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Abtaraet：For primary atomization simulations，Direct Numerical Simulation(DNS)requires

huge computational resources and time，and simplified models used cursorily in engineering usually

give unphysical results．Then a method with hybrid models in different scales is a compromise．An

Euler-Lagrangian coupling method of primary atomization is proposed in this paper．The larger liquid

blobs are captured by the Volume—of-Fluid(VOF)method，and the droplets comparable with the grid

volume or smaller ones are tracked by a two—way coupling LPT model．Since the volume of a La—

grangian Particle Tacking(LPT)particle must be less than 1 0％of the Lagrangian cell volume，a new

LPT method on a virtual mesh is proposed．And a Large Eddy Simulation(LES)model is used to de-

scribe the larger vortex structures which are one of the determinants for primary atomization．The de—

veloped code is verified by several cases，and some key parameters are investigated to improve
its

precision．The primary atomization oftwo impingingjets is calculated by the new method，and the re—

suits of instantaneous and time—averaged characteristics show that the new method can give promising

prediction．

Keywords：primary atomization；Volume—of-Fluid；Lagrangian particle tracking；large eddy si—

mulation；impinging atomization
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雾化过程的一种Euler—Lagrangian
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摘 要：对雾化过程的直接数值模拟需要巨大的计算资源和时间，而工程中的简化模型

则经常会给出错误的结果。因此，可以折中地采用一种混合方法，即在不同尺度上采用不同

的模型。提出了一种雾化过程的欧拉——拉格朗日耦合算法。较大的液团采用VOF法直接求

解，与网格尺度相当或更小的液滴则采用双向耦合的拉格朗日粒子法进行追踪。而该方法要

求粒子的体积小于网格体积的10％，为此又提出了一种虚网格粒子追踪法。由于湍流结构对
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雾化过程的影响很大，故湍流采用了大涡模拟模型。采用多个算例对开发的算法进行了验证，

并对部分关键参数的影响进行了深入研究。采用新算法对两股撞击射流的雾化过程进行了研

究，瞬态和统计结果均表明新算法能够给出良好的预测。

关键词：雾化；VOF法；拉格朗日粒子追踪；大涡模拟；撞击式

0 Introduction

The atomization 1S one of the key procedures in

liquid--fuel combustors and its characteristics de··

termine the combustion efficiency，combustion

stabilization and pollutant emissions．The models

often used to simulate the primary atomization are

divided into three different levels,Simplified models,

suchaswavebreakup model【”，Tayloranalogy breakup
model【2】and their deriving／coupling models【撕】．are

widely used in engineering．The computational cost

is very low,but the accuracy is often doubted．Recently,

Direct Numerical Simulations(DNS，often called

DNS-like simulations because interface capturing

models or turbulent models are also included)are

used to investigate primary atomization by many

researchers[7-101 with interface capturing models．such

as the Volume—of-FluidⅣOF)method,the level set

method，etc．However，DNS—like simulations are

computationally too expensive，even for solving very

simple flow configurations．In fact，the atomization

involves motions with temporal and spatial multi

scales，and big liquid blobs are larger than the smal—

lest droplets by orders of magnitude． An

Euler-Lagrangian Coupling Method(ELCM)adopts

hybrid methods at different scales．The larger liquid

blobs are modeled by interface capturing approaches

to identify the complex process of liquid deformation，

breakup and coalescence directly，and major charac—

teristics of the primary atomization are achieved

properly．The droplets comparable with the grid VO—

lume are simplified to particles to be tracked by a

Lagrangian Particle Tracking(LPT)method，SO the

computational cost decreases rapidly．And an ELCM
has advantages of othertwo methods．

