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Summary

Physical and mathematical models have been applied to stages of two phase releases
following the failure of pressurised vessels. The initial expansion stage has been model-
led using an experimental apparatus involving the measurement of pressure versus time
and of Freon-11 aerosol particle sizes and velocities. An analysis of the experimental
data combined with an appreciation of the thermodynamics has allowed estimations
of the time dependent processes. The analytical description of the critical pressure
decrease on the opening of the vessel is given.

The later evolution stage has been mathematically modelled by assuming that the
two phases have separate velocities. The cloud motion characteristics have been shown
to depend upon the degree of hydrodynamic interaction between the particles via the
gaseous phase. For small particle fractional volumes, this interaction is small and each
particle behaves as a single particle corresponding to a ‘“filtration” regime. However,
for larger concentrations the air between the particles becomes entrained due to the
particle motion and the cloud velocity exceeds that of the single particle. In this ‘“‘entrain-
ment” regime large scale vortex motion occurs. The cloud is transformed either into
two cylindrical vortices for planar symmetry or into a toroidal vortex for axial sym-
metry. The regime of the cloud motion defines the sedimentation characteristics of
the particles.

Introduction

Despite continuous efforts by scientists and engineers [1—9] problems
still remain with regard to the prevention of explosions following the failure
of pressurised storage vessels, Emphasis has been placed on the storage
and transportation of liquid petroleum gas (e.g. propane, butane). Such
substances require the maintenance of an increased pressure in the vessel
simply because their boiling points at normal pressure are lower than am-
bient temperatures (e.g. the boiling point for propane is ~45°C (228 K) at
1 bar). In order to store propane as a liquid at, say 20°C (293 K) a pressure
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of 10 bar must be applied. Such storage under pressure increases the risk of
explosion due to vessel failure [1, 2, 5, 7].

The failure of a vessel, is accompanied by an abrupt reduction in pres-
sure, the liquid becomes superheated, rapidly vaporises, and a mixture
of vapour and liquid is released from the vessel. The cloud formed as this
release mixes with the surrounding air is highly dangerous, both from the
potential environment effects of the spreading of these materials and also
from the possibility of a flammable mixture being ignited. If ignition of
the release takes place, either at the vessel or in the spreading cloud, a
major explosion can occur, causing the destruction of surrounding building
and plant as well as possible loss of life.

Similar examples can follow damage to pressurised chemical reactors.
The failure of reactors may not only allow the discharge of gases and liquids
but, additionally, solid particles.

Previous work on catastrophic vessel failure [1, 3, 4] has assumed that
the expansion is independent of the vessel, i.e. the assumption has been
that the vessel has been completely and instantaneously removed leaving
a body of superheated liquid. In incidents, this is not the case and this
work assumes that some interaction with the vessel fragments occur.

Effective methods for the prevention of such incidents can only be
developed as a result of detailed analysis of the physical phenomena ac-
companying such releases. Both gas dynamics and hydrodynamics are
involved in a liquid petroleum gas (LPG) release. These cover the forma-
tion of pressure waves, multicomponent flow, i.e. vapour, liquid droplets
and entrained air, both inside the vessel and after its escape, the subsequent
evolution of the cloud above the vessel including increase in size, the air
entrainment, the drifting of the cloud due to bulk air motion (wind) and
the “rain out” of droplets under gravity. Similar processes would occur
following the failure of a pressurised chemical reactor.

It is desirable to have an understanding of the processes to provide some
simple, reliable relationships, either empirical or theoretical, to permit
the estimation of the parameters of the cloud from a possible release. The
present study incorporates both experimental and theoretical investigations.

The experimental work has provided pressure histories of the vessel
following failure, average droplet sizes, overall cloud expansion rates and
cloud profiles for different cases of initial pressure and initial mass of liquid.
The theoretical work has concerned the cloud evolution under gravity.

Experimental work — The initial expansion

The aim of the experimental work was to simulate the first phase of
a pressurised liquid release, during which the pressure falls to that of the
surroundings. The model material was Freon-11, which has a normal at-
mospheric boiling point of c. 22°C (295 K) and was chosen for its rela-
tively inert nature and ease of handling. These experiments have a direct
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significance for releases involving liquids whose normal boiling point is
above the ambient temperature, but which are being processed under pres-
sure at temperatures in excess of their normal boiling points. The experi-
ments also provide a foundation for the study of liquids held under pres-
sure at ambient temperatures in excess of normal boiling points.

