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bstract

The large-scale release of a liquid contained at upstream conditions above its local atmospheric boiling point is a scenario often given consideration
n process industry risk analysis. Current-hazard quantification software often employs simplistic equilibrium two-phase approaches.

Scaled water experiments have been carried out measuring droplet velocity and droplet size distributions for a range of exit orifice aspect ratios
L/d) and conditions representing low to high superheat. 2D Phase-Doppler Anemometry has been utilised to characterise droplet kinematics and
pray quality. Droplet size correlations have been developed for non-flashing, the transition between non-flashing and flashing, and fully flashing
ets. Using high-speed shadowography, transition between regimes is defined in terms of criteria identified in the external flow structure. An
verview companion paper provides a wider overview of the problem and reports implementation of these correlations into consequence models
nd subsequent validation.

The fluid utilised throughout is water, hence droplet correlations are developed in non-dimensional form to allow extrapolation to other fluids
hrough similarity scaling, although verification of model performance for other fluids is required in future studies. Data is reduced via non-
imensionalisation in terms of the Weber number and Jakob number, essentially representing the fluid mechanics and thermodynamics of the
ystem, respectively.

A droplet-size distribution correlation has also been developed, conveniently presented as a volume undersize distribution based on the

osin–Rammler distribution. Separate correlations are provided for sub-cooled mechanical break-up and fully flashing jets. This form of correlation

acilitates rapid estimates of likely mass rainout quantities, as well as full distribution information for more rigorous two-phase thermodynamic
odelling in the future.
2006 Elsevier B.V. All rights reserved.
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. Introduction

When a liquid contained at conditions above the ambient
aturation pressure is released to the atmosphere the liquid is
escribed as ‘superheated’. Rapid boiling of the resultant liquid
et occurs, producing two-phase flow. Under suitable conditions,
ynamic expansion of vapour bubbles shatters the liquid stream
o produce a finely atomised spray. This phenomenon, known
s ‘flashing’, gives rise to potentially explosive and certainly

azardous heterogeneous two-phase clouds.

When a liquid is released to the atmosphere below the ambi-
nt saturation pressure the liquid is described as ‘sub-cooled’.

∗ Corresponding author. Tel.: +44 2920 875792.
E-mail address: ClearyV@Cardiff.ac.uk (V. Cleary).
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reak-up of the resultant jet is dominated by aerodynamic
nd surface tension forces at the liquid/air interface. This phe-
omenon, known as ‘mechanical break-up’, occurs when any
andom protrusion on the surface of a jet is subjected to a lower
as pressure over its crest than at its base [1]. The faster the
et relative to the surrounding atmosphere the more pronounced
he effect. Eventually this protrusion may detach from the jet to
orm a droplet.

Whether a release occurs under sub-cooled or superheated
onditions, rainout of larger droplets creates a spreading
apourising pool in the vicinity of the release orifice and deter-
ines the amount of material that remains airborne as the cloud
isperses. A certain percentage of rained-out material will evap-
rate from the spreading pool and reattach itself to the dispersing
loud, potentially more dangerously as vapour. The liquid that
emains on the ground presents its own hazard, as for example it

mailto:ClearyV@Cardiff.ac.uk
dx.doi.org/10.1016/j.jhazmat.2006.06.125
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Nomenclature

Cd discharge coefficient
CpL specific heat of liquid (J kg−1 K−1)
dp droplet particle diameter (m)
d0 nozzle orifice diameter (m)
hfh latent heat of vapourisation (J kg−1)
Ja Jakob number = (ρLCpL�Tsh)/(ρvhfg)
L axial length of nozzle (m)
Re Reynolds number = ρu0d0/μ
SMD (Global) Sauter mean diameter = ∑

d3
p/

∑
d2

p
(m)

�Tsh superheat (◦C)
uo mean axial velocity along the orifice [=mass flow

rate/(orifice area × liquid density] (m s−1)
v(D) fraction of total volume of spray contained in

droplets of size less then D
We Weber number ρu2

0d0/σ

Greek letters
μ dynamic viscosity (Pa s)
ρ density (kg m−3)
σ surface tension (N m−2)
φ correction factor for Jacob number

Subscripts
a atmospheric
L liquid
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an ignite to create a pool fire. For the purposes of accurate haz-
rd quantification it is therefore necessary to be able to predict
he behaviour of droplets in accidental releases of these kinds.

