposed to be given by

Ž .their respective vapour pressure at the jet temperature ideal mixture . However, in the
case of ammonia, Wheatley took into account the non-ideality of the two-phase mixture
behaviour. On the other hand, a thermodynamical non-equilibrium approach has been
adopted by Woodward et al., Muralidhar et al. and Pattison et al. The mass and enthalpy

Ž Ž . Ž ..equation Eqs. 3 and 5 are separately written for the liquid and gas phases. When
ambient humidity condensation is considered, the liquid water is either included in the

w x w xliquid phase leading to binary droplets 22 or added in the gas phase to form a fog 16 .
Heat and mass transfer coefficients are introduced for transfers at the drop surface so
that drops and gas or fog can adopt different temperatures.

w x w xKukkonen et al. 29 and Nikmo et al. 30 checked the homogeneous equilibrium
Žmodel predictions with those of a non-equilibrium approach different velocities and

.temperatures for the droplets and the surrounding gas in the case of two-phase ammonia
cloud dispersion in dry and moist air. They concluded that the homogeneous equilibrium
approximation seems to be adequate for droplet sizes lower than 100 mm. However, it is
noted that this conclusion is only valid as far as the vaporization rate is concerned and
may not apply to rainout. It may also not be valid for cases where entrainment is fast, as

w xin the high momentum region of a jet. Indeed, measurements of Moodie and Ewan 40
suggest that thermodynamic equilibrium was not achieved in a distance of 200 diameters
from the origin of a flashing jet of Refrigerant R-11. Moreover, Kukkonen et al. tested
the effect of an introduction of ammoniarwater interaction in the phase equilibrium. The
assumption of non-ideal behaviour of the mixture lowered the volatility of the liquid
phase, but exhibited no significant influence on the average temperature. It had,
however, the effect of maintaining a low contaminant concentration much further
downstream from the source. These authors also performed calculations with the
assumption of zero and 100% ambient relative humidity. The difference in temperature
could in some part of the dispersion reach 20 K. Similar calculations with Wheatley’s
model in the case of ammonia with zero and 100% ambient relative humidity have been

w xalso performed by Webber and Kukkonen 51 . The difference in the jet density and
concentration for these extremes was less than 10%. However, the results were restricted
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to the near-field where gravity effects were not considered significant. Furthermore, as
w xshown by the sensitivity analysis performed by Pattison et al. 22 with their model, the

high exothermic heat of mixing between water and hydrogen fluoride may cause the
cloud to rise under humid conditions and to fall otherwise.

3.2.6. Rainout
w xAs explained by Wheatley 3 , provided that the drops are large enough, they are

affected by gravity to a greater extent than the surrounding gas. The drops do not remain
the same size during their motion but steadily evaporate as the surrounding vapour is
diluted by air. From the spectrum of drop sizes formed initially, some drops may be
large enough that they fall out of the jet rapidly with no appreciable vaporization, while
others may be small enough that they evaporate before reaching the ground. The
quantity of rainout is a very important item for dispersion calculations as shown, e.g. by

w xthe sensitivity analysis performed by Pattison et al. 22 . The description of this complex
phenomenon is, however, circumvented by most modellers by assuming that the drops

w xare sufficiently small to remain airborne until complete evaporation 31,32,34 . Wheatley
w x14 has devised a simple criterion for the absence of rainout, leaving aside the problem
of what to do otherwise. From the maximum stable drop size in the initial section, the
maximum gravitational settling velocity can be found from a force balance. By taking

Ž .the drop axial velocity equal to the mean initial jet velocity after the expansion zone , a
bound for the initial drop trajectories can be defined. If it subtends a sufficiently small

Ž .angle with the jet axis taking it to be horizontal , this implies that rainout can be
w xignored. Ianello et al. 8 extended this approach by applying the above criterion to the

whole spectrum of drop sizes. This enables the fraction of liquid which rains out to be
calculated. A more sophisticated approach has been proposed by Woodward and

w xPapadourakis 9 . The aerosol consists of single-sized spherical droplets. The local
droplet diameter and trajectory is obtained by solving the balance equations on the drop
for mass, energy and momentum in the vertical direction, simultaneously with the gas jet
mean quantities. The horizontal drop velocity is set equal to the horizontal component of

w xthe local velocity in the jet, although in a previous version 52 a slip velocity was
allowed for in the horizontal direction. Rainout occurs when the drop hits the ground.

w xMuralidhar et al. 16 proposed another simple criterion. The liquid phase is supposed to
be well mixed within the jet. Rainout is considered to occur when the jet centreline hits

Žthe ground the liquid phase due to ambient humidity condensation is however supposed
. w xto remain airborne in the jet . Finally, Pattison et al. 22 calculate the rainout fraction

w xwith the relation empirically obtained by Schmidli 53 for instantaneous releases of
Refrigerant R-114.

