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Summary

Hazard analysis of storage or transport of pressurised chemicals requires mathematical models
of the behaviour of two-phase jets. In the past different models have highlighted different aspects
of the problem. Here we shall review the most important factors in modelling two-phase jets,
illustrating the problems with a simple analytical model and with results from the computer code
TRAUMA. Among the most important factors to be modelled are gravitational spreading, deposi-
tion of liquid, ambient air flow and ‘transition’ to dense gas dispersion.

1. Introduction

Reliable computational methods for estimating possible accidental release
rates and atmospheric dispersion of hazardous substances are needed in hazard
analysis of many types of industrial installations. Many hazardous gases are
stored in liquid form in pressurised containers. Modelling the (generally) two-
phase release, which will occur in the event of an accidental breach of the
container or pipe work, is an essential part of the total dispersion analysis.
However, very few comprehensive source term models have been developed. In
this paper, the source term estimation methods of continuous pressurised re-
leases are discussed. However, phenomena inside vessels, such as pipe flow are
not addressed here.

The main foundations for our considerations here were laid by Wheatley [1-
3], who derived a model of a two-phase ammonia jet. This model includes the
thermodynamic aspects of liquid and gaseous ammonia interacting with at-
mospheric water vapour, but neglects wind and gravitational effects on the jet
and its interaction with any solid surfaces. The two-phase mixture is treated
simply by assuming either that the liquid is all deposited in the early stages, or
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that it moves coherently with the gaseous component of the jet. The model
forms the basis for a computer code TRAUMA which has since been generalised
to apply to substances other than ammonia.

Gravitational and wind effects on a dense, gaseous plume have been consid-
ered by Ooms and co-workers (e.g. Liet al. [4], Ooms et al. [5] ). This work is
very much complementary to that of Wheatley in that it models these effects
in detail, but does not consider thermodynamic two-phase effects. Fauske and
Epstein [6] have presented results based on a model very similar to that of
Wheatley, and Havens et al. [7] have written a computerised model based on
that of Ooms et al. A simple model showing how a release oriented in the down-
wind direction may evolve from pipe-flow to a jet to a cloud has been given by
Kukkonen [8] (see also Winter et al. [9]). More detailed work on aerosol
effects has been presented by Kukkonen et al. [10].

The above works, all concentrate on certain aspects of a dense jet and neglect
others; they all make assumptions about what are the most important effects
in various given situations. What appears to be lacking is a comprehensive,
detailed model which considers all the relevant physical phenomena inherent
in a fully two-phase jet in any direction relative to the wind and gravity vectors,
evolving from the source to a point where the concentration is low enough to
be harmless.

The question arises whether a model of such complexity is necessary. Our
principal aim here is to examine the assumptions of previous models and in-
vestigate the problems inherent in them. We shall illustrate the problems in
two ways: by means of a simple analytic model, and by looking at some results
from the more complex computerised model TRAUMA. The analytic approach
is simplistic and at first sight may seem to have little to do with two-phase
dynamics. However, with suitable interpretation it gives an understanding of
what are likely to be the most important physical phenomena. The conclusions
from the analytic model are backed up strongly by the results from the genu-
inely two-phase model TRAUMA. This gives us confident estimates of the rel-
ative significance of different factors, and points the way for further model
development.

2. A simple analytic jet model

2.1 Introduction

Before examining the results of detailed models, let us reduce jet modelling
to its barest essentials and see what can be learned from analytic solutions of
very simple models. This will provide a context in which to interpret the results
of more sophisticated models, and indicate in what areas a more detailed ap-
proach is necessary.



169

2.2 The model

We can construct the simplest possible model by ignoring the flashing de-
pressurisation region and starting from where the jet has essentially reached
ambient pressure. Let us also for the moment assume that a momentum-dom-
inated jet is just what it says, and ignore all meteorological, gravitational,
chemical, and thermodynamic effects (including phase changes in particular).
The resultant model is entirely one of mass, momentum, and species conser-
vation, appropriate to a gaseous jet or to a two-phase jet in which the liquid
content is an atomised spray which is assumed not to vaporise. (This latter
case may not be exactly realisable but it will give an idea of the effect of having
a very dense jet.)