There are various empirical correlations for mechanical
reak-up proposed in literatures [2–7] though most consider
onditions outside the domain of interest for hazard analysis. In
ddition, most dispersion hazard models currently utilise some
orm of the ‘critical Weber number’ criterion to estimate max-
mum sizes for stable droplets from mechanical break-up, see
q. (1).

ecrit = ρau
2
0dp

σL
= 10–20 (1)

While this methodology is appropriate for single droplet sit-
ations it is not considered appropriate for this application.

Several authors [8,9] have reported little or no discernible
ifference between jet releases under conditions of ‘low’ super-
eat and mechanical break-up. Under these conditions the effect
f bubble nucleation appears to be negligible so that mechani-
al break-up prevails, or restricted to the external break-up mode

here bubbles are generated and grow within the jet downstream
f the exit orifice. Hence, flashing appears to be limited by a
ransition superheat limit, allowing mechanical break-up mech-
nisms to dominate into the superheated region.

t
D
c
o
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Kitamura et al. [9] propose a transitional correlation using
uperheated water and ethanol flowing through ‘long’ nozzles
50 < L/d0 < 115) and flashing into an evacuated chamber,

a φ = 100 We−1/7
v , with φ = 1 − e−2300(ρv/ρL) (2)

his correlation is claimed to govern transition to ‘complete’
ashing, where φ is a function of the ratio of vapour to liquid
ensity.

Muralidhar et al. [10] propose a simple model that describes
transition point between mechanical break-up and flashing

tomisation based on a critical superheat above which the rate
f change of rainout falls sharply in accordance with a rapidly
ecreasing droplet size in the spray.

However, beyond the initial transition superheat several fur-
her stages of transition are likely to exist until a final stage of
tomisation is reached. For example, Park and Lee [11] identify
hree intermediary junctures of flashing. What is unclear is how
apid the evolution from the initial transition stage to the final
ransition stage occurs, and which stage is represented by the
quation proposed by Kitamura et al.

It is necessary, therefore, to formulate a model governing
et break-up across the full spectrum of upstream conditions,
ncluding the establishment of valid criteria governing the var-
ous stages of transition from mechanical break-up to flashing
tomisation.

Given financial and safety constraints, water is used as the
odel fluid. Hence, at this stage predictions for other liquids rely

n the established non-dimensional variables adopted within the
odel. Further work on other fluids will be required to validate

his assumption.
The current paper reports the derivation of droplet atomisa-

ion correlations from scaled water experiments. See the com-
anion paper [12] for a wider overview of the problem and
mplementation of these correlations into consequence mod-
ls and subsequent validation. Section 2 of this paper describes
he experimental procedure and range of experiments. Section

describes the results of the data analysis for the experiments
nd proposes new SMD and droplet-size correlations for sub-
ooled jets, fully flashing jets and transition to fully flashing.
he overall SMD correlation is summarised in Section 4 and
nal conclusions are presented in Section 5.

. Experimental procedure

Sharp-edged brass nozzles were manufactured in-house, with
are taken to avoid the formation of aberrations or inaccuracies
n the nozzle inlet as recent work [13] has indicated that these
nfluence the internal flow characteristics and significantly alter
he atomisation process. The length of the final orifice geometry
s defined to be consistent with that defined in standard atomi-
ation and jet break-up literature [8,9].

