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Abstract

Loss of containment often results in flashing releases of hazardous chemicals into the atmosphere. Rainout of these chemicals reduces airborne
concentrations, but can also lead to extended cloud duration because of re-evaporation of the rained-out liquid. Therefore, for hazard assessment
one must use models which accurately predict both the amount of rainout and its rate of re-evaporation. However, the findings of a literature survey
reveal weaknesses in the state-of-the-art for modelling the sub-processes of droplet atomisation, atmospheric expansion, two-phase dispersion,
rainout, pool formation and re-evaporation. A recent joint industry project has implemented recommendations from this survey, deriving from
scaled water experiments droplet size correlations for conditions ranging from negative to high superheat. This experimental programme is reported
in more detail in a separate companion paper. As a whole these correlations describe a tri-linear function of droplet size (expressed as Sauter mean
diameter) as a function of superheat. This function describes the regimes of non-flashing, the transition between non-flashing and flashing, and
fully flashing. The new correlations have been compared with previous correlations recommended by the Dutch Yellow Book and CCPS Books.
The correlations are validated against published experiments including the STEP experiments (flashing propane jets), experiments by the Von
Karman Institute (flashing R134-A jets), and water and butane experiments carried out by Ecole des Mines and INERIS. The rainout calculations
by the dispersion model have been validated against a subset of the CCPS experiments (flashing jets of water, CFC-11, chlorine, cyclohexane,
monomethylamine).
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Many accidents involve two-phase flashing releases of haz-
ardous chemicals into the atmosphere. Rainout of these chemi-
cals results in reduced concentrations in the remaining cloud,
but can also lead to extended cloud duration because of re-
evaporation of the rained-out liquid. For accurate hazard assess-
ment, one must accurately predict both the amount of rainout
and re-evaporation of the cloud. Fig. 1 illustrates the problem.
After elevated two-phase discharge, evaporating droplets move
away from the plume centre-line. If droplets reach the substrate,
rainout occurs leading to the formation of a spreading liquid
pool which provides a secondary source of vapour.
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A ‘Phase I’ scoping project was carried out by Witlox and
Bowen [1], which involved a detailed literature review on flash-
ing liquid jets and two-phase droplet dispersion. This project
was sponsored by DNV, the UK Health and Safety Executive,
Exxon Mobil and ICI Eutech. The review considered models
and validation data for the sub-processes of atomisation, atmo-
spheric expansion to ambient pressure, two-phase dispersion,
rainout, pool formation and re-evaporation. This project served
to establish the state-of-the-art and provide recommendations
for:

e Model for atmospheric expansion from orifice to ambient con-
ditions (particularly for initial droplet size, isentropic versus
isenthalpic expansions; post-expansion data are initial droplet
size, flash fraction, velocity)

e Air entrainment for two-phase jet releases (including liquid
droplets)
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Nomenclature

A cross-section area (m?)

Co specific heat (J/kg/K)

dq Sauter mean diameter (SMD) =d3, (m)

dda SMD based on aerodynamic (mechanical) break-

up criterion (m)
dag SMD based on flashing break-up criterion (m)

do orifice diameter (m)

h specific enthalpy (J/kg)

htg latent heat of evaporation (J/kg)

Ja Jacob number

L wall thickness (release from hole in vessel) or pipe
length (pipe release) (m)

m discharge flow rate (kg/s)

P pressure (N/mz)

PS*(T) saturated pressure of released component at tem-
perature T (N/m?)

Re Reynolds number

T temperature (K)

u velocity (m/s)

We Weber number

Greek letters

ATy, superheat (K)

v specific volume (m3/kg)

0 density (kg/m?)

o surface tension (N/m)

® correction function to Jacob number in criterion

for transition to flashing

Subscripts

a ambient (atmospheric)

f final (after atmospheric expansion)

L liquid

o orifice (immediately downstream of orifice, prior
to atmospheric expansion)

sat saturated conditions

st stagnation (before expansion from storage data to
orifice data)

v vapour

e Conservation equations for droplets downstream of the orifice
(including droplet distribution)

e Rainout criteria (including cut-off for droplet size diameter)

e Re-evaporation from pool

e Other practical influences, e.g., orifice characteristics

It was found that the source term for the downstream dis-
persion calculations was ill-defined due to lack of a justifiable,
validated atomisation model. No experiments were found to
be available for releases with significant rainout, which would
enable to link the initial post-expansion conditions with down-
stream rainout or airborne concentration. Only two models were
found which attempt to model the primary two-phase processes

on a physical basis, the DNV ‘Unified Dispersion Model” UDM
[2,3] and its multi-compound generalisation by Mobil [4,5].
Potential limitations of these models were discussed—further
details may be found in Witlox and Bowen [1].