The release was produced by ‘‘failing” a fully instrumented vessel con-
sisting of two hemi-spheres held together pneumatically and containing
the model material maintained at measured internal pressure, temperature
and fill-level. The assembled vessel is 114 mm in diameter, and has a max-
imum fill of 1.1 kg of Freon-11, A heater in the vessel allows energy to
be put into the closed system, increasing the temperature and pressure
of the Freon-11. When the appropriate release conditions had been es-
tablished (the attainment of an equilibrium state at a chosen internal pres-
sure), the pressure on the pneumatic system holding the vessel together
was reversed, and the two halves pulled apart.

The resulting release consisted of three parts:

(i) Vapour; produced during the rapid boiling as the pressure was

reduced.

(ii) Aerosol; the liquid broken up during boiling and entrained into

the expanding vapour, which carried it away from the release point.
The size of the droplets which form the release was measured using
a laser diffraction system, and also by flash photography. The profile
of the spray, and its overall velocity was examined using video
and high speed cine photography.

(iii) Bulk liquid; any liquid which remained in the immediate vicinity

of the release point. This was collected on a tray below the vessel.
The tray was mounted on a balanced load cell system, allowing
measurement of the weight of liquid.

Preliminary results are presented in Table 1. They are average values
from several experiments.

The droplet sizes (the mean sizes of the best log—normal distribution)
were measured at a point level with the centre-line of the vessel, at a distance
of 0.5 m from the centre. The velocity estimates were average values over
the first two metres of travel away from the vessel. The time given as release
time was the time for equalisation of vessel internal pressure with the at-
mosphere. This was measured using a pressure transducer system in con-
juction with a transient recorder to capture this rapid event for later a-
nalysis.

The time required for pressure equalisation (100 ms) is greater than
the theoretical time (0.1 ms) based on the sonic velocity in the liquid. This
greater time is due to the confinement by the walls of the vessel.

The theoretical flash fraction can be obtained and the amount of residual
liquid measured. This allows the amount of aerosol to be found by dif-
ference from the original fill-level.

For simplicity, in calculations for the later stage of evolution the mean



216

TABLE 1

Results from experimental work

Pressure Fill-level Release time Droplets Residual
(kPa) W (g) ¢, (ms) liquid (g)
size (um) velocity (ms™')

310.3 1000 225 80 289
310.3 750 222 82 246
310.3 500 85 6.7

310.3 300 97 90 178
413.7 500 70
413.7 300 45
482.7 500 12.8

517.2 1000 103
206.9 500 4.5

droplet size was taken as 100 um. The characteristic velocity of the spray
was 10 m s~!. The subsequent stage of cloud evolution was not studied
experimentally, due to space restrictions.

Thermodynamic analysis — Initial expansion

In order to complete the study of the initial expansion, it is necessary
to carry out an analysis based on thermodynamics. Hardee and Lee [1]
suggested such an approach in their study of LPG storage. A three stage
model was proposed.

During the first stage, the pressure in the vessel decreases until it is equal
to that of the surrounding atmosphere. An isentropic expansion was assumed
and the system parameters determined as functions of the actual pressure.
The functions correlated well with presented experimental results. Hardee
and Lee [1] also produced a theoretical time dependence for the pressure,
although the basis of these calculations is not described. A number of
additional assumptions would be required to be made for such calculations.

The second stage comprises the complete emptying of the vessel and
the assumption of constant total momentum can be questioned.

The third stage described the radial evolution of the cloud in a horizontal
plane, while assuming no motion in the vertical plane. Assuming constant
total momentum the cloud radius is time dependent. However, such a
dependence may be questioned because of the use of simplistic models
to describe the complex physical situation.

