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An Euler-Lagrangian coupling method

of primary atomization
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Abstract; 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 10% 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 of two impinging jets is calculated by the new method, and the re-
sults of instantaneous and time-averaged characteristics show that the new method can give promising
prediction.
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0 Introduction

The atomization is 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? and their deriving/coupling models®®, 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™? with interface capturing models, such
as the Volume-of-Fluid (VOF) 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 of magnitude. An
Euler-Lagrangian Coupling Method (ELCM) adopts
hybrid methods at different scales. The larger liquid

by orders

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 other two methods.

The implementations of an ELCM are quite di-
fferent. Herrman'"presented an ELCM based on the
Refined Level Set Grid Method (RLSGM). At the
fully 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 al." 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
al. ™ performed an ELCM of primary atomization
using a VOF algorithm coupled with a two-way cou-
pling LPT model to simulate the motion and infl-
uence of the smallest droplets. The code was imple-
mented in Gerris!"”, an open two phase VOF solver.
Ma et al."™ showed good results of two impinging jets
using the code. Vallier et al.'"! 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 and implemented in OpenFOAM"™,
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
virtual 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:

V-U=0 1)

—Q—BB:] +V  (pUU )=—Vp+V *7+pg+Sp+
| owns(xx")ds @

St}

Qo)+ (@ll-a)U)=0 ()

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, Sp 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(t),

and will be expanded upon later. The liquid volume

fraction, a, is introduced for capturing the liquid-gas
interface. @« may vary from 0 to 1 within a
computational cell. Pure liquid is in the cells with
a=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=ap +(1-a )p, 4

p=ogu +(1-a u, &)
where the subscripts 1 and g are.liquid 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
integral that represents the surface forces cannot be
calculated directly. Brackbill et al'™. 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. The force is presented in Eq. (6):
JS()O'K'n'a(X—X' JdS =okVa 6)

where o is surface tension coefficient, n is unit vec-
tor normal to the interface, &(x) is Dirac function, x
is the position in the flow field, the curvature of the
interface, k =-V + ( Vo/| Va|), 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” into Eq. (3). Here, the interface
compression equivalent U, ensures the shrinking of
the interface, while the term guaranties both
conservation and boundedness® of a. The artificial
term is only active in the thin interface region. The
most general form given by Weller™ is:

U,qnin(cuivl,maxtlvlng—z ™

where the compression velocity U, is based on the
maximum velocity in the interface region. In fact, U,

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 1 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, 7 =0U—-U U (the overlines
represent filtering), represents the effect of the
unresolved small scales of turbulence. Here it is

modeled in eddy viscosity type:

sgs
8, — T
7M=L (VT (vT) ) ®

where the SGS turbulent energy £ is calculated
from one-equation transport model attributed to

Yoshizawa, et al®:

%—’t‘+ Ve hT)=V [ (i) Vhr™ T |
e VT (vT)) ©)

where SGS turbulent dissipation €=C¢ K" /A SGS

turbulent kinematic viscosity v =u" /jp=Cy kA,
and A is the SGS length scale. The constants are
C¢=1.05 and ,=0.07.

Additional SGS terms aré 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 .
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®,

12 Two-way coupling LPT meodel 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-grid length™.
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 frame, a point particle is
defined by the position of its center, Xp its diameter,
Dy, its velocity, Up, and its density, pp If the particle

3
is assumed as s sphere, its volume is V,=nD,/6, and
its mass is m/= ppV , . Then the equation of the

particle's position and velocity are shown separately

as:
dx
5 U (10)
dU
m, 2= 2 F (11

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 all'’.

Now the source term S, 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 (¢, ) and leaves (t..) the control
volume cell. Then the additional source term S, in

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

particle which is travelled in the control volume cell:
-1

SP=—W;mP(UP(t0u[>_UP(tin)) (12)

where V, 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 al.”” show that a particle could
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where R is the maximum distance to centre of

X

mass for the blob, Ax is the side length of a cell and
V. is the blob volume. Largely deformed liquid blobs
are more probable to experience further break up,
which should be

representation. The critical value®® is typical (=4. If

captured in the Eulerian
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
difficult to determine the exact instant to impact.
Here a lower limit oy, is defined. When the volume
fraction of the cell which a LPT droplet travels in
reaches to oy, the droplet is transformed back to the
continuum field. If a particle is determined to be
transformed 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
Then the

corresponding points (exactly the same point in serial

are sent to neighbour processors.
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 & 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 new algorithm. Next section will emphsize

on the verifications of these new models and modules.

2 Numerical verifications

21 IdentifyingadropletfromVOF-resolvedfields
A case without turbulent models is designed to
verify the identifying ability. The fluid parameters
are shown in Tab.l. A lower limit oy is defined
here, and only the cells with liquid volume fraction
above ay.p are scanned in the blob's identification. A
VOF resolved droplet is initialized in the continuum
fields, the identifying results according to different
o are presented in Fig.2. The diameter and
momentum of the LPT droplet are both becoming
smaller with larger o When ayp is larger, the cells
with less liquid in the droplet are abandoned. For
example, there is a VOF resolved droplet in Fig.3, if

a;,=0.001 and all of the nine cells are identified; if
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new ELCM can apply prospectively to the complex

primary atomization in engineering.
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