The equations for this simplest of all possible jet models are:

%(CuA):O (1)
d

a(gbuA) =2nRug (2)
d%c(cpuzA):O (3)

where C is the contaminant concentration, ¢ is the jet density divided by that
of the ambient air, A is the jet’s cross-sectional area (which is assumed circular
of radius R), u is the velocity of the jet, which is in direction x, and ug is an
entrainment velocity for which various possible models can be explored.

To complete the system of equations we need the geometrical relation

A=nR? (4)

an ‘equation of state’. and an entrainment model for ug. The two simplest
possibilities for the equation of state are (a) that the contaminant has the
same density as air,

o=1 (5a)

and (b) that the jet is an isothermal mixture of air and contaminant. In this
case the concentration (in suitable units) is

C=p-1 (5b)

We shall look at entrainment models of the form

Up = QU (6a)
and
ug =o' ?u (6b)

where « is an entrainment coefficient. These are the Morton-Taylor-Turner
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and Ricou-Spalding [11] models discussed in detail by Wheatley [1]. These
are identical in case (a), but differ somewhat in case (b). Note that ¢ is the
only dimensionless field in this simple model and that in principle any function
of it could appear in the entrainment model. The two models above, however,
will serve to illustrate its significance. We can anticipate that ¢ will tend to 1
downstream and that differences will only be apparent within some distance
of the source.

We shall present analytic solutions appropriate to both of these entrainment
models.

One of the constants of integration in the solution of the equations will be
essentially a choice of origin for x. For convenience we shall choose x=0 to be
the (unphysical) singular point where A =0, and other fields may tend to
infinity.

Note that this choice of origin and the structure of the equations mean that
« and x can only appear in the solution in the combination (ax) and not
separately; the size of the entrainment coefficient simply determines how rap-
idly the jet evolves as one goes downstream. The other constants of integration
will be the conserved contaminant (or buoyancy) flux and the conserved mo-
mentum flux implied by eqns. (1) and (3).

2.3 Solution for a jet of ambient density
The solution for case (a) with ambient density is:

R=2ux (7)
u=U-L[2ax] (8)
C=L/[2ax] (9)

where the constant U and L are velocity and length scales which are deter-
mined by conditions at the source. They are related to conserved momentum
and contaminant fluxes (see below).

This is the familiar picture of a conical jet with half angle f given by

tanf=2« (10)

2.4 Solution for a dense jet

The solutions for the dense jet (5b) for entrainment models (6a,b) are
mathematically slightly more complicated but physically similar. The con-
served fluxes are the integrals of (1) and (3):

(p—1)uA=B (11)
pu’A=f (12)
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The constants B and f are buoyancy and momentum flux. We shall also define
constants U and L by

U=f/B (13)

L*=B*/nf (14)

Here again L and U are the length and velocity scales of the jet, now clearly
related to source fluxes (although, for reasons given above, L/2« will give a
better physical estimate for the downwind evolution length scale ). The signif-
icance of these scales can best be appreciated by writing the above conservation
laws as

R(p—1)//p=L (15)
up/(p—1)=U (16)

For an initially dense, two phase jet L can therefore be rather larger than the
radius of the jet after the flashing depressurisation phase, and U will be close
to the value of u at this point. For a jet which is not dense in the early stages L
may be rather smaller than the radius at this point, and U will be larger than
the actual jet velocity.

2.4.1 The first entrainment model
For entrainment model (6a) the solution can be written in parametric form
as

q(1+g*)V2+1In[q+ (1+q?) 2] =2ax/L (17)
p’=Q1+q?) ! (18)
where the dimensionless variables p, and g are defined by

p*=u/U (19)
q*= (Au)/(zL?U) (20)
and therefore

R=L(q/p) (21)
A=[nL?](q/p)? (22)
p—1=1/q> (23)
¢=1/(pq)* (24)

2.4.2 The second entrainment model
The model with the alternative entrainment relation (6b) is very similar.
This case yields an explicit solution:
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R=(2ax)[1+L/(2ax)]"? (25)
u=U-[L/(2ax)][1+L/(2ax)] ! (26)
¢=1+L/(2ax) (27)