Following the pressure drop caused by vessel failure, the thermodynamic
equilibrium is regained by flash boiling. The standard approach to this is
to assume an isentropic phase change. Since all the energy required is present
in the superheated liquid, the process is also adiabatic, until vapour expan-
sion causes work to be done on the surroundings.
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Following the example set by Hardee and Lee [1], the initial expansion
is considered isentropic, thus

S =X,8,;+(1-X;)8,; =aconstant (1)
hence
5= X8 + (1 - X;) 8y;

= XS+ (1~ Xy) Sy (2)
ie.
X, = (S2i = S3¢) + X; (S1i— Sn) 3)

(81t = Sap)
On the assumptions that the vapour behaves as an ideal gas
Pm

Pyt = RT, (4)

and that the vapour temperature is a constant and equal to the room tem-
perature, the vapour volume is given by

X, W

1% (5)
it P 1t

Thus, if the relationships between entropy and pressure are known,
then the pressure dependencies of quality, vapour density and vapour
volume can be calculated. Pressure—entropy relationships were taken from
curves fitted to data from standard tables [10]. The accuracy of the fitted

curves, over the range considered, is shown by comparison with the original
data (see Figs. 1 and 2).
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Fig. 3. Theoretical quality curves with varying initial pressure and fill level.

The calculated data for quality is presented in Fig. 3. This figure shows
that between 10% and 45% of Freon-11 is vaporised during the expan-
sion. This is supported by the results from the experimental programme
described above and by the work of others [1, 3].
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However, it is the relationship of these parameters with time, not pres-
sure, which is of most significance. As previously mentioned, there is no
simple, theoretical way of converting these pressure dependencies to time
dependencies. The experimental work included the production of pressure

history data (see Fig. 4) and thus a simple method of relating pressure
to time is now available.
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Fig. 4. Experimental pressure history curve. Point (a) corresponds to the beginning of
vessel failure, and point (b) to the onset of flash boiling.

A typical pressure history trace is given in Fig. 4 (P = 310.3 kPa, W =
1000 g). The trace can be divided into a number of major sections. Point
(a) corresponds to the beginning of vessel failure. This is followed by a
rapid fall in pressure, taking 15 to 20 ms. It is suggested that this is due
to the exit of vapour from the vessel, and occurs before the flash boiling
begins. In several cases there is then a small rise in apparent pressure lasting
for a similar time. This pressure is probably due to the impact of liquid
on the pressure sensor resulting from the onset of flash boiling. Then,
after this ‘“momentum peak” has subsided the pressure falls smoothly
to atmospheric, although at a far slower rate than in the initial decay.
It is during this period that the two phase release occurs, with the expanding
vapour entraining the remaining liquid and carrying it away from the vessel.

It is possible to model the changes, which occur in the pressure history
prior to the onset of flash boiling at point (b).

Integrating the continuity equation over the volume V, corresponding
to the volume occupied by gas in the vessel leads to

dpl P
—+divp, U,=0 6
daz p1 Uy (6)
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2
&[p,dV+fdin,ﬁldV=0 (7)
1 vl

By applying Gaussian theory to the second term and assuming that the
gas velocity at the vessel wall is zero and that the annular velocity, U, is
contant, then

[divp, U, dV=0,U,A (8)
and
pi =8P, (9)

where 8 = W,/RT, = constant,

The pressure of the gas in volume V, can be considered constant but
will change rapidly on the failure of the vessel, i.e. the change in pressure
is considerable while the change in volume is negligible

dp,
Vl—dt-=—P1U1A (10)

By taking a hydraulic approximation to the momentum balance, it is
possible to introduce a quasi-stationary relationship for the outflow of
the jet

u. = PI_PA
' P (11)

The annular area, A, changes during the process from zero to the area
A, at the time of pressure equalisation. For convenience, this will be des-
cribed by a power law

A=A, (—;;)w (12)

By substitution of eqns. (11) and (12) into egn. (10)
op’ . ,
g;ﬁvp(p—l)(t)“’ (13)

where p’ = iy t'= —, and t* =
P, £*

e

()

Equation (13) describes the rate of the pressure drop. Integration of
eqn. (13) with the initial condition of p’ = p’; where
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p';= B/Py leads to

(thyw*l ln( 20", -1+ (20 - 1)2—1)
(w+1) 2p' -1+4/(2p" -1)°-1
This equation is only valid for the initial period and cannot be applied

for the whole transient process. The value of t* in eqn. (14) determines
the characteristic time of the pressure drop.