The implementations of an ELCM are quite di—

fferent．Herrman[11-12]presented an ELCM based on the

Refined Level Set Grid Method(RLSGM)．At the

如lly resolved scale．the evolving interface is tracked

by RLSGM．When the interface geometry can’t be re—

solved adequately，separated，small scale liquid

structures are described by the LPT approach．

Grosshans et a1．[13】presented an ELCM based on the

VOF method．The VOF method was chosen to de。

scribe the intact liquid core and dense spray regimes，

then the LPT method to describe the dilute spray

regime．The statistical parameters of droplet distribu—

tion were extracted from the VOF simulation and

used to perform Monte—Carlo simulations to create

starting conditions for the LPT simulations．Tomar et

a1．【I唧performed an ELCM of primary atomization

using a VOF algorithm coupled with a two·-way COU·-

piing LPT model to simulate the motion and infl—

uence of the smallest droplets．The code was imple·

mented in Gerris[15]．an open two phase VOF solver．

Ma et a1．‘1司showed good results oftwo impinging jets

using the code．Vallier et a1．[17]developed an ELCM

to simulate the cavitating hydrofoil，they used the

LPT method to track small bobbles generated from

liquid．The ELCM is still new and the implementa—

tions should be improved further．

A new ELCM for primary atomization is pro-

posed in this paper andimplemented in OpenFOAM‘1鼍

an open source C++library．The larger blobs are

captured by the VOF approach，and droplets compa-

rable with the grid volume or smaller ones are
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tracked by a new two—way coupling LPT model on a

virtuaI mesh．Since the turbulent structures are im-

portant to the primary atomization，a LES model is

selected．The new algorithm was verified by various

test cases．Finally the primary atomization simulation

of two impinging jets is presented to demonstrate its

excellent performance．

1 Numerical methods

The new ELCM IS composed of several me—

thods and modules：the VOF．LES method．the new

two-way coupling LPT algorithm on a virtual mesh．
identifying droplet module and transforming droplet

back module．Also the parallel strategy is very

important．The numerical methods are listed in the

following subsections．

1．1 VOF—LES method

To describe the simultaneous flow of two

immiscible，incompressible fluids，a single set of

conservation equations is required for the whole flow

field．The mass continuity，momentum and VOF

equations are shown as follows：

7·U=O (1)

O_em_V_V+V。(pvv)=一7p+V。丁懈+跏

』。，，c锄蛮(x—x’)dS (2)

等+V‘(du)+V。(a(1一a)u)=o (3)

where U is velocity，P is density，P is pressure．The
first term on the right hand side of Eq．(2)is the

pressure counter gradient，and usually combined

with the third term．Pg．The second term is the stress

tensor divergence．The forth term，SB is due to the

influence on the flow field of the droplets tracked by

the Lagrangian method and will be derived in the

next section．The last term represents the source of

momentum due to surface tension and acts only at

the interface over the entire surface described by|s(f)，

and will be expanded upon later．The liquid volume

fraction，ot，is introduced for capturing the liquid-gas

interface．a may vary from 0 to l within a

computational cell．Pure liquid is in the cells with

ot=1 and pure gas with a=0．The interface exists in

the cells with intermediate values．The mixture

density and viscosity are calculated using：

p=apl+(1一理)p。 (4)

／z=ot／h+(1-a)以 (5)

where the subscripts 1 and g are．1iquid and gas

separately．Since the interface is treated as a

transitional zone in the VOF method．its exact shape

and location are not explicitly known．The surface

imegral that represents the surface forces cannot be

calculated directly．Brackbill et al[191．overcame this

problem with the Continuum Surface Force(CSF)

model，which represents the surface tension effects

as a continuous volumetric force acting within the

transition region．Tlle force is presented in Eq．(6)：
f

I．oK"n'8(x—x’)dS一盯K7a (6)
l s(t{

、。

where盯is surface tension coefficient．n is unit vec—

tor normal to the interface，靴)is Dirac function，x
is the position in the flow field，the curvature of the

interface，K=·7‘(70dI VolI)，the superscript’re—

presents the interface．

The necessary compression of the interface is

not achieved by using a compressive differencing

scheme，but rather by introducing an extra，artificial

compression term[201 into Eq．(3)．Here，the interface

compression equivalent Vr ensures the shrinking of

the interface，while the term guaranties both

conservation and boundednesst2l】of Q．The artificial
term is only active in the thin interface region．The
most general form given by Welle产1 is：