In accordance with the no-slip assumption made in the models, the drop inertia in the
axial direction is not taken into account. Consequently, a relatively large drop which is
not predicted to rainout according to Wheatley’s approach, or which will fall out at a
certain distance as predicted by Woodward’s model, may eventually rainout further

w xdownstream. Also, as pointed out by Papadourakis et al. 54 , the simple criteria of
Wheatley, and Ianello et al. fail to rigorously account for the material evaporated from

w xthe droplets before rainout. Furthermore, Wheatley 3 recalled that impingement on a
solid surface can cause deposition of a substantial fraction of the liquid component even
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in the case where no rainout occurs without impingement. This contribution of rainout is
however ignored in Wheatley’s approach. On the contrary, this contribution is the only

w x w xone taken into account by Muralidhar et al. 16 , and Woodward and Papadourakis 9
consider both. However, any obstacle other than the ground seems not to have been
considered.

Moreover, models which do not include a submodel for the droplet trajectory assume
that the droplets are small enough to remain in suspension in the jet. In an earlier study,

w xWoodward 55 used the results of correlations obtained in the field of pneumatic
conveying of solids to argue that particles with the density of liquid chlorine would
remain in suspension with particle sizes up to 1000 mm in case of a horizontal velocity

w xof only 5 mrs. However, according to Morud and Selmer-Olsen 34 , it is prudent to
expect that only droplets of size less than 100 mm remain airborne. In the frame of our
further investigations, we intend to propose a more rational way to justify this assump-

w xtion by writing a more physical criterion for particle suspension. Following Peskin 56 ,
the intensity of the turbulent field in the direction of gravity determines whether there is
suspension. In particular, this component of turbulent energy must exceed the square of
the free fall terminal velocity. Therefore, a practical criterion could be devised by
comparing an estimate of the vertical turbulent intensity in the gas phase with the free
fall velocity of the particle. It should be noted that, since the turbulent intensity
decreases in the axial direction, a droplet which is initially in suspension could rainout
further downstream. This criterion must therefore, be checked in each jet cross-section
where the two phases are present.

Furthermore, in the most sophisticated approaches, the trajectory and evaporation of a
typical drop is calculated. In the absence of sufficient liquid superheat for flashing
atomization, a liquid core of length in the range of 200–500 orifice diameters will flow

w xalong with the droplets carrying the most part of liquid mass 28 . Its lower trajectory
and evaporation rate may largely enhance the rainout fraction. Besides, the coalescence
of droplets, which is sometimes mentioned as a possible important phenomenon, is

w xrather unlikely to occur. Indeed, Faeth et al. 28 indicate that the liquid volume fraction
Ž .in pressure-atomized sprays which corresponds to liquid jets without flashing is less

than 0.1% outside the liquid core, which should be low enough for neglecting collision
w xand coalescence 57 . Moreover, since in Woodward’s approach a unique droplet size is

considered, no rainout distribution on the ground can be obtained. This could however
be easily modified by introducing an initial drop size distribution. Finally, the predic-

w xtions of Schmidli’s relation 53 adopted by Pattison et al. for the rainout fraction should
be checked against rainout data for continuous release such as the ones obtained by

w xJohnson and Diener 58 . This rainout fraction can have a strong influence on the
trajectory and concentration of an upwardly inclined release, as shown by the sensitivity

w xanalysis performed by Pattison et al. 22 .