A follow-up Phase II project [6,7] funded by DNV, Atofina,
Gaz De France and RIVM (Dutch government) was initiated to
implement the recommendations from Phase I.

The first stage of the Phase II work involved scaled experi-
ments for two-phase water jets. Using Phase Doppler Anemom-
etry, the experiments measured velocity and droplet size dis-
tributions as close to the orifice as possible (to represent post-
expansion data) in order to derive an improved atomisation cor-
relation valid for release conditions. Experiments were under-
taken for both low superheat (non-flashing jets; mechanical
break-up droplet size criterion) and significant superheat (flash-
ing jets). The correlation derived is summarised in the follow-
ing section, and also compared against other correlations. This
new correlation describes the regimes of non-flashing, the tran-
sition between non-flashing and flashing, and fully flashing.
In addition to droplet size correlations for the Sauter mean
diameter (SMD), the experimental work also derived corre-
lations for droplet size distributions (around the SMD). The
reader is referred to the accompanying paper [8] for further
details on the experiments and the derivation of the above corre-
lations.

The current paper summarises the second stage of the Phase
II project, which included model development and model vali-
dation. The paper also includes considerable additional updates
carried out after Phase II, such as additional validation studies
and updates to the original CCPS droplet correlation. Section
2 describes in detail the newly derived Phase II droplet size
correlation as well as previous correlations recommended in
the literature. Section 3 compares the different correlations and
describes their validation against experimental data. In Section
4 rainout calculations are reported for CCPS experiments from
a two-phase dispersion model using as input the initial droplet
size from the above correlations. Section 5 discusses the neces-
sity for further studies, and Section 6 summarises the main
conclusions.

2. Overview of droplet size correlations

This section includes a description of two of the most com-
monly recommended correlations for the Sauter mean diameter
(SMD) of the droplet size (CCPS and Yellow Book correlations),
as well as a description of the newly proposed correlation. Witlox
and Bowen [1], the CCPS RELEASE book [10] and Ramsdale
[9] provide a wider list of correlations and a detailed review
of these. The CCPS and Yellow Book droplet-size correlations
are expressed in terms of post-expansion data, and therefore
these very much depend on the adopted expansion equations;
see Appendix A for a brief discussion.

2.1. Weber/CCPS correlation

This model is recommended in the CCPS Book by Johnson
and Woodward [10] for predicting aerosol rainout in accidental
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Fig. 1. Droplet evaporation and rainout.

releases. The droplet size dg (SMD) is set as the minimum of
the droplet size dgq,, derived from “mechanical or aerodynamic”
break-up and the droplet size dyr derived “flashing” break-up,

()

dqg = min{dyg,, dar}

Here djy, is calculated as a function of the critical Weber number

oL Wecrit

dda
u %pa

@

where uy is the final post-expansion velocity (m/s), o, the post-
expansion surface tension of the liquid (N/m), and p, the atmo-
spheric density (kg/m3 ); furthermore We is the critical value
of the gas Weber number, taken as 12.5 in line with recommenda-
tions by the Yellow Book [13], Brown and York [11] and Hinze
[12].

Using the PHAST model UDM, Johnson and Woodward [10]
calculated droplet diameters such as to best match observed
rainout data for the CCPS rainout experiments. These “experi-
mental” drop sizes were correlated against a number of differing
parameters, of which partial expansion energy, Ep, was the most
effective correlator for droplet size dqr. Thus, dgr (m) is calcu-
lated as a function of E, (J/kg)'

dar = 0.833 x 107 — 0.0734 x 10 In (Ep) (3)

with the partial expansion energy given by

o

! This correlation is implemented in PHAST and slightly deviates from the
correlation reported in the CCPS book.