The above solutions for each of the entrainment models are illustrated below
in Fig. 1.
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Fig. 1(a). Results of the analytic models for dimensionless jet radius against dimensionless down-
stream distance. — ug=au and - - - ug=ou (p/p,)'’%.
Fig. 1(b). Results of the analytic models for dimensionless axial velocity against dimensionless
downstream distance. — ug=cau and - - - ug=au (p/p,) "%
Fig. 1{c). Results of the analytic models for relative density difference against dimensionless
downstream distance. — ug=cau and - - - ug=au {(p/p,) >

Fig. 1(d). Results of the analytic models for Richardson number (Ri=g(¢—1)R/u?) against
dimensionless downstream distance. The singularity at x =0 is not in the physical region. — 1, = atu
and - - - ug=au (p/p,)"%
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2.5 Asymptotic downstream behaviour
In both of the above cases, sufficiently far down stream (where x> L/2«)
the solution becomes approximately

R—2ax (28)
u—-U-L/(2ax) (29)
¢—[1+L/(2ax) ] (30)

and therefore both of the models tend asymptotically to that of Section 2.3.

2.6 Gravity effects
We can estimate at what point the neglect of gravity is a severe omission by
considering a bulk Richardson number:

Ri=[g(¢—1)R]/u® (31)

The behaviour of this is also plotted in Fig. 1. Interestingly the velocity
Ug= [g(¢—1)R]"? which is characteristic of gravity effects is asymptotically
constant (tending to [gL]'/?) downstream, and Ri therefore increases as w2
decreases. Large values of Ri as x— 0 are to do with the unphysical singularity
in the density field at that point and will therefore be irrelevant to the physical
region x> x,. At large x then

Ri— [gL/U?]- (2ax/L)? (32)

Note that this indefinite increase in Ri is a consequence of zero wind speed.
The distance scale over which gravity effects become important can best be
estimated by comparing the gravitational velocity scale U, with u-tanf=2au,
which is an estimate of the transverse fluid velocity in the jet. That is to say
that the relevant estimate of the Richardson number defined above is (2c¢)?,
and the relevant distance scale is

L,=LU/(gL)"? (33)

For an elevated jet L, indicates the distance over which gravity will cause the
jet to bend significantly. For a jet in contact with the ground it gives an esti-
mate of where transverse slumping may become important and where stable
stratification may be an important consideration in the entrainment process.

2.7 Ambient air flow

If there is an ambient wind of speed u, (which for the moment we shall
consider to be in the same direction as the jet) then the above model can only
be a reasonable approximation while u > u,. That is for x << L, where L, is the
distance at which u reaches u,. This is given by

L.=L{U/(20u,)] (34)
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The ratio
L./Ly=[gL1'?/[20ctu,] (35)

can be used as an estimate of the importance of gravity effects in the region
where momentum is important. For a sufficiently large jet in a sufficiently calm
atmosphere (i.e. with L,/L,>1), then gravity effects will become important
before the jet has lost its momentum. The existence of this possibility means
that one cannot always divide jet problems simply into a momentum-domi-
nated phase followed by a wind-advected dense gas dispersion phase.

2.8 Liquid deposition

Let us now examine the possible effects of liquid drop dep051t10n in the above
models. We can consider the two extreme cases where either all liquid falls out
close to the source or where none falls out at all. These cases will just corre-
spond to different values of the buoyancy and momentum fluxes B and f in the
model.

Suppose, if no deposition is assumed, that the fields take the values ¢,,, U,
A, at some point x, near the source. We shall assume that liquid drop deposi-
tion affects only the density and leaves the velocity and cross-section unaf-
fected. The source parameters, if complete deposition is assumed, are therefore
B0, Uo and Ay, with a0 < @y0-

From egns. (11)—(14) we can relate the various constants for the two cases:

Ud/Un= [¢do(¢n0—1)]/[¢no(¢do—1)] (36)
Ld/Ln= [((bdo—l)\/ ¢n0]/[(¢n0_1)\/ ¢do] (37)

This comparison together with the asymptotic state of the jet given by eqgns.
(28)-(30) gives an estimate of the difference (at a given downstream position)
which might be made by deposition near the source. In this approximation the
geometry of the jet r(x) is unaffected, but the velocity is reduced by deposition
by the factor in eqn. (36). Far downstream the density is close to that of the
ambient air but (significantly for gravity effects) the concentration and rela-
tive density difference (¢ —1) are reduced by the factor in eqn. (37) if there is
deposition.

