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Abstract

To simulate primary atomization, the dense zonespmhys has to be addressed and new
atomization models have been developed as the Eh&del [4]. A transport equation for the
liquid/gas interface density is stated and extettds concept of droplet diameter. Several
related source terms require modelling attentionis Twork describes the contribution of
collision and coalescence processes. Several quosstrise: Is it possible to represent
collision/coalescence from an Eulerian descriptbthe flow? What are the key parameters?
What are the particular features of collision imske spray? To answer these questions, a
Lagrangian test case, carefully resolved stati$yices used as a basis to evaluate Eulerian
models. It is shown that a significant parametethis equilibrium Weber number: If it is
known, Eulerian models are able to reproduce thim fie@tures of Lagrangian simulations.
To overcome the Lagrangian collision model simgdifion that mostly considers collisions
between spherical droplets, a new test case hasdasggned to focus on collision process in
dense spray. The numerical code, Archer, whicleiglbped to handle interface behaviours
in two-phase flow by the way of direct numericahslation (DNS) [19] is used. Thanks to
DNS simulations and experimental observationsjrtiportance of non spherical collisions is
demonstrated. Despite some classical drawbacksNS, Dve observed that an equilibrium
Weber number can be determined in the considergdctese. This work emphasizes the
ability of interface DNS simulations to describemquex turbulent two phase flows with

interfaces and to stand as a complement to newiexges.



1 Introduction

Energy and environment survey are becoming pulblicypissues, such as greenhouse effects
and global warming. As a consequence, drastic dioihs of emissions are imposed to the
automotive industry. The European car manufactunelisbe subjected to more stringent
emissions regulation (such as Euro 5 and post-kEgtandards), concerning nitrogen oxides
(Nox), CO2, unburned hydrocarbons (HC) and part&st@ssions. To reach these tolerance
thresholds, the automotive research is looking mmitiple processes that are involved in
combustion: fuel distribution (injection), internaérodynamics (vaporization, mixing) and
combustion itself (ignition, chemical reactions).

For many decades, great attention has been dewotdtie injection process. It is a
determining factor for the fuel distribution insittee combustion chamber, and it contributes
indirectly to the pollutants formation. Its optiratton may notably lead to a cleaner Internal
Combustion Engine (ICE). For instance, following tinjector nozzle geometry [1] and the
injection strategy [2, 3], the overall spray bebav and its characteristics may be drastically
different. The liquid jet atomization has thus ®well-understood, but unfortunately several
complex mechanisms are involved, such as turbujepdmary and secondary breakup,
droplet collision and coalescence. All these meidmas have to be taken into account to
determine the spray dispersion and the local dtajdeneter and velocity distributions. From
a correct modelling of the injection and atomizatpyocess it is then possible to compute in a
realistic way the droplet-vaporisation, vapour mgceand combustion processes [4].
Furthermore, one characteristic of high-pressuresélijets is the presence of a liquid core
which is attached to the exit of the nozzle. Thastpof the jet and its vicinity are more
commonly called the dense zone. It is the mostcdiff zone to model partly because of the

lack of experimental data despite recent advantegpiical techniques [5-7]. However it is



obvious that a realistic description of the denset pmproves significantly the global
modelling of the injection [4, 8-10T o deal with the dense part, Lebaskf{4] extended the
Eulerian Lagrangian Spray Atomization (ELSA) modetiginally proposed by [11]) to
Diesel injection. The model is based on a singlasghEulerian description of the flow that is
composed of a liquid and a gas mixture. The indiapersion and atomization of the liquid jet
are assumed to be dominated by the turbulencehybtaking into account for high variable
density [12]. A transport equation for the meawilijgas interface density is also considered
to describe the complex liquid topology. Indeedthe initial part of the jet, the notion of
droplet diameter is not applicable, as no drogdbrmed yet. Thus the quantity of interface
is a first order parameter that can help in deswilthe different interactions between the
liquid and the gas phases.

The surface density is a particular variable beeatisan be defined locally only by using
generalized functions. This is a Dirac function.vBigheless, the local equation can be
determined, see for instance a review on this praldby Morel [13]. But the link has not yet
been established with modeled equations that areerdly used for RANS (Reynolds
Average Navier Stokes) simulations [4, 11, 14] &SL(Large Eddy Simulation) simulations
[15] . Among the processes that play a role on $oeface density, the effect of
collision/coalescence is expected to be signifiemmecially because we deal with the dense
zone of the spray. Different terms in the currentbed equations are assumed to take the
collision/coalescence effects into account. Buémains obvious that extended researches on
this topic are still required.

The first question concerns the dispersed phasthanresulting spray and the ability of
Eulerian methods to represent collision/coalesc@hemomena. Indeed by comparisons with
Lagrangian methods that totally describe the PDBhb@bility density function) of the spray,

the Eulerian approaches are generally using omynf@ments of the distribution to describe



the whole PDF. As a consequence, information calogte depending on the assumed shape
of the PDF, that can only be built with the retaimeoments. The collision process describes
how two or more droplets interact when their refgeanotion induces crossing trajectories.
It is obvious that characteristics of each collgdidroplet are important to determine the
regime of the collision, see for instance [16].&hg, knowing the outcome of each individual
collision is not among the capability of Euleriaretimods but this is not necessary. The
expected behaviour of the collision/coalescenceahtmt an Eulerian method is to predict
correctly the effect of the whole set of collision the retained statistical moments used to
describe the spray. Considering the Eulerian methodrrently used to describe the
atomization, this property will be studied as farthe mean surface density is concerned. To
do so, a test case, well resolved from a statigtiomt of view using Lagrangian models of
collision/coalescence, is proposed.