—Ah — [Psat(Tst) — Pylug + [Po — Psal(Tst)]vsta
(Pst — Pa)vg,

where Ah is the change in material enthalpy from stagnation
to final post-expansion conditions (J/kg), Pg the stagnation
pressure (N/m?), Ty the stagnation temperature (K), v the
stagnation specific volume, P, the ambient pressure (N/m?),
and PS* the saturated vapour pressure. The two cases in the
above equation correspond to superheated liquid (liquid-to-
two-phase expansion) and sub-cooled liquid (liquid-to-liquid
expansion), respectively. The flashing droplet correlation is
derived from experiments involving releases from orifices only.
Therefore, its applicability to releases from pipes and to instan-
taneous releases is questionable. In the case of the release
from a vessel (without attached pipe) and ‘meta-stable liquid’
assumption between the stagnation and the orifice conditions
(i.e. no flashing within the orifice, T=Ty, P =P,), the above
droplet size formula should always be associated with an isen-
tropic atmospheric expansion (conservation of mass, entropy,
energy) in line with the assumption taken by Johnson and
Woodward.

2.2. Appleton/Wheatley correlation recommended by
Yellow-Book

For finite-duration spray releases, the Yellow Book [13] rec-
ommends the initial droplet-size calculation method based on
the work by Appleton [14] and presented by Wheatley [15]. It

Py < PP(Ty)
PP (Ty) < Py

“4)
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is defined as follows:

W 0.5
1.89dsy /1 + 3%, if (Wers < 100Re; Mand T, < 1.11TS(P,)
dg = €Lf
oL Wegrit
—s else
Ug Pa

where T, is the exit (orifice) temperature (prior to the expan-
sion); T$*(P,) is the normal boiling temperature of the released
component, i.e., the saturated temperature at ambient pressure.
Here, the liquid Reynolds number and the liquid Weber number
correspond to the post-expansion state,

2
oLusds pLu;ds
Rerf = ,  Weps = —1— (6)

ML oL

where us is the post-expansion velocity, df the post-expansion
diameter, and with all material properties evaluated at the post-
expansion temperature 7. Note that the above equation actually
represents two types of ‘mechanical break-up’ criteria. The sec-
ond part of this criterion is identical to the Weber criterion (2)
applied for the above Weber/CCPS correlation, however, with
Wecrit = 15 applied instead of Wej = 12.5.

2.3. New correlation recommended by Phase II of current
JIP

2.3.1. Mechanical break-up criterion

This criterion was derived from experimental data for sub-
cooled jets, as presented in the accompanying paper[8]. The
droplet SMD =dy4, (m), using the mechanical (aerodynamic)
break-up criterion, is calculated as a function of the ratio L/d,,, the
orifice liquid Reynolds number Rey , and the orifice liquid liquid

Mechanical break-up Transition

SMD

Fully flashed (30 um) f--------------

Cutoff(0.01pm) |-----------------------mmmommoom-

)
Weber number Wej ,, as follows:
dda L
— = F | Wer,, Rero, —
da < €Lo €Lo do)
7\ 0-114
= 64.73 We 0533 Rep 0014 () 7
do
with
2
pLuodoy pLugdo
Repo = . Wepo = =2 (®)
ML oL

Here, d, is the orifice diameter, L the thickness of the vessel
wall (case of release from hole in vessel) or pipe length (for
release from pipe), or the surface tension of the liquid (N/m),
ug the orifice velocity, py. the liquid density (kg/m?), and ju1. the
liquid dynamic viscosity (Pas). Unlike the previous correlations,
the above correlation is expressed as function of orifice data
(prior to expansion to atmospheric pressure) and not in terms
of final post-expansion data. The above expression is applied
for2 < L/d, <50. For L/d, <2 and L/d,, > 50 the cut-off values of
L/dy, =2 and L/d, =50 are applied.

The above correlation is based on experimental data [8] with
pressures ranging between 4 and 24 barg and L/dj ratios up to
20. Outside this range extrapolation is carried out, which may
produce less accurate results.

Fully flashing break-up

Sub-cooled Superheated

0

Degree of superheat

Fig. 2. Tri-linear curve for Sauter Mean Diameter as function of superheat.
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2.3.2. Transition criterion to flashing

This transition criterion was derived from experimental data
for flashing jets, as presented in the accompanying paper [8].
Fig. 2 plots the SMD dj (m) as a tri-linear function of superheat
AT,

ATSh = Tél - T\fat(Pa) (9)

Here T} is the temperature immediately upstream of the orifice,
and T5*(P,) the saturated temperature at the ambient pressure
P,.