Figure 4 also illustrates the correlation between this theoretical ap-
proach and the experimental pressure drop for the following conditions:

Vi=0.97X 10°m?3 W,=137.37 X 1073 T,= 300K, t, = 0.225 s;

(15)

and the assumptions of: w = 1, and A, = 0.59 X 107 (corresponding to
a final opening of 1.5 mm). Between points (a) and (b) in Fig. 4 good
agreement is obtained, however, deviations occur beyond this region as
expected.

Theoretical pressure vs. time plots are given in Fig. 5 for different ini-
tial pressure values, using w = 1.

Figure 6 shows the relationships using different power laws and an ini-
tial pressure of 3 bar. If the opening of the vessel is very rapid (if the power
exponent w is small) the pressure drops more rapidly.

Previous work on such vessel failures has concentrated solely on the
effects outside the vessel. This has not produced results with can be di-
rectly compared to this work, where the emphasis is towards a ‘“‘catastrophic
failure” providing a source term for other consequence models.

Work on two-phase releases has largely involved exit from pipes, where
most, if not all, of the flash boiling has occurred after the release. In the

Pressure {x 10* kPa)
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Non-Dimensional Time t’

Fig. 5. Theoretical pressure history with varying initial pressure.
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Fig. 6. Theoretical pressure history with varying failure rates.

case of major vessel failure, the flashing will take place inside the vessel,
as in the experimental studies described in this paper.

Mathematical model — The latter evolution

A number of different treatments are available for the expansion of
the “heavy gas cloud” following the initial stages of the release. The above
experimental work is unique in providing the aerosol size characteristics
and this allows the use of techniques already developed to deal with par-
ticulate clouds.

The model is applicable to particulate cloud motion under gravity in
an unconfined medium, i.e. the atmosphere. It is based on dynamic, two-
dimensional equations for unconfined multi-phase mechanics.

The final stage of cloud evolution is assumed to start when the particles
have reached their maximum height. At this point they can be described
as a cloud of stationary, mono-sized, spherical particles suspended above
the ground. The particles then start to move downwards under gravity,
giving rise to gas movement. It is necessary to follow the movement of
the particles and gas until all the particles have reached the surface.

The main assumption of multi-phase mechanics is that the diameter
of the particles and the mean distance between the particles are much
smaller than the distance over which there is a significant change in the
macroscopic parameters [11]. The system under investigation can be con-
sidered as two intermixed interacting media, the gas and the particles.
The diameter of the particles is much larger than the molecular/kinetic
scales.

In the following treatment, Brownian motion, evaporation and break-
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up of the particles are neglected, although it is recognised that these may
be of considerable importance, particularly evaporation.

A cloud with small particulate volume fraction (a;<<a;) will be con-
sidered. The ratio of the actual gas and particle density is assumed small

21 K1
P2
Based on initial cloud radius, r, non-dimensional variables can be defined:

velocity = \/F
time = [rig

Two dimensional motion of the mixture can be described by

dip
o, Qv 16
ar £ dl 1 (16)
as p ;< P in the isothermal case

dlUl 1 —> 1

2 = grad P+P, + — (AU + Y, grad div U,) - 17
TR y + - /s g -7 17)
note

—
g=1{0,-g}
dop 2
= —p, div U.
dt P2 2
-

d,U
P2 2t2=928—>+7 (18)
notethatpj=pjiaj
d] P = . . .
—=— +(U; U ) — substantial derivatives
dt pt

The dynamic viscosity, n, is assumed constant. The evolution of the
cloud can be considered to be an isothermal process, since the heating
of the system due to the viscous energy dissipation is small and both gas
and air temperatures can be considered to be held at the initial tempera-
ture, T;.

Both planar (see Ref. [12]) and axi-symmetrical cases can be considered.
For the planar case, it is assumed that the cloud size is greater in one hori-
zontal direction than the other. The force for interaction at the interface
is defined by

Cq Rep 222 T, -T,1 (T,~T) (19)

€
) 1_a2i

- 3
! 4
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where

C _2 (1+0.158 Re,°*

Re =Repi‘f}1_ﬁzlf)-l“
oy

p
The origin for the coordinates in situated under the cloud mass centre,
the x-coordinate being along the ground and the y-coordinate along the
plane of symmetry for the planar case and along the axis of symmetry
for the axi-symmetrical case.