The second problem concerns the validity of théistoh/coalescence models currently used
to compute the evolution of the mean (or filtersdj)face density in the dense zone. Indeed,
the first class of models proposed by Vallet efHl, 17] and then by lyer and Abraham [18]
are based on droplet collisions. Therefore, thesdets are applied in the dense part of the
spray where the droplets are not formed yet! A glahodel proposed specifically for the
dense part of the spray has been proposed by Lebad. [4]. Although, this model
participates to the correct behaviour of the comgudpray, it has not been proved to behave
properly as far as the collision/coalescence psEsire concerned. Moreover it has been
outlined [4] that some of its parameters have &tilbe established. Collision has been studied
experimentally only for droplet collision, conditie that are far to those encountered in the
dense part of the spray. To design and to charsetan experiment of collision between two
non spherical parcels of liquid is not an obvicaskt Consequently to understand collisions

in the dense zone, a numerical test case has hedarward thanks to the Archer code that



has been developed to compute two-phase flow bywtne of direct numerical simulation
(DNS) [19]. These simulations are still difficulné computationally expensive, thus,
preliminary results are presented here. They confesv cases representative of what can be
encountered during an atomization process.

This article is organized as follow: In the firsarp the Eulerian approach ELSA used to
compute the atomization is described. Then a Lagaansimulation is put forward to
determine the ability of the Eulerian approach tpresent the collision/coalescence
phenomena. The third part of this paper describdiseat numerical simulation used to study

collision and coalescence of non spherical liquaccpl.

2 THE EULERIAN-LAGRANGIAN SPRAY ATOMIZATION MODEL

In this section the ELSA model is described to us@ad where the collision/coalescence
effects are expected to play a role in the comglateulation. The goal of the ELSA model
is to describe realistically the dense zone of shmy. Based on the assumption that the
Weber and Reynolds numbers have to be high, theAEh8del is naturally well adapted to
Diesel Direct Injection conditions. This assumptioorresponds to an initial atomization
dominated by aerodynamic forces. The global behmvad the model and its ability to
describe Diesel injection have been checked oltenas et al. [4].

A liquid-gas flow is considered as a unique flovthna highly variable densigwhich can be

determined thanks to the following equation:

(1)

\7' corresponds to the mean liquid mass fraction. #/tm|, andp, are respectively the gas and

the liquid densities.p, follows the state equation of a perfect gas (kg the liquid



volume fraction into account) ang, account for the fact that the liquid density can b

modified accordingly to the liquid temperature.

Considering the two-phase flow as a unique mixtilwes with a highly variable density
implies that the transport equation for the mealooryy does not contain any momentum
exchange terms between the liquid and the gas ghAdditionally, under the assumption of
high values of both Reynolds and Weber numbersjniamviscosity and surface tension

forces can be neglected:

0T, , 000, __oP _0pu @
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This “mixture” approach has to be combined withuebtilence model. Thek€¢) model is
generally used even if other models have beendddi2]. The Boussinesq hypothesis is
chosen to model the Reynolds stress tensor.

A regular transport equation stands for the meaqumidi mass fractioﬂ with a source term

representing the effect of vaporization:

opY, , 9pYG, _ o"(ut oY,

at  dx & | Sg, ox

| d(j j - ﬁrh\/,ELSAﬁ (3)

Q is the liquid-gas interface density per unit ofsmandm, ¢, ;, represents the vaporization

rate per unit of mass. It has been modeled fronadlzon and Sirignano’s approach [20, 21].
To determine the amount of surface between the tvasgs, classical approaches consist in
considering spherical liquid drops and than ushreggdiameter as geometrical parameter. But

a more general parameter has to be used wheraretéiaof droplet cannot be defined: the



liquid-gas interface density, not&dvhen expressed per unit of volume @when given per

unit of mass. The following equation relates bathirgtions:

Q=% (5)

The transport equation for this variable is posadaln the latest version of the ELSA model,

it takes the following form [4]:

9pQ  0puQ _ g 30
% + an = gj[ SA(?Q a_)(]j + LIJ(Wnit. + Qurb.)-'- (1_ LIJ)((ocoll./coal. @t W/apo) (6)

This equation must be applicable from the densee agm to the dispersed spray where
droplets are eventually formed. In this latter ¢came equivalent diameter of Sauter can be

defined using the liquid-gas interface density Hredlmean liquid mass fraction :

D,,=—= 7
2= ™

Each source tergy (equation 4) models a specific physical phenomesrwountered by the
liquid blobs or droplets. Lets

v %o,
" pp,SEL, 0x; 0,

(8)
be an initialization term, taking high values n#® injector nozzle, where the mass fraction
gradients take its highest values. It correspordthé minimum production of liquid-gas

interface density necessarily induced by the mixsegween the liquid and gas phases, see

Beau and Demoulin [22].
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¢..corresponds to the production/destruction of liqgabs interface density due to the
turbulent flow stretching and the effects of cadlis and coalescence in the dense part of the
spray. It is supposed to be driven by a turbulénetscale,. This production/destruction
term is defined to reach an equilibrium liquid-gaterface densitﬁi. It corresponds to the

guantity of surface obtained at equilibrium undmeg flow conditions. Several formulations

can be proposed. In Lebas et al. [4], an equilibri¥eber number is supposetie = : 1
51 = ﬂ (10)
poWe

Whereg, is the surface tension of the liquid phase.
¢-o1c0a.MOdels the production/destruction of liquid-ga®ifdce density due to the effects of
collision and coalescence in the dilute spray megidifferent proposals will be discussed

extensively in the next section of this article.

