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On the role of preferential segregation in flame
dynamics in polydisperse evaporating sprays

By L. Fréretf, O. Thominef, J. Réveilloni,
S. de Chaisemartin], F. Laurent|| AND M. Massot||

The use of robust and accurate Eulerian/Eulerian formulations in the modeling of
reactive two-phase flow would be a major step forward in the framework of turbulent
combustion modeling with massively parallel supercomputers. Therefore, the ability of
the Eulerian multi-fluid model to capture all stages of turbulent spray combustion has
been tested and compared with a usual Lagrangian formulation. The multi-fluid model
and related dedicated schemes and algorithms are able to characterize properly the spray
dispersion and segregation as well as the vaporization dynamics leading to the fuel mass
fraction topology. Eventually, flame propagation and structure in 2D and 3D forced
isotropic homogeneous turbulence have been characterized showing the capacity of the
multi-fluid model to simulate such reactive flows with results with the same level of
accuracy as a baseline solution obtained with Lagrangian droplet tracking.

1. Introduction

Spray combustion modeling is a fundamental stage in the design of combustion cham-
bers that relies on accurate computational tools to rapidly design and develop high
efficiency, low emission engines. However, there are numerous physical and numerical
difficulties because of the presence of many different time and space characteristic scales
when liquid and gas are mixing. Thus, two-phase flow models need many developments
and improvements to characterize correctly complex industrial flows in CFD solvers. In
such configurations, the gas, which is a continuum, is best represented by a Eulerian
description. However, in the framework of dispersed flows, particles or droplets can be
modeled either by a Lagrangian or a Eulerian description (Gouesbet & Berlemont 1998).
Both these descriptions are now well established and they have proven their efficiency in
very separate domains of multi-phase flow simulations. Lagrangian methods combine an
efficient modeling of the polydisperse phase, a high numerical efficiency, and an easiness
of implementation. Nevertheless, in the framework of domain decomposition for parallel
computations, it requires the use of complex and costly dynamic partitioning methods, to
ensure a good load balancing between the different parallel processes (see Garcia 2009).
Hence, Eulerian methods provide an interesting alternative to Lagrangian methods, since
they can easily take advantage of massively parallel computations, but require special
attention in terms of mathematical structure and numerical diffusion.

The objective of this work is to carry out the first exhaustive comparisons between
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FIGURE 1. Sketch of the coupling between Eulerian and Lagrangian codes. Muses3d is a Eulerian
solver for the dispersed phase while Asphodele is a Lagrangian solver for the dispersed phase
and a Eulerian solver for the gas phase.

Eulerian-Lagrangian (EL) and Eulerian-Eulerian (EE) formulations of a reactive two-
phase flow in a partially premixed regime. To discriminate as much as possible the various
physical interactions between the flow, the spray and the flame, a straightforward and
controlable configuration has been selected: a forced homogenous turbulence whose main
characteristics are that kinetic energy and integral length scale are prescribed (Guichard
et al. 2004) and that they remain statistically stationary during the whole computation
through a spectral forcing. In this study, we will restrict ourselves to a constant-density
gaseous flow field for three reasons. First, the spectral forcing requires a spectral reso-
lution of the Navier-Stokes equations written in a constant-density context. Second, by
doing so we couple a single gaseous flow field to the two disperse phase solvers; accord-
ingly, all the characteristics of the turbulence may be considered to be known and we can
evaluate and compare the impact of the turbulence on spray dispersion, vapor mixing
and combustion. Third, constant-density combustion is generally assumed in theoretical
studies to suppress the impact of the heat release effects on the velocity field. The central
idea is to resolve an Arrhenius law based on the burnt gases mass fraction instead of the
temperature. Several analytical works on polydisperse spray flame propagation and sta-
bility have been carried out with this hypothesis (see Greenberg et al. 2001 and references
therein). Even if the heat release can not be considered as negligible, as shown in Costa
2000, the restriction to constant-density flows still preserves many properties linked to
the propagation of a flame front and the present paper is mainly aimed at comparing the
two Eulerian-Lagrangian (EL) and Eulerian-Eulerian (EE) descriptions in the presence
of a propagating front.

