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Abstract

This investigation consists of two parts: one upstream of the breach and the other downstream. The ®rst part involves con-

struction of a thermodynamic model of the ¯uid ¯ow, based on a quasi-steady-state separated ¯ow analysis. The model includes

qualitative as well as quantitative description of the exit conditions together with an initial drop size distribution required to de®ne

the ¯ow ®eld at the exit of the breach. These ¯ow ®eld parameters are used as the inlet conditions to the spray model, which is used

downstream of the breach. The discrete droplet model in a two-dimensional, axi-symmetric, cylindrical-polar co-ordinate system is

used. Modi®ed droplet collision and break-up models are introduced to model the dense aspects of the spray. The results predicted

by the theoretical spray model at 95, 500 and 1028 mm from the nozzle, have been successfully validated against the experimental

data obtained from two independent sources. Ó 2000 Elsevier Science Inc. All rights reserved.
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1. Introduction

Pressure vessels are widely used to store lique®ed gases
under pressure at ambient temperature. Many accidents in
chemical plants and o�shore oil and gas platforms result in the
spillage of these toxic, radioactive, ¯ammable or explosive
materials, from such pressure vessels. In the past few years,
interest in the hazard associated with a loss of containment of
such lique®ed gases has become relatively more important
(Chen et al., 1995). A typical accident scenario involves a
pressurised vessel, ®lled with liquid propane, and ®tted with a
draw-o� pipe. Lees (1980) found that in such a case, the
probability of a leak appearing in the piping is more than that
in the pressure vessel. If a breach occurs, liquid moving iso-
thermally from a high pressure zone to a low pressure zone
often crosses the bubble point curve and disintegrates into a
spray by partial evolution of vapour. Accurate prediction of
the spray discharged is important in determining the conse-
quences of the accident.

In late 1980s, simultaneous independent work started in
France (Hervieu, 1991) and in UK (Bettis and Jaggers, 1992).
The working liquid in both the laboratories was propane
(Hervieu, 1992). The experimental set-up consisted of a storage
vessel, a draw-o� pipe and a nozzle representing the breach.
The experimental work at the Health and Safety Executive

laboratory (HSE) (Allen, 1996a,b) managed to give an in-
depth analysis of the state of the spray in terms of droplet size
distributions and velocity pro®les both in the axial and radial
directions and at the centre line. But reliable data were ob-
tained only at a distance of 500 and 1028 mm from the nozzle.
Hervieu and Veneau (1996) reported experimental axial ve-
locity and droplet size at the centreline, 95 mm from the
nozzle, but did not capture the spray itself. An outline diagram
of their experimental set-up is shown in Fig. 1. A similar setup
was used by Allen (1996a,b). The di�erence was that Hervieu
and Veneau (1996) employed Phase Doppler Particle Analyser
(PDPA) to measure the liquid droplet size and velocity; while
Allen (1996a) used Laser Doppler Anemometry (LDA) system
for velocity measurements and Malvern particle sizer for
propane droplet size distribution measurements. The liquid
propane was saturated in both conditions stored at room
temperature.

Pereira and Chen (1996) and Vandroux-Koenig and Ber-
thoud (1997) tried to model the spray but their calculated re-
sults were far from the experimental results (Hervieu and
Veneau, 1996). Pereira and Chen (1996) used the Eulerian
Lagrangian approach, treating the air±vapour mixture phase
with Eulerian formulation while droplet phase was handled
using the Lagrangian formulation. They used a thin-skin
evaporation model and a modi®ed k±e model to account for
anisotropy of turbulence but ignored the e�ects of droplet
collisions and break-up. They did not compare their results
with any experimental data, but Vandroux-Koenig and Ber-
thoud (1997) found Pereira-Chen's (1996) numerical predic-
tions to be far from the experimental results (Hervieu and
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Veneau, 1996). Vandroux-Koenig and Berthoud (1997) used
an Eulerian±Eulerian approach where both the phases are
modelled using Eulerian transport equations, with the Prandtl
mixing length model to evaluate turbulent viscosity terms.
Thus they did not take particle di�usivity into account, and the
modelling resulted in propane droplets remaining in the centre
of the jet. This gave low evaporation rates, which meant that
the calculated results were far away from the experimental
ones.

The present authors also made an earlier attempt at mod-
elling the propane spray (Aamir and Watkins, 1998), but the
model used was assumed to have no droplet break-up and
collisions. So far, there has not been any other successful at-
tempt reported in the literature to model the propane spray,
with given reported experimental conditions. Here we have
attempted to model the liquid ¯ow from the pressure vessel to
the nozzle and to model the dense spray evolving from the
nozzle.

In the ®rst part of this paper, a thermodynamic model is
described which identi®es the ¯ow from the pressure vessel to
the nozzle via a pipe. Due to the low-pressure region available
in the pipe, propane tends to ¯ash evaporate. It has been
theorised that after the initial nucleation of the bubbles, the
vapour will be more likely to form at the bubble surface,
causing rapid growth of the bubble and a corresponding
physical displacement of the adjacent liquid. On passing
through the nozzle, the displacement will cause the disinte-
gration of the liquid, resulting into formation of a spray. This
is unlike the work of Vandroux-Koenig and Berthoud (1997),
who assumed the ¯ash evaporation to take place downstream

of the nozzle; here a methodology similar to a discharge from a
pressurised metered dose inhaler (pMDI) developed by Dun-
bar and Watkins (1997) is followed. Their model considered
separated ¯ow methodology while neglecting the metastability
of the ¯uid in the expansion chamber. They found that the
primary atomisation process was dominated by ¯ash evapo-
ration of the superheated liquid within the nozzle. This was
modelled by assuming that the liquid would instantaneously
¯ash evaporate upon entering the nozzle, the percentage liquid
that could ¯ash evaporate being calculated using a simple
adiabatic heat balance calculation. They applied Bernoulli's
equation to obtain mass ¯ow rates for the sub-critical dis-
charge and assumed then ideal gas equation to be valid for
critical discharge. The authors of this paper have followed a
similar methodology.