Bondeu = Ma’{ 2 (1_3*}0} (11)

T2ndBU 3

&qs, deals with the production of liquid-gas interfatensity due to the effects of secondary
breakup in the dilute spray region. This source texrderived from the work of Pilch and
Erdman [23]. It enables the estimation of the brpakme scale, ,accordingly to the

Weber number of the gas ph&¢e, thanks to empirical correlations. Moreover, itedmines
the stable Weber numiafe, with:

We =121+1.0770n*) (12)

Oh is the Ohnesorge number. The stable interface Wethsit corresponds to stable droplets

as far as the secondary breakup is concernedemwat follow:

P
~ - 6,0| ureIYI
crit,3

(13)
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with uthe relative velocity between the liquid and gaag@s. Vaporisation is characterized

rel

thanks to:

2 pQ°
=-%m, (14)

Biapo 3 Y| JELSA

¢.apoCOMes from a classical adaptation of tlE™law of vaporization models for droplets

and deals with the effects of destruction of liggas interface density due to vaporization.
The transport equation dd takes into account several physical phenomenauvated by
the liquid phase. Some of them are specificallyeold in the dense zone of the spray and
other are dedicated to dispersed spray regionsunétibn¥ has been introduced to switch
from the dense formulation to the dispersed formmmacontinuously and linearly in term of
liquid volume fraction [4]. The transition zone istdrmined by two volume fraction limit

values:¢,....= 05ndg, . = 01 The liquid volume fractiog, can be obtained thanks to the

following relation:

n="" (15)
|

This description of the ELSA model show how an Eale method can be derived to deal
with atomisation. Though it has been shown [4] thatpresented form of the model is able to
capture the global features of the atomisation Bfiesel jet, more detailed studies are still
required. Indeed, to validate the various souro@geof the surface density equation, specific
studies for each kind of phenomena are requirethdrfollowing, test cases are put forward
to study the particular effect of collisions. Tipisenomenon is expected to be important for a

model devoted to the dense zone of a spray.

3 Variation of surface by collision in Eulerian approaches
Two types of processes due to collision can subatBnmodify the liquid-gas interface

density with particularly opposite effects on isvdlopment.
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On the one hand, coalescence decreases the sdéliagiey. Indeed, when two droplets merge
into one, the surface area between the liquid @sdpppases decreases. On the other hand, the
collision-induced break-up plays the role of a prcttbn term and it has obviously a reverse
effect. Several satellite droplets, produced aftdlision, represent a more important surface
area than their parent droplets. Consequently,law fconditions are kept statistically

stationary, an equilibrium state is reached. It d¢sn characterized thanks to a mean

equilibrium surface densit@”, which is related to an equilibrium Sauter meaantiterD.,

(Eq. (7)) and an equilibrium Weber number of cadiis We :

\ \ u’D.
We =We,, (Dsz) = % , (16)
|

where u, is the liquid velocity fluctuationNote that the equilibrium Weber number of

collision represents the ratio between liquid kioenergy of agitation and the surface energy
of the spray. It is different of the collision Welb@mber used to characterize each collision
between two droplet3his equilibrium state characterizes the asymptmicaviour of a spray
that experiences collision processes. Neverthetegsioperly describe these processes, it is
necessary to predict the behaviour of the spratouts equilibrium state. From an Eulerian
point of view, several formulations of the collisicource terms in liquid surface density
equation have been proposed .

lyer and Abraham [14] derived an expression adafsted a Lagrangian approach, initially
developed by O’Rourke and Bracco [24] and basethercollision frequency between liquid

droplets:

N
=—%==Nju,

coll

D

(17)

coll —

Where, u, is an approximation of the relative velocity beénehe droplets. It depends on the

liquid kinetic energy:
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U =C, .=t (18)

The decrease rate of the number density due t@dhiescence depends on a coalescence

probability or coalescence efficienoy,, derived from Brazier-Smittet al’s correlation

[25], which can be written as:

dN
dtd = _,7coll fcoII (19)
With,
. [ 624
o1 = Min 1 20
ol (W - j (20)

The collision source term derived for the surfaeadity equation, Eq.(6), has been adapted

from the Lagrangian formulation and retained by ped Abraham [14]. It is given by:

~, U
= Qo = ey P Q= 21
(ocoll./coal. qocoal I7co|| p 12 ( )

Unfortunately, lyer and Abraham did not propose aayrce term concerning the collision-
induced breakup, even if other source terms cobal@nce the coalescence in their case.
Source terms are due to aerodynamic breakup andhporization. But if collisions are
considered on their own, the diameter will divengexorably towards an infinite value (see

Fig. 1). This model is referred as “lyer” in thdléoving.
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Within the ELSA framework presented previously Beaud Demoulin22] have suggested

one source term for each process (coalescenceodiision-induced breakup) as did Vallet

al. [11]
— ﬁ 2
Froa = _ri Q (., O
co 2
—= “ = wcoll/coal = (1_ * J (22)
_ ,0 coll Q 2
moup - T_

The form of the characteristic collision time scalg, is similar to lyerand Abrahambut

written with variables available within the ELSAamework:

col (23)

If one considers a collision between two dropldtaracterized by a Weber numbéfe,, .

Then, for an initial surface density~2, the equilibrium surface densit@’> given by

conservation of the total energy becomes:

1+We

* 6

Q%= Qm, (24)
6

whereWe is the equilibrium Weber number. Its value hashiegially set towe = 15[22].
Indeed, this is the approximate value that sepswrabalescence and separation effect after
collision [16]. This model is referred as “Beau’thre following.
From an experimental point of view, binary collisioutcomes have been extensively studied,
see for instance [16, 26]. Two main parametersgamerally used to build a diagram of
collision depending on the Weber number of collistogether with the impact factds .

Nevertheless, the equilibrium value of the Webember is not a direct output of these

13



diagrams. Collision results in new droplets whicilll wxperience an extra collision, the
missing information is what will be the next Weloéicollision after the considered collision.
To determine the equilibrium Weber number, anopwuessibility is to find out the distribution
of the total energy between the surface energythadinetic energy. For instance, at the
equilibrium, if the liquid kinetic energy balance liquid surface energy, then the following
relation is obtained:

6u|2V| _

1 2 *
—mu,- =05 =>We =
2rnl | IS O_IQ

12 (25)

This model of collision/coalescence effect withsthialue ofWe has been used in the last

version of the ELSA model [4].