2. Two-phase flow simulations
2.1. Gas and disperse phase models and numerical methods

Various sets of governing equations are coupled together to carry out simulations thanks
to the association of two codes: Asphodele from CORIA (Gas phase + Lagrangian spray
solver) and Muses3d from EM2C (Eulerian multi-fluid solver). A sketch of the coupling
used in this work is presented in Fig 1. A first system of Eulerian conservation equations
solves the gas phase evolution, a second system of Eulerian multi-fluid conservation
equations allows to resolve the spray evolution while a third set of ODEs corresponds to
the Lagrangian description of a spray evolution. Simultaneous simulations using a single
gaseous phase evolution lead to very accurate and detailed comparisons of the spray
dynamics and evaporation through EL and EE models.
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Because of the forcing procedure restrictions, the gas phase velocity is evaluated in the
spectral space through the following equation:

Toa+ita (2.1)

where a represents the Navier-Stokes contributions for an incompressible flow (Lesieur
2007). The forcing function fy, detailed in Guichard et al. 2004, is real and depends on
both time ¢ and wave number magnitude . The principle of the model is to relax the
simulated spectrum towards a model spectrum for a given range of low wave numbers.
The evolution of the air/vapor mixture is described in physical space so that it can be
easily coupled with both Lagrangian and Eulerian descriptions of the evaporating spray.
The following relation applies for any species s, which stands for either the fuel (f), the
oxidizer (o) or the burnt gases (b):
oY« n oY L, 0’y e
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where D is the species common diffusion coefficient and the velocity components u; are
obtained from an inverse Fourier transform of the spectral velocity field: u; = FT~1(%;).
Two strictly independent sets of species equations are solved: Y that are coupled with
the Lagrangian description of the spray and, on the other hand, Y.* that are coupled with
the Eulerian multi-fluid solver (see Fig 1). Only the velocity field evolution is common
to both the mass fraction sets. The reaction rate of the considered species is denoted
by w$. It is obtained using a single step Arrhenius law describing the one-step kinetics
f+vo=(1+v)b, with v = 15 in our configuration, close to n-heptane stoichiometric
ratio. Since a constant density approach is applied, temperature is constant in the domain.
Thus, an artificial temperature T given by T8 = Tp(1 + 4Y,*) based on the burnt gases
mass fraction Y,* has been used, Ty being the fresh gases initial temperature. Coupling
the two dispersed phase solvers (Lagrangian and Eulerian) is realized through the mass
source term df and d¥ , respectively. An artificial correction coefficient, €5, ensures a
constant density flow by withdrawing a part of the gaseous mixture proportional to the
local mass fraction €5 = —Yso‘d?. Mass fraction equations are solved with a third order
Runge-Kutta scheme, which is also used for the spectral space momentum resolution.
Similar subtime-steps are applied for both spectral and physical solvers. A fourth order
finite difference scheme allows to determine the spatial derivatives. As for the spectral
velocity field, periodic boundary conditions have been used.

As mentioned in the introduction, a discrete Lagrangian approach is adopted to follow
the spray evolution within the gaseous oxidizer. By denoting ay, vi and x; the diameter,
the velocity and position vectors of every droplet &, respectively, the following relations:

dxy, % _ (u (Xkat) — Vk) ( 4) d;“l% _ a%

W = Vg, (23) dt - 61(;)) ) dt - _ﬁl(ca)7
are used to track the droplets throughout the computational domain. The vector u rep-

resents the gas velocity at the droplet position xi. The right hand side term of equa-

(2.5)

tion (2.4) stands for a drag force applied to the droplet where 6,(;}) is a dynamic relaxation

time 6/(:) = 7pa}/aj. The diameter of the droplet k is aj and ag is the initial diameter
of any droplet of the initially monodisperse spray. The initial characteristic kinetic time
of the considered droplets is denoted by 7,. The unitary stoichiometric ratio leads to a
global mass ratio of fuel inferior to 10% and a constant pressure configuration is con-
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sidered. In such a configuration, the saturation level determining the evaporation rate
depends mainly on the temperature level surrounding the droplet. To correlate the spray
evaporation with the flame propagation, the artificial temperature T, has been utilized
through the following expression of the mass transfer number

TL — TO A a2
B=%—— o) -1 2.6
T, — To (exp(% ) > ’ 20
where A is a constant depending on liquid and gas properties (Reveillon & Demoulin

2007) and T, = T, (Yp, = 1) the burnt gases’ temperature. B is introduced in the ex-
(a) _
Y =

pression of the evaporation rate through the evaporation time 6,(;1) defined by g3
Aa?/In(1+ B). The coupling term d.?(n) affects the mixture fraction evolution owing to
a distribution of the Lagrangian mass on the n** node of the Eulerian grid. One may

iL(n 1 n a n) . . . . .
write dﬁ( ) = —pdgv Zk a,(c )az/ﬁ,(C ), where a,(c ) is the distribution coefficient of the

kth droplet source term on the n” node. Considering all the nodes affected by the k"

droplet, it is necessary to have ) oz,(cn)
(n)
k

= 1 to conserve mass during the EL coupling.

