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The LES-Lagrangian particle methodology is applied to the study of vaporizing particle laden flows. A
probabilistic description of the liquid phase is adopted and stochastic models for the filtered Lagrangian
rates of change of droplet mass and temperature of the spray are presented. The method is applied to an
acetone spray which issues into an air co-flow to form an evaporating droplet laden jet. Comparisons of
the LES results with measurements demonstrate that the essential features of the flow are reproduced to
a good accuracy.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Aircraft gas turbines are invariably fuelled by kerosene which is
introduced into the combustion chamber via a fuel injector. In con-
ventional devices the fuel exits the injector as a thin column or
sheet that breaks up to form large droplets or filaments. The initial
(primary) breakup is typically a result of a Rayleigh type instability
which yields liquid fragments that are of size related to the dimen-
sions of the injector, Lefebvre (1989). These fragments then break-
up further (secondary breakup) to form droplets. The distance
taken for the droplets to form and their size depends on the injec-
tor design but typically they fall within the range 10–100 lm
diameter. The velocities of the droplets also depends on injector
conditions, droplet size and position. They are dispersed under
the influence of the surrounding gas-phase – the continuous phase
– evaporate as a result of heat transfer and the gaseous fuel mixes
with air whereupon combustion occurs. If the properties of com-
busting sprays are to be accurately predicted then models of the
dispersion and evaporation processes are required. There exists
several comprehensive reviews of two-phase flow simulation and
modelling techniques (Crowe, 1982; Faeth, 1983b; Crowe et al.,
1996; Enwald et al., 1996; Shirolkar et al., 1996; Mashayek and
Pandya (2003)), where such models are described. However much
of the previous modelling work has been based on Reynolds aver-
aged approaches.

In the present paper Large Eddy Simulation, LES, is applied to a
jet laden with liquid droplets of acetone which disperse and evap-
orate. LES provides a much more detailed description of the
ll rights reserved.

s).
dynamics of turbulent flows than does Reynolds average ap-
proaches and consequently it should lead to more accurate and
reliable results. The configuration considered corresponds to that
studied experimentally by Chen et al. (2006) in which properties
of both the dispersed and continuous phase are measured far
downstream of the injector. At the entrance to the measuring sec-
tion the spray is dilute and so droplet formation and droplet–drop-
let interactions are negligible. A Lagrangian formulation of the
dispersed phase is combined with an Eulerian description of
the continuous phase. A probabilistic approach is adopted for the
droplets with the influence of sub-grid fluctuations on dispersion
and evaporation being accounted for by means of stochastic
models. The results of the computations are compared with
measurements.
2. Mathematical formulation

The LES equations can be obtained by applying a spatial filter to
the equations of motion. The spatially filtered value of a function
w = w(x,t) is defined as its convolution with a filter function, G,
according to:

�wðxÞ ¼
Z

X
wðyÞGðx� y; DxÞdy ð1Þ

where the integration is carried out over the entire domain, X. The
filter function, G, has a width D which may vary with position. In
many problems, including the present case, it is desirable that G
is positive definite so that a sub-grid probability density function
may be defined. In situations where fluid density variations arise
the most straightforward method of accounting for these is through
the introduction of density weighted (or Favre) filtering: ~w ¼ qw=�q.
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For the properties and limitations of the filtering approach the read-
er is referred to Germano (1992, 1986) and Piomelli (1999).

Applying density weighted filtering to the equations governing
two-phase flow then gives:

@�q
@t
þ @ð

�q ~uiÞ
@xi

¼ Smass ð2Þ

@ð�q ~uiÞ
@t

þ @
�qguiuj

@xj
¼ � @

�p
@xi
þ @

�rij

@xj
þ �qgi þ Smom;i ð3Þ

@ð�q~YÞ
@t

þ @ð
�qgYujÞ
@xj

¼ �
@Jj

@xj
þ Sspecies ð4Þ

@ð�q~eÞ
@t
þ @ð

�qfeujÞ
@xj

¼ �
@puj

@xj
�
@qj

@xj
þ @rijui

@xj
þ �qgi~ui þ Senergy ð5Þ

As a result of the filtering process the quantities �qguiuj ; �qgYuj and
�qfeuj are unknown and modelling – to account for sub-grid scale,
(sgs), contributions – is thus required. The filtered source terms
can be interpreted as follows: if a particle, p, located at position
n(p) provides a contribution S(p) to the sources for mass, momentum
or energy then the total contribution of the particles within a filter-
ing ‘volume’ to the source is just the volume average of the individ-
ual contributions, viz:

SðxÞ ¼ 1
D3

X
p

Z
X

SðpÞdðnðpÞ � yÞGðx� y; DðxÞÞdy ð6Þ

where the summation is extended over all the particles present in
the domain X. In writing Eqs. (2)–(5) it has been assumed that
the filter width is invariant in space. However, this is not the case
in practical applications, where the need for different levels of spa-
tial resolution across the solution domain requires the use of vari-
able grid spacings and this results in a commutation error.
Providing the mesh spacings are slowly varying, as in the present
case, this commutation error can be shown to be almost entirely
dissipative in nature and negligible compared with the dissipation
provided by the sgs model (Wille, 1997).

2.1. Sub-grid models

LES of inert flows have been studied extensively and the sim-
plest model for the sub-grid stress tensor,

sij � �qguiuj � �q ~ui ~uj

is the eddy viscosity model of Smagorinsky (1963)

sa
ij ¼ �2lsgs

~Sij: ð7Þ

where

lsgs ¼ �qðCs
�DÞ2k~Sk; ~Sij ¼

1
2
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and k~Sk ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
2~Sij

~Sij

q
which linearly relates the anisotropic part of the sub-grid stress ten-
sor sa

ij to the filtered rate of strain tensor ~Sij via an eddy viscosity
coefficient lsgs. For low speed flows, such as considered here, the
isotropic part of the stress can be adsorbed into the definition of
the pressure to yield a pseudo-pressure and modelling of this is
not then required.

The length scale D is related to the filter width that, in LES prac-
tice, is invariably assumed proportional to some local measure of
the mesh spacing. A commonly used measure is D ¼ ðDx1 Dx2 Dx3 Þ

1
3

where Dx1 ;Dx2 and Dx3 are the physical grid spacings in the three
coordinate directions. In the present case, where a variable mesh
spacing is employed, the filter width is taken equal to the cube root
of the local finite volume cell. The model contains an adjustable
parameter Cs, which must be specified. However, as many previous
studies have demonstrated and, consistent with the ideas of Kol-
mogorov, results are found to be relatively insensitive to the value
of Cs, providing of course that the turbulence Reynolds numbers
are high and the large scale turbulent motions are adequately re-
solved. In circumstances where this is not the case, for example
in transitional flows or in near wall viscous sub-layer regions
where adequate mesh resolution is often not possible, various dy-
namic calibration procedures offer some advantage, e.g. Germano
(1992), Piomelli and Liu (1995), and increase the generality of
the model. In the present case, however, a single value, Cs = 0.07
has been selected. For the sub-grid scalar flux Jk it is usual to adopt
a gradient model, see Schmidt and Schumann (1989), of the form:

Jk � �qgukY � �q ~uk
~Y ¼ �

lsgs

rsgs

@~Y
@xk

where rsgs is the sub-grid Schmidt number for which, following
Branley and Jones (1999, 2001), a value of 0.7 has been assigned.

A probabilistic description of the spray is adopted with the state
of the spray being characterised uniquely in terms of the droplet
radius, the droplet velocity, the droplet temperature and number,
n. The required joint pdf is PsprðV;R;H;N; x; tÞ, where {V,R,H,N} is
the ‘phase’ space for {v,r,h,n}, which can be obtained, after suitable
modelling, from:
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where a; _R; _T; _N represent:

E
Dwk

Dt

����W ¼ U

� �
where U ¼ v; r; h and n

where E Dwk
Dt jW ¼ U

� 	
is the expect value of Dwk

Dt conditioned upon
W = U anywhere in the filter volume.

In order to solve the modelled form of Eq. (8) it is first replaced
with an equivalent system, Gardiner (2002), of stochastic ordinary
differential equations describing the trajectories of stochastic par-
ticles in the phase space {V,R,H,N}.