Apart from Dunbar's model there have been many studies
pertaining to two-phase ¯ow inside the nozzle. Fauske (1965)
reported data on critical air±water ¯ows in tubes and channels
at low pressures for a large range of qualities and gave a
nonequilibrium slip model to predict the data. He found that
the phenomena controlling the critical ¯ow in one-component
mixtures are the same as for two component mixtures. Graz-
iadio et al. (1987) tested internal mixing twin ¯uid atomiser
with di�erent coal±water fuels. They interpreted their mea-
surements by semi-empirical correlations based on mechanistic
models of the ¯ow within the atomiser and found that the ¯ow
structure within the model is not in¯uenced by the physical
properties of the fuel. He and Ruiz (1995) studied the e�ect of
cavitation on ¯ow and turbulence in plain ori®ces for high-
speed atomisation. They formulated the process equations to

Notation

A cross-sectional area
BH heat transfer number
Cd drag force coe�cient
CD discharge coe�cient
CP speci®c heat at constant pressure
D drop diameter
DAB binary di�usion coe�cient
f vapour mass fraction, random number
H speci®c enthalpy
I turbulence intensity
i, j grid parameters
Kd droplet momentum coe�cient
k turbulence kinetic energy
lt turbulence length scale
m mass
_m mass ¯ow rate
N number of drops in a parcel
n Rosin±Rammler distribution coe�cient
p pressure
Rc critical pressure ratio
Re Reynolds number
r radial co-ordinate
rinj injection radius
T temperature
t time
Dt time interval
U, V axial and radial velocities
V volume
u0, v0 ¯uctuating components of respective

velocities
We Weber number
XX, YY random numbers

x mass fraction, axial co-ordinate
x0 length of the injection cell

Greeks
a void fraction
b half spray cone angle
e rate of dissipation of turbulence kinetic

energy
c ratio of speci®c heats
m collision frequency
q density
r surface tension

Subscripts
a air
atm atmospheric conditions
b bag break-up
c critical, discharge coe�cient
d drop
f liquid propane
g gas and vapour mixture
inj injection
n nozzle
P pipe
pv pressure vessel
r ratio
rel relative
rem removed
s strip break-up
T total
v propane vapour
wb wet bulb

Superscripts
n new
o old
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calculate the discharge coe�cient and the conditions on the
onset of cavitation from ®rst principles. Their model thus ex-
plained the reason for sudden increase in spray angle observed
in diesel fuel injectors at the onset of cavitation, based on the
reason that the turbulence in the cavitating ¯ow is higher and
decays more slowly than that in the noncavitating ¯ow. Sim-
ilarly Schmidt et al. (1999) constructed a numerical model that
treated liquid and vapour as continua for predicting small-
scale, high-speed, cavitating nozzle ¯ow. This model success-
fully predicted coe�cient of discharge and exit velocity for a
variety of nozzle geometries.

None of the above works, apart from Dunbar and Watkins
(1997), involved the ¯ashing nature of the problem described
here. The only problem remains whether the usage of sonic
discharge of an ideal gas under adiabatic conditions, be ap-
plicable. Graziadio et al. (1987) showed that their experimental
measurements of air mass velocity in the exit holes followed
ideal gas laws when fuel mass velocity is equal to zero. It can
be shown from their work that for a high pressure upstream of
the nozzle, and low fuel mass ¯ux, there is an acceptable error
in over-predicting the experimental data. With the main aim of
this project being the de®nition of spray and not the ¯ow
upstream of the nozzle, Dunbar's model, which accounted for
¯ashing phenomena, was used. It will be shown later that the
results downstream of the nozzle follow the experimental re-
sults within acceptable error limits, thus qualitatively validat-
ing the assumption made upstream of the nozzle.

In the second part of this paper, the mathematical model-
ling, based on Eulerian±Lagrangian approach, of the multi-
phase propane jet is presented. The model is similar to the
Discrete Droplet Model (DDM) described by Faeth (1983).
Droplet break-up models and a modi®ed collision model are
included to account for the dense spray involved. These are
described later. Results are presented in the third part.

There has been a signi®cant e�ort in the literature to un-
derstand the events that occur when two or more drops collide
(Orme, 1997). The majority of the early work was focussed on
the droplet growth relating to precipitation and was thus
limited to water droplet collision phenomena. Later studies

have sought information on the collision behaviour of fuel
droplets for applications to combustion spray systems. Re-
searchers (Orme, 1997) have found distinct di�erences between
the collision behaviour of water droplets and fuel droplets. For
phenomenological reasons, the behaviour of droplet collisions
is found to be dependant on the surface tension and viscosity
of the droplet ¯uid as well as the gas density, pressure and
viscosity. Since there has been no experimental study of high-
pressure liquid propane drops, it was assumed to act similar to
diesel fuel. Therefore break-up and collision models used in
engine spray codes have been used in this code developed in-
house as well. Details of the models and their modi®cations are
presented later in the paper.