However, the formulation of the collision/coalescensource term of EQ.(22) has been
postulated but not demonstrated. In this papegnrder to overcome this weakness, a new
source term, inspired from lyer's approach, buthwvan addition of the contribution due to

collision-induced breakup is proposed:
_=,u
wcoal+bup = (IB - Z)pQZ El (26)

wheref corresponds to the number of droplets formed byctilksion between two parent
droplets. If8is equal to 1, then this source term is a destincterm of the liquid-gas
interface due to coalescence and it is equivalernthé one of lyeand Abrahamlf S is

greater than 2, the source term becomes a produetim of interface due to liquid breakup.
From an Eulerian point of view, droplet collisiom® considered as a set of collisions and not

individually. Accordingly, 5 does not take necessarily an integer value. Dueltsions the

spray evolves in order to reach the equilibriunmuiter D,. If the current mean diameter

14



D,, is lower thanD;, , then coalescence is expected in mean, othewaitision induced

breakup is expected:

3
B0 ma{% 1};2} if D,, <D,
L 32

- (27)
3
B0l 2; E[?i?} if D, >D,,
32

Since the probability density function of the vat&gs for individual collision is not known,

a uniform distribution is used as a first step. §hu

— -+
ﬂ - /8m|n Zﬂmax , (28)
where, [,Bmin,,Bmax] describes the prescribed interval gf, see Eq. (26). This model is

referred as “New” in the following.

To study the behaviour of each model, a simple ¢ase is put forward. It consists in a
spatially homogeneous spray where the kinetic gnefdiquid agitation is kept constant. In

this case, all parameters of the models are cangtha only variation is due to the evolution
of surface density. This can completely be describy a unique Weber number of collision.
The previous three models are tested on Fig. 1u'Beaodel and New’s model take into

account both the coalescence and the collisioncediubreakup. Accordingly, after a while

they tend to a constant Weber number. At the contnath the lyer's model, the Weber

number still increases all along the simulationuillgrium is never achieved since only

coalescence is considered as far as collisionscaneerned. For the three models, the
characteristic time is identical but each modeldée#o a different behaviour during the
coalescence phase. It appears that the law profms¥allet etal. [11] is not in agreement

with the other models that are based on dropletactions. For pure coalescence, the lyer’s

15



model and the New’s model are identical exceptlHerinitial value of 12, proposed by lyer

and Abrahan{18] that becomes 3 in the New’s model.

(Figure 1: about here)

These Eulerian models are compared to their Lagrargpunterpart in the next section.

4 Collision/coalescence: Lagrangian point of view

To model a spray, the traditional Lagrangian apghmobased on the Discret Droplet Model
(DDM) [27], consists in a statistical descriptiohtbe spray. Stochastic particles or parcels,
group of real droplets with similar properties (digter, temperature, velocities), are tracked in
a Lagrangian way inside the domain. To represeturately a spray, a large particle sample is
required. This is one of the major drawbacks ofs tlipproach that need additional
computational efforts. Unfortunately, collision sabdels do not escape to this rule. They are
even more expensive in terms of computational nessuthan the other modeled phenomena.
Thus, a compromise between the statistical connesgand the computational resources has
to be found.
Two questions are inherent to Lagrangian collisobmodels:

1. How to determine the occurrence of collision?

2. How to determine collision outcome?
The first question is merely a numerical and mathéal question. It consists in determining
the collision partners and the probability of cabn.
Several algorithms exist. A widely known model ighout doubt the O’Rourke’s model [24]

that is based on the kinetic theory through thecuwation of a collision frequency.
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Unfortunately, this algorithm has several limitago In particular it can lead to mesh-
dependent results and it may have a prohibitiveprgational cost. Several authors have done
proposals to overcome to these problems.

Nordin [28] transposed the collision process imigiof intersection of parcel trajectories. So,
droplet collisions have been restricted to paredisse trajectories intersect at the same time
during the time step. To avoid considering all gussible collision partners, even the most
unlikely, two criteria related to the parcel disg@eent have to be respected. Schmidt and
Rutland [29] extended the No-Time Counter (NTC)oalhhm based on a pre-sampling of
collision partners. They used a second indepenaesh that is specifically dedicated to the
collision process. Liet al. [30] proposed an algorithm based on the Smoothadicke
Hydrodynamics (SPH) method. For each parcel, dmydosest parcels are considered to be
likely to collide. A collision probability definedrom the kernel function of the relative
distance is then used to determine whether catliszxurs.

The second question concerns the collision outcome.

When a collision between two droplets occurs, riesessary to forecast the collision outcome
and to know the post-collision characteristics. Thlision outcome depends on the properties
of both phases and the intrinsic parameters otdiesion (relative velocity, impact parameter
and size ratio). In this work, only binary collis® are considered. Several regimes have been
observed, such as bounce, permanent coalescenalesaence followed by a separation
(reflexive or stretching) and accompanied or nohbw satellite droplets [16]. The boundaries
between these regimes are now relatively well-kndevow ambient pressures. Recently, a
particular attention was devoted to the satellitgpbbt formation [31, 32] see for instance Fig.
2. This attention is quite legitimate, becausels&telroplets formation is very likely to occur

in the spray dense region.
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(Figure 2: about here)

However, the development of a collision model ableredict the number of satellite droplets
along with their sizes and velocities, knowing tmedium and liquid properties and the
collision characteristics is not fully achieved.