3.2.7. Transition criteria
Generally, for some specific conditions, the model application range is exceeded or

some model relationships must be modified. These conditions correspond to physical
transitions for which criteria must be provided. First, a transition between elevated and
ground-level clouds must be specified. This simply occurs when the lower boundary of
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the jet reaches the ground. Moreover, for models which apply only in the region
dominated by the initial jet momentum where gravity as well as atmospheric turbulence
have no significant effect, transitions towards these regimes must be given. Citing

w x w xHavens and Spicer 59 , Ianello et al. 8 adopt the following criteria to determine when
the dispersion is not dominated by the initial momentum any more:

Passive dispersion important: u ru F0.8, 14Ž .m a

< < 2Buoyancy effects important: Ris r yr gDrr u G0.1, 15Ž .m a m m

where D is the jet cross-section diameter and Ri the Richardson number of the jet which
represents the ratio of jet buoyancy over jet inertia. Equivalent criteria are mentioned by
the other authors when needed. During a parametric study performed by Webber and

w xKukkonen 51 and based on Wheatley’s model for ammonia releases, they observed
that, most often, gravity effects become important before the wind velocity is reached.

w xHowever, Epstein et al. 31 showed from tests with their model on four field test
experiments that the Richardson number never exceeds 0.1 in the whole dispersion
range.

3.3. Multidimensional models

The two-phase multidimensional dispersion models that we consider subsequently are
w x w x w xthe one of Wurtz et al. 4 and Bartzis 60 , Garcia and Crespo 48 , Vandroux-Koenig¨

w x w xand Berthoud 23 and Pereira and Chen 24 .

3.3.1. Wurtz et al.’s model¨
This three-dimensional model includes the mixture mass, momentum and energy

balance equations as well as the mass balance equation for the contaminant component
w x Ž .4,60 . The mixture is composed of the contaminant liquid andror gas and the ambient

Ž .gas no humidity condensation is considered . Thermodynamical equilibrium is as-
sumed, i.e. all the components share locally the same temperature and pressure. The
two-phase mixture is supposed to behave ideally, i.e. Raoult’s law is used for the
calculation of the partial pressures. A single-phase turbulence model, based on the eddy
diffusivity concept, is adopted and modified to take into account anisotropy effects. A
vertical slip velocity is allowed for between the liquid and gas phase. Special attention
was paid on the model’s ability to handle complex terrain. In particular, liquid
deposition on solid surfaces is taken into account. Remarks already made regarding the
assumption of thermodynamic equilibrium in the integral models also apply here. The

w xfirst validation tests performed by the authors 4 have shown the better performance of
this model against a 1-D model when obstacles are present.

3.3.2. Garcia and Crespo’s model
This three-dimensional model contains the mixture mass and momentum balance

w xequations as well as the mass balance equation for the contaminant component 48 . The
total enthalpy is taken proportional to the contaminant mass fraction. The treatment of
the thermodynamics as well as the composition of the mixture are similar to Wurtz et¨
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al.’s model. The relative mean velocity between the phases is neglected. The classical
kye model is used with an additional dissipation term due to the droplets.

3.3.3. Vandroux-Koenig and Berthoud’s model
This model is devoted to the prediction of the near-field dispersion of liquefied

w xpropane 23 . It is a Eulerian–Eulerian two-fluid model which considers three compo-
Ž . Ž .nents: propane liquid and vapour , dry air and water liquid and vapour . The

condensed water is included in the gas phase to form a homogeneous fog mixture.
Balance equations are written for the mass of each constituent, for the momentum of the
gas mixture and of the propane droplets, and for the gas mixture energy. The tempera-
ture of the propane droplets is supposed to be uniform, equal to the saturation
temperature at atmospheric pressure, so that no energy balance equation is needed for
the liquid phase. To close the system of equations, a single-phase turbulence model
based on the Prandtl’s mixing length theory is introduced for the gas phase. For
interfacial transfers, a constant droplet diameter is assumed throughout the calculation.
The momentum and heat interfacial transfer terms are calculated from a drag and a heat
transfer coefficient, respectively, for rigid spheres. The mass transfer is modelled by
assuming that the heat transferred from the gas phase to the droplets completely
contributes to vapour production.