2. Modeling for ¯ow ®eld at nozzle exit

It is intended to use the discrete droplet model (DDM) to
simulate the spray emerging from a pressure vessel via a noz-
zle. Like other separated ¯ow (SF) models described by Faeth
(1983), the DDM needs input of the ¯ow ®eld at the nozzle
exit. Due to lack of any quantitative experimental data at the
exit of the nozzle, the development of a model to de®ne the
¯ow ®eld in this region is imperative. A theoretical model of
two phase ¯ow from a pressure vessel into a pipe ®tted with a
nozzle to atmosphere is described here. It is similar to the
description of actuator ¯ow in a pMDI modelled by Dunbar
and Watkins (1997).

The mass of propane in the pressure vessel at the new time
step is calculated as follows:

mn
pv � mo

pv ÿ _mpvDt; �1�
where

_mpv � APCDP
2qf ppv

ÿ� ÿ pP

��0:5
: �2�

The total enthalpy in the pressure vessel can be calculated
at a new time level by means of an energy balance.

Fig. 1. The experimental setup (Source: Hervieu and Veneau, 1996).
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mf hf� � mvhv�npv � H o
pv ÿ _mpvh

o

pvDt ÿ mn
v

ÿ ÿ mo
v

�
pv

hn
fv; �3�

where h
o

pv is the mass average enthalpy at the previous time
step.

Assuming that the propane vapour generated in the pres-
sure vessel remains in the pressure vessel, and that _mpv is all
liquid, the mass of liquid in the pipe at the new time step is
given as

�mn
f �P � �mo

f �P � _mpvDt ÿ _mPDt: �4�
At time t � 0, there must be air in the pipe. Hence a quasi-

steady state energy balance for a small time step Dt gives

H n
P � H o

P � � _mh�pvDt ÿ � _mh�PDt; �5�
where

H n
P � mf�� � mv�hf � mvhfv � maha�nP: �6�

Mainly, ¯ow evaporation is assumed to occur when the
¯uid enters the nozzle. In order to calculate the mass ¯ow rate
through the nozzle, the fractional mass of liquid entering the
nozzle that could ¯ash-o�, must be calculated. This is done by
performing a simple adiabatic heat balance to obtain the
quantity of liquid that could ¯ash within the pipe, as follows:

xflash � hf TP� � ÿ hf Twb� �
hfv Twb� � : �7�

The wet bulb temperature is taken as the temperature of
saturated propane at atmospheric pressure and is assumed
constant throughout the calculations for the spray: as the
temperature of the liquid propane.

The critical pressure ratio through the nozzle is given as

Rc � 2

c� 1

� �c=cÿ1

: �8�

Flow is sub-critical if

Rc <
patm

pP

�9�

and super-critical if

Rc >
patm

pP

: �10�

For a sub-critical ¯ow, velocities of the individual phases
are calculated from BernoulliÕs equation as follows:

Uf ;g � 2 pP ÿ patm� �
qf ;g

 !0:5

�11�

and mass ¯ow rates are given as

_mf � Ac 1� ÿ xP�qnUf ;

_mg � AcxPqnUg;

_mT � _mf � _mg;

�12�

where Ac � product of cross-sectional area of the nozzle and
discharge coe�cient and

qn �
qfqg

xPqf � 1ÿ xP� �qg

: �13�

A constant value of discharge coe�cient of 0.73 is assumed.
For critical ¯ow

Ug;c � cpPRcÿ1=c
c

qg

 !0:5

; �14�

Uf ;c � 2 pP ÿ pPRc� �
qf

� �0:5

: �15�

After applying this thermodynamic model, quality, density,
velocity, energy and void fraction are obtained at the nozzle
exit, which are then used as input to the spray code. Due to the
lack of any correlation to describe the atomisation phenome-
non of ¯ashing type, di�erent empirical correlations of other
types of atomisers were used to model the atomisation process
and evaluate the drop diameter. But none could predict the
sort of drop diameters required to model the experimental
results at 95 mm from the nozzle. Therefore, a Rosin±
Rammler (R±R) distribution was used to de®ne the droplet
size distribution at the nozzle exit. A typical volumetric R±R
distribution is given as

f �Dd� � 0:693nDnÿ1
d

Dn
32

exp

�
ÿ 0:693Dnÿ1

d

Dn
32

�
: �16�

The values of n and D32 were optimised by validating the
calculated results using the experimental data at the centreline,
95 mm from the nozzle, as is explained later in this paper.