The unclosed terms appearing in Eq. (8) are decomposed as
follows:

E
Dwk

Dt

����W ¼ U

� �
¼ f ðwk;

~/gas; tÞ þ vk ð9Þ

where the first term on the rhs of Eq. (9) represents a deterministic
contribution to the Lagrangian rate of change evaluated in terms of
the filtered gas-phase properties ~/gas etc and where vk represents
the effects of the sgs fluctuations on the filtered conditional
Lagrangian rates of change for which modelling is required. In the
present case two model are required. Firstly a closure approxima-
tion is needed for the rate of change of particle velocity – particle
acceleration – that is responsible for sub-grid scale particle disper-
sion. Secondly a model is required for droplet vaporisation in order
to determine the rates of change of temperature and size. These are
described below.

2.2. Particle acceleration: dispersion

The model for the particle acceleration, a, is directly responsible
for particle dispersion in a turbulent flow field. The deterministic
part is taken to be equal to the first term of the Maxey and Riley
(1983) formulation for the force per particle mass:

a ¼ Dvp

Dt
¼

~u� vp

sp
þ v ð10Þ

where vp is the particle velocity, ~u is the known filtered gas-phase
velocity at the particle position and sp is the particle response time:

s�1
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3
8
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qf
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rp
ð11Þ
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where rp is the particle radius and CD is the particle drag coefficient
which is determined using the drag law of Yuen-Chen, see Sirignano
(1999).

Following Bini and Jones (2007, 2008) a stochastic Markov mod-
el is used to represent the influence of unresolved sgs velocity fluc-
tuations on particle accelerations and hence dispersion. Thus the
acceleration of the pth stochastic particle is obtained from:

dvp ¼ s�1
p

�u� vp
� �

dt þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
C0

ksgs

st

s
dWþ gdt ð12Þ

where ksgs is the sub-grid kinetic energy of the gas-phase, Co is a
model constant, dW represents the increment of the Wiener pro-
cess, g is the gravitational acceleration vector and st is a time scale
which determines the rate of interaction between the particle and
gas-phase turbulence. As is shown in Bini and Jones (2007) the
model, Eq. (12), through a suitable choice of the time scale st, is
capable of reproducing the observed heavy tailed pdfs and high lev-
els of probability of extreme acceleration events. A timescale given
by:

st ¼
s2a

p

Dffiffiffiffiffiffi
ksgs

p
� �2a�1 ð13Þ

with a = 0.8, was shown to reproduce the high values of kurtosis
and pdfs observed experimentally. The model is also shown (Bini
and Jones, 2008), to be capable of representing accurately particle
dispersion in a droplet laden turbulent mixing layer.
2.3. Rate of change for the droplet temperature and size

Miller et al. (1998) reviewed most of the well established
vaporisation models, treating both the equilibrium and non-equi-
librium vaporisation cases. They demonstrated that various differ-
ent vaporisation models performed nearly identically for low
evaporation rates at gas temperatures lower than the liquid drop-
let boiling temperature. Only for gas temperatures at and above the
liquid boiling point are large deviations to be found between the
various formulations. It was noted that, far from critical conditions,
there is often a much greater sensitivity of the vaporisation laws to
the choice of particular physical constants and liquid properties
than to a model change. Following Miller et al. (1998) the temper-
ature and mass rates of change can be written as:

dTðpÞ

dt
¼

NuCpg

3PrgCp‘

Tg � T ðpÞ

sp

 !
þ hfg

Cp‘

_mðpÞ

mðpÞ
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_mðpÞ ¼ dmðpÞ
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¼ � Sh

3Scg

mðpÞ

sp

� �
HM ð15Þ

where the superscript (p) represents the pth particle, Tg is the car-
rier gas temperature, hfg is the latent heat of evaporation, Cpg and
Cp‘ are the gas and liquid specific heats, sp is the droplet response
time, Prg and Scg are the gas-phase Prandtl and Schmidt numbers
and qg is the density of the gas-phase. Nu and Sh are the Nusselt
and Sherwood numbers modified (Abramzon and Sirignano
(1989)) to account, in the presently used convection model, for
boundary layer effects.