According to the authors, the propane droplets are predicted to persist much further
downstream than experimentally observed. Several possible causes were investigated for
this underestimation of droplet evaporation. Neither the assumption of a constant
diameter nor the fact that no initial radial velocity was taken into account could explain
this underevaluation. On the other hand, the assumption of a uniform temperature in the

Ždroplet or the inadequacy of the turbulence model the droplets may in reality disperse
.more than the gas phase have been proposed as possible explanations. One important

assumption which could strongly hamper evaporation and which was not yet discussed,
is to take the droplet temperature equal to the saturation temperature at ambient pressure

Žinstead of the one corresponding to the vapour partial pressure at the surface lower due
.to the dilution of the contaminant vapour . This assumption contradicts the experimental

Žobservation that liquid temperature can decrease below the normal boiling point e.g.
w x.Ref. 61 . A more complex model which takes into account the mass diffusion around

w xthe droplet such as the one adopted by Woodward and Papadourakis 9 and Woodward
w xet al. 15 should be introduced. More parametric studies as well as the comparison of

the prediction with the results of controlled laboratory experiments adapted to the
validation of the uncertain aspects of the model are required to solve these inconsisten-
cies.

3.3.4. Pereira and Chen’s model
w xThis Eulerian–Lagrangian model 24 is also devoted to the near-field dispersion of

liquefied propane; the single-phase version developed for the far-field dispersion is not
considered here. It is constituted of a Eulerian description of the mixture phase

Ž .composed of air and propane vapour no humidity is taken into account having the
same velocity and temperature but different volume fractions, and a Lagrangian mod-
elling of the droplet phase which is composed of various droplet-size groups having
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Ž .their own initial characteristics velocity, temperature, diameter, . . . . In the gas phase,
the kye model is adopted. The effect of the dispersed phase on the gas phase is limited
to the mass, momentum and enthalpy transport due to the phase–change process. For
each of the two size classes of droplets, the equation of motion is written. The interfacial
force is determined by using a drag coefficient valid for solid spheres and with the
relative velocity evaluated from the mean local gas velocity. The heat and mass transfer
is calculated with a heat transfer coefficient for a rigid sphere and by assuming that the
heat transferred from the gas phase to the droplet contributes completely to the
evaporation. The surface temperature of the propane droplets is supposed to be equal to
the saturation temperature at atmospheric pressure.

w xAccording to Berlemont et al. 62 , the Lagrangian approach has the advantage to
account for the instantaneous flow properties encountered by the particles. A second
cited advantage of the Eulerian–Lagrangian approach is the possibility to readily handle
the evolution of a distribution of particle diameters, which remains difficult to predict in
a Eulerian–Eulerian scheme. However, transient situations are more easily solved by a
Eulerian–Eulerian approach. This seems to favour the choice of Lagrangian models for
the description of the continuous releases considered here. The first advantage is,
however, not used by Pereira and Chen since only the mean local gas characteristics are
taken into account in the droplet equations. Moreover, the comparison with Vandroux-

w xKoenig and Berthoud’s model reported by Pereira and Chen 24 showed no major
discrepancies so that the droplet evaporation must also be underevaluated. As for
Vandroux-Koenig and Berthoud’s model, this underevaluation may be attributed to the
inadequacy of the droplet evaporation model.

4. Experimental data and model validation

w xThe parameters of field experiments 58,61,63–74 as well as laboratory experiments
w x16,25,39,40,75,76 for continuous two-phase jet dispersion are given in Tables 3 and 4,

Žrespectively. The data generally include source term characteristics e.g. diameter and
.height of the release, mass flow rate, properties of the exiting fluids, . . . and ambient

Ž .conditions e.g. wind speed, atmospheric stability, relative humidity, . . . which can be
used as input parameters for the calculations. They also provide a part of the following

Ž .information which can be used for model validation: 1 contaminant concentration at a
Ž .fixed elevation as a function of the distance from the outlet, 2 contaminant concentra-

Ž .tion contours in a cross-wind plane, 3 temperature at a fixed elevation in the jet as a
Ž .function of the distance from the outlet, 4 temperature contours in a cross-wind plane,

Ž . Ž .5 temperature at the ground surface as a function of the distance from the outlet, 6
Ž .velocity contours in a jet cross-section, 7 presence or absence of a pool on the ground,

Ž . Ž . Ž8 quantity of rainout, 9 visibility range of the cloud due to water or contaminant
. Ž .aerosol , and 10 droplet size. For a more detailed description of the experiments, the

w xreader is referred to the original reports or to other reviews, e.g. 14,34,77 . From the
tables, it can be seen that a wide enough range of fluids was studied but only a few fully
instrumented experiments have been performed, especially regarding local velocity and
drop size. Also, rainout experiments have appeared recently, indicating a growing
interest in this phenomenon.
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Table 3
Fluids and properties measured in field test experiments