3. Modeling of propane spray

The DDM describes the continuous gas phase and dis-
persed liquid phase as separate media, which communicate via
source terms, to capture momentum exchange and heat and
mass transfer between each phase. The huge number of drops
experienced in real sprays is represented by discrete droplet
parcels which account for groups of drops which are assumed
to be identical in terms of size, position, velocity, time, tem-
perature and density. Thus, only a small number of droplet
parcel calculations are required to represent the transport of
the drops contained within the spray, similar to a Monte Carlo
procedure. The transport equations for the discrete liquid
phase are formulated as Lagrangian conservation equations
and describe the transport of each individual droplet parcel.
The structure of heat and mass transfer equations take the
form proposed by Dunbar and Watkins (1997), where the
governing equations are modi®ed to include convection e�ects.
The droplet trajectory can be obtained by integrating the fol-
lowing equations:

dxd

dt
� Ud; �17�

drd

dt
� Vd: �18�

The general equation for particle motion, known as the
Bassett, Boussinesq and Oseen (BBO) equation, has been
simpli®ed assuming negligible role of virtual mass and Bassett
forces at atmospheric conditions, while also ignoring the
Sa�man force and Magnus e�ect. Thus a simpli®ed general
equation of particle motion that only describes the inertial and
drag forces acting on the sphere can be derived and the droplet
momentum equations can be written in the following form:

dUd

dt
� Kd U

ÿ � u0 ÿ Ud

�ÿ 1

qd

op
ox
;

dVd

dt
� Kd V

ÿ � v0 ÿ Vd

�ÿ 1

qd

op
or
;

�19�

where Kd is the droplet momentum coe�cient given by

Kd � 3

4
Cd

q
qd

1

Dd

Urel: �20�

The relative velocity between the liquid and gas phase, Urel

is de®ned as
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Urel � U
ÿ� � u0 ÿ Ud

�2 � V
ÿ � v0 ÿ Vd

�2
�0:5

�21�
and Cd is given as

Cd � 0:44 for Re > 1000;
24
Re 1� 0:15Re0:687� � for Re6 1000:

�
�22�

Dunbar and Watkins (1997) proposed that the droplets in
case of ¯ash evaporation can be assumed to be at wet-bulb
temperature. At this temperature the heat and mass transfer
numbers become equal. Hence they modi®ed FaethÕs (1983)
model to the following form:

_md � ÿpDdqgDABSh ln 1� � BH�; �23�
where Sh is the Sherwood number de®ned as

Sh � 2� 0:556 Re0:5Sc1=3

1� 1:232
Re Sc4=3

ÿ �0:5
: �24�

Sc is the Schmidt number and BH is the heat transfer
number given as

BH �
CP;g Tg ÿ Td

ÿ �
hfg

: �25�

Here CP;g is the mass weighted speci®c heat of vapour±air
mixture.

The turbulent dispersion of the drops is simulated using the
eddy interaction model of Gosman and Ioannides (1981). In
this model, the droplet parcels are assumed to interact with
individual eddies, whose properties are approximated stoch-
astically from the turbulence properties of the gas phase, re-
sulting in the de¯ection of the droplet parcel trajectory whilst
residing within the turbulent eddy. The gas phase turbulence
transport is represented by the high Reynolds number k±e
model of Launder and Spalding (1972), which assumes isot-
ropy of turbulence. The k±e model, although it solves this
problem in a 2D axi-symmetric form, does account for the
dispersion of the drops in the third direction, due to its iso-
tropic nature.

3.1. Break-up and collision models

The drop break-up is modelled following the correlations
given by Nicholls (1972) for two di�erent break up regimes.
Droplets are assumed to become unstable and undergo break
up similar to a bag break up mechanism when

We � qgV 2
relD

2r
> 6:0; �26�

where

Vrel � U
ÿ� ÿ Ud

�2 � V
ÿ ÿ Vd

�2
�0:5

: �27�
U and V are the average gas velocity in the Eulerian gas

phase cell, in which the drop resides. Following Reitz and
Diwakar (1986), the corresponding life of the unstable drop for
the bag break up is assumed to be proportional to the drop
natural frequency given as

tb � p
qdD3

16r

� �0:5

: �28�

In stripping mode, the drop break up criterion is given as

We������
Re
p > 0:5; �29�

and the corresponding life time of the unstable drop for
stripping break-up is given by

ts � Cs

D
2Vrel

�����
qd

qg

r
: �30�

A modi®ed version of the statistical approach used by
O'Rourke and Bracco (1980) for droplet collision and coales-
cence has been used in this study. In this approach, it is as-
sumed that the droplets of the same parcel do not collide, as
they are all moving with the same velocity, and collision occurs
only between those parcels which are in the same computa-
tional cell. The number of droplet parcels remain the same in
the overall computational domain, unless all the droplets in the
smaller sized parcel are absorbed by the collector parcel, in
which case the number of parcels is reduced by one.

The collision frequency of a collector drop with all the
droplets in the other parcel is given by

m � N2

Vcell

p
4

D1� � D2�2 Ud;1

�� ÿ Ud;2

��; �31�

where Vcell is the cell volume, subscripts 1 and 2 refer to the
parcel with larger diameter drops(collector) and parcel with
smaller diameter drops, respectively and N is the number of
drops in the respective parcel. The probability that a collector
drop undergoes n collisions with the other droplets during a
time step is given by Poisson distribution as

Pn � eÿn nn

n!
; �32�

where n � mDt and the probability of no collision is P0 � eÿn. A
random number XX is chosen within the interval (0,1) and if
XX < P0, no collision occurs. Otherwise collision occurs and it
can be either coalescence of drops or grazing collision. An-
other random number YY is chosen and compared with a
probability parameter for coalescence Ecoal given by O'Rourke
and Bracco (1980), as

Ecoal �Min
2:4

Wed;2

D3
r

ÿ�
ÿ 2:4D2

r � 2:7Dr

�
; 1:0

�
; �33�

where Dr � D2=D1:
If YY 6Ecoal then the collision results in coalescence, oth-

erwise grazing collision is assumed. In the literature the num-
ber of droplets (nr) which collide with each collector drop is
obtained from

Xnrÿ1

k�0

Pk 6XX 6
Xnr

k�0

Pk ; �34�

where the Pk 's are obtained from the Poisson distribution.
However, in the work reported here, a time step limitation
associated with the drop coalescence is also taken into account,
which states that the computational time step Dt be small
compared to the collision time Dtd for the droplets. If this
condition is ful®lled then the probable number of droplets that
coalesce in a time step will be nrem � mdDtN2, where md is given
as

md � 1

Dtd

� N1

Vcell

p
4

D1� � D2�2 Ud;1

�� ÿ Ud;2

��: �35�

Hence the minimum of nr and nrem/N1 is taken, and ac-
cordingly the velocity and the drop diameters of the collector
parcel are adjusted as suggested by O'Rourke and Bracco
(1980).