Georjon and Reitz [33] suggested a simple moddtanslate observations made about the
satellite droplets creation for high Weber numiénen two droplets collide, a cylinder-shaped
liquid mass is induced by the impact, see Fig.Z2rnlmstabilities may propagate, break this
liquid ligament and form several satellite dropldikis shattering-collision process takes place
beyond a specific value of collision Weber numbersen somewhat arbitrarily, namely about
one hundred. Post and Abraham [34] studied coflignenomena for Diesel sprays and
proposed a complete model accounting for the aloted-regimes [16] based on experimental
results. Because of the computational cost, theyplgied the model of Georjon and Reitz for
shattering collisions for high Weber values ancythook the effects of local pressure into
account: when pressure increases, the domain afceaegime is enlarged. Hou and Schmidt
[35] used the simplification done by Post and Alarah but considered only the interaction
volume of colliding droplets to produce the sateltiroplets.

To focus on collision processes, Orme [36, 37]istidhe binary droplet collisions in vacuum
so that no other process (for instance gas turbalesr secondary break-up) interferes.
Similarly, as a test case, collision processesmnelated without taking the action of the gas
phase on liquid droplets into account. The dropéets considered ballistic. This avoids the
complex interactions between gas and liquid tuntegethat depends on turbulent scales and
inertial time. The computational domain is cubixlvath periodic boundary conditions in all

direction. A Lagrangian method is used to follow #tochastic particles, Fig. 3.
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(Figure 3: about here)

In this configuration, statistical convergence dam reached by using a sufficiently large
sample of stochastic particles. The test case piegehere is identical to the one used
previously to compare Eulerian models. The configon is simple enough to allow the
O’Rourke’s approach [24] to be usesince only one mesh cell is necessary as farmas t
Lagrangian simulation is concernedo compare with the Eulerian cases, the meandliqu
kinetic energy is forced to be constant. Otherwases, to the coalescence phenomenon, a large
part of the initial liquid kinetic energy will beigkipated, see Fig. 4. When coalescence
phenomenon occurs, parents droplets have notlipitiee same velocity. But the resulting
drop has only one velocity, hence a part of th&ainhkinetic energy carried by the parent
droplets has vanished. In reality, the dissipatedrgy creates oscillations within the child
droplet. To compensate this sink of liquid kine#éicergy, two kinds of forcing have been
tested:

1. Alinear forcing [38] originally used for the gabase is applied to the liquid by adding a

source term to the droplet velocity equation:
(29)

Where,A is a parameter continuously determined duringcthreputation to compensate

exactly the dissipated energy.

2. A complete redistribution of the droplet velocitielfl at each time step to maintain a

prescribed level of liquid kinetic energy.
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(Figure 4: about here)

In this study, both forcing techniques give similesults (see Fig. 4). Results presented in the
following are obtained using the second methodoAsequence of this forcing technique is
that it erases any influence of the coalescenctherturbulent liquid field. Accordingly, this
effect is not studied here and the present studysies on collision effects on droplet surface
variation.

Initially, the droplets are randomly distributedtime cubic box with the same diameter. Five
thousand stochastic particles have been retainedadoieve statistical convergence.

Characteristics of the test case are summariz&bla 1:

(Table 1:about herg

Concerning the collision outcomes considered is 8tudy, the coalescence and stretching
separation regimes will be taken into account tghothe Brazier-Smith’s correlation [24, 25].
This model is referred as “O’Rourke” in the followgi. To account for the breakup induced by
shattering collision the model of Georjon and R¢B3] is used and referred as “Georjon”.
Finally, the most complete model tested in thislgtis the one proposed by Post and Abraham

[34] and is referred as “Post”.

Results are presented as a function of the nonrdiioeal time obtained by using the collision
time scale as a reference. A comparison of theetheggrangian models tested in this work is
presented in Fig. 5. O’'Rourke model does not adcéamany collision-induced breakups.

Accordingly the Weber number increases all alorgggimulation. This evolution corresponds
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to a continuous increase of the droplet diametewéver, the efficiency of coalescence
decreases with time as higher values of the Welmaber are reached. Then, the increase rate
of the Weber number becomes smaller and smalldr,nbuequilibrium value is found.
Paradoxically, both Georjon and Post models incloalésions induced breakup effects and
lead to an equilibrium Weber number. The Georjordehdehaves similarly to the O’Rourke
model at the beginning since droplets are very lsaradl no breakup is expected. Then the

simple formulation used in Georjon model to repnédereakup due to shattering collision

switches on and nearly immediately an equilibriurabér numberWe = 1Ris found. The
complete formulation of the Post model takes intcoant more physical phenomena and
balance between coalescence, rebound and breakugrescomplex. Thus the differences with

the O’'Rourke model appear earlier and the tramsitio the equilibrium Weber number

(We =15) is smoother. Notice that for both Georjon andtRuosdels, equilibrium Weber
number values found in these simulations are ndtgfdhe model parameters. A computation
of the balance between the various phenomena tak@account by each model is required to
determine each corresponding equilibrium Weber ranmalues found by Georjon and Post
models are different. This is expected since timesdels are not equivalent. Moreover, these
models have been designed with the goal to be éordance with phenomena observed in
binary collisions rather than to fit an experiméntalue of the equilibrium Weber number.
Indeed, such a value has not been measured akestkmowledge and it will not be an easy
task. It has to be said that the equilibrium Wehamber value depends on the model
parameters. Results presented here used standardgtars found in the literature [33, 34].
But some of them are not totally established, istance Luret &dl. [39] have shown variation
of the equilibrium Weber number when varying thatséring collision Weber number of the
Georjon model. Finally, it is interesting to noteat both Lagrangian models lead to quite

similar equilibrium Weber numbers. That are clogethie values proposed in the Eulerian
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formulation discussed previously.

(Figure 5: about here)

Fig. 6 presents comparisons of the Eulerian modéls the Lagrangian Georjon model. To

realize these simulations, the equilibrium Webenher found for the Georjon model has been

used We = 12 for both Beau and New Eulerian models. Phenonmeken into account by
the lyer model do not allow the equilibrium to behived. Both Eulerian models are able to
represent correctly the evolution of the sprayaasaé the simple Georjon model is concerned.
Initially, the New model is closer to the Georjoroael than to the Beau model. This is
expected because the Eulerian New model has bekrcdmsidering binary collisions as it is

the case in the Lagrangian formulation.