The values of o), ’ are chosen as the regressive normalized distances between the droplets
and all surrounding nodes.

Another approach is to consider a Eulerian description of the spray, using the multi-
fluid method developed by Laurent & Massot (2001) and Massot (2009). This method
has been successfully used for small and moderate Stokes numbers ( for example see Kah
et al. 2010; de Chaisemartin 2009 for detailed comparisons with a Lagrangian description
in case of axisymmetrical polydisperse free jets in a perturbed gaseous field; Fréret et al.
2010 for a three-dimensional non-evaporating spray dispersion comparison between these
two numerical descriptions). The Eulerian multi-fluid method (EMM) is derived from a
kinetic level of description based on the monokinetic velocity distribution assumption.
The droplet size phase space is discretized into sections and a system of conservation
laws over each fixed size interval [Sy, Sk41] is solved:

dum* + Oy - (m*vF) = —(BP + B ymk 4 BFFD (1)
0, (M*¥%) + Oy - (P @ k) = —(Efk) + E;k))mk‘—,k + E§k)m(k+1)‘—,(k+l) + mFF*,

where m” is the mass concentration of droplets, ¥* is the average velocity in the k'"
section, Efk) are exchange terms between successive sections and Eék) are exchange
terms with the gaseous phase. The average external force is F¥. The mass coupling with
the carrier phase is done through d% = Efﬂvjl mkEék), where Ng is the total number
of sections. A Strang splitting algorithm separates transport in physical space from the
evolution in phase space. The numerical schemes involve a very low level of numerical

diffusion and are able to deal with singularities and stiffness (de Chaisemartin 2009).

2.2. DNS Configuration and parallel capability

In a preliminary stage, the turbulent gaseous phase evolves so that the statistical proper-
ties reach a steady state thanks to the FC-DFS forcing procedure (Guichard et al. 2004)
that keeps the mean kinetic energy at the prescribed level. All characteristic values of
the turbulence and reference parameters are to be found in Reveillon & Demoulin 2007.
During this preliminary stage, monodisperse non-evaporating particles are randomly em-
bedded throughout the computational domain with a zero initial velocity and the drag
force sets particles in motion. Turbulence properties being fixed, simulations are carried



Flame dynamics in polydisperse evaporating sprays 387

10 10
~»
8 8 N // 8
—6
6 g° ‘ 6
£
4 S % 4
2 2 - 2
0 GO 2 4 6 8 0
X (mm)
R L T T gy | >y y y 1 . ml5
S g o4 e, L) Y > ¥ ame )
/3 L —~7 s ) A
8"“\'/'.»_ SN 8 S y/'& |
™ e “ - = 2~
N e e IRl TP ~c) 4\ 5 o
56""\7& ((\w N 56 / \u ,.[4 DA ]
g T. - \N,ﬂ oSG = \ W / /\ )
~a. \4-:7’1‘“-\-:"‘&:_-;- 24\'-; ! /j\\' <~ /r\\', \\
-4/ A 4 x. “ \ \: \\ 3 -
a "’f’\'( i J\;{"'.t_ Sl 7 A \‘/\/ M 5
2 4 AT g 2P\ )"»,’,‘k/‘
y \;3 /- "f e _\\,‘ . ,\' )
,J.,’ Pl S o N 1T/ U= (NG 1N
0 ; i ~ Lo 0 / ‘ "
0 2 4 6 8 0 2 4 6 8
X (mm) X (mm)

FIGURE 2. Droplet number density obtained from the Lagrangian (left) and Eulerian (right)
simulations for St = 0.2 (top) and St = 1 (bottom) at ¢ = 0, a reference time set after several
eddy turnover times when droplets and gas have reached a dynamical equilibrium.

out with prescribed 7, parameter. Two Stokes numbers St = 7,,/7,. based on the Kol-
mogorov time scale 7, were considered in this study: St = 0.2 and St = 1. In our 2D
configuration, the grid mesh used in Asphodele is 2562 and the one used in Muses3d is
6002, whereas in 3D, we use 1283 for both. Ten sections are used to describe the evapora-
tion process within the multi-fluid model. The two codes have been optimized on parallel
architecture, and the Eulerian solver Muses3d reaches an efficiency of one up to 512 cores
on the Certainty cluster of the Center for Turbulence Research.