The length scale in eqn. (34) over which momentum effects decrease is re-
duced in the case of deposition by the factor (36) but the length scale in eqn.
(33) over which gravity effect become significant is increased by a factor

[@ao/ Pao]?* [ (Pno —1}/ (Pao—1) 1"/

Deposition can therefore make a difference to the relative importance of these
phenomena. The postponement of the gravity effects, including both lateral
spreading and suppression of entrainment, may be as important a consequence
of liquid deposition as is the more direct dilution effect.
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3. Numerical results and discussion

3.1 Introduction

Having looked at a simplified, analytically tractable model, we shall now
examine some results from the computer code TRAUMA which was developed
by Wheatley [1-3] to model the behaviour of ammonia jets. The model con-
siders the behaviour upstream of the aperture in the container and the flashing
depressurisation region as well as the isobaric jet discussed above. The ther-
modynamic behaviour of two-phase ammonia is fully represented, as is its in-
teraction with atmospheric water vapour. More recently, this model has been
generalised to apply to other substances.

The TRAUMA results used for this study were obtained for chlorine and am-
monia releases at 20°C and 0°C, assuming total deposition or none, using both
entrainment models, and for both 100% relative humidity and dry ambient air.

Where comparison is made with the simplified model of Section 2, we extract
parameters from TRAUMA at an ‘“effective source’ after the jet has reached
ambient pressure and, where appropriate, after deposition has occurred.

3.2 Sensitivity to entrainment model

TRAUMA can use either of the two entrainment models of Section 2, which
derive from Morton, Taylor and Turner [12] and Ricou and Spalding [11].
These models were derived for elevated, isothermal, gaseous, jets in quiescent
air. One of the principal assumptions inherent to them is that the turbulence
generated by the discharge dominates that in the ambient air.

As we have seen the entrainment formulae differ by a factor ¢'/%, where ¢ is
the jet to air density ratio. In principle any function of ¢ could be introduced
into the entrainment model without invalidating the simple dimensional ar-
guments upon which such models are based. The two models considered do,
however, give some idea of the dependence on this factor. The largest differ-
ences between model predictions are given in cases with considerable jet den-
sity (which are usually cases with low jet temperature and with significant
airborne liquid fraction }. The Ricou-Spalding formula gives a somewhat higher
entrainment rate (for the same «) when the jet density is larger than ambient
air density, but the difference is reduced, as expected, as one goes downstream.

The difference between the two models is higher for substances with a large
latent heat of evaporation (such as ammonia), as the jet temperature may be
lower in that case. A high value of relative humidity (and a large mass of en-
trained air compared to the substance mass) decreases this difference, as the
condensation of water vapour releases energy and heats up the jet.

We have looked at a number of examples using each model over a range of
conditions and find that the relative difference in concentration values is typ-
ically no greater than 10% in regions of interest.
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3.3 Sensitivity to liquid deposition

The description for estimating deposition should include estimation of aer-
osol dynamics. A certain fraction of droplets will evaporate before gravita-
tional settling takes place, and others may deposit on the ground. The problem
is therefore one of estimating the competing processes of evaporation and set-
tling. The magnitude of the jet-borne fraction depends in particular on con-
tainer pressure and the physical and chemical properties of the substance, which
determine the stability of the droplets in the flow field encountered.

In TRAUMA the stability of droplets is calculated by using a criterion derived
from laboratory experiments on the break-up of liquid phase jets. The criterion
compares the disintegrating forces due to the flow field to the restoring force
of surface tension of the droplet. The gravitational settling velocity of the larg-
est stable drop is then compared with the axial velocity of the jet. If the droplet
‘trajectory’ falls out of the jet, a total deposition of the liquid phase is assumed,
otherwise, no deposition is assumed.