When a grazing collision occurs, no mass is exchanged
between the droplet parcels, but there may be exchanges of
momentum and energy. These exchanges are also adjusted as
suggested by O'Rourke and Bracco (1980).
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3.2. Gas phase

The solution domain for the general gas phase transport
equation is de®ned in cylindrical-polar co-ordinates for a
two-dimensional axi-symmetric framework, yielding the fol-
lowing:

o
ot

qa/� � � o
ox

qaU/� � � 1

r
o
or

rqaV /� �

� o
ox

C/a
o/
ox

� �
� 1

r
o
or

rC/a
o/
or

� �
� aS/ � Sd

/: �36�

The general variable / represents the following: 1 (for mass
conservation), U, V, f, h, k and e. Additional terms have been
introduced into the general gas phase transport equation to
accommodate the interactions with the dispersed liquid phase.
These are the void fraction, which is de®ned as the volume
fraction of gas

a � Vg

Vg � Vd

; �37�

and the liquid phase source term, Sd
/, which communicate the

interactions of momentum and heat and mass transfer from
the dispersed liquid phase to the gas phase. The turbulence
transport is represented by the high Reynolds number k±e
model of Launder and Spalding (1972), while the gas phase
source terms, S/, the di�usion coe�cients, C/ and the liquid
source terms can also be found in the literature (Khaleghi,
1990). Air±vapour mixture properties are taken where ever
required.

3.3. Numerical procedure

The solution domain is de®ned in a two-dimensional, axi-
symmetric, cylindrical±polar co-ordinate system. A ®nite vol-
ume staggered grid approach is used to solve the Eulerian gas
phase transport equations. The hybrid scheme is used for
spatial discretisation, while the Euler implicit scheme is em-
ployed for temporal discretisation. The PISO scheme devel-
oped by Issa (1986) is introduced to handle the coupling
between the pressure and the velocity. Gas and droplet velocity
equations are solved simultaneously. The liquid phase source
terms in the gas phase momentum equations introduce the new
time level velocities for both the gas and liquid phases simul-
taneously due to the implicit approximation of the temporal
discretisation. The gas phase momentum equations are there-
fore solved by substituting the discretized droplet momentum
equations into the gas phase momentum equations, resulting in
modi®ed source terms. Khaleghi (1990) gives the mathematical
details of this process.

It is relatively simple to discretize the liquid phase transport
equations because of their Lagrangian formulation. The Euler
implicit temporal di�erencing scheme is employed to discretize
the droplet trajectory, momentum and evaporation equations
over the same time step used in the discretisation of the gas
phase equations. The discrete droplet evaporation equations
are solved by following the procedure developed by Wang
(1992) as follows:

mn
d � mo

d ÿ pDdq
n
gDABSh�Dt; �38�

where

Sh� � Sh ln 1� � BH�: �39�
The new time level droplet mass is given as:

mn
d �

p qdD3
d

ÿ �n

6
: �40�

Solving the above equations simultaneously one is left with
a third-order polynomial of the following form:

Dn
d

ÿ �3 � XDn
d ÿW � 0; �41�

where

X � 6qn
gDABSh�Dt

qn
d

> 0; �42�

W � qo
d

qn
d

Do
d

ÿ �3
> 0: �43�

The above polynomial is monotonically increasing and
therefore, has only one real root given as

Dn
d �

W
2

�
� X

�1=3

ÿ X
�
ÿW

2

�1=3

; �44�

where X is de®ned as

X �
�����������������������������������

W
2

� �2

� X
3

� �3
s

: �45�

3.4. Boundary and inlet conditions

A qualitative description of the problem and the boundaries
is given in Fig. 2. Fluid exit boundary conditions at the east
face are approximated by assuming the ¯ow to be steady state
at this location. The north and west face boundaries are
treated as free-stream or entrainment boundaries. The mo-
mentum and pressure boundaries are de®ned by assuming
constant pressure and the scalar properties are de®ned by ei-
ther setting the normal gradient of the property to zero, if the
¯ow is leaving the solution domain, i.e., in positive direction;
or de®ning the parameter as constant and equal to the initial
conditions, if the ¯ow is being entrained into the solution
domain. These assumptions are likely to introduce errors. The
errors have been minimised, by taking the boundaries at a
large distance from the ¯ow ®eld of interest, in order to make
the conditions as close to the initial conditions as possible.

The south face is the axis of symmetry, which is treated by
setting the radial velocity and the gradients of the dependant
variables normal to the axis, to zero. In other words, we are
assuming no ¯ux normal to the boundary.