Ur---min(c。Iv l，max(IU⋯普(7)
where the compression velocity U，is based on the

maximum velocity in the interface region．In fact，配

must be somehow limited，which is achieved using

the largest value of the velocity in the domain as the
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worst possible case．The intensity of the interface

compression is controlled by the constant C。，which

yields no contribution if set to zero，a conservative

compression if the value is l and an enhanced

compression for values greater than 1．

The VOF-LES equations are derived from Eq．

(1)～Eq．(3)through a localized volume averaging of

the phase weighted properties．Filtering removes the

very small scales of motion from direct calculation．

But several additional terms cannot be directly

calculated are produced．For example，the Sub—Grid

Scale(SGS)stress．丁8铲__可一矿一U(the overlines

represent filtering)，represents the effect of the

unresolved small scales of turbulence．Here it is

modeled in eddy viscosity type：

丁s舻一kI=一譬(v可+(v矿)7) (8)p、。⋯’7
where the SGS turbulent energy k is calculated

from one—equation transport model attributed to

Yoshizawa，et alt23】：

百Ok+7·(后矿)=7‘[(Ⅳ+p9挚)V忌矿·可]

一∈一下1丁585：(v可+(7矿)1) (9)一∈一j一丁：【V U+(云r)J (9)

where SGS turbulent dissipation e=CE k～／A SGS

turbulent kinematic viscosityⅣ蜡5=／z 588／p=Ck k laA，

and△is the SGS length scale．The constants are

CE 21．05 and Ck=O．07．

Additional SGS terms ard produced by filtering
of the integral in Eq．(2)and the convection term in

Eq．(3)．The formers are associated respectively to

advection，viscous effects，interfacial forces，etc[241．

The latter represents deformation of the liquid—gas
interface due to SGS turbulence and will be

experienced at the grid scale as an added interphase

diffusion．Here all these terms are neglected，

following the work of Villiers．et al瞄】．

1．2 Two—way coupling LPT model on a virtual

mesh

A severe error is observed for the convective

term in Eq．(2)when the VOF method is used if the

diameter of a droplet is less than two一鲥d length[261．
In this paper the maximum droplet tracked by the

LPT method is set to four times of the grid side

length．When the diameter of a droplet is less than

four times of the grid side length，it may be

simplified to a particle．The detailed transformation
will be described in the next subsection．

In the Lagrangian flame，a point particle is

defined by the position of its center，Xp,its diameter，

Dp,its velocity，％and its density，Pp If the particle

is assumed as s sphere，its volume is y广1TD：／6，and

its mass is mp=ppV P．Then the equation of the

particle’s position and velocity are shown separately

as：

孚=UP (10)
山

’ ”⋯

脚譬：∑F (11)脚亍5厶， 【llJ

where F represents various forces acting on the

particle，such as drag force，inertial force，lift force，

added mass force，etc．Only the drag force is

considered in this paper and the detailed model is

same as that described by Vallier．et al[m．

Nowthe source term Sp in Eq．(2)is discussed．The

force exerted by a particle on a unit volume of fluid

is proportional to the momentum difference between

the instant it enters(／in)and leaves(￡一the control

volume cell．Then the additional source term S P in

Eq．(2)is the contribution of this force for each

particle which is travelled in the control volume cell：

Sp=舌}；m，(％(tom)一酢(k))(12)
where Vi is the volume of the cell which the particle

travels in．

The particles must be much smaller than the

Lagrangian grid volume so that they can be

approximated as point sources．Even though the

results from Arlov et a1．[27】show that a particle could
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fill up to 22％of the eell volume and still satisfies the

LPT theory，the recommended particle volume is

usually less than 1 O％of the LagrangiaJl grid vo—

lume[171．Because the maximum volume in this study
may be larger than the volume of Eulerian cell，the

other coarser Lagrangian mesh is needed．But it is

not a good idea to use two sets of meshes in a solver．

Then a new LPT method of two·way coupling on a

virtual mesh is proposed．The Lagrangian mesh is

exactly the same as the Euerian mesh，but the patti—

cle will affect the current cell and／or its neighbour

cells by the source term SP in Eq．(2)．Fig．1 shows the

algorithm that a LPT droplet is tracked by the new

I．PT method on 2D uniform cells．
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Fig．1 A LP呵droplet affects Eulerian cells fO：Current

grid；l一8：First neighbours；9—24：Second neighbours．1

It IS clear that the LPT droplet is not less than

1 0％volume of the current cell(0)．When tracked by

the new method，it will affect the current cell，the

first neighbours(1-8)and the second neighbours

(9-24)to satisfy the LPT tracking condition．If the

side length of a Eulerian cell is Z and the volume of
the probable biggest droplet is about 4／3"tr f203—