Droplet size and velocity measurements were made for both

he sub-cooled and superheated rig using a DANTEC 1D Phase
oppler Anemometry (PDA) system mounted on a computer

ontrolled mechanical traverse. Measurements are made based
n phase Doppler interferometric theory, whereby light from two
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Table 1
Sub-cooled program

Gauge pressure (bar) Nozzle diameter (mm) Aspect ratio (L/d0)

4 ≤ P ≤ 20 at 2 bar
increments

2.00
1.7
3.5

4 ≤ P ≤ 24 at 2 bar
increments

1.00

3.4
7.0
10.0
20.0
30.0
50.0

0

t
z
e
v
g
g
o

i
7
c
b
f
a
a
d
s
h
b
f
r
s
a
i
i
B

s
t
c
t
c
fl
g
a
t
d
a
p

88 V. Cleary et al. / Journal of Haza

ncident laser beams is scattered by particles entering the mea-
urement volume, defined by the intersection of the two beams.
eceiving optics placed at a specific off-axis location project the

cattered light onto multiple photo-detectors. The frequency of
ach Doppler burst is proportional to the particle velocity and the
hase shift between signals from different detectors is directly
roportional to the particle diameter.

A range of optical configurations were appraised before the
nal system was specified. This was necessary due to the broad
ange of droplet sizes produced by some of the sprays. The opti-
um optical set-up for sub-cooled releases consisted of 600 mm

ocal length lenses and a beam separation of 20 mm, which gave
diameter range of 0–1480.2 �m. A bandwidth of 12.0 MHz

nabled particle velocities in the range −46.3 to 138.9 m s−1

o be measured. For superheated releases 600 mm focal length
enses and a beam separation of 30 mm gave a diameter range
f 0–385 �m. Again a 12.0 MHz bandwidth was adopted which
n this case enabled particle velocities in the range −30.8 to
2.6 m s−1 to be measured.

Due to the poor atomisation quality for low-pressure sub-
ooled release conditions, validation rates were relatively low.
ypical validation rates for sub-cooled sprays ranged from 20 to
0% at low pressure, i.e. 4 bar, and 60–90% at high pressure, i.e.
4 bar. However validation rates for flashing releases were typi-
ally in the range 70–95%. Validation rates varied inversely with
pray density throughout the spray cross-section, i.e. validation
ates were at their highest at the edge of the spray where the spray
ensity was at its minimum, and vice versa. The poor quality of
he spray for sub-cooled conditions also presented challenges in
erms of data truncation. These issues were minimised by the
dopted optical configuration, however it is never possible to
e completely confident that truncation has been eliminated for
ow-quality sub-cooled jets. By contrast for superheated releases
t appeared possible to completely eliminate data truncation, as
ach measured sample was less than 200 �m, almost half the
pper diameter size afforded by the associated optical set-up.

For both sub-cooled and superheated sprays PDA data was
aken at regular horizontal increments through the spray in the
lane of the central axis. The necessity to represent the distribu-
ion as a whole by a single number requires that measurements
aken at these radial locations be transformed to a ‘global’ mea-
urement. At each radial location the PDA system recorded
0,000 ‘validated’ samples. However, because of this and the
on-uniformity of the droplet concentration through the spray it
as not possible to take a mean in order to provide this sin-
le number. Instead a comprehensive approach was adopted
or the globalisation of the local measurements. Radial values
re normalised by the flux in order to counter the variation in
roplet concentration through the spray cross-section, and by
he absolute validation rate so that proportionately each global

easurement is based on the same number of samples. How-
ver, this approach necessitates that the samples rejected by the
DA system have the same distribution characteristics as those

ccepted.

The sub-cooled spray rig essentially consisted of a steel tank,
ith a working capacity of 200 l, and a vertically positioned noz-

le adaptor, which allowed nozzles of various orifice geometries

a

n
o

.75
4.53
9.33

o be used according to the needs of the experiment. The noz-
le was positioned vertically so as to negate any gravitational
ffects on the spray. Water was circulated using a centrifugal
ertical pump and the pressure was regulated using a pressure
auge and a pressure relief valve. Table 1 summarises the pro-
ramme of experimental work carried out for the investigation
f sub-cooled jets.