Prior to point A mechanical break-up applies, with the droplet
size determined from Eq. (7). Between points A and C transition
to fully flashing occurs. For the end point C of the transition the
droplet SMD is assumed to have been reduced by a factor of
2.4 with respect to point A. Prior to point C the assumption of
meta-stable liquid is assumed (liquid-to-liquid expansion from
stagnation to orifice conditions; non-equilibrium). After point
C fully flashing is assumed, with liquid to two-phase expansion
from stagnation to orifice conditions (equilibrium). After point D
the SMD is assumed to decrease slowly—nominally 0.1 wm/K.

The superheat at the start (AT, = ATSﬁ) and end (AT, =
ATS%) of the transition to flashing are set by determining ATy,
from the following criteria

withg = 1 — e—2300ov/pL)
(10

start point A : Ja¢ = 55We\71/7,

end point C : Ja¢ = 150We; /7 (11)

where py and pr, are the vapour and liquid density evaluated at
the orifice temperature. In accordance with the paper by Kitu-
mura [16], the vapour Weber number We, and the Jacob number
Ja are evaluated as

where CpL is the specific heat of the liquid (J/kg/K), and A, the
latent heat of evaporation (J/kg), both evaluated at the orifice
temperature.

3. Comparison and validation of droplet size
correlations

The second stage of the Phase II work involved the imple-
mentation and further validation/testing of the above droplet
size correlations, which have been carried out by further devel-
oping models in the DNV consequence modelling package
PHAST. These models included the discharge model DISC and
the atmospheric-expansion model ATEX and the new models
are planned to be made available in a version of PHAST in the
near future.

3.1. Model comparison for mechanical break-up

First the newly proposed mechanical break-up criterion was
compared against the current CCPS and the Yellow-Book cor-
relation (critical Weber-number correlations), as well as cor-
relations proposed by Tilton and Farley [17] and Elkotb [18].
Fig. 3 presents a comparison between the SMD predictions for
these correlations. It presents the influence of velocity at the ori-
fice (prior to atmospheric expansion) against predicted SMD,
for the specific cases of two nozzles of orifice diameter 1 mm
but with differing aspect ratios of 1.0 and 10. The velocity data
presented in Fig. 3 above 50 m/s are an extrapolation outside
the experimental range of this work (stagnation pressures above
24 bar). Within the experimental range, the newly proposed cor-
relation for this specific example results in smaller droplet sizes
than the CCPS and Yellow-Book Weber-number correlations,
and larger droplet sizes than those predicted by the Tilton and
Farley and Elkotb correlations. The reader is referred to Part A
of the overall Phase II report [6] for a more detailed parametric

—8— Proposed (L/D=1)
Proposed (L/D=10)
CCPS

—4— Yellow Book

—*—Tilton & Farley

—&— Elkotb

2
usd C LATh L
We, = D¥ttodo 5, _ ZpLBTsh AL (12)
oL hfg Pv
0.01 : ; : ; : ; : . ;
10 30 50 70 9 110 130 150 170 190 210
E o001
-
i
)
£
8
[a]
o
=3
e
4 0.0001
0.00001.

Orifice Velocity (m/s)

Fig. 3. Comparison of correlations for mechanical break-up.
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Table 1

Experimental conditions, measurements and model predictions for experiments

Experiment® STEP VKI Cardiff 1 Cardiff 2 BU-OR WA-OR1 WA-OR2

Experimental conditions
Material Propane R134-A Water Water Butane Water Water
Storage pressure (bar) 10.75 8.25 11.0 11.5 3 9.2 11.4
Storage temperature (C) 29.8 23 155 155 23.85 164 167
Orifice diameter (mm) 5 1 1 0.75 5 2 2
Lid, 0? 0? 3.4 4.53 0 0 0
Ambient pressure (atm) 0.91 1 1 1 1 1 1
Ambient temperature (C) 30 20? 20? 20? 23.85? 10 9