33．513=33．5V。，where V。is the volume of a Eulerian
cell．Therefore the maximum volume of the

Lagrangian cell must not be less than the sum

volume of 335 Eulerian cells．This needs to search

the third neighbour cells，and the Lagrangian cell

includes 73=343 Euerian cells．Then if only current

cell is needed as a Lagrangian cell，Se only affects the

current cell．If the first neighbours are needed，an

allocating coefficient口is defined．The source term

of the current cell is 8s p and the neighbours’are

(1-移)SpV／∑“v。．If the second neighbours are

needed，the current source term is 管sh the

neighbours are(1锣)SPy／∑耐V血．And so on．The

source terms in neighbour cells are proportional to

their volume．Thus the two—way coupling LPT

method is implemented on a coarser Lagrangian

mesh on a finer Eulerian mesh．

1．3 Identifying droplet module

It is very important for an ELCM．to identify

droplets from the VOF—resolved field．And it’s also a

very difficult work because the liquid—gas interface is

not explicitly described by the VOF method．A

connected component technique【15】is selected to iden·

tify droplets．The technique is optimized by using a

Hash Table(HT)to store all blobs with the key of

the cell label and the value of the blob ID．Only the

cells containing liquid(a>0)are searched to decrease

the computational cost．And all their neighbour cells

are found out to verify which blob the cell belongs

to．If no neighbour cell is found in the HT．this cell

must be a new blob，the cell label and the new blob

ID are added into the HT．If only one neighbour cell

is found in the HT，the two cells must belong to one

blob，then the cell is added into the HT with its

neighbour blob’s ID．If several neighbour cells are

found，all these neighbour cells and the current cell

should belong to one blob，and all of these cells are

connected with their smallest blob ID．All separate

blobs are identified out by scanning the d field only

once．

The isolated blobs satisfied the following two

criterions are transformed to Lagrangian particles．

The first criterion is the maximum threshold volume，

the other is the droplet sphericity，defined as：

f=
R。。，

f 】／3 1

max【血，(3Vi／4"rr)J
(13)
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where R。。。is the maximum distance to centre of

mass for the blob．缸is the side length of a cell and

Vi is the blob volume

are more probable to

which should be

Largely deformed liquid blobs

experience further break up，

captured in the Eulerian

representation．The critical value【28]is typical f=4．If

the blob is transformed to a Lagrangian point

particle，extra process should be done．The liquid

fraction a of associated cells are set to zero．The

location，mass and average momentum of the blob

are assigned to the representative particle．

1．4 Transforming droplet back module

If a LPT particle impacts the VOF resolved

large blob，the particle must be transformed back to

continuous field．Otherwise it is unphysical to track a

LPT droplet in the VOF resolved blobs．Since the

exact interface is unknown for the VOF method．it is

dimcult to determine the exact instant to impact．
Here a lower limit o／liml is defined．When the volume

fraction of the eell which a LPT droplet travels in

reaches to o／1i。l，the droplet is transformed back to the

continuum field．If a particle is determined to be

transfcIrmed back，the LPT droplet is removed from

the storing table，then its mass and momentum are

transformed back to the VOF resolved fields．If the

current cell is overflow，the extra part of the particle

will be distributed into the vacuum neighbor cells．

1．5 Parallel processing strategy

The method of parallel computing used by

OpenFOAM is known as domain decomposition，in

which the geometry and associated fields are broken

into pieces and allocated to separate processors for

solution．If a cell is adjacent to a processor patch，its

neighbour cell s may be located in neighbour

processors．The standard solver can’t find the

neighbour cells in other processors．Therefore a

proper strategy must be taken to access neighbour

cells in neighbour processors．

A preprocessing module is build to find out all

neighbour cells in neighbour processors．Firstly the

points in processor patches are found out and their

connected cells in current processor are searched out

too．Secondly these points and their connected cells

are sent to neighbour processors．Then the

corresponding points(exactly the same point in serial

computation)are found out based on these point

coordinates．Thus the neighbour cells in neighbour

processors can be determined．Finally the properties
of cells in neighbour processors including the