Fig. 3 gives the description of the grid. The dilute spray
assumption requires a relatively coarse grid structure in the
region of the injector, where a dense spray core is usually ex-
perienced. In order to satisfy this assumption, a single injection
cell is used to introduce the dispersed liquid and continuous
gas phases into the solution domain. The grid size and di-
mensions are described in Table 1. This assumption and ap-
proach results in crudely modelled mass and momentum
conservation laws in the near-injector ¯ow ®eld. There is no
information available for the turbulent ¯ow ®eld close to the
injector. The convention adopted by Dunbar and Watkins
(1997) is used, where the kinetic energy and its respective rate
of dissipation are calculated as follows:

kinj � 3

2
U 2

injIinj;

einj � c0:75
l k1:5

inj =`t;
�46�

where Iinj is de®ned as 0.1, and `t is de®ned as 10% of the
nozzle diameter. Dependence of the results on these arbitrarily
chosen values is not validated.

The method adopted by Dunbar and Watkins (1997) is used
in the procedure for introduction of droplet parcels. The
droplet parcels are randomly introduced at the exit plane of
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the injection cell within a region of radius �rd�o, de®ned by the
spray cone angle, 2b, as follows:

rd� �o � fndrb: �47�
Here, fnd is a normal distribution random number genera-

tor, yielding numbers from zero to one, and rb is de®ned as

rb � rinj � xo tan b� �; �48�

where x0 is the length of the injection cell. The droplet velocity
is calculated from the assumption of conservation of droplet
momentum, yielding

U n
d

ÿ �
k � Uinj cos b

rd� �o
rinj

� �
;

V n
d

ÿ �
k � U n

d

ÿ �
k tan b

rd� �o
rinj

� �
;

�49�

where k represents the class of droplet and Uinj is the injection
velocity. Detailed numerical test conditions are given in Table
1. A large time step is justi®ed as the maximum value of
Courant number reached during the running time is 7.5. All
the physical properties of propane are taken as dependent on
temperature. In gas phase, vapour±air mixture properties are
taken where required.

4. Results and discussion

Propane is initially stored in the pressure vessel, as a satu-
rated liquid, at a pressure corresponding to atmospheric tem-
perature. Figs. 4 and 5 show the quality and the injection
velocity from a nozzle of 4 mm diameter, which are required as
inlet conditions for the theoretical spray model. Similar results
are generated for other nozzle sizes. The quality at the nozzle
exit remains constant after the initial discharge of air. Hence
the mass transfer rate is independent of the pressure inside the
pipe, and so are density and energy. Only the velocity is de-
pendent on the pressure. This gets constant value after 0.25 s,
when the system reaches a quasi-steady state. These observa-

Fig. 3. Final grid structure.

Fig. 4. Pro®le of the quality of two-phase propane during blowdown

at nozzle exit.

Fig. 2. Problem set-up and boundary conditions.

Table 1

De®nition of numerical test conditions

Grid parameters

i� j 120� 30

xmin )0.5457 m

rmin 0.0 m

xmax 2.0 m

rmax 0.3 m

Initial parameters

Ui 0.0 m/s

Vi 0.0 m/s

Pi 1:01� 105 Pa

Ti 288.0 K

qi Pi/(Rair Ti)

fi 0.0

ki 0.13 m2/s2

ei 1� 103 m2=s3

Physical parameters

Twb 231.25 K

n 5

b 15°

Program parameters

Dt 100.0 ls

tmax 2.0 s

Ddmin
0.1 lm
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tions are in line with the ®ndings of Lee et al. (1991), who
observed that the pressure in the pressure vessel has large e�ect
on the velocity, rather than on the surfactant concentration.

The gas and liquid velocities are calculated independently,
assuming no interactions, i.e., slip conditions. This is unlikely
in practice, due to drag e�ects, therefore we assume a mass-
weighted mean velocity for both the gas and the drops. Thus,
the injection velocity shown in Fig. 5 is the mass weighted
average of the respective velocities.

4.1. E�ect of collision and break-up models

Figs. 6±8 show the comparison of the numerical predictions
without break-up and collision models and with the original
collision model and the modi®ed one. By modi®ed we refer to
the model in which time step limitation has been included.
Though there is not much di�erence in the axial velocity pro®le
of the droplets, it is obvious that the modi®ed collision model
better predicts the results and the trend in the size distribu-
tions, as compared to the predictions made without collision
and break-up model. As is obvious from Fig. 6 the basic
problem that occurred was in the spread of the spray, which
required the authors to insert such modi®cations.

Drops at 231 K travel within the surrounding temperature
of 288 K. With such a high temperature di�erence, the liquid
tends to evaporate at an extremely high rate. Since the drops
are assumed to be at their wet bulb temperature corresponding
to the atmospheric pressure, there is no increase in the tem-
perature of the liquid. Thus, all the heat transfer from the
surroundings is used to evaporate the liquid. Now in such a
model the evaporation rate at the periphery will be much
higher as compared to the centre where the spray contains
higher mass concentration of liquid propane.

Drop coalescence takes place more in the near injector re-
gion and in the centre of the spray, where a higher mass
concentration of liquid propane is present. The former one was
the problem that needed to be addressed, as the enhanced
evaporation in the peripheral regions along with the coales-
cence in the higher liquid concentration regions eliminated the
droplet parcels and the number of parcels left were not enough
to statistically represent the spray.