While different correlations could be adopted, see for instance
Lavender and Pei (1967), Birouk and Gokalpb (2006), Faeth
(1983a), in the present work the unmodified values of Nusselt
and Sherwood number (Nu*,Sh*) are evaluated using the model of
Ranz and Marshall (1952a,b). This correlation, which is widely rec-
ognized to be accurate and is easy to implement, is:
Nu� ¼ 2þ 0:552 � Re1=2
d � Pr1=3

g

Sh� ¼ 2þ 0:552 � Re1=2
d � Sc1=3

g ð16Þ

where Red is the Reynolds number evaluated in terms of the gas
properties, the relative velocity and the particle diameter.

The modification proposed in Abramzon and Sirignano (1989)
consists of correcting the Nusselt and Sherwood numbers accord-
ing to:

Nu ¼ 2þ Nu� � 2
FT

Sh ¼ 2þ Sh� � 2
FM

ð17Þ

where the correction factors:

FT ¼ ð1þ BTÞ0:7
lnð1þ BTÞ

BT

FM ¼ ð1þ BMÞ0:7
lnð1þ BMÞ

BM

are evaluated in terms of the energy and mass transfer numbers, BT

and BM through consideration of a laminar boundary layer develop-
ing over an evaporating surface. The two transfer numbers were
first introduced by Spalding (1953) and are defined by:

BT ¼ ðTg � TdÞ
Cpvap

hfg
BM ¼

Ys � Yg

1� Ys
ð18Þ

where Cpvap is the liquid vapour specific heat at constant pressure
and Ys is the mass fraction of the vapour at the droplet surface. This
latter quantity is determined via an equilibrium assumption using
the Clausius–Clapeyron equation. HM, the corresponding convective
correction term for mass transfer (Abramzon and Sirignano (1989))
is then obtained from:

HM ¼ lnð1þ BMÞ
2.4. Stochastic modelling of sub-filter vaporisation

In Bini and Jones (2007) sgs particle accelerations – that is unre-
solved accelerations arising from the interaction between the con-
tinuous and dispersed phases – were accounted for by a stochastic
formulation based on a multi-dimensional Wiener process. In the
context of the rate of change of droplet temperature and mass a
similar approach is adopted. The modelled Eqs. (14) and (15) can
be viewed as being accurate provided that the complete flow vari-
ables are available. In a LES the relative velocity between the drop-
lets and the flow is not completely known and the gas-phase
temperature and vapour mass fraction (which also controls the
rate of vaporisation) are filtered versions of the complete instanta-
neous fields. As a consequence if Eqs. (14) and (15) are evaluated
solely in terms of filtered values then the effects of sub-filter fluc-
tuations would not be included. It has been previously noted that
the temperature rate of change is much less important than the
mass vaporisation rate when determining the vaporisation of a sin-
gle droplet in a non-combusting gas. Consequently in the present
work the temperature rate of change is evaluated in terms of the
filtered values and attention is focused on sgs-modelling of dm(p)/
dt which, when treated in a stochastic manner, will also indirectly
contribute to stochastic fluctuations in the temperature rate of
change.

The method proposed in order to account for unresolved sub-
grid velocity fluctuations is as follows: the parameter governing
convection, Sh, is rewritten as the sum of the resolved contribution
and a random part so that:
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dmðpÞ ¼ �HM
mðpÞ

3spScg
ShðdÞ þ ShðstÞ
� 	

dt ð19Þ

where Sh(d) is given by the corrected Ranz–Marshall correlation, Eq.
(17), evaluated using the LES filtered flow variables and the mixture
properties arising in the LES context. Sh(st) accounts for the missing
sgs turbulence effects, which should vanish as LES approaches DNS
and be consistent with the Ranz–Marshall correlation (i.e. capture
Fig. 1. Detail of the Nozzle and droplet production apparatus used in the
experiment (Chen et al., 2006).
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Fig. 2. Longitudinal droplet velocity profiles at z/D = 1 for the various diameter classes. Co
particles prescribed by the sampling procedure for each class during one flow through t
in a similar fashion unresolved effects). Thus the stochastic contri-
bution to Eq. (19) is represented by:

ShðstÞdt ¼ CV Sc1=3
g qg

k1=2
sgs D
lg

 !1=2

jdWt j1=2s3=4
p ð20Þ

where dWt represents the increment of a Wiener process. The mod-
el formulated will add both a random drift and diffusion to the way
the droplet mass evolves. CV is a model constant assigned a value of
unity.