Test Fluids Concentration Temperature Velocity Rainout Visibility Drop
size

Resplandy NH y y y q q y3

Nyren and Winter NH y y y q q y3
Ž .Landskrona
Goldwire et al. NH q q y q q y3
Ž .Desert Tortoise
Nyren and Winter SO y y y q q y2
Ž .Boliden
Blewitt et al. HF q q y q q y
Ž .Goldfish
Pfenning et al. NH , propane y y y q q y3

Heinrich et al. propane q y y q q y
Lantzy et al. methylamine y y y q q y
Johnson et al. H O, CFC-11, CL , y y y q y y2 2

methylamine,
cyclohexane

Schumann et al. propane q q q q q q
Schatz et al. HFradditives y y y q y y
Nielsen and Ott NH q q y q y y3
Ž .Fladis

Since the main goal of a dispersion model is to calculate the contaminant concentra-
Ž . Ž .tion in space and time, item 1 and 2 could be considered as permitting an overall

validation of the models, whereas the other quantities are more useful for validation of
submodels. However, it should be noted that, partly depending on each model formula-
tion, the data may not all be adequate for model validation. Also, due to their scale and
their safety requirements, field experiments are difficult to perform, which limit their
number and their completeness for model validation. In particular, uncertainties in the
knowledge of the ambient conditions limit the appropriateness of the field experiment

w xfor testing models, as has been already stressed by several authors 34 . Besides, the
literature cited here is more particularly related to two-phase jet dispersion. Experimen-

Table 4
Fluids and properties measured in laboratory experiments

Test Fluids Concentration Temperature Velocity Rainout Visualization Drop
size

Seifert et al. H OrN , q y q y q y2 2

CO2

Moodie and Ewan R-11 q q q y q q
Hague and Pepe HF y y y q y y
Muralidhar et al. HFr y y y q y y

additives
Hervieu and Veneau propane y y q y q q
Allen propane y q q y y q
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Ž . Ž .tal data for other types of dispersion e.g. pure gas , from other fields e.g. atomization
Ž .or of a more fundamental nature e.g. turbulence in two-phase flow should also be used

for validation of submodels. In particular, a decoupled optimization procedure was
w xadopted by Woodward et al. 15 to tune their model, making use of sets of data adapted

to each part of the model; an overall validation of the model on a data set not used for
model optimization was, however, not shown. In general, the validation presented by the
authors of each model always comprises comparison with a few selected experiments if
any, which does not allow a firm judgement to be made on the model quality.

w xIndependent model evaluation, such as the one performed by Hanna et al. 77 , is
therefore, clearly needed.

5. Conclusion

This review has been focused on the comparative description of two-phase jet
dispersion models, with special attention to elevated and continuous conditions. A
description of available data for two-phase jet dispersion was also given. Both integral
and multidimensional models were considered.

Most often, the integral approach has been adopted because of its good compromise
between model detail and computing timercost, which is well adapted to hazard
assessment. In integral models, entrainment modelling remains an important issue, as
reflected by the differences between adopted formulations. Regarding two-phase flow
phenomena, the homogeneous equilibrium approximation is often used. The range where
this is justified has, however, not been defined in the case of high momentum jets. When
this approximation is, at least partially relaxed, the prediction of the initial drop size,
drop trajectory and possibly evaporation is required. The corresponding submodels show
however a rather high degree of simplification and uncertainty. Some propositions for
their verification and improvement have been given. They include the comparison of the
submodels’ prediction to recent experimental data, the extension of models to non-flash-
ing two-phase releases and a rational criterion for droplet suspension in a jet.

Multidimensional models have been shown to be valuable for dispersion calculation
in complex environment. Although the required closure relations are generally different

Ž .compared to that in the integral models turbulence instead of entrainment models , the
ones concerning the droplet phase are rather similar and present the same kind of
uncertainty.

Generally speaking, the models are insufficiently validated. To be able to give a firm
judgement of their quality, an independent evaluation is clearly needed. For this purpose,
additional detailed two-phase jet experiments should be performed.
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