Initially, the stationary gas is in a static equilibrium with a cloud of
stationary particles and a Gaussian distribution of particle concentration
is applicable

N; =exp [~(x* + (y — H)?)]

and
2% lN
b=
§ U P
) .
ie,x=0,U;=0—=0,—=
ox ox

oP
x2+y2 > oo, U1=O"a_‘=-7M2psy=Oaﬁ =0
Yy

The boundary conditions take into account the symmetry about the
plane x = 0; and the equilibrium state at infinity. Particles which reach
the ground play no further part in the process.

Taking values for the parameters based on data from the initial expan-
sion stage:

i=10°em™, 0, =103, M2 =0.72X 1073,y =1.4,¢ =1073

for the particles:

total mass of particles = 1000 g, density p, = 1000 kg m~3; and for air:
density p; = 1.3 kgm™>,9/p;= 1.4 X 10° m*s™", T, = 300 K,and r = 1 m,
The terms which depend on particle size have the following ranges:

§=83%x10°%-2x 107* H=15- 14
Re =7 - 60a,; 1073 - 1072 Rep; =6.5X 10°8 = 21.4 > 1300

The external Reynolds’ numbers are large, indicating turbulent motion,
and are estimated using an effective viscosity. The particles are very small
in comparison with the scale of turbulence and the Reynolds’ number for
the particles uses a molecular viscosity, i.e. the Reynolds’ numbers for
gas and particle are independent. Numerical methods for the solution of



226

this problem have been developed [13] and two regimes of cloud evolu-
tion can be considered.

The interaction with the ground begins when the height of the cloud
centre is equal to or approaching twice the radius of the cloud. The move-
ment of the cloud can be considered to be unconfined between the initial
release and reaching the surface.

The stationary particles start to move downwards under gravity. The
entrainment of the surrounding gas due to friction is described by an em-
perical law (eqn. (19)). The effect of entrainment increases with decreasing
distance between the particles (i.e. increasing particle concentration). In
this case hydrodynamic interaction occurs between the particles through-
out the cloud as a result of large scale motion of the air. The velocity of
the cloud increases continuously and exceeds that of a single particle.
This is called the ‘“‘entrainment’ regime.

If the distance between the particles is sufficient, each particle behaves
as a single free-falling sphere because it is unaffected by any gas motion
caused by the other particles. This is called the “filtration” regime because
the gas filters through the particles.

The different regimes of cloud motion are presented in Fig. 7, in which
the vertical movement of the cloud centre with time is shown for various
values of «,; and constant values of 8 = 6.67 X 107° and Re = 29.05. It
should be noted that this value for the external Reynolds’ number is used
in all calculations below. Where interaction with the surface occurs, this
is indicated by dotted lines. All the curves lie between curve A which cor-
responds to frictionless motion and a free-fall law (y = H — t?/2), and the
curve which corresponds to the fall of a single particle in the air.

3.50

N -
-3
[=2]
o1 5%

4]

Time t
Fig. 7. Time dependence of cloud centre with varying particle concentrations.

Curve B can be produced by integrating the equation of motion, which
can be expressed in a non-dimensional form as

dc 3 6
“~=-1+—— exp (~yM?) Cq4 Re, C*
dt 4 8exp( Y y) d P

where C = dy/dt with the initial conditions y; = H, C; = 0.
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In the planar case, for low particle concentrations (giving the “filtra-
tion” regime) the motion of the cloud coincides with that of a single particle
(curves 1 and 2). An increase in particle concentration (a,;) leads to stronger
interaction and the cloud velocity rises. The motion tends to that of fric-
tionless free-fall, curve A. Curves 3 to 6 correspond to the “entrainment”
regime.

A change of regime occurs when the ratio of particle diameter to cloud
radius is varied. The boundary between the two regimes in the planar case
is decribed by

In ay; = (0.825 X 10%) 6 — 4.56 (20)

to within 7% accuracy for the ranges 3.3 X 107°< 6 < 2 X 10™* and 10™°
< oy < 1072

It is assumed that the filtration regime occurs when C/(dy/dt) < 1.2.
At a fixed value of &, the “filtration” regime occurs if the parameter a,;
is small.