volume，liquid fraction，velocity，etc．are transferred

to corresponding processors．All of neighbour cells

in current and neighbour processors are found out

entirely．This parallel processing will occupy a little

longer time at the beginning of the code．And when

the iteration starts，the update time of each step is

very short．

The new ELCM based on a VOF method is

implemented successfully in the OpenFOAM

platform．A LES model with single k equation is

selected for turbulent simulation．A two—way coupling

LPT method on a virtual mesh．the identifying droplet

module，the transforming droplet back module，etc．are

built in the newalgorithm．Next section will emphsize

on the verifications ofthese new models andmodules．

2 Numerical verifications

2．1 IdentifyingadropleffromVOF·resolvedfields

A case without turbulent models is designed to

verify the identifying ability．The fluid parameters

are shown in Tab．1．A lower limit al咖is defined

here，and only the cells with liquid volume fraction

above ali咖are scanned in the blob’s identification．A

VOF resolved droplet is initialized in the continuum

fields，the identilying results according to different

dl咖are presented in Fig．2．The diameter and

momentum of the LPT droplet are both becoming

smaller with larger Ot!lim0，When otl．。T0 is larger，the cells

with less liquid in the droplet are abandoned．For

example，there is a VOF resolved droplet in Fig．3，if

理li。萨O．00 l and all of the nine cells are identified；if
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O‘lim0=0．0 l and eight cells are identified out；if dl面)-0．1

and only seven cells are identified out．Thus
the

volume of the identified droplet is smaller with

larger a鲫and that is true for the diameter changing．

The momentum is smaller with more cells

abandoned．But if al硼is set too small，numerical

problems may misconnect some neighbour droplets

or some virtual droplets will be appeared．A

compromise value is chosen as otara0=0．0 l based on

many numerical experiments．

Tab．1 Characteristics of the fluids

．Density Viscosity Surface tension

Liquids
．m1 ／(m2"s-') ·s-2)／(kg ／(kg‘m1

Air 1．205 1．5x104 一

Water 998．2 1．003x10。6 0．072 8

air．A droplet iS initialized at 0．2 InlTl above the water

surface。and it’S diameter is about 50斗m．Ifs initial

velocity is一1 5 m／s along z axis．A sampling
line is

set in the middle of the droplet’S initial position and

the water surface．The sampling time is 1 0 Ixs when

the droplet has just passed the sampling line．The

domain is decomposed into 50 x50 x50
cells．The

momentum allocating coefficient口is an important

parameter for the two—way coupling LPT
method on

a virtual mesh．启affects the momentum distribution

among the current cell and its neighbours．Then
the

velocity on the sampling line is selected to compare

the influences of／3．

J L l

0．3
U=-1 5 m／S

0．
1 r A

芝in8 {
『

J

．5

ll口
1●一f％‘

4

“ 2
Fig．4 A droplet falls into water(Unit：nun)

Fig．2 Diameter／momentum of identifying results VS qllm0
。

nOOl O 2 5 0050

。绷嘲 黼‰
l l§
一n-

_-n—
0．35疆。 l目黼0,200

疆 辫

霭
●

’
0l 50 001 O

Fig．3 A droplet in VOF resolved field

2．2 Two—way coupling LPT method on a virtual

mesh

The geometry setup of a verification case
is

shown in Fig．4 and the main parameters of
the fluids

are shown in Tab．1．Each side ofthe cube is 1．0 mm，

the lower half is filled with water and t．he upper is

Because the absolute velocity differences are

too small to compare the口influences，the relative

velocity to p=0．1 is selected to investigate the

influences of／3，shown in Fig．5．The velocity near the

droplet is higher as／3 becomes larger．When／3 is

larger，the LPT droplet affects more on current cell，

and the velocity changes of the current is larger too．

If萨1．0，the LPT droplet only affects the current

cell．but it isn’t on a virtual mesh yet．Furthermore

there iS a serious disturbance on the current cell by

large LPT droplets and it isn’t good for the

calculating convergence．On the other hand，too

small value of口is not advised because it’S not

obvious to distinguish the more influence on the

located eell than on its neighbours．For a uniform 3D

mesh，if only the first neighbours are needed，the
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lowest limit of届is 1／27—0．037，when the mom-