O'Rourke and Bracco (1980) model allowed the droplets
to coalesce without any time associated with the coalescence,
thus over-estimating the coalescence. Their results show an

Fig. 7. Lateral droplet size distribution in 0±21.4 lm volumetric di-

ameter band.

Fig. 8. Lateral droplet size distribution in 21.4±41.2 lm volumetric

diameter band.

Fig. 5. Pro®le of the velocity of the two-phase propane during blow-

down at nozzle exit.

Fig. 6. Axial drop velocity pro®le at 500 mm from the nozzle.
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eight-fold increase in the drop diameter downstream, when
injected with a 6 lm drop of diesel in a cold run. In the
modi®ed model, a time step limitation associated with the drop
coalescence is also taken into account, which states that the
computational time step be small compared to the collision
time for the droplets. Only after this condition is ful®lled the
droplets of the target parcel are allowed to collide with the
collector parcel. Again not all the droplets are allowed to
collide; the probable number of droplets that coalesce in a time
step is calculated, which prevents all the droplets of the target
parcel to be removed in the same time step. This means that
this model allows the two parcels to move away from each
other by the next time step, without wiping out one of them,
thus decreasing the coalescence in the near injector region as
well as in the centre of the spray.

Fig. 9 shows the comparison between modi®ed and un-
modi®ed spray models for a 2 mm diameter nozzle after 0.7 s
at 95 mm from the nozzle. It is obvious that the previous
collision model tended to enhance the coalescence, and gave
two peaks above 60 lm of droplet diameter. The new model
greatly reduces the number of large drops, and gives a much
more acceptable distribution of drop sizes. Once it was es-
tablished that the modi®ed collision model works well with
propane at given conditions, several runs were made for
comparison with the experimental results.

4.2. Comparison with Hervieu-Veneau's (1996) experimental
results

Fig. 10 presents the normalised size event comparison at
95 mm from the injector, obtained using the 2 mm diameter
nozzle and with 11 bar initial pressure and at D32 � 15 lm and
D32 � 25 lm. Fig. 11 presents the normalised velocity for the
same conditions. The results not only validate the mathemat-
ical model used for ¯ow upstream of the nozzle, but also give a
qualitative validation for taking the Rosin±Rammler (R±R)
droplet size distribution for drop injection at the nozzle exit.
The two parameters in Eq. (16), which need to be de®ned, are n
and D32. In the empirical research of the values of these co-
e�cients, no rule is given for their determination (Dunbar and
Watkins, 1997). The results drawn up here by the authors have
been produced by regulating and adjusting these two R±R
parameters. The exponential parameter adjusts the volumetric
spread of the droplet size distribution; the higher the value, the

less the spread. The best value of n was adjudged to be 5, which
was used later in all calculations.

D32 required a lot more consideration. In the absence of an
empirical or physical formulation relating the nozzle upstream
conditions with droplet sizes produced at nozzle exit for
¯ashing type of atomization, the results of Hervieu-Veneau's
(1996) were used to adjust this parameter. From the experi-
mental results it was obvious that the higher is the initial
pressure
· more ¯ashing will occur; consequently the fragmentation is

more intense and drop sizes will be smaller.
· the larger the diameter of the nozzle, the greater will be the

drop sizes.
It is obvious that the numerical results at D32 � 15 lm are

quite accurately predicting the trend. The average arithmetic
mean diameter, D10, from numerical considerations using
D32 � 15 lm is 17.4 lm while from experimental data, it is 16.4
lm. Similarly average Sauter mean diameter from experiments
is 25.2 lm while the calculated value is 28 lm. The mean axial
centreline velocity at 95 mm from the nozzle is 25.36 m/s from
experiment, but is 28.07 m/s from the numerical calculations.
Though, the overall maximum error involved is 11.1%, yet
numerical predictions show lesser spread in the velocity pro®le.

Fig. 9. Comparison between modi®ed and unmodi®ed spray models

for 2 mm nozzle after 0.7 s at 95 mm from the nozzle.

Fig. 10. Normalised droplet size frequency data.

Fig. 11. Normalised axial velocity frequency data.
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This may be because the droplet collision and break-up models
have no direct in¯uence on the turbulence parameters.

The results obtained from the calculations of the Hervieu-
Veneau's (1996) case, led us to take a D32 of 25 lm for the
larger 4 mm nozzle and storage temperature of 16°C case of
HSE described below.

4.3. Comparison with the experimental results from HSE

Fig. 12 shows the axial velocity pro®les validated against
the experimental data (Allen, 1996a). Axial pro®les are plot-
ted at 500 and 1028 mm from the nozzle. The comparison
reveals that the theoretical spray model produces similar ra-
dial pro®les as that obtained experimentally. The predicted
centreline axial velocity is under-predicted by 8% at 500 mm;
and is over-predicted by 17% at 1028 mm. This shows that
experimentally the rate of decrease of the drop velocity is
higher than that predicted theoretically. At 95 mm from the
nozzle the mean axial centreline velocity is over-predicted; it is
under-predicted at 500 mm and then again over-predicted at
1028 mm from the nozzle. It seems that the droplets decel-
erate slowly to start with, then more rapidly and later slowly
again. This would suggest that in the di�erent regions, dif-
ferent e�ects are dominant. Upstream, where the spray is
denser, coalescence and secondary break-up might play a
stronger role, whereas further downstream the evaporation
could be dominant in the determination of the drops sizes
and hence the axial velocity. With the measurements being
within the experimental error limits, the predicted results

described here represent the experimental data with reasonable
accuracy.