In the “filtration” regime, as every particle moves individually, the initial
cloud shape does not change. In the “entrainment” regime the cloud shape
changes continuously.

At first, the lines of equal particle concentration form concentric circles.
The cloud is similar to a drop moving through a liquid, i.e. the particles
move downwards in the centre of the cloud and move upwards near the
edge, With time and an increasing cloud velocity, the “drop” is deformed.
A “dimple” forms in the bottom of the “drop”. Gradually the drop trans-
forms into the “cap” previously described by other workers [14, 15, 16].

The gas zone is increasing continuously. Large scale vortex motion is
formed, causing lateral displacement of the particles. The zones with greatest
particle concentration are moved from the cloud centre (plane x = 0, in
the axi-symmetrical case). As a result, the lines of equal concentration
break-off at a definite time.
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Fig. 8. Cloud evolution in the ‘‘entrainment regime’’. The flow field and lines of equal
concentration are presented at various times: {(a) 4.16, (b) 6.94, (c) 9.71 and (d) 12.5.



227

Two symmetrical cylindrical vortices with the particles in their core
are formed in the planar case (or a toroidal vortex in the axi-symmetrical
case). The evolution of the cloud is shown in Fig. 8. The flow field and
lines of equal concentration are presented for a,; = 1072 and § = 6.67 X
107% at various times, i.e. (a) 4.16, (b) 6.94, (c) 9.71, (d) 12.5.

The process of evolution of the cloud can be followed experimentally
by noting the changes in shape.

Characteristics of sedimentation

In the filtration regime all the particles are descending vertically on
direct line trajectories. The interaction obviously does not depend on the
initial cloud height.

The distribution of the particles falling on the surface can be determined
analytically by means of integration of the initial particle distribution
over coordinate y

ng(x) =4, n(x,1)dy

=V/@/2 [1 + erf (H)] exp (-x?)

where ng = dimensionless concentration of particles on the surface. For
H> 1,n =7 exp (—x%).

In the “entrainment” regime the large scale vortex motion leads to lateral
displacement of the particles above the surface. Therefore, the particles
are scattered across the surface. The scattering increases with increasing
initial cloud height. The cloud profile at various times during sedimenta-
tion is shown in Fig. 9. These profiles are based on the conditions: a,; = 1073,
H=438,and § =6.67 X 1075,

It is possible to identify the formation of: (a) the vortex flow structure,
(b) the “cap”, (c) the deformation of cloud shape during sedimentation,
and (d) gas propagation across the surface and the scattering of particles.

The vortex motion across the surface leads to characteristic distribution
curves. Initially, the particles land near the line of symmetry. Then the
fall-out takes place at a certain distance. The final distribution gives a max-
imum located some distance from the central line and a considerable number
of particles can fall on the surface outside the initial projection of the cloud.

This effect can be estimated quantitatively by introducing a coefficient
for scattering on the surface. This coefficient is equal to that fraction of
the particles which lands outside the initial geometrical ‘““shadow” of the
cloud on the ground.

e=1-N/N (22)

where N = total number of particles, N, = number of particles landing
outside the initial cloud projection.
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In the “filtration” regime, the coefficient is near to zero. In the ‘“‘en-
trainment” regime, the scattering depends on several parameters (e.g. H, §
and a,;). The effect of each of these is shown in Fig. 10.

With increasing initial height, H, the scattering increases, as the vortex
motion takes place in a larger volume and the particles move a considerable
distance from the centre-line, x = 0 (in Fig. 10, a,; = 1072 and & = 6.67
X 107%).

With increasing particle size, §, the scattering diminishes, as the smaller
particles are more easily entrained into the vortex motion (in Fig. 10,
a,; = 1073 and H = 3.373).

If a,; is increased, then the scattering initially increases, marking the
transition from ‘filtration” to ‘“entrainment’ regimes. However, scattering
then decreases, as the increase in vertical velocity means that the particles
fall too rapidly to move far from their initial positions relative to the cloud
centre. (In Fig. 10, H=3.373 and § = 6.67 X 107%))

Throughout this work an isothermal mixture has been assumed. This
is a reasonable approximation since the boiling point of Freon-11 at normal
pressure is not significantly different to ambient temperature. However,
for other hydrocarbons the temperature difference in liquid and gaseocus
phases may be significant.