entum allocates to the current and its neighbours

equally．The compromise
value offl is selected as 0．2

based on many numerical tests．

80
0．0

Fig．5

0 2 ()4 0 6 0 8 0

Sampling Iinc 1]q111

AU based on卢生0．1 at 10 ps

2．3 A LPT droplet transforms back

When a LPT droplet impacts a large VOF

resOlved blob，it will be transformed back to the

VOF resolved fields including the mass and

momentum．It is also hard to determine the lower

limit“1j。l since the exact liquid—gas interface
is not

explicitly calculated by
the VOF method．If Oqiml is

set too small，the impact probability will be higher

than the truth because some LPT droplets may not

really impact into the large blobs．While O／liml is set

too large．some LPT droplets may
move in the VOF

blobs．Therefore，a compromise value of
0．5 is

chosen finally．

The configuration of the case iS the
same shown

in Fig．4．but pure
VOF method is also used to

compare the results．After the droplet impacted
the

water surface at 13．5¨s，Fig．6 shows the results of

the似o methods at 20 txs．The droplet has disappeared

when it is impacted the water
surface．The detailed

resuhs show that the mass and momentum of the

LPT droplet are transformed successfully back to the

continuum fields，and the impacted positions are

clearly concave．The velocity vector is
similar for

the铆o methods，and the velocity near the droplet

trajectories is higher and two recirculations
have

appeared on both sides of the trajectories．However it

is obvious that the fluid velocity of the VOF method

is stronger and the concaveness
is larger．The results

show that the coupling intensity between the LPT

droplet andthe continuum fields
is a little weaker for

the ELCM．Also the reaction of the surface is slower．

Anyway the ELCM can simulate the impacting

process properly．

a)ELCM (b)Pure VOF method

Fig．6 A droplet impacted the water surface

2．4 Parallel computing tests

It is important to build a parallel
code to

simulate complex cases by multiple processors．A

simple case with 1 8 droplets
iS set to verify the

parallel strategy of the ELCM and six of them are

crossing two CPUs．After several iterate steps，the

droplets across two CPUs are identified successfully

and tracked correctly by the new
LPT method on a

virtual mesh．The results show that the parallel

processing strategy implements well．

The verification results show that each part of

the new ELCM can run correctly．Next a more

complex case is used to

comprehensively．

verify the new method

3 Primary atomization simulation

of like—doublet jets

Verification results of several simple cases show

that each part of the
new ELCM code works well．

Then the primary atomization of two impinging jets

is simulated by the new ELCM．And the simulation

results will be compared with the experimental data．
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3-1 Problem description

Fig．7 shows the computational domain and

boundary conditions．Two water jets at 90。are

injected into a box of40dxl2dx20d@，y，彳in turn)，

where d is the diameter of the two inlet orifices．The

box size includes the breakup length of the formation

sheet from experimental results四．The diameter

d21．0 mm．The magnitudes of inlet average velocity

are 30 rn／s．The fluid characteristics are shown in

Tab．1．And Re and We ofa jet are about 3x104 and

1．2x104 respectively．A coordinate is shown in Fig．8
for description convenience．The geometry and mesh

are generated by ICEM software of ANSYS．The

grids should be small enough near the wall for the

LES simulation．However the computer at hand is

not powerful and the number of cells is only about

3．0 million．At this t．ime．dimensionless wall distance

Y+of the first grid height near the wall is about 5．The

total calculating time is more than one month on 32

cores ofthe Xeon 2．8 GHz．

Mapped

≥Inlet

iItIet

Fig．7 Computational grids and boundary conditions

Each jet is set to a fully developed turbulent

flow similar to reference[25]．Then a“Mapped”