Measurements
Flow-rate (kg/s) 0.2 Unknown Unknown Unknown Unknown 0.08 0.09
Downstream location (mm) 95 187 250 250 200 200 200
Post-expansion SMD (m) 324 80-100 63 60 80 79, 67/350 61, 76/228

Model predictions
Orifice velocity (m/s) 20.87 26.0 32.75 35.96 19.72 28.13 31.75
Yellow Book SMD (p.m) 531 286 680 564 487 888 694
Yel.Book isentr. SMD (m) 4.6 15.1 21.2 21.0 36.0 15.2 13.8
CCPS flashing SMD (m) 97.2 197 119 119 264 97.9 90.6
CCPS mech. SMD (pum) 3.8 12.6 17.6 17.5 30.0 12.7 11.5
JIP proposed SMD (m) 26.3 28.7 30.0 29.9 522 28.8 28.2

 Input data including (?) are presumed values not found from the literature; STEP involved saturated-liquid release.

comparison and discussion of the various mechanical break-up
correlations.

3.2. Model validation for flashing jets

The above extended models have been validated against a
range of experiments, i.e., STEP [19,20] (flashing propane jets),
VKI [21] (flashing R134-A jets), the above new Cardiff experi-
ments (water) [6], and experiments by Ecole des Mines (flashing
water jets) and INERIS (flashing butane jets) as reported in the
paper by Touil et al. [22].

Table 1 summarises the experimental conditions, measure-
ments and SMD predictions for these experiments. The input
data in this table has been derived from the above papers; see
Witlox et al. [6] for details. For the Ecole-des-mines water
experiments WA-OR1, WA-OR2 the first figure is quoted by
Touil et al. [22] while the second and third figures for the SMD
are obtained from Bigot [23]: the second figure is the SMD
for the droplets with D < 150 wm, while the third figure is for
the entire droplet population, including the few large droplets
(150 pm < D <600 pm).

The orifice velocity in Table 1 is calculated from the flow rate
where available. Otherwise (in line with the observations in the
Cardiff experiments) it is set using a discharge coefficient (Cyg)
of 0.75 (except for Cardiff 1 for which 0.7 was adopted). The
table finally includes the SMD values for the three correlations
discussed in the preceding section:

e Yellow Book SMD. As recommended in the Yellow Book this
is based on final post-expansion conditions using the conser-
vation of momentum model for atmospheric expansion from
the orifice to the ambient pressure. However, to illustrate the
difference, also included is the Yellow Book droplet size for-
mula in conjunction with the isentropic model.

e CCPS flashing and CCPS mechanical break-up SMD.
As recommended in the CCPS Book these are based
on final post-expansion conditions from the isentropic
model.

e JIP proposed SMD. This is expressed in terms of orifice data
and is therefore independent of the post-orifice expansion cal-
culations.

Figs. 4-10 include SMD graphs as function of superheat cor-
responding to the above experiments. The figures include the
experimental data point and the results from the above type
of correlations. In all the simulations the meta-stable liquid
assumption has been assumed for the expansion from stagnation
conditions to orifice conditions (meta-stable liquid), with flash-
ing only occurring during the expansion from orifice to ambient
conditions. Given the small L/D ratios, this assumption appears
to be consistent with what was observed for most of the above
experiments.

The following can be concluded from the table and the fig-
ures:

(1) The TNO Yellow Book droplet size correlation results over-
all in significant over-prediction of the droplet size in con-
junction with the conservation of momentum assumptions
(as recommended in the new Yellow Book), while it results
overall in significant under-prediction of the droplet size
in conjunction with the isentropic assumption. If the meta-
stable liquid assumption is not applied, different conclusions
could be obtained.

(2) In case the CCPS correlation is applied in conjunction
with the meta-stable liquid assumption and conservation
of momentum assumption, the droplet size is largely over-
predicted. As a result, consistent with the UDM runs for the
RELEASE book, the CCPS correlation should be applied
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Cardiff 1

SMD (m)

with the meta-stable liquid assumption in conjunction with
the isentropic assumption.