3. Configuration

LES is applied to the evaporating spray jet of acetone studied
experimentally by Chen et al. (2006). Liquid acetone is injected
into a confined air stream which issues, at ambient temperature,
into a duct forming a droplet laden jet. The saturated vapour pres-
sure of acetone at 20C is �0.246 bar, 10 times higher than that of
water, so that the droplets evaporate without any pre-heating of
the carrier air flow. Fig. 1 shows a schematic diagram of the spray
nozzle. The spray is generated by a nebulizer and the droplets then
mix with carrier air at ambient temperature which is accelerated
through a nozzle of overall length 175 mm. The exit of the nozzle
corresponds to the inlet plane of the measuring section and here
the droplet distribution is approximately uniform. The resulting
droplet laden jet issues into a wind tunnel of cross section
150 mm by 150 mm in which the mean air velocity is 3 m/s and
the relative turbulence intensity is less than 2%. The conditions
at the nozzle exit are dilute with the ratios of the volumetric flow
rate of droplets to that of air being in the range of 0.4 � 10�5–
3.0 � 10�5. As a consequence droplet–droplet interactions can be
safely presumed negligible.

The quantities measured included the averaged inflow velocity
of the air together with profiles of the longitudinal and radial rms
intensities, average droplet mass flux profiles over the circular sec-
tion of the jet, mean and rms of droplet velocities divided into size
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Fig. 3. Instantaneous snapshots of the injection period, case (i): computational
droplets (left), vapour mass fraction (right).

Fig. 4. Instantaneous snapshots of the injection period, case (iii): computational
droplets (left), vapour mass fraction (right).
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classes and radial profiles of mean droplet diameter. Profiles were
measured at various axial locations 0 < z

D 6 25. Two different jet
Reynolds numbers were investigated in the experiments: the pres-
ent computations consider only the case LFS, Chen et al. (2006), in
which the jet has a Reynolds number of 15,800.

The solution domain for the simulations was 150 mm �
150 mm in cross section and extended from the nozzle exit at
z = 0 to a downstream distance of 500 mm, downstream, i.e.
approximately 50 nozzle diameters. The coordinate system used
has its origin in the centre of the circular jet with the plane z = 0
being coincident with the inflow into the solution domain. For
the computations two grids have been used: a grid comprising
59 � 59 � 160 nodes and a larger grid of 85 � 85 � 225 in the x,
y and z directions, respectively. Both grids were demonstrated to
yield solutions effectively grid independent for the gas field, Bini
(2008) and as a consequence the smaller grid was used to obtain
the results presented below.

No measurements are available at the inlet plane and inlet
boundary conditions have to be estimated. To do this use is made
of measured profiles at z/D = 0.5: the radial profiles available are
acetone vapour mole fraction and mean droplet diameter for drop-
lets in the class sizes d < 5 lm, 10 lm < d < 20 lm, 20 lm <
d < 30 lm and 30 lm < d < 40 lm together with their correspond-
ing mean and rms fluctuating velocities. The inlet profiles are cho-
sen to be consistent with these. However no information
concerning the distribution of droplet diameter within the class
is available and so little more can be done than to estimate a form
for the pdf of droplet diameter. To prescribe the pdf from which
stochastic particles are sampled the jet has been divided in concen-
tric annuli and the pdf is presumed to be lognormal with a mean
corresponding to that measured at the mean radius of the relevant
annulus. During computations the diameter of a stochastic parti-
cles is sampled from such a pdf and its velocity is assigned using
a Gaussian distribution with a mean and standard deviation ob-
tained from the measured profiles for the four classes as a function
of radius. This procedure is repeated continuously in time, as the
simulation advances, ensuring an average mass flow rate equal to
that of the experiment.

The result of the injection procedure is demonstrated in Fig. 2,
where the measured average longitudinal droplet inflow velocity
is plotted together with that ascribed to the stochastic particles
during a mean flow through time. The different number of stochas-
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distinct for the largest populated class, class 2).
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4. Results

Three simulations were conducted in order to investigate the
performance of the evaporation model outlined above. These cor-
respond to the cases where (i) neither the sgs-dispersion nor the
sgs-vaporisation are incorporated, (ii) only the sgs dispersion mod-
el is employed and (iii) both sgs-dispersion and sgs-vaporisation
are included.

