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Abstract

This work is devoted to the simulation of Diesel like sprays using an Eulerian-Eulerian approach. For this purpose,
the AVBP code is used to perform the computations. It solves the compressible Navier Stokes equations for reactive
two phase flows with low dissipation schemes adapted to Large Eddy Simulation (LES). To simulate the liquid
phase, the Mesoscopic Eulerian Formalism (MEF) developed by Fevrier et al. is used. In this approach, an analogy
is made between particles of a dispersed liquid phase, and molecules in a gas. Starting from the Boltzmann equation,
it allows to determine eulerian conservation equations. This formalism was first designed for dilute sprays. In order
to simulate fuel sprays in engines, these models have been adapted to dense sprays by the addition of collision ef-
fects.

The formalism is validated by Direct Numerical Simulation (DNS) of homogeneous isotropic decaying turbulence,
loaded with inertial particles. The carrier phase is initiated with a Passot-Pouquet spectrum. The particles are in-
jected uniformly at the same velocity as the carrier phase.

For non-collisional simulations, results are compared to Eulerian/Lagrangian Discrete Particles Simulation (DPS),
considered as a reference. Simulations are performed with one-way coupling drag force (no modification of the gas
phase by the liquid phase). As the Stokes number is 1.2, strong preferential concentration effects are expected. Re-
sults show that the total energy decrease is well reproduced for both phases with the MEF approach, and that prefer-
ential concentration effects are in good agreement with DPS computations.

For collisional simulations, the results are analysed qualitatively. To allow a parametric study, the collision and re-
laxation time scales of the liquid phase are varied: the Stokes number is varied between 0.6 and 2.4 and the mean
liquid volume fraction between 0.027% and 2.7%. Results show that all expected asymptotic behaviours are well
exhibited.

Introduction

To simulate fuel sprays, two approaches are commonly used: Lagrangian and Eulerian methods. Lagrangian meth-
ods consist in tracking and moving each particles or parcels (group of particles). But for industrial applications, the
number of particles required to obtain correct statistics is high and demands multiprocessor computations with effi-
cient load balancing to handle the inhomogeneous dispersed phase.

Eulerian methods are simpler to implement, as they allow to simulate realistic particle concentrations, with the same
numerical and parallelization approaches for both gas and liquid phase. However this comes with an increased ef-
fort in modeling issues.

This paper is devoted to the validation of the MEF as implemented in AVBP [1] in the case of Homogeneous Iso-
tropic Turbulence (HIT). This validation is done by comparison with DPS performed with the high order NTMIX
code [2].
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Equations and models for the dispersed phase

A. Mesoscopic Eulerian Formalism
Eulerian liquid conservation equations are based on the MEF developed by Février et al.[3]. Inspired by the gas ki-
netic theory, it defines conservation equation, starting from the Boltzmann equation [4].
The key point of this formalism is the decomposition of particle velocities v, into a correlated part V,, common for
all particles, and an uncorrelated part v/, proper to each particle. After statistical averaging of the particles variables
over a large number of realizations, conditioned by one realization of the gas phase, equations for the liquid phase
write:
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where ¢ is the liquid volume fraction, U, the correlated velocity of the MEF, and &6, the Random Uncorrelated dis-
crete particles Energy (RUE) related to the uncorrelated velocity v', by the relationship 66, =1/2.<v',.v,>. The re-
laxation time scale is defined as Tp=p/d2/(1 8i,).