The CCPS Book erroneously advises to take the minimum of
the droplet sizes derived from the mechanical break-up and
the flashing break-up correlations. This assumption results
in too low prediction of droplet sizes, and therefore under-
prediction of CCPS rainout (see Section 4). For the current
validation it also results in incorrect behaviour for increasing
superheat. As can be seen from the figures, in the sub-cooled
region the minimum SMD is frequently predicted by the
flashing correlation while in the superheated region it is fre-

5-00E-04

\ —&— JIP proposed
5-00E-04

X experiment
—&— CCPS - flash
— — — Yellow Book (cons.momentum)

CCPS - mechanical

X 1‘\1—‘*‘\1\

-10 0 10 20 30 40 50 60

76 80
superheat (K)

Fig. 4. Validation of ATEX SMD correlations against Cardiff 1 experiment.

803

(4) For the Cardiff experiments the new JIP correlation provides

naturally the most accurate results, since the correlation

the JIP correlation under-predicts.

was fitted to these experiments. For the STEP experiment
also close agreement is obtained, while the CCPS flash-
ing correlation over-predicts. For the VKI experiment, the
JIP correlation under-predicts less than the CCPS flashing
correlation over-predicts. The JIP correlation more severely
over-predicts the butane experiments than the CCPS flash-
ing correlation. For the WA-OR1 and WA-OR?2 experiments
the CCPS flashing correlation slightly over-predicts, while

quently predicted by the mechanical break-up correlation. (5) It seems to be the case that for the low stagnation pressure

The above demonstrates the need for an appropriate transi-
tion criterion as proposed in the new JIP correlation.

SMD (m)

Cardiff 2
\ —&— JIP proposed
4-B0E-04 X experiment
— — — Yellow Book (cons.momentum)
" * —&—CCPS - flash
O9E-04 ~ ‘&N —3— CCPS - mechanical
" \1\.\“
.
-20 -10 - 0 10 20 30 40 50 60 70 80
superheat (K)

Fig. 5. Validation of ATEX SMD correlations against Cardiff 2 experiment.

(low velocity) of the BU-OR experiment the JIP correlation
over-predicts, while for the higher pressures of other exper-
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Fig. 6. Validation of ATEX SMD correlations against STEP experiment.
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Fig. 7. Validation of ATEX SMD correlations against VKI experiment.

iments it under-predicts. The CCPS flashing correlation has
a general trend for over-prediction.

(6) The accuracy of the new correlation could potentially be
improved by modifying the form of the correlation between
transition points. This would require significantly more
droplet size measurements at various conditions of super-
heat.

4. Modelling and validation of rainout
The PHAST two-phase dispersion model UDM [2,3] obtains

as input the ATEX post-expansion data (diameter, velocity,
droplet size, etc.). The solution of the droplet equations in the

UDM has been made more robust enabling an accurate solution
of the droplet equations. This new UDM version will be made
available in a version of PHAST in the near future.

This section summarises the validation of the UDM against
the CCPS rainout data using both the original CCPS correlations
as well as the newly proposed correlation. See the CCPS Book
[10] for full details on the CCPS and MMA Rohm and Haas
rainout experiments. In these experiments, the orifice is reported
asrelatively sharp-edged, and the pipe preceding the orifice short
and wide-bore to help suppress flashing. Thus L/d, =0 can be
assumed and the meta-stable liquid assumption can be applied
upstream of the orifice. Ten of the experiments reported in the
CCPS Book were simulated in detail, i.e., two randomly chosen
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Fig. 8. Validation of ATEX SMD correlations against BU-OR experiment.
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Fig. 9. Validation of ATEX SMD correlations against WA-OR1 experiment.

experiments for each of the five chemicals (flashing jets of water,
CFC-11, chlorine, cyclohexane, monomethylamine).

First the droplet size was determined based on the exper-
imental conditions reported in Appendix A in the the CCPS
Book [10], whereby the orifice pre-expansion velocity is set
from the measured flow rate. The results of this are presented
in Table 2 in order of increasing superheat for both the CCPS
flashing criterion and the newly proposed criterion. The SMD
values for the CCPS flashing criterion are mostly in agreement
with the CCPS Book, but there are discrepancies for CFC and
water.

Secondly the UDM was run based on the input data reported
in Appendix A of the CCPS Book [10] and adopting the droplet
size as calculated by ATEX (see above). The results of the
predicted versus the observed rainout fraction are presented in
Fig. 11.

e It is seen that the CCPS flashing criterion agrees well with
the experiments, which is understandable since it was fitted
against these data. This is except for the water experiments,
where the observed rainout was larger because of additional
rainout of water from the humid air.