(Figure 6:about here)

Figure 7 shows a comparison of the Eulerian mo@als =15) with the more complete
Lagrangian Post model. The Eulerian models arablet to reproduce completely the complex
behaviour of the Post model. Among the Eulerian efmanly the New model is able to
reproduce the initial behaviour of the Post modehe initial phase is controlled by
coalescence phenomenon, so it can be expectedhibgbhase is correctly modeled by the
New model. Then, the collision efficiency is desieg as far as the Post model is concerned.
This is not captured in the New model althoughsitable to reproduce the Georjon model.
Comparison of the different assumptions used tivelérGeorjon and Post models, shows that

the rebound phenomena can be the cause of discsepatween the New model and its Post
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counterpart. This could be taken into account tghoa modification of the probability density

function of the parametef, see Eq. (28).

(Figure 7: about here)

However, in our opinion, before going further ir tintegration of collisions features occurring

between spherical droplets, a missing point inntioelelling framework must be addressed.

A common drawback of all collision models is thewaption that collisions occur between
spherical droplets whose surface is at rest. Bet af collision the droplets are very perturbed
and they are animated by strong oscillations, $g& Ht can be expected that collisions lead
to different behaviour depending on the internaitadign of the colliding droplets. The
amount of energy that can be dissipated by theletr@scillation is shown Fig. 4. Without
any forcing procedure, the kinetic energy of thguildl is strongly reduced. This energy
becomes internal liquid agitation within the drdplevhere it is finally dissipated. To recover
a collision between spherical droplets the timededeto dissipate this internal motion must
be shorterthat the collision time. To measure the importaotcéhis phenomenon, the Fig. 2
can be observed. After the collision, the two higpdets oscillate nearly all along their ways
out of the measuring zone. Thus the distance cdvazéore the vanishing of the oscillation is
about:

L. =20D. (30)

diss
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To get spherical collision, the characteristic gha8on time 7., must besmaller than the

collision characteristic time of one droplet.(, ):

Ly 1
=—=>7 = @ <—. 31
U| coll W 60 ( )

Z-diss

For this typical case, spherical collisions areitlwh to sprays where the liquid volume
fraction is lower than 2%. Since the collision etfehave been expected to be more important
for dense spray, it seems legitimate to focus tudyson collisions where agitation within the

droplet is considered. To do so a new numericaldese is put forward in the next section.

5 A numerical test case to study collision in dens@ry

An investigation is conducted on the equilibriunatstand its characterization through a
Weber number for dense spray. To describe thenatt@mgitation of the droplets, a full DNS
for both the gas and the liquid phase has been asdda first test case is put forward as

reference.

5.1 Direct Numerical Simulation: code description

Thanks to recent developments, Direct Numericaluation can be a powerful tool to study
two-phase flows [19, 40]. Indeed, from DNS simulas, statistical information can be
collected in the dense zone of the spray wherelyn@ar experimental data are available.
Furthermore, these simulations are predictive amhtjtative. They have been used already

to validate modelling proposal [4]. This is thesfiobjective of the work presented below that
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focuses on the liquid-gas interface density, bulhaifine description of turbulence effects on

the development of the interface.

The numerical method must describe the interfaceomqrecisely, handle jump conditions
at the interface without artificial smoothing, ams$pect mass conservation. Accordingly a 3D
code was developed by Ménardadt[19], where interface tracking is performed by adle
Set method. The Ghost Fluid Method is used to capuacurately sharp discontinuities. The
Level Set and VOF methods are coupled to ensure p@sservation. A projection method is
used to solve the incompressible Navier-Stokes temsathat are coupled to a transport
equation for level set and VOF functions.

Level Set methods are based on the transport oftncious functiong, which describes the
interface between two phases [41, 42]. This fumci® defined by the algebraic distance
between any point of the domain and the interfdte interface is thus described by the 0
level of the Level Set function. Solving a conventiequation allows to determine the

evolution of the interface in a given velocity @eV [42]:
9% -
5 +V.Oe=0 (32)

Particular attention must be paid to this transpquation. Problems may arise when the level
set method is developed: a high velocity gradiemt produce wide spreading and stretching
of the level sets, such that no longer remains a distance function. Thus, dist&ncing
algorithm [41] is applied to keep as the algebraic distance to the interface.

To avoid singularities in the distance functioridiea 8" order WENO scheme has been used
for convective terms [43]. Temporal derivatives epenputed with a third order Runge Kutta

scheme.

25



One advantage of the Level Set method is its ghditrepresent topological changes both in
2D or 3D geometry quite naturally. Moreover, geamat information on the interface, such

as normal vecton or curvaturex , are easily obtained through:

U¢
n=—: , K(@=0h (33)

Og
It is well known that numerical computation of etioa (32) and a redistance algorithm can
generate mass loss in under-resolved regions. iBhthe main drawback of Level Set
methods. However, to improve mass conservation,mham extensions of the method can be
developed: namely the Particle Level Set [44] arcbapling between VOF and Level Set

[45].
Navier Stokes equations

The Level Set method is coupled with a projectiathnod for the direct numerical simulation

of incompressible Navier-Stokes equations expreasddllows:

N, s P D@u@D) [ _Dv+IvT (34)
ot () 2
arv =0 (35)

where p is the pressurg, and u are the fluid density and viscosity respectively.

Diffusion is estimated with a"2order central scheme. Convective terms are apmateid by
5" order WENO scheme to ensure a robust behaviotmeotolution. Temporal derivatives

are approximated with an Adams Bashforth algorithm.
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Poisson equation discretization, with a secondrocdatral scheme, leads to a linear system
whose matrix is symmetric and positive definiterigas methods can be derived to solve this
system. According to different authors [46], thultiGrid method for preconditioning
ConjugateGradient methods (MGCG) combinéscompleteCholeski ConjugateGradient
(ICCG) robustness with the multigrid fast convergeemate. Moreover, the MGCG method

greatly decreases computational time comparedet¢G8G algorithm.