Four instantaneous snapshots of the injection period, i.e. the
period of time taken for the spray to occupy the complete length
of the computational domain, i.e. 500 mm, are presented for case
(i) in Fig. 3 and for case (iii) in Fig. 4. Both the droplet positions
and the mass fraction of vapour released by the vaporisation of
the droplets are shown. Some clear differences can be observed
from an examination of these two sets of instantaneous snapshots.
Case (iii) shows relatively higher droplet dispersion (the effect of
the sgs-acceleration model) and relatively higher vapour mass frac-
tions, i.e. a higher vaporisation rate compared to case (i). In partic-
ular the two furthermost downstream snapshots show that the
same level of mass fraction obtained in case (iii) at five diameters
downstream of the jet entrance occurs about 7–8 diameters down-
stream for case (i).

The simulated and measured non-dimensional global droplet
mass fluxes at different downstream locations, _MðzÞ= _Mð0Þ (where
_M ¼ ½Kg=s�) are shown in Fig. 5. The results of the three simulations

are shown. The results of case (i) exhibit the lowest vaporisation
rate, consistent with the complete omission of sgs effects while
case (ii) shows a higher downstream rate of mass disappearance
though the mass flow rate is over-predicted in the region 5 <
z/D < 20. In contrast the results of case (iii) are in good agreement
with the measured values at all downstream location.

Radial profiles of non-dimensional droplet mass fluxes are com-
pared to those measured in Fig. 6. A characteristic feature is that
each profile is normalized using the centerline value, an aspect that
masks somewhat the differences between the various computa-
tions. For example case (i) is characterized by a lower degree of ra-
dial dispersion and vaporization and this results in a higher
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Fig. 7. Rate of downstream droplet diameter disappearance conditioned upon droplet
c = 1,2,3,4.
centerline mass flow rate. The effect of this is evident in the profile
at z/D = 10. The agreement between computed and measured pro-
files, for the two stations at which data is available, is good for both
cases (ii) and (iii). At the furthermost downstream location at
z/D = 20, however, the mass is found to be distributed in a com-
pletely different manner for cases (ii) and (iii). In particular case
(ii) has a higher centerline mass flow rate in comparison to case
(iii), and the profile exhibits a correspondingly steeper decay. The
different shape of the profiles, which is enhanced by the particular
normalization procedure adopted, has to be attributed entirely to
the sub-filter stochastic evaporation. The likely reason for this is
that in case (iii) a higher vapour mass fraction is generated and dis-
tributed within the core-jet and that as a consequence mass disap-
pearance is more uniform over the diameter in the far field. In case
(ii) the omission of sub-filter evaporation increases the mass of li-
quid which survives in the core-jet. This suggests that sub-filter
acceleration is more influential in droplet vaporization outside
the jet whilst sub-filter vaporization is more active in the internal
zone of the jet. This is perhaps the opposite of what might have
been expected as the driving potential of vaporization BM, see Eq.
(18), is higher the more vapour free is the surrounding gas.