806 H. Witlox et al. / Journal of Hazardous Materials 142 (2007) 797-809

WA-OR2
A —— JIP proposed
/\ —=—CCPS - flash
»\l\’?m&a( —a— GCPS - mechanical
—x—Yellow Book (isentropic)
/‘\ X Experiment
< \\
= 5.0GE-04
B -
@ |
1
& ARE R
T 4 o004
-
@
R —re \\\ \
2 3-00E-6%
o
X
o | | M:g:o—oi_‘:;—_
-20 -10 0 10 20 30 40 50 60 70

Superheat (K)

Fig. 10. Validation of ATEX SMD correlations against WA-OR2 experiment.

Table 2
Droplet size predictions for selected set of CCPS experiments
S| g |§ |2 |§ | & |¢|¢&|§ %
T g E 5 5 5 = 5 . :
o0 E ' E ' 2 o E b =
& (5] = s H &
& y 2 &
Superheat (K) 2 10 11 19 20 30 35 42 72 82

CCPS flashing

CCPS mechanical

CCPS
Proposed JIP
Mechanical
Droplet size in pum; Transition .
Flashing
e Where the recommended CCPS criterion is adopted (taking at a uniform rate. Consequently rainout is likely to be over-
the minimum of droplet sizes from mechanical and flash- sensitive to droplet size, underestimating rainout for small
ing break-up), a considerable under-prediction of rainout is droplets and overestimating rainout for large ones. This can

observed. be observed in Fig. 11.

e The accuracy of the new correlation is good considering it
was not fitted against the data. In reality post-discharge liquid 5. Future work

mass will be distributed through a range of droplet diameters.
Smaller ones will evaporate rapidly, and larger ones persist Phase II was limited to scaled experiments for water only with

and rain out. In the UDM, however, we assume droplets have  the emphasis on post-expansion measurement of the droplet size
a uniform initial droplet diameter, and all therefore evaporate and derivation of post-expansion droplet correlations. Hence, the
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Fig. 11. Modelled versus CCPS corrected rainout for the CCPS and the proposed correlations.

new correlation proposed is immature, and requires considerable
further verification and development:

(A)

(B)

©)

Additional scaled experiments to ensure that the derived
droplet size correlations are also valid for other chemicals
than water—the influence of fluid properties have not been
studied within the experimental programme. This would
ideally include accurate characterisation of discharge and
atmospheric expansion zone, and added downstream mea-
surements such as droplet distribution, liquid fraction, con-
centration and rainout. It should also include a benchmark
study for mixtures.

Large-scale experiments (for chemicals such as propane
or butane). For real-life scenarios, these would give more
confidence concerning predictions for droplet size, concen-
trations and rainout.

Model improvements. This should include added valida-
tion from the above scaled and large-scale experiments
and likely further refinement of droplet size correlations. It
would also include the appropriate application of equations
for expansion from stagnation to orifice conditions [e.g.
usage of non-equilibrium (meta-stable liquid) versus equi-
librium], and expansion from orifice to ambient conditions
[e.g. usage of isentropic versus conservation of momen-
tum].

6. Conclusions

(D

A new empirical sub-model for predicting droplet size and
size distributions from flashing jet releases has been pro-
posed. The new droplet size correlation encompasses the
regimes of mechanical break-up, transition between non-

@

3)

“

&)

(6)

flashing and flashing, and fully-flashing jets. The new cor-
relation is expressed in terms of orifice data, while the
recommended correlations by CCPS and the Yellow Book
are expressed in terms of post-expansion data.

In the regime of mechanical break-up, the new droplet-
size correlation typically results in lower predictions than
the CCPS and Yellow Book Weber-number correlations but
larger values than those predicted by the Tilton and Farley
and Elkotb correlations.

The CCPS Book erroneously advises to take the minimum of
the droplet sizes derived from the mechanical break-up and
the flashing break-up correlations. In the flashing regime,
this may result in significant under-prediction of the droplet
sizes, while the CCPS flashing correlation has a general
trend for over-prediction. The Yellow Book correlation sig-
nificantly over-predicts in the flashing regime.