Findings from automotive injector studies of simple atom-
sers usually quote that the jet is fully developed after some
5–100 nozzle diameters downstream, though these will be for
onsiderably higher pressures and for jets in the ‘atomisation’
reak-up regime. Releases considered in this study invariably
all into the ‘second-wind’ break-up regime. This means that for
n appreciable distance downstream the jet does not break-up
t all, but in fact remains intact as a ‘pencil’ jet. Hence, fully
eveloped sprays will not be established until further down-
tream than distances quoted for automotive sprays, i.e. several
undred nozzle diameters. Therefore a compromise is required
etween the atmospheric dispersion modelling approach of a
ully developed spray existing immediately downstream and the
eality of a finite break-up length preceding the fully developed
pray. In the course of this study post-expansion data was taken
t 500 mm downstream of the exit orifice, beyond which point
t was assumed that dynamic jet break-up was complete. This
s also found to be consistent with previous data produced by
uchlin et al. [14].

The superheated spray rig consists of a sealed pressure ves-
el with a working capacity of approximately 33 l. Vents in
he base of the tank enable refilling. A helical-shaped electri-
al incoloy heating element is used to heat the water inside the
ank. Pressure is created through the expansion of the water (i.e.
onditions within the vessel are initially saturated) and hence the
owrate is a function of the water temperature and the orifice
eometry. Nozzles are attached to the rig via a conduit elbow
t the base of the tank, so that releases are directed parallel
o the ground, thereby making gravitational influences on the
roplet distribution unavoidable. Jet temperature and pressure
re recorded using a thermocouple and a pressure transducer
ositioned 15 mm upstream of the orifice inlet and connected to

data acquisition system, which records data at 1000 Hz.

The inability of the laser to penetrate sprays produced by
ozzles with diameters in excess of 1 mm and lengths in excess
f 3.4 mm limited the experimental programme to nozzles of
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Table 2
Full flashing programme

Stagnation temperature (◦C) Downstream distance (mm) Nozzle diameter (mm) Aspect ratio (L/d0)

180
250
500
750

Table 3
Transition programme

Stagnation temperature (◦C) Nozzle diameter (mm) Aspect ratio (L/d0)

130
140 4 0.85
150 3 1.13
160 2 1.70
1
1
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because a sharp-edged orifice (L/d0 = 0) produces a spray with
a finite SMD. Given the relatively weak dependence of aspect
ratio indicated in the correlation for an aspect ratio an order of
magnitude less than the lower cut-off limit the maximum error
70
80 1 3.40

haracteristic geometries shown in Table 2. Using these nozzles
t is not possible to produce fully flashing sprays at stagnation
emperatures below 180 ◦C, which is the maximum operating
emperature of the superheated rig. For this reason it was only
ossible to conduct PDA particle sizing for one set of upstream
onditions.

The temperature at the exit orifice is transient during the ini-
ial stages after the release valve is opened, until equilibrium is
eached and the jet exit temperature stabilises below the vessel
tagnation temperature. Potential causes of this temperature dif-
erence are heat transfer and phase change prior to the orifice
xit, the latter being part of an ongoing study. As jet tempera-
ure increases, jet break-up passes through the various transition
egimes. Combining high-speed (1000 fps) shadowography with
he data acquisition system it was possible to couple the observed
reak-up characteristics with the jet temperature and release
ressure.

Backlit shadowgraphs of superheated jets were taken using a
AC 1000 high speed video camera and a VCR, which recorded

mages at 1000 fps. The jet was backlit using a 1000 W spotlight
ocused on the jet centreline. An efficient extract system was
sed to prevent droplet recirculation. Table 3 summarises the
eries of initial conditions for which images were recorded.

. Data analysis

.1. Sub-cooled releases

A correlation for predicting droplet SMD for sub-cooled
eleases has been produced based on three non-dimensional
roups; Weber number, Reynolds number and the nozzle aspect
atio (L/d0) and takes the form shown in Eq. (3).

SMD

d0
= 64.73

(
L

d0

)0.114

ReL − 0.014 We−0.533
L (3)
The effect of the various input parameters on the droplet SMD
s demonstrated by Eqs. (4)–(6)

MD ∝ d0.34
0 (4)
0.75 4.53

1.00 3.40

MD ∝
(

L

d0

)0.114

(5)

MD ∝ P−0.54 (6)

Droplet SMD was found to depend strongly on the nozzle
haracteristics; for nozzle aspect ratio an explicit power law rela-
ionship has been proposed. However, the effect of nozzle aspect
atio is still a matter of some debate and ongoing research. Far
rom the trend being uniform, the relationship between droplet
MD and aspect ratio displays a complicated fluctuating trend

ine. This also reflects recent findings from work undertaken at
ardiff University [15] where a ‘wavy’ relationship was found

o exist between aspect ratio and discharge coefficient, which
s itself related to the flow structure of the liquid in the nozzle.
n the spirit of ‘simplicity’ for inclusion in more general atmo-
pheric modelling, a linear relationship has been superimposed
cross the range of aspect ratios used so that a coherent corre-
ation could be deduced from the data. Fig. 1 demonstrates this
isually.