B.  Closure Models (with and without collisions)
The equations for the liquid phase presented previously have five unclosed terms : OR;;, 0K Peon and .oy The
two first terms are modeled respectively by a viscous assumption and by a diffusion term similar to Fick's law [5]:
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Without collision effects, Peoy, Econs Voo and Koy are zero, and V;;, and k3, are written as:
7 10
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Taking into account collision changes the modeling of the kinetic viscosity and diffusion defined in Eq. 6. The prin-
ciples and development of these models are reviewed in [6],[7]. The collision characteristic time scale is defined as:
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So that the modified kinetic viscosity and diffusivity write:
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where e is the elasticity coefficient. V.., Ko, Py and &, are written as:

4 f2§6’ 6 4 206,
Vcoll :gq gO (1+6)[Vkmc+d 371_ ]’ coll al gO (1+6)(§Kkt’n,c +§d 3_71_1] (10)

P, = p,a, g, (1+e)d6, &, = ,o,ocfg0 (1+e)d % (11)
C. Gas phase equations
Equations for the gas phase are the classical Eulerian Navier-Stokes equations [1]:
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where 7; is the stress tensor of the gas phase. This set of equation does not take into account the reduction of the gas
volume fraction induced by the presence of the liquid phase. Taking into account that the dense zone correspond to a
very small region of a spray, this assumption has only a weak influence.

Main characteristics of the HIT test case

The test case is a periodic cubic box sized 27 mm, meshed with 64 equivolumes cells. To obtain an initial turbulent
gas flow field, a Passot-Pouquet spectrum is used [8]. Particles are uniformly superposed, with the same local veloc-
ity as the gas. Fig. 1a shows a gas vorticity field in the median cutting plane. A highly inhomogeneous distribution is
observed. The main issue of a gas/particles HIT is that this distribution affects the particles behavior, creating pref-
erential particle concentrations in low vorticity zones, as exhibited by Fig. 1a and Fig. 1b.

To characterize the liquid phase, the Stokes Number is introduced: St=17,/7; where 7 is the integral Lagrangian time
scale of the gas turbulence [9]. As the same gas flow field is used for all cases (turbulence properties are listed in
Table 2), the Stokes number only varies with z,. Three different values of 7, were tested, for different liquid loads.
Table 3 summarizes the different test cases.

Results and Discussion
All results are presented in non-dimensional variables, denoted by the superscript *. The corresponding reference
values are listed in Table 1.

A. Gas HIT
To check the accuracy of AVBP, using a 3™ order scheme, for HIT simulation, the decay of gaseous kinetic energy
is compared to the results obtained with NTMIX, and its a 6th order scheme. The results shown in Fig. 2 are in very
good agreement, confirming the validity of the AVBP simulation.

B.  Gas/particule HIT
Results are analyzed in terms of preferential particle concentration and energy, compared to DPS realized by Kauf-
mann et al. [10]. As Elghobashi et al. shows in [11], DPS can capture essential features of particles dynamic and
may be considered as a reference solution here. Simulations are run in one-way drag coupling. <. > is the averaging
operator over the whole domain. The preferential particle concentration is evaluated by a distribution function [12]:

g;‘: =<n (%) >/<n,(%)> (15)

A first test case is carried out to verify the MEF. The Stokes number is set to 1.2. Fig. 3 compares the different en-
ergy terms for both approaches (MEF and DPS) and the agreement is very good. For a better view, the uncorrelated
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energy is plotted again in Fig. 4, showing a very accurate prediction of the MEF. This demonstrates the excellent
behavior of the closure models for RUE terms, defined previously. Figure 5 shows the preferential particle concen-
tration and again the good performance of MEF, compared to DPS.

Considering collisional simulations, results are analyzed qualitatively only. Figures 6 and Fig. 7 show the results for
MEF simulations without collisions, then with collisions for two different loads. Preferential particle concentration
and RUE both show that the model degenerates to the non-collisionnal case when the liquid volume fraction goes to
0. Furthermore, collisions increase the preferential particle concentration effect and decrease RUE. As explained by
Fede et al. [13], the first effect is due to the diminution of the mean free path of the particles, acting as a the diminu-
tion of the liquid phase viscosity [14]. Concerning RUE, considering that the total energy of the particles is not af-
fected by collisions, the effect may be only due to a modification of the energy exchange between correlated and
uncorrelated motions.