Away from the centreline the theory tends to under-predict
the experimental results. The disparity can be attributed to
the relatively coarse grid in the region not being able to ac-
curately capture the steep property gradients like density. If
the grid is ®ne in the near-injector region, it will tend to ®ll
the cell volumes with the liquid and give negative densities
from the pressure equation. This problem is intrinsic in the
separated ¯ow model, thus requiring the implementation of a
relatively coarse grid in regions of high ¯uid ¯ow activity.
Other contributory factors a�ect the momentum prediction of
the spray model. These are the assumptions of isotropic tur-
bulence in the k±e model and the turbulence modulation of
the gas phase due to the presence of the dispersed liquid
phase, which could a�ect the turbulence micro-scales but
would not a�ect the large eddy structures. These may con-
tribute to the rate of convection and di�usion in the region of
axis of symmetry.

The experimental data (Allen, 1996b) gave the relative
volume of drops in two size bands of 0±21.4 and 21.4±41.2
lm. The program output was modi®ed to count the number
of drops of volumetric mean diameter in the respective band.
Relative volume was calculated by dividing with the total
volume distribution of the drops sampled in the program. It
is therefore, extremely di�cult to accurately predict these
pro®les, as they not only involve the volumetric drop sizes of
a parcel in a particular measurement volume, but also the
number of droplets in that parcel. With so many variables at
ones disposal to be arbitrarily ®xed, an accurate set of val-
ues, which predicts the pro®le at all positions, is di�cult to
get. Yet, in Fig. 13 we manage to predict the trend with
reasonable accuracy, apart from the lateral droplet size dis-
tribution in 21.4±41.2 lm band at 1088 mm from the nozzle.
The experimental pro®le seems to have changed considerably
from 500 to 1088 mm, giving 21% less volume at the
centreline for this band while for the smaller band there is
an increase of 12% in volume at the centreline. This means
that experimentally, the rate of evaporation and hence the
rate of decrease in the drop diameter, is much larger as
compared to what the evaporation model is predicting here.
This could be because the evaporation model described here
does not consider any ¯ash evaporation occurring down-
stream of the nozzle. This cannot be entirely true. Physically,
there can be a possibility of the development of regions
within the spray, where the vapour concentration around the
drop is considerably less resulting into discreet ¯ashing of
liquid propane.

There is also some ¯uctuation in the predictions away from
the centreline. A large sample is available near to the axis of
symmetry for the statistical analysis. Further from the centre,
¯uctuations are attributed to the very small sample size
available. The remedy to the problem is to introduce a larger
number of droplet parcels per time step. But this is limited by
the computer power available. A larger number of droplet
parcels introduced per time step means a lot more calculations.
Already these results with 15 droplet parcels introduced per
time step has taken more than 60 CPU hours on a Sun En-
terprise 450 machine. An attempt was made to increase the
droplet parcels introduced to 30 but the CPU time required
increased by 10 fold.

The droplet size distribution pro®les have been obtained by
taking the Sauter mean diameter of 25 lm and volume dis-
tribution parameter of n � 5, at the inlet, in the Rosin±
Rammler distribution. Hence the pro®les shown are dependent
on these two factors. A relatively independent solution would
require a theoretical model or correlation presenting the Sauter
mean diameter at the nozzle exit.

Fig. 12. Axial velocity pro®les. (a) 500 mm from the nozzle exit; (b)

1028 mm from the nozzle exit.
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If we consider these numerical results as being su�ciently
accurate, then Fig. 14 shows the theoretical pro®le of the lat-
eral droplet size distribution at 500 and 1088 mm from the
nozzle. These give a clearer picture of the spray being
modelled.

5. Conclusion

1. Because of the unavailability of any experimental ¯ow ®eld
data near the nozzle, the results of the thermodynamic
model used could not be veri®ed. Nearest results available
for the velocity distribution of drops were those at 95 mm
from the nozzle. The results at this distance from the noz-
zle were used to qualitatively validate the thermodynamic
model.

2. The theoretical spray model captured the droplet velocity
and size in space with a reasonable degree of success.

3. The implementation of the two theoretical models used to
describe the ¯uid ¯ow from the pressure vessel to the noz-
zle and the resultant spray transport did not produce an
autonomous code. It required the input of empirical pa-
rameters in the Rosin±Rammler distribution of drop sizes
at the inlet and the spray cone angle as well as the turbu-
lence parameters of turbulence intensity and turbulence
length scale.

4. The predicted spatial distribution at the downstream, pe-
ripheral locations were not statistically representative, due
to the di�culty in accruing large numbers of ensembled
droplet parcels in the region over a ®nite CPU time.

5. Experimental data of Allen (1996a,b) gave only the distri-
butions of relative volumes in the two size bands of
0±21.4 and 21.4±41.2 lm, the pro®les of which are di�cult
to predict.

Fig. 13. Lateral droplet size distribution in 0±21.4 and 21.4±41.2 lm volumetric diameter. (a) and (c) 500 mm from the nozzle; (b) and (d) 1088 mm

from the nozzle.

Fig. 14. Theoretical pro®les of D10 and D30. (a) 500 mm from the

nozzle; (b) 1088 mm from the nozzle.
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The future work includes usage of a nonisotropic turbu-
lence model, investigation into a relatively more autonomous
code and a better statistical representation of drop sizes at
peripheral locations.
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