For scenarios where the aspect ratio in a practical release is
utside the range considered here it is recommended that a lower
ut-off limit of 1.7 and an upper cut-off limit of 50 be adopted.
t is reasonable to assume that there must be a lower cut-off
Fig. 1. ‘Wavy’ relationship between aspect ratio and droplet SMD.
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Fully flashing jets have been investigated for the initial con-
ditions outlined in Table 2. In each case the exit temperature
of the jet at the nozzle was 155 ◦C (55 ◦C superheat). Results
Fig. 2. Comparison of measured and predicted droplet SMD.

n SMD prediction is 30%. Similarly there is physical justifi-
ation for adopting an upper cut-off limit as one would expect
he influence of aspect ratio on downstream spray conditions to
ventually diminish. For an aspect ratio an order of magnitude
igher than the upper limit the maximum error in SMD is also
0%.

In order to evaluate the accuracy of the proposed correlation,
easured data has been plotted against predicted data; this is

hown in Fig. 2.
In an attempt to further improve the accuracy of the correla-

ion, nozzle specific correlations can be developed which avoid
he ambiguity introduced to the correlation by the unstable rela-
ionship demonstrated between the aspect ratio and the droplet
MD. However, this improved accuracy of course comes at the
xpense of generality. Fig. 3 demonstrates the level of accuracy
t is possible to achieve.

A correlation for droplet-size distribution has also been pro-
uced based on the common Rosin–Rammler size distribution
nd is presented in Eq. (7). The correlation is conveniently pre-
ented in terms of the droplet SMD and can therefore be readily
ntegrated with the proposed droplet size correlation.

− v(D) = e−0.3(D/SMD)1.6
(7)

Fig. 4 shows the volume undersize distribution for the exper-
mental data, the Rosin–Rammler correlation as presented by
lkotb [7] and the newly proposed Rosin–Rammler correla-

ion for a 24 bar release pressure. Presenting the correlation as
volume undersize function is very useful in terms of atmo-
pheric dispersion modelling, particularly in light of near-field
ainout. If one selects a critical droplet size above which all
iquid released rains-out, the percentage of the total volume of
pray which rains out can be immediately determined from the F
Fig. 3. Improved accuracy using nozzle specific correlations.

raph. In general the experimental data and proposed distribu-
ion function show negligible volume contained in droplets with
iameters of 100 �m or less for the range of initial conditions
onsidered within the scope of this paper. As droplets above
00 �m will rainout, for ‘low’ to ‘medium’ release pressures
he model predicts that most of the released material will rainout
nd contribute to pool formation rather than form a potentially
azardous cloud.

.2. Fully flashing jets
ig. 4. Sub-cooled volume undersize distribution (24 bar, SMD = 344 �m).
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Fig. 5. Distribution of droplet S

aken using the PDA system have been processed to produce
cherry plots’, which describe the distribution of droplet sizes in

he spray; these are presented in Figs. 5 and 6.

Figs. 5 and 6 are presented in two constituent parts so that the
rst part displays the measured droplet diameters in terms of a
olour code according to the scale given on the right hand side

t
m
s
o

Fig. 6. Distribution of droplet SMDs
for 0.75 mm nozzle diameter.

f each figure and also scaled so that the size of each circle is
roportional to the measured droplet SMD at that spatial loca-

ion. Velocity vectors are attributed to each circle to indicate the

ean axial velocity of the particles at each spatial location. The
cale for these vectors is presented in the top left hand corner
f each figure. The second part of each figure utilises a function

for 1.00 mm nozzle diameter.
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Table 4
Measured global droplet SMD

Nozzle diameter
(mm)

Aspect ratio
(L/d0)

Downstream
distance (mm)

Global SMD
(�m)

0.75 4.53 250 59.5
0.75 4.53 500 71.0
0.75 4.53 750 68.9
1.00 3.40 250 62.8
1.00 3.40 500 71.0
1
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The transition from mechanical break-up to full flashing is
.00 3.40 750 79.0

f the Matlab programme on which they were produced which
nterpolates the data between each measurement point to give an
stimated droplet size distribution throughout the whole spray.