The aerosol considerations of TRAUMA are certainly oversimplified. In par-
ticular, the velocity scale used in calculating the drop Weber number is that
corresponding to the axial velocity after the initial depressurisation of the jet.
This may be very high (predictions in the range 20 to 200 m/s are not uncom-
mon) and therefore we find a fairly small ‘largest stable drop’ and a relatively
small gravitational settling velocity. This procedure may underestimate the
deposited mass fraction. On the other hand the effect of evaporation on reduc-
ing droplet size is neglected in TRAUMA, which tends to lead to an overestimate
of the deposition rate.

We therefore believe it prudent to make estimates with and without depo-
sition in any cases of practical interest. Accordingly we have studied this, in
the context of TRAUMA, by comparing numerical results for a number of cases,
where either a total deposition or no deposition was assumed to take place.

The most direct effect of deposition is the reduction of the mass of contam-
inant in the jet. If the vapour fraction after depressurisation is v, then the
theoretical maximum deposited substance mass is 1 — v of the total mass. The
fraction v may be typically 20%, and therefore we might have a five-fold re-
duction of the substance mass flow rate due to deposition of liquid.

In the example calculations for chlorine and ammonia at ambient tempera-
tures ranging from 0°C to 20°C, the concentration values at distances 50 — 100
m were larger by a factor of 2 to 4 in the cases with no deposition compared to
the values in the cases with total deposition. The results were very close to
what is expected from the simple considerations of Section 2, despite some
interesting thermodynamic differences. (The jet temperature is higher in the
case with deposition, as the evaporation of substance liquid always cools the
jet.)
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3.4 Sensitivity to ambient air humidity

The effect of water vapour condensation on the temperature evolution of the
jet is taken into account in the model TRAUMA. The effect of ambient air hu-
midity is largest in the dispersion regime, where the mass of entrained air is
large compared to the mass of substance and the relative humidity of ambient
air is near its maximum value. Consequently, the effect of moisture is larger at
large distances. In this analysis distances larger than 100 m were not consid-
ered, as the model does not take into account gravity spreading. The moisture
effects are somewhat larger, if the ambient temperature is high, as in that case
the absolute humidity (mass of water in the air per unit volume) is larger.

Example calculations were made for a number of different cases including
pipe flow releases with a moderate mass flow rate as well as ruptures in con-
tainer wall with a very large mass flow rate. Each of the cases was calculated
assuming no ambient humidity and 100% relative humidity, respectively. The
temperature of the jet is higher in the cases with humidity. The difference in
the temperature values in the cases with humidity and no humidity was in the
range 0 to 20°C. The corresponding difference in the density of the jet is less
than 10%, as is the difference in concentration.

We must interpret the significance of these effects with care, as the jet code
TRAUMA is only capable of giving the direct effects of thermodynamic changes
on the jet itself. The difference in density, caused by condensation of atmos-
pheric moisture may affect the magnitude of gravitational effects (cloud
spreading and entrainment suppression) downstream. This latter effect is not
taken into account in the model calculations.

The enthalpy change in forming the water solution for ammonia is also taken
into account (Wheatley, 1987a) but for most substances which do not interact
with water to form distinct chemical species, the solution enthalpy is negligi-
bile. Ammonia and hydrogen fluoride are two notable exceptions; they do not
form distinct chemical species (e.g. NH;+H,O0+= (NH,)* 4+ (OH) ) but their
enthalpy of solution is significant. The formation of a solution is an exothermic
process.

The effect of the solution enthalpy for ammonia was also studied numeri-
cally. The maximum amount of heat is released in this process in the cases
where the mass of substance in liquid form and the mass of water are largest.
A number of cases were calculated, alternatively taking into account the so-
lution enthalpy and neglecting it. In all the calculated cases the difference in
the concentration values (with solution enthalpy and without it) was less than
1%.