Discontinuities

The interface is defined by two different phases aiscontinuities must be taken into
account for density, viscosity and pressure. Syetriéatment is thus needed to describe the
jump conditions numerically.

Two different approaches can be used to repredemtabove conditions, namely the
Continuum Surface Force (CSF) or the Ghost Fluidhide.

To overcome the smoothing effect of the CSF metltoelGhostFluid Method (GFM) has
been developed by [47]. The formalism respects jdmpontinuities across the interface, and
avoids considering an interface thickness. Disza¢ibn of discontinuous variables is more
accurate, and spurious currents in the velocitid fexe thus much lower than with CSF
methods. This procedure is used to discretize iafotitinuous variables, namely density,
viscosity, pressure and viscous tensors [48, 49].

In GFM methods, ghost cells are defined on eadh sidhe interface [49, 50] and appropriate
numerical schemes are applied for jump conditiohs. defined above, the interface is
characterized through the distance function, amdpjwonditions are extrapolated on some
nodes on each side of the interface. Followinguh® conditions, the discontinued functions

are extended continuously and then the derivaave®stimated.
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More details can be found in [50] on implementihg tGhost Fluid Method to solve the

Poisson equation with discontinuous coefficients altain solution with jump condition.

Level Set-VOF coupling

A lot of liquid parcels (droplets, ligaments, ligusheets...) are generated in the primary
break up of a jet and the coupling between the \&0# the Level Set methods is necessary.
The main idea is to take advantage of each strategys conservation from the VOF and fine
description of the interface with the level set &fibst fluid methods. The numerical method
used here is quite similar to the CLSVOF of SussarahPuckett [19, 45]. Tin our approach,
the main differences with the CLSVOF lie in thetfdwat the initial redistancing algorithm is
conserved. In addition, the reconstruction techaiggumodified to define the interface in a

cell thanks to the Level Set position.

5.2 Test case and preliminary results

To compute the whole interactions between the diquid the gas phases, the DNS approach
described above is used in the following. Similadythe previous test cases used for Eulerian
and Lagrangian simulations, a homogeneous spregnisidered. The computational domain
is a cubic box with periodic boundary conditionsaihdirections. Since all scales of the two
phase flow are computed, the numerical effort igematensive than for the previous test
cases. As a consequence it is difficult to achetaéistical convergence by volume averaging
only. Thus, time averaging is also considered. ®csd, a stationary behaviour is required
especially for the turbulent kinetic energy. Consagly, to compensate the continuous

dissipation of the kinetic energy, the turbulenes to be forced. For single phase flows [51]
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and even dispersed two phase flows [52] spectré#hads are generally used to inject kinetic
energy in the largest scales of the flow. Howetleg, spectral behaviour of two phase flows,
which is studied here, is not well known. Accordinga simple linear forcing method is
applied here to the liquid-gas mixture to limitifactal hypothesis. Recently, Rosales and
Meneveau [38] have shown that this approach is eoafpe to spectral methods in the
framework of single phase flows.

Thanks to this method, the mean turbulent kinetiergy reaches a targeted level. The linear
forcing consists in adding one source term to #leaity equations similarly to Eq. 29. This
source term is proportional to the velocity fludtaas through a parametar. This parameter

is continuously adjusting to sustain the prescrilee@! of turbulent kinetic energy. Figure 8
represents the temporal evolution of the turbulanetic energy considering the complete
mixture: gas and liquid.

Initially, eight droplets are dispatched in the icutiox, one at each corner. The initial droplet
diameter is determined by a given liquid volumectian. An initial rotational velocity is set
for each droplet; the velocity magnitude is in ademce to the prescribed level of kinetic
energy. The linear forcing of the turbulence igiatly deactivated. During the first phase,
starting from instable conditions, the flow becormebulent and relaxes gently. This leads to
a decrease off the turbulent kinetic energy at libginning of the simulation. Then, the
forcing method is activated and the turbulencenisity reaches its prescribed level, see Fig.

8.

(Figure 8: about here)

(Table 2: About here)
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Properties of the simulation are summarized inetapl After initialisation, the mean
characteristics of the flow reach a stable statetufes of the liquid interface during a
collision are shown in Fig. 9. The collision takdace in the bottom left corner. The figure
represents successive images of the liquid sufface left to right and from top to bottom.
The time interval between two consecutive imagek.7sms. At the end of this sequence a
new collision is observed for the same parcel gaiiti on the bottom right corner. Clearly
there is not enough time between the two collisiandissipate the agitation induced by the
first collision. Different liquid structures, mooe less tortuous, are observed. The interactions
between the turbulent gas motion and the liquictgdabut also between the liquid parcels
themselves lead to non spherical parcels of lighiote that the two phase flow is relatively
dilute since the liquid volume fraction is only §tut above the limit of 2% found previously
in Eq. (31) to get a regime of spherical colligprOnly the smallest parcels show a spherical
behaviour, but they represent clearly a very srpait of the total amount of liquid. Most

collisions occur between parcels of liquid thatro@rbe considered as droplets.

(Figure 9: about here)

Accordingly, the droplet diameter that is generallyed to build the Weber number of
collision cannot be chosen anymore. Coming badkedormulation proposed in the context

of Eulerian methods, the Weber number of collisigites:

u,’

1

_12
0,Q 3

N

|
We=12 ! (36)

Q =
o}

The relative velocity between liquid parcels has been expressed in terms of turbulent

kinetic energy in the liquid phasE,, similarly to Eq. (18). The modelling constant agmeg
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in the equation is set to unity. The evolution leé Weber number of collision is represented
in Fig.10. The dashed line represents the instania evolution obtained by considering the
whole computational domain. The solid line représehe collision Weber number averaged
over time.