Physical restrictions imposed on the experimental apparatus
aused by the width of the spray produced by the 1.00 mm noz-
le diameter prevented measurements being taken in the outer
egion of the spray beyond 500 mm downstream. For this reason
ata from the edge of the spray at the furthermost downstream
istances is missing. It is likely that the upper portion of the
pray would have contained droplets with SMD below 50 �m,
hich are absent from this dataset.
Figs. 5 and 6 indicate that as droplets progressed further

ownstream gravitational forces began to influence their trajec-
ory so that larger droplets began to rainout. This is manifested
y the cluster of droplet diameters above 80 �m in the lower por-
ion of the spray. This contributes to the apparent trend of droplet
rowth with downstream distance, as the larger droplets separate
rom the higher quality spray, leading to the apparent increase
n droplet SMD in the downstream direction. This downward

igration may also increase the potential for coalescence, which
ould also have the influence of increasing droplet SMD. In the

ase of the 0.75 mm nozzle diameter most of these droplets had
lready rained out at 750 mm downstream. In the case of the
.00 mm nozzle diameter the increase in orifice size resulted
n larger droplets with higher velocities. Consequently droplets
n this spray possess increased momentum, which reduced their
ngle of trajectory and carried them further downstream. For this
eason droplets with SMDs above 80 �m (largest circle in plot)
ere still present in the spray at 750 mm downstream. However,

t is still likely that these droplets would have eventually rained
ut further downstream.

This effect is also demonstrated by the measured global
roplet SMDs presented in Table 4, where droplet SMDs are
learly shown to increase with downstream distance (in the
ase of the 0.75 mm nozzle diameter SMD peaks at 500 mm
ownstream as larger droplets have rained out at 750 mm down-
tream). Therefore, for the purposes of atmospheric dispersion
odelling, post-expansion data was taken at 250 mm down-

tream of the exit orifice, at which point it was assumed that
ynamic jet break-up was complete and the effect of coales-
ence and droplet rainout was least significant.

The velocity distributions presented in Figs. 5 and 6 display

imilar characteristics in each case. At 250 mm downstream the
eak of each velocity profile is shifted towards the lower region
f the spray, which also contains the larger droplets. This is due

d
s
(

ig. 7. Fully flashing volume undersize distribution (nozzle = 1 mm,
MD = 62.8 �m).

o the relative impact of aerodynamic drag on droplet trajec-
ory with respect to droplet diameter. It can be seen that at each
ownstream location that the average droplet velocity is approx-
mately proportional to droplet SMD. As the droplets progress
urther downstream the velocity reduces and the velocity profiles
atten. The spray produced from the 1 mm nozzle demonstrate
igher average droplet velocities than the 0.75 mm case due to
he increase in mass flowrate caused by the larger exit orifice.

A correlation for droplet-size distribution for fully flash-
ng sprays has also been produced, based on the common
osin–Rammler size distribution and is presented in Eq. (8).

− v(D) = e−0.5(D/SMD)3.5
(8)

Fig. 7 shows the volume undersize distribution for the exper-
mental data produced using the 1 mm nozzle at 250 mm down-
tream. Also included is the log-normal distribution as recom-
ended in literature [16] and presented by Eq. (9).

(dp) = p(t = dp/dpm)

dp
, with

p(t) = 1

(2π)0.5 ln(σG)
exp

[
−0.5

(
ln t

ln(σG)

)]2

(9)

A more typical distribution profile is observed for fully flash-
ng sprays, which is indicative of a more complete atomisation
rocess compared to sub-cooled jets. The form of the proposed
istribution correlation is clearly more suited to the measured
roplet distributions. It is also presents an improvement upon
he Rosin–Rammler correlation presented by Elkotb [7].