3.5 Sensitivity to transition criterion

The question of when a jet becomes a cloud is not entirely straightforward,
as discussed in Section 2. A jet is essentially defined as a flow where momentum
is the predominant phenomenon determining the flow. One often therefore
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encounters the idea that the jet ends when its velocity roughly matches that of
the ambient flow. However, as we have seen, the effects of gravity may become
important before the momentum of the jet is negligible (relative to the ambient
flow). Furthermore the jet may behave in an un-jet-like way if it encounters a
solid surface. Even a horizontal neutrally buoyant jet will encounter the ground
at some point unless it is released high above the ground.

To back up the conclusions of Section 2 with some concrete examples we
have looked at the consequences of assuming different transition criteria in
TRAUMA. The possibilities we considered were:

(i) comparing the advection velocity of the jet and the wind velocity;

(ii) comparing energy scales of gravitational settling and momentum driven
flow;

(iii) comparing lateral spreading velocities due to gravity spreading and mo-
mentum driven flow.

A number of example calculations were made by using these three criteria,
and we shall present the results here in the context of the analysis given in
Section 2.

Calculations in TRAUMA are terminated when the jet reaches a prescribed
wind velocity (criterion (i) ). This is often the last of the criteria to be satisfied.

To relate the results of TRAUMA to the model above, we extracted the jet
area, density, and velocity at a point immediately after the jet had reached
ambient pressure, and, where appropriate, after deposition had been assumed
to occur. The value of B, f, L, U, L, and L, obtained from these are given for
some typical runs in Table 1. L, is based on a wind velocity at the yet height of
5m/s, and L,/2c is given with a =0.08 (see Wheatley [1]).

TABLE 1

Parameters from some of the TRAUMA runs® described in Section 3

Run Den- Veloc- Area Radius Buoy- Momen- Veloc- Length Grav- L,/2a¢ Ambient
sity ity A R ancy tum ity scale ity momen-
ratio u flux flux scale L scale tum
] B f U L, length-

scale
L,

1 Cl, 20°C 6.99 68.0 0.0307 0.0988 12.5 992.0 794 0.224 120 75.0 22,2

2 Cl,20°Cd 2.64 68.0 0.0138 0.0663 1.54 168.0 110.0 0.0669 9.08 56.8 9.2

3 Cl, 0°C 7.53 50.0 0.00809 0.0507 2.63 151.0 575 0.121 6.39 39.9 8.7

4 Cl, 0°Cd 2.462 500 0.00266 0.0291 0.194 163 84.0 0.0271 4.41 27.6 2.85

5 NH;0°C 4.052 103.0 0.00379 0.0348 1.196 164.0 137.0 0.0527 10.0 62.8 9.0

20n the left hand side of the table the released substance, and liquid storage temperature are given. The symbol
“d” shows where complete liquid deposition was assumed. The density, velocity, and jet radius were taken at
the point after the flashing region and where the jet has reached ambient pressure.

The units for u, A, R, B, f and the various scales are SI. Their dimensions are given in the index of notation.



179

The analysis of Section 2 indicates transition points according to the various

criteria to be of order
(i) Lg (ii) L./ 2¢; (iii) L,
For those situations considered in Table 1 where no significant deposition is
assumed, L, is of order L, or larger, confirming that gravitational effects will
be expected to become important before momentum effects become negligible.
For air speeds lower than 5 m/s this effect will be more prominent still.

Examining the results of TRAUMA in detail, we find that transition distances
obtained by applying each criterion are of the order of, but a little greater than,
the respective length scales. T'ypically the transition distances given by crite-
rion (i) are 30 to 50 m depending on the wind velocity, and the transition
distances given by criterion (ii) are approximately 40 to 60 m. However, the
transition distance given by the criterion (iii) is smaller, approximately 6 to
10 m.

The main conclusion of these calculations is that gravity effects may indeed
be significant at small distances, as was concluded in Section 2 from the gen-
eral length scales of the problem.

The main part of the fluid dynamics of present jet models is based on exper-
iments on ‘airborne’ jets (jets which do not touch the ground). The jet evolu-
tion may be significantly changed, when we have a high-density jet dispersing
near ground level. In particular, the lateral spreading velocity of such jets will
most likely be substantially larger than predicted by currently available models.