Conclusions

Physical and mathematical modelling has been used to investigate the
separate stages of the release of a two-phase mixture from a pressurised
vessel. This has provided a methodical basis for the further study of the
individual stages and of the process as a whole.

In order to study the first stage of such processes, experiments have
been conducted on the ‘“‘failure” of a vessel filled with liquid Freon-11.
Data was obtained for the size and velocity of particles, pressure equalisa-
tion time and the time dependence of the pressure in the vessel. An analysis
of the experimental data combined with thermodynamic data has allowed
a definition of the time dependence of the process.

The assumption that the process is isentropic, despite only approximating
to the actual nature of the process, provides satisfactory and reasonable
results. The results obtained can be used to estimate the parameters of
the cloud formed during the failure of a pressurised vessel.

Continued study of the first stage is of interest, as many questions have
not yet been investigated. Among these questions are:

1. Concentration profiles within the vapour as air entrainment takes

place requires investigation.

2. The study and comparison of the release characteristics of different
materials, including the release of solid particles and also mixtures of
solids and liquids.

3. The development of a theory for the expansion of the release which
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can describe the process as a whole, without the need for relationships
based purely on experiment.

4. The investigation of flow patterns and temperature distributions
set up during the release, for both the particles and the vapour, thus
giving an insight into these irreversible processes which occur during
the release. This will allow theories developed in the future to be
based on the most realistic assumptions.

5. The investigation of the cloud formation with simultaneous combus-
tion inside the vessel.

The later stage of cloud evolution has been studied by using mathematical
modelling. The mathematical formulation of the cloud evolution has been
based on the two phases having separate velocities.

The character of the cloud motion has been shown to depend upon the
extent of the hydrodynamic interaction which occurs between the particles
via the gaseous phase.

For a small volume fraction of particles this interaction is not so large,
and each particle behaves as a single particle (the “filtration” regime). If
the concentration of the particles is high enough the air between the par-
ticles is entrained by the particle motion; as a result the cloud velocity
exceeds that of a single particle. In the ‘“‘entrainment’ regime large scale
vortex motion arises; the cloud is transformed into two cylindrical vortices
in the case of planar symmetry. The regime of cloud motion defines the
features of the sedimentation of the particles on the horizontal surface.
In the “entrainment” regime, the particles entrained into the vortex motion
move laterally, therefore they sediment over some distance.

For the future development of this theory, it would be of interest to
consider the following questions:

1. The evaporation of the particles, and taking into account the tem-
perature difference between the gas and the particles. This is especial-
ly important for the study of LPG-releases.

2. The combustion of the cloud above the vessel.

It can be noted that a methodical basis for considering non-isothermal

cases already exists {17, 18].

As for the intermediate stages of the considered processes, it will be
useful to develop the mathematical modelling of these stages and to apply
the self-similar solutions for the jet-like flows.
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List of symbols

Main symbols

EOI N ORRMIECATNL YT VI ZIMROAOL
L

®

exit area

cloud acceleration
particle diameter
coefficient of scattering
gravitational acceleration
height above surface
molecular weight
number of particles
particle concentration
pressure

gas constant

cloud radius

entropy

temperature

time

velocity

volume

total mass of release
quality (vapour mass fraction)
geometrical coordinates
volume fraction of particles
specific heat ratio

relative diameter of particles = d/r;

density ratio = p,/p,
dynamic viscosity

density

power term for vessel failure

Groups

Cq drag coefficient

f drag force

M  Mach number

p' non-dimensional pressure

Re Reynolds number

t'  non-dimensional time

t* characteristic equalisation time
B release characteristic = W/RT
Subscripts

A of the atmosphere

e at pressure equalisation

i

at the initial state
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el VI

of particles

on the surface

at a moment in time
vapour phase
liquid/solid phase
of one component

Note: A vector quantity is indicated with the symbol - above it, e.g. U. The
vector operations are indicated as A, grad and div
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