The above demonstrates the need for an appropriate tran-
sition criterion as is applied in the newly proposed JIP
correlation. It was shown that overall the new correlation
provided the most accurate results. It seems to be the case
that for low stagnation pressures (low velocities) the JIP
correlation over-predicts while for higher pressures it under-
predicts. The accuracy of the new correlation could be fur-
ther improved by improvements in the assumed form of the
correlation between the transition points.

The CCPS flashing droplet size correlation results in accu-
rate predictions for the CCPS rainout experiments since it
was fitted against the data. The result for the newly proposed
correlation is good considering it was not fitted against the
data.

A further study has been proposed to consolidate and
improve the modelling approach for flashing releases, which
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will provide confidence in predictions for (i) other materials
(ii) larger scale/full scale.
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Appendix A. Modelling of expansion from orifice to
ambient conditions

The expansion model calculates the final conditions at the
end of the expansion from the initial conditions (see Fig. 12).
This problem has been reviewed and analysed by Britter [24,25]
and Van den Akker [26].

Within the control volume associated with the depressurisa-
tion zone for the one-dimensional, homogeneous flow (though
not necessarily single-phase) in thermal equilibrium, the con-
servation of mass, momentum and energy lead to the following
equations:

mg = my (13)

meus = Mmoo + (Po — Pp)Ao (14)
1, 15

me | he + Euf =mey |ho + Euo (15)

where mq, Uy, ho, Po, Ao and mys, us, hs, Pr, Ar are the flow
rate (kg/s), specific enthalpy (J/kg), speed (m/s), pressure (Pa),
area (m?) prior and after the expansion respectively; Py is the
pressure at the end of the flash region, and is therefore, equal
to the ambient pressure P,. P, is the pressure at the exit plane
of the orifice, which for flashing two-phase releases, is usually
considered to be the saturated vapour pressure at the reservoir
temperature.

Thus far, subject to the initial reduction of the problem (one-
dimensional, homogeneous flow and thermal equilibrium), no
further approximations have been introduced, and the system
(13), (14), (15) may be referred to as the exact equations. These
equations correspond to those included in HGSYSTEM and

Expansion Zone

%

_’ Flow

x

Vessel
(stagnation)

Psh Tshfleu
At Ust, Vst

Leak Orifice Atmosphere
Py, To.flos Py, Tofir,
Ag,Ug,Va Ar,Ug, v

Fig. 12. Control volume for atmospheric expansion to ambient pressure.

PHAST, and also corresponds to the formulation recommended
by Britter [24,25] and the TNO Yellow Book [13].

The ‘isentropic’ formulation recommended by Woodward
in Perry’s Handbook [27] replaces the momentum Eq. (14)
with the isentropic assumption, and is applied in conjunction
with the meta-stable liquid assumption for the expansion from
stagnation to orifice conditions. Thus, it applies conservation
of mass/entropy/energy during atmospheric expansion and no
flashing occurs prior to the orifice with P, =P,, To=Tg. The
CCPS droplet size correlation is based on this ‘isentropic’
assumption and therefore this correlation must always be used
in conjunction with the isentropic assumption.

The advantage of using the so-called isenthalpic or isentropic
assumptions is not clearly apparent, as there is little additional
computational effort required to provide the exact solution for
the control-volume approach. Hence, it is recommended that for
present, in the case of flashing releases, the assumption of a pure
liquid release at the exit orifice, together with the exact system
[Egs. (13)—(15)] be continued.

The main current weakness of the approach is considered
to be the assumption of a single-phase liquid jet at the exit
orifice. As discussed in other sections of this report, this is
clearly not the case for many flashing releases, where nucleation
and bubble-growth has already taken place upstream of the exit
orifice. Hence, an additional methodology to determine the two-
phase characteristics at the exit orifice as outlined earlier, would
provide the additional benefit of an improved model for the post-
flash vapour mass fraction. An initial simple methodology has
been recommended for this as part of the development of the
newly proposed droplet-size correlation in this paper.

The other assumptions adopted in the overall 1-dimensional,
homogenous, non-entraining approach could be appraised either
experimentally by developing and utilising an appropriate LIF
system, or numerically by comparing with CFD models. How-
ever, it is not immediately obvious how errors in the modelling
philosophy identified through these studies could be used to
improve the model. They would simply provide input to error
analysis.
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