4. Conclusions

One of the main objectives of this study has been to provide information on
the importance of different factors to get a firm basis for further model devel-
opment. The results derived from the analytic calculations and sensitivity
analyses are in some cases complementary, but also lend mutual support. The
most important factors for future modelling efforts are gravitational spread-
ing, deposition of substance liquid fraction, ambient wind and the transition
to dense gas dispersion.

The set of jet equations which we have examined for species, mass, and mo-
mentum conservation can be solved entirely analytically for both Ricou-—
Spalding and Morton-Taylor-Turner entrainment models. Despite the man-
ifest simplicity of the model, these analytic results give very useful insight on
the effect on the jet evolution of entrainment models, gravity, ambient air flow,
and liquid deposition. In particular, the analytic model gives explicit estimates
of length scales over which gravity and wind effects will be significant. These
are supported in the presence of more complex thermodynamic effects by the
code TRAUMA.

The sensitivity analyses have shown that, the effect of different entrainment
models and the effects of water vapour do not have larger direct effect than
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about 10% each in the concentration values. The enthalpy change in forming
the water solution appears only to have a very small effect on the concentra-
tion, even for substances with a high enthalpy of solution. However, a proper
account of gravity effects in the jet and the subsequent ‘cloud’ dispersion phase
will emphasize the significance of these effects.

Further, the sensitivity analyses have shown that liquid deposition may cause
a direct decrease in concentration by a factor of 2 to 4 in typical conditions.

It has also been shown that the choice of transition criterion to a heavy gas
dispersion model may have a substantial effect on predictions. Analytic and
numerical calculations have shown the existence of a region where gravity ef-
fects have become significant, but where jet momentum effects have not de-
cayed. This has important consequences for the way in which one models the
transition from jet to cloud. Gravitational effects may be substantial even at
small distances from the source.

The significant transition may in fact be where the jet makes contact with
the ground. Upstream of this point momentum will be important and gravity
effects will possibly bend the jet trajectory. Downstream of this point a cloud
must be modelled with momentum, but gravity effects cause lateral spread and
suppression of entrainment, as air can no longer be entrained from below.
Ground friction will also be important in this regime.

Jet experiments on hazardous cryogenic substances have been conducted in
the Nevada dessert, most recently on hydrogen fluoride, reported by Blewitt
et al. [13]. In these experiments a horizontal jet was set up close to the ground,
which contained a large airborne liquid droplet injection. Concentration mea-
surements were made some hundreds of metres downwind. The interaction of
the jet with the ground is clearly significant in these experiments, requiring an
understanding of both ‘jet’ and ‘cloud’ phenomena.

In order to conduct safe, small scale experiments, it may be preferable to
create a jet by heating a less volatile, less hazardous substances (such as a
Freon) to engineer the pressurised release conditions. It may be, in such a case,
that the different thermodynamic situation affects the later gravitational be-
haviour of the jet, and any such experiment where gravity effects are consid-
ered may need to be interpreted with care.

Experiments on two-phase jets over a distance sufficient to exhibit the grav-
ity behaviour would be very welcome. Horizontal jets are of special interest, as
a starting point which may expose the shortcomings of current two-phase mo-
delling. High-density (low-temperature) jets dispersing at ground level are im-
portant for obtaining information on the gravity spreading rates of jets.

Acknowledgement

The work presented here was funded in part by the Health and Safety Ex-
ecutive and in part by the Commission of the European Communities under
the Major Technological Hazards programme.



Notation

A Cross-section of jet

B Buoyancy flux (normalised)

C Concentration (normalised)

f Momentum flux (normalised)

g Gravitational acceleration

L Jet length scale

L, Length scale for momentum decay
L, Length scale for gravity effects
P2 Dimensionless velocity variable
q° Dimensionless volume flux variable
R Jet radius

Ri Bulk Richardson number

u Axial jet velocity

U Jet velocity scale

u, Ambient air flow velocity

U, Velocity scale for gravity effects
x Downstream distance

Greek

« Entrainment coefficient

B Jet half angle

1) Jet density divided by air density
Pa Ambient air density

P Jet density

Subscripts

0 initial value

n with no liquid deposition

d with total liquid deposition
References
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