To qualify the influence of the Stokes number time, the relaxation time is modified trough the liquid density. Figures
8 and Fig. 9 preferential concentration and RUE for the three cases. For lower7, collisions have no effect, even with
high volume fractions. When increasing 7,, collisions effects on preferential particle concentration and RUE become
more and more sensible and predominant.

Conclusions

An extension to dense sprays of the Mesoscopic Eulerian Formalism (MEF) is presented and validated. First it is
shown how the MEF compares with DPS approach in the particular test case of HIT with a diluted dispersed phase.
Very good agreement is obtained in terms of energy and preferential particles concentration. In particular, the fact
that total energy evolution is perfectly reproduced is very important, and demonstrates that the formalism represents
the one-way drag coupling very well, without loss of energy.

This allows to add collisions and run MEF simulations to study the effects on the dispersed phase. Expected asymp-
totic behaviors are well exhibited, with degeneracy to non-colliding results for small liquid volume fractions.

The next step is to compare MEF results to DPS results with collisions and two-way coupling, and to investigate the
importance of polydispersion (in terms of droplet diameter and velocity) in the same configuration.

Acknowledgment
Numerical computations of the Eulerian simulations were performed on the supercomputer of IFP. The authors wish
to thank Dr E. Riber and Dr P. Fede for many fruitful discussions.

Nomenclature

e inelasticity coefficient vV viscosity Subscripts

E total enthalpy 7. collision rate g gas

gpp distribution function 7, integral time scale [ liquid

n, number of particles 7, relaxation time scale kin kinetic

U velocity coll collisional

o; liquid volume fraction

06, random uncorrelated energy Superscripts

x  diffusivity + adimensioned variable
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Table 1. References variables.

Liy(m) oy (5) Upey (m.5") __ phoo(hg.m™.s™)
107 2.8818 10° 347.0 2.0210°

Table 2. Gas phase properties.

uf'+ 8+ Re, lt+ n+ 7'_L+ Tﬂ+
0.0781 0.001 1295 0.81 0.10 430 2.16

Table 3. Liquid phase properties for collisional and non-collisional cases.

o St % p(kgm’) d, (um)

0.00027 1.2 5.47 1916 17.3

0.027 1.2 5.47 1916 17.3

0.027 0.6 2.73 958 17.3

0.027 2.4 1094 3832 17.3

(a) gas vorticity (b) liquid volume fractio.
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Figure 1. HIT (median cutting plane): (a) gas vorticity; (b) liquid volume fraction.
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Figure 2. Gaseous kinetic energy time evolution: Figure 3. Liquid mean energies time evolution: total
AVBP simulation (squares), NTMIX simulation. energy from DPS (circles) and MEF (solid line); cor-

related energy from DPS (squares) and MEF (dashed
line); RUE from DPS (triangle up) and MEF (dotted
line).
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Figure 4. Mean RUE time evolution: MEF simula-
tion (dots), DPS simulation (triangles).
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Figure 6. Preferential particle concentration time
evolution of MEF simulations: without collisions
(circle), with collisions at & ,,..,=0.027% (square),
with collisions at & .q,=2.7% (triangle up).
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Figure 8. Preferential particle concentration time
evolution of MEF simulations: with (full symbols)
and without collisions (empty symbols); 7, =2.73
(triangles up), 7, =5.47 (circles) and 7, =10.94
(squares).
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Figure 5. Preferential particle concentration time
evolution: MEF simulation (squares), DPS simulation
(circles).
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Figure 7. Mean RUE time evolution of MEF simula-
tions: without collisions (circle), with collisions at

O mean=0.027% (square), with collisions at

O mean=2.7% (triangle up).
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Figure 9. Mean RUE time evolution of MEF simula-
tions: with (full symbols) and without collisions
(empty symbols); 7, =2.73 (triangles up), 5,'=5.47
(circles) and 7,"=10.94 (squares).