cond-ition is applied to each inlet and the mapped

plane is 2d downstream the inlet．The column

surfaces of the inlets and the upper side of the box

are set to no slip“Wall”conditions，other sides are

the“Outlet”conditions．

。l。he initial conditions are a little difficult to

imple—ment．Firstly fully developed turbulent flow in

two pipes should be calculated for the two inlets．

Many researchers investigated the pipe turbulent

flow by DNS or LES．Eggels et a1．po]considered it

was enough to select the pipe length of 5d，but 27rd

is used here just as Rudman et a1．t311did．The“cyclic”

conditions are adopted in the pipe streamwise．The

pipe flow is initialized by using a laminar parabolic

profile and near—wall parallel streaks of slower and

faster moving fluid are produced by modifying this

base parabolic flow．Then the flow produces
streamwise vortices by slight perturbations after

some time．The fully-developed turbulent flow is

achieved after about 20 flow-through times‘321．

Secondly the fully-developed turbulent flow in a pipe

is allocated to two inlet orifices．The calculation time

is set to more than two flow—through times based on

bulk inlet velocity，it’s about 2 ms．The time—

averaged properties are extracted from the ELCM

simulations．

The instantaneous features and the time．

averaged properties are listed in the following．

3．2 Instantaneous spray morphology

Fig．8 shows the instantaneous spraymorphology

coloured by the local velocity magnitude．The two

fully-developed turbulent jets impact to form a liquid

sheet，the sheet waves to breakup into fragments and

ligaments after several wave length．The charac—

teristics of the wave breakup are considered to relate

to the combustion instability【lo]．Then the fTagments
and ligaments breakup into larger blobs and finer

droplets．The jets，sheet，ligaments and larger blobs

are captured by the VOF method，and the finer

droplets are tracked by the LPT method on a virtual

mesh．It’s similar to the experimental results of a

laser holograph and image processing method in Fig．

9．The breakup lengthtnl of the liquid sheet is defined

as the distance from the impingement point to the

edge of liquid sheet along戈axis as shown in Fig．7．
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The breakup length is about 1 1 mm close to the

experimental value of 1 1．8 ITIIII．

■—隧 孽 _
Fig．8甜=O．1 isosurface of front／side view

·S。)

larger than 1 5斗m．The biggest diameter is set to 300

斗m according to the experiment results．The

sampling region is selected similar to the processing

of the experiment data．It iS set to the last l 0 mill

domain along戈axis．The curve from simulation

results is agreed well with that of the experimental

results．
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Fig．10 Probability density distribution

of the droplet diameter

The instantaneous and time—averaged results

show that the ELCM can give a prospective predic—

tion for the complex atomization of the impinging

jets．

Fig．9 Fron⋯w of。xpe咖ental resunS
4 Conclusions

3．3 Time-averaged properties

The spray angle is extracted from the simulation

results by the following approach．The isosurface of

“20．1 is drawn for each time step．and the spreading

edges around the impact point in the front view can

be clearly distinguished．The angle between the two

lines along the spreading edge can be measured．The

final value of the spray angle is averaged out by these

instantaneous angles．The simulated value is about

1 05。and good agreement with the experimental

value ofabout 1100．

The probability density distribution of the

droplet diameter is shown in Fig．1 0．The smaller

droplets are deleted from the statistics because the

experiment apparatus can only identify the droplets

Anew ELCM is proposed for primary atomiza-

tion in this paper．The large blobs are captured by the

VOF algorithm and their detailed changes are more

accurate than those simplified models．The small

droplets are tracked by a new LPT model on a virtual

mesh and the computational cost iS much less than

the DNS．1ike simulations．The turbulent flow iS si—

mulated by a LES model．Also some additional mo．

dules and functions are developed to implement an

integrated code．

The new code iS verified for every new module．

and the results show that all parts work well．The pri—

mary atomization of the impinging jets is simulated

by the new code，and the results are good agreement

with the experimental results．This indicates that the
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new ELCM can apply prospectively to the complex

primary atomization in engineering．
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