.3. Transition to flashing
emonstrated in Fig. 8. In the images presented, the release pres-
ure is approximately 1.5 bar and the nozzle diameter is 4 mm
aspect ratio 0.85). At 0 ◦C superheat mechanical break-up is the
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ig. 8. Evolution of jet break-up with increasing temperature (nozzle = 4 mm,
ressure = 1.5 bar). (a) �Tsh = 0 ◦C; (b) �Tsh = 5 ◦C; (c) �Tsh = 10 ◦C; (d)
Tsh = 15 ◦C; (e) �Tsh = 17.5 ◦C.

ominant mechanism. At 5 ◦C bubbles begin to form, causing
◦
he jet to swell. At 10 C bubbles begin bursting at the surface

f the jet. Large bubbles are clearly observed within the spray.
t 15 ◦C bubbles bursting in the jet initiate disintegration of

he core, with ligament formation at the edges of the spray. At

o
v
F
w

Fig. 9. Stages of transition for superheated jet break-up.

7.5 ◦C a wide angled jet has developed beyond the break-up
ength with rapid bubble growth causing the complete disinte-
ration of the core.

Three distinct stages of transition have been identified and
re presented in Fig. 9. Condition A is characterised by exter-
al bubble nucleation. These bubbles shatter near the edge of
he jet leaving a significant liquid core of finite length imme-
iately downstream of the exit orifice, beyond which complete
isintegration of the jet creates a distinctive wide-angled spray.

Kitamura et al. [9] define critical superheat for flashing as the
emperature at which the jet break-up mechanism presented by
ondition B occurs. This condition is characterised by an initial
nbroken jet of finite length at which point it shatters suddenly
nd violently. The length of the unbroken jet corresponds to
period of delay during which bubble nuclei initially survive

efore growing rapidly causing the jet to disintegrate completely.
his distance is not fixed, but is observed to fluctuate rapidly
nd randomly between approximately 0.5–3 nozzle diameters
ownstream.

This break-up regime was largely confined to releases from 1
nd 2 mm nozzle diameters where it occurred in sequence after
he inception of condition A. It is suggested that the size of the
ozzle diameter in these cases in some way restricted bubble
rowth upstream of the exit orifice. Though it was observed to
ccur in releases from 3 and 4 mm nozzle diameters, it occurred

ery briefly and with a very short break-up length, if any at all.
or this reason data points identifying this break-up mechanism
ere not included for these orifices.
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represented by vertical dashed lines.

The model was developed by assuming a linear relationship
between superheat and droplet SMD during the intermediary
stage of transition. The final data point in the mechanical
Fig. 10. Critical Jakob number for flas

Condition C essentially represents the point beyond which
he structure of the flashing jet does not significantly change,
nd is characterised by a barrel shaped spray, with violent
et disintegration at the nozzle with no delay time for bubble
ucleation. This indicates upstream bubble nucleation, either by
omogenous nucleation via molecular processes throughout the
ody of the fluid, or by heterogeneous nucleation at the liq-
id/nozzle wall interface. Conditions which govern transition
etween break-up phenomena can be predicted by a relatively
imple relationship between Jakob and Weber number.

In Fig. 10 the degree of superheat has been non-
imensionalised by the Jakob number and the jet velocity has
een non-dimensionalised using the vapour Weber number.
rom this figure it can be clearly seen that transition to con-
ition B agrees reasonably well with the critical superheat for
ashing as defined by Kitamura et al. [9]. This relationship is
xpressed in Eq. (10). However, in order to facilitate the appli-
ation of this transition criterion to other liquids, it is necessary
o develop this relationship further.

a = 400 We−0.5
v (10)

Kitamura et al. [9] modify the Jakob number by the liquid to
apour density ratio based on the need to introduce the effect of
ubble growth rate on jet break-up, as this will depend on the
iquid properties. This is achieved by the introduction of a cor-
ection factor, which compensates for the discrepancy between
heoretical and measured bubble growth rates. This is presented
n Fig. 11.