In Fig. 7 the downstream rate of diameter disappearance con-
ditioned upon the initial droplet class is examined for case (iii),
hD(Z)—D(0) 2 class ci, c = 1,2,3,4. The figure displays stochastic
particles found in the domain in a specified fraction of time.
The higher number of droplets observed in the downstream re-
gions is almost certainly due to the fact that the jet and droplet
deceleration is large in the vicinity of the inlet plane; at z/
D = 15 the stream-wise velocity falls to 30% of the value at the in-
let. This coupled together with the clustering effect due to the
mushroom like vortices of the shear layer – see also Fig. 4 – is
responsible for the increased number of particles downstream
of the inlet. Droplets that appertained to class 1 at the inflow
plane, (d 2 (0,10] lm), are unable to survive for more than about
20 diameters downstream, they completely vaporise. It is also to
be noted how the slope of the downstream average diameter
change, hdD(Z)/dZ—D(0) 2 class ci, is approximatively comparable
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for all the classes c = 1,2,3,4. The averaged downstream rate of
disappearance of an overall class is influenced by many features
of the droplet class dynamics, for example by the physical distri-
bution of the class in the domain, by the average velocity of the
class, etc. It is well known that the evaporation life time of a sin-
gle isolated droplet reduces as the diameter is reduced; if the sin-
gle droplet behaviour applied to the entire class then smaller
droplets would vaporise faster than larger droplets. However, in
the present situation different classes do not experience the same
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Fig. 9. Radial velocity profiles of droplets appertaining to class 4, 30lm < d < 40lm. Pro
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‘conditions’, for example, larger droplets are subject to larger ‘slip’
velocities (as a result of their larger inertia). The likely explana-
tion for the observed behaviour of hdD/dZ—D 2 class ci is that
the similar downstream rates of disappearance between different
size classes arise because larger droplets experience more adverse
survival conditions than small size droplets. This aspect is dis-
cussed further below where it is shown that, on average, large
droplets are more likely to be expelled from the jet core than
small droplets.
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Longitudinal and radial droplet velocity profiles at different
downstream locations, corresponding to case (iii) and for the two
extreme droplet size classes 1 and 4 are compared with the exper-
imental profiles in Figs. 8 and 9. The figures show profiles corre-
sponding to sizes d < 5 lm and 30 lm < d < 40 lm, independent
of the size at inlet. The diffusive nature of the average droplet
transport is remarkably clear as evidenced by the excellent agree-
ment between the simulation and measurement. Accurate predic-
tion of these profiles is a challenge that involves accurate
prediction of both dispersion and vaporisation, particularly be-
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cause droplets undergo a class change: the droplets at the more
downstream station used to calculate the velocity profile of class
1 originate from other classes. The profiles, when viewed together
with Fig. 7, show that the droplets that appertain to class 1 at the
inflow plane, (d 2 (0,10] lm), are unable to survive for more than
about 20 diameters downstream; they completely vaporise.

A final feature, emphasising once more the effect and impor-
tance of the dispersion model, is illustrated in Figs. 10, 11 where
class 1 and class 4 velocity profiles are reported, at a downstream
location of Z/D = 5, for cases (i) and (iii). Not much difference is re-
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vealed between the two computations for the profiles of class 1
(the mean profile with sgs-acceleration model active is perhaps
more diffused than it should be, though this may be attributable
to the small number of samples on which the statistics are based
at large radial positions). For both cases the velocity in the imme-
diate vicinity of the centreline is overestimated. The reasons for
this are unclear though they may arise because of the influence
of the estimated inflow boundary conditions on the solutions near
the inlet. There are no measurements available for either the dis-
persed or continuous phase and so the characteristics of both at
the inlet are estimated. An important difference between the two
cases is evident for class 4. Accurate prediction of the diffusion of
large size droplets is particularly important for an accurate predic-
tion of the vaporisation process. In particular neglect of sgs-accel-
eration leads to an unacceptably low lateral spread of droplets,
emphasising again the importance of sgs effects.

5. Conclusions

The paper has presented deterministic and stochastic closures
for the problem of droplet vaporisation within the framework of
LES pdf methods for particle laden flows using the formalism of
generalized stochastic differential equations. The approach is then
applied, as a demonstration, to the study of a vaporizing spray of
acetone for which detailed measurements are available. The anal-
yses have been tailored to emphasize the importance of sub-filter
models. In particular neglect of both sgs-acceleration and sgs-
vaporisation results in very poor predictions. The use of an appro-
priate sub-filter acceleration model enables a satisfactory repre-
sentation of the vaporisation rates only in the far field of the jet
and the predicted mass disappearance rate in the midfield of the
jet improves when stochastic effects are accounted for in the drop-
let mass rate of change.

Various forms of evidence have been provided to corroborate
the complimentary nature of the effects introduced by the two
sub-filter models. All of the evidence seems to point to the fact that
sub-filter acceleration in addition to being crucial for providing an
accurate radial diffusion of large diameter droplets, is also respon-
sible for larger instantaneous droplet acceleration which by itself
drives an enhanced convective vaporisation. On the other hand,
sub-filter mass evaporation seems to be effective in providing in-
creased mass vaporisation rates in the inner zone of the jet, where
the average slip velocity between the phases is likely to be smaller
and where, as demonstrated, preferential concentration of small
diameter particles takes place. A different state space path of dis-
persion and vaporisation for droplet of various classes of diameters
has been suggested as a possible explanation for this complimen-
tary effect between sub-filter models.
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