After the initialisation phase, the Weber numbecalfision oscillates around its equilibrium

value. The mean value found for this case is aMdet = 35. This value is not identical to

those previously used for Eulerian or Lagrangiandei® (L2<We < 15. Before stating
about the accuracy of the equilibrium Weber valb&imed by DNS, some issues have do be
addressed. Concerning the influence of the mesbstacase using a grid of 64x64x64 mesh
cells has been tested and gives similar resultarger box is expected to get a proper
statistical convergence over the computational rimdstudy also the evolution of the Weber
number. It is also important to note that the piddooundary condition imposes a scale of
symmetry. To get more universal results the disanetween periodic conditions must be
larger than the other scale of the flow, in patticlarger than the free mean path of collision.
As a consequence very dilute sprays should becdiffto study using this approach. Despite
these drawbacks the DNS approach brings some dightollision processes for spray not
completely dispersed. It is important to stress #pays characterized by a liquid volume
fraction of few percents are sprays where collisiame prevalent. The present simulation
demonstrates the importance of collisions betweam spherical droplets. More data are
necessary to characterize this phenomenon. Thesrgregork shows that comprehensive

results can be obtained thanks to the complete 880 phase flows.

(Figure 10: about here)

6 Conclusion
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Based on recent progresses in the field of atormrsatodelling, it appears necessary to study
collisions in moderately dense flows. Special agation models able to compute realistically
the dense zone of the spray have been developed #ia pioneering work of Vallet et al.
[11, 17]. A difficult point concerns the represditna of the collision processes, in particular
on the evolution of the liquid-gas surface denshydescription of the ELSA model is
presented to show the part of the model wherestotis are expected to play a role. Other
formulations of the Eulerian models dedicated tlistons are compared and the importance
of the equilibrium Weber number has been demomsiraClassical models of atomisation
have been developed in the context of Lagrangiamutations. These formulations have
been used as reference to test the ability of Ewleapproaches to address the collision
phenomena, in particular coalescence and collisidnced breakup. Eulerian models are able
to reproduce correctly the behaviour of simple bagian models of collision [33]. For a
more detailed Lagrangian model [34], the presenéan model fails to reproduce the total
complexity of the phenomena. This study shows #iabcurrent collision modelling leads to
equilibrium Weber number values ranging betweenabh®d 15. Before developing more
detailed Eulerian models of collision, it is oudth that current models consider only
collisions between spherical droplets. Experimeokaervations show that the droplets issued
from a collision are subject to a significant im&lr agitation, which can play a key role to
determine the outcome of the next collision. Whawking at an experimental observation of
a collision, it appears that the droplet oscillatoneed a long characteristic time to be
dissipated. For this particular test case, a regfmellision between spherical droplets with
no internal agitation can be considered only fomgpvith liquid volume fraction lower than
2%. To study the influence of non spherical cadiisin moderately dense spray, a numerical
test case based on complete DNS of the spray leasphe forward. Despite some drawbacks

discussed in this paper, the behaviour of the diqgas interface for a spray undergoing
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collisions with stationary turbulent conditions hasen studied. As expected, the spray is
mainly composed of non spherical droplets. Colhisioehaviour looks different to those

encountered when considering collisions of sphentaplets. A first equilibrium Weber

number of collisions has been determined with aeaf 3.5. This value differs from those

found previously for Eulerian and Lagrangian modé&lss may be an effect of non spherical
collisions, but DNS test cases must be firmly d&hbd to assess this equilibrium Weber
value definitively. Using a complete DNS lets farednteresting future prospects to better
understand turbulent two-phase flows. In particilabulence and collision effects on the
topology of the liquid-gas interface will be studlisoon. This in complement to experiments
on non spherical droplet collision is certainly arffehe most interesting perspectives of this

work.
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8 Nomenclature

A Turbulence forcing parameter

D,, Sauter mean diameter

f Frequency per unit of volume

L Characteristic length scale

k Turbulent kinetic energy

M, £ s Vaporisation rate per unit of liquid surface
Ny Droplet number per unit of volume
n Vector normal to the liquid surface
Oh Ohnesorg number

P Pressure

Sc Schmidt number

St Cross-section of collision

u Velocity

\% Velocity field

Y Mass fraction

We Weber number

Greek Symbols

@ Liquid volume fraction

¢ Distance function

Jéi Number of droplet issued of a binary collision
K

Q

)]

Curvature of the surface
Liquid surface density per unit of mass
Repartition function of surface density sourgente between dense and dilute

zone
Dol Coalescence efficiency

Yo, Density

> Liquid surface density per unit of volume
o Surface tension coefficient

7 Dynamic viscosity

4 Characteristic time scale

Subscripts

coll Collision

diss Dissipation of droplet internal agitation

g Gas

I Liquid

t Turbulent

Superscripts

* Equilibrium value
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Liquid volume fraction 0.1
Mean Sauter diametem] 8.9e-05
Liquid kinetic energyf’.s?) 1.19
Box Length () 0.001
Liquid density kg.m™) 991
Liquid tension surfacek@.s®) 0.07

Table 1: Test case characteristics.

Domain sizesrr) 0.0T
Grid 128
Prescribed turbulent kinetic energy | 0.08
(m?.s?)

Liquid volume fraction 0.05
Gas densityKg.m®) 25
Liquid density kg.m®) 753.6
Liquid surface tensiorN.m™) 0.0222

Table 2: Test case characteristics.
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Figure 1: Temporal evolution of Weber of collision for theek different Eulerian models.
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Figure 2: Satellite droplet formation by binary drop coldiss, [31]
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Figure 8: Temporal evolution of the turbulent kinetic energy.
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Figure 10: Temporal evolution of the collision Weber number.
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