The far-left dataset in Fig. 11 is Kitamura’s data for water.
he middle dataset is Kitamura’s data for ethanol. The far right
ataset is Brown and York’s dataset [8] for water and Freon-11,
epresented by un-shaded and shaded data points, respectively.
ne advantage of adopting the form of this correlation is that
t is representative of transition to flashing for both water and
thanol. For this reason, this form of the correlation is adopted for
odelling purposes. Fig. 12 presents this correlation in relation

o the measured data and Kitamura’s dataset.
s a function of vapour Weber number.

Condition A is considered to be representative of the first
ransition stage where mechanical processes cease to dominate
reak-up. Kitamura’s dataset for water closely correlates with
he measured data for transition to condition B. This is consid-
red as an intermediary stage of transition where full flashing
haracterised by upstream bubble growth has not yet began. This
s represented by condition C. The correlations governing tran-
ition to conditions A and C are presented by Eqs. (11) and (12).

a φ = 55 We−1/7
v (11)

a φ = 150 We−1/7
v (12)

. Model governing transition from mechanical
reak-up to full flashing

The data presented has been combined to produce a model
hat governs transition from mechanical break-up to full flashing
f sprays, and example of which is presented in Fig. 13. In this
ase the release pressure is 10 bar and the orifice diameter is
mm (aspect ratio = 3.4 mm). Transition conditions A and C are
Fig. 11. Kitamura transition criteria [9].
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Fig. 12. Correlations for transition to the three identified stages of transition.
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Fig. 13. Transition from mechanical break-u

reak-up regime as determined by the proposed sub-cooled
roplet correlation was taken as the beginning of this inter-
ediary stage. A linear relationship was then superimposed

o intercept the measured droplet SMDs for full flashing at
50 mm downstream of the exit orifice. It is difficult to obtain
igh quality atomisation with droplet SMDs of 30 �m or less,
ven with dynamic processes such as those which occur during
uperheated releases [17]. For this reason the linear relationship
as extrapolated until a droplet SMD of 30 �m was reached,

fter which it was assumed that droplet size will decrease slowly
t a nominal rate of 1 �m for every further 10 ◦C increase in
uperheat.

In order to extend the model to the full range of possible initial
onditions it is recommended at this stage of development that
he ratio of droplet SMD at the first to the final transition point

here taken to be 2.4), as demonstrated in Fig. 13, be adopted
or all potential release scenarios.

The full model is presented mathematically in the accompa-
ying paper [12].

•

full flashing (10 bar guage, nozzle = 1 mm).

. Conclusions

A new non-dimensionalised correlation for prediction of
mean droplet size in isothermal water jets released in the
mechanical break-up regime has been developed based on
Phase Doppler Anemometry data.
New correlations for the prediction of droplet size distribution
in sub-cooled and fully flashing jets have also been developed
using the data developed using this technique.
A quantitative experimental methodology for identifying tran-
sition from mechanical break-up to full flashing has been
designed and implemented, allowing comparison of transition
data for cases more characteristic of atmospheric dispersion
releases (higher Weber number) with a correlation previously
presented in the literature by Kitamura.

Using a similar transition criterion to that adopted by Kita-
mura, the current dataset is consistent with the correlation
advocated by Kitamura based on Jakob number and Weber
number.
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It is proposed that the modified correlation proposed by Kita-
mura, based on bubble-growth rates, is used until a broader
dataset for a range of material releases becomes available.
Three distinctive stages of transition have been identified for
the break-up of superheated jets from the mechanical regime
to full flashing. Two equations governing the starting point and
end point of transition have been produced and recommended
for modelling purposes.
These results have been combined to produce an overall model
for the full transition of a pressurised release of liquid from
the mechanical break-up regime to full flashing.
As the large majority of the data is for the case of water,
the lack of data for different materials is considered the most
significant deficiency at this stage of understanding. Hence,
although an improvement on previous models for superheated
releases, there is still considerable research and development
required to appraise, consolidate and develop some of the
assumptions and modelling approaches adopted in this paper.
Furthermore, the concurrent measurement of source spray
conditions with measured rainout has not been undertaken
in this series.
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