3. Results and discussion

The objective is to carry out qualitative but also quantitative comparisons between
both Lagrangian and Eulerian formulations. Because of its intrinsic properties, the results
from the Lagrangian solver are considered as a reference. The assessment of the Eulerian
multi-fluid solver follows three axes: (i) the capture of the spray dispersion and segrega-
tion, (ii) a correct evaluation of the fuel vapor topology and (iii) the characterization of
the flame properties and structure.

3.1. Spray dispersion and segregation

The Eulerian multi-fluid description of the spray dynamics are presented in this section
for two Stokes numbers, based on the Kolmogorov time scale: St = 0.2, corresponding
to light droplets still undergoing smallscale mixing (see figure 2 (top)) and St = 1,
corresponding to heavier droplets being submitted to a strong segregation, since they are
not affected by smallscale velocity variations, but at the same time, with limited crossing
trajectories so that the Eulerian model remains relevant (see figure 2 (bottom)). In this
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FIGURE 3. Time evolution of the mean (left) and rms (right) of the fuel vapor mass fraction from

the Eulerian (Y} - symbol) and Lagrangian (Y} - lines) computations for St = 0.2: circle/line
and St = 1: plus symbol/dashed line.

last case, the spray is ejected from the center core and concentrated in weak vorticity
areas. It is thus well suited for robustness evaluation of the multi-fluid method. Higher
Stokes numbers are not tackled here since it was shown in Reveillon & Demoulin 2007
that, for Stokes number greater than unity, the droplets are inertial enough to be ejected
from a vortex and droplet trajectory crossing strongly occurs.

To assess the multi-fluid description of the size-conditioned dynamics, Eulerian multi-
fluid density fields are qualitatively compared to Eulerian density fields determined by
considering the Lagrangian droplets accumulated around each node, for the same Stokes
numbers at the same time set to ¢ = Oms that has been obtained over tens of eddy
turnover times (see figure 2). Both qualitative and quantitative comparisons can be done
focusing both on the vacuum zones description and the density level. The repartition
of these vacuum zones obtained by the classical Lagrangian method is very precisely
reproduced by the EMM. Furthermore, the evolution of droplet repartition with inertia is
very well captured by the multi-fluid. Indeed, the Eulerian density fields for higher Stokes
number still present a very good agreement with the Lagrangian droplet repartitions (see
figure 2).

3.2. Spray evaporation

Once dynamical equilibrium is reached between the turbulent gaseous flow and the dis-
persed phase, the relative time is set to zero and evaporation is activated. To begin with,
there is no chemical reaction, so the evolution of the main characteristics of the vapor
mixing can be compared between both formulations. Generally, mixing-based studies re-
fer to the evolution of mean and deviation of the mixture fraction, which is equivalent
to the fuel mass fraction in non-reactive cases. The characteristic evaporation delay (at
burnt gases temperature) has been set to 7, = 1.26ms, which corresponds to 1.5 eddy
turn over time. Note that when a flame propagates in the domain, the evaporation delay
increases because droplets are initially embedded in fresh gases. The time evolution of the
mean vapor mass fraction (V) issued from the evaporation of the spray surrounded by
hot gases is plotted in figure 3 (left). The Stokes number (and therefore the preferential
segregation) has no effect on the evolution of the mean mass fraction. These results can
be expected since the saturation level is temperature based since the mass fraction of
vapor remains small. However, there is a small discrepancy in the final mass fraction, a
direct consequence of the constant density assumption that implies a local adaptation
of the mixture that generates an error up to 5% depending on local spray segregation.
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FIGURE 4. Fuel vapor mass fraction obtained from the Lagrangian (YfL - left) and Eulerian (YfE
- right) simulations for St = 0.2 (top) and St = 1 (bottom) at ¢ = 0.63ms, which corresponds
to half the characteristic evaporation delay.

However, the important point is that both Lagrangian and Eulerian procedures give
similar results. The key when modeling turbulent combustion is to capture accurately
the mixture fraction variance, which is an inlet parameter of any turbulent combustion
model. Now, it is possible to see in figure 3 (right) that the EMM captures properly
the fluctuations of the vapor mass fraction, whatever the droplet dynamic is. The strong
segregation of case St = 1 is reflected in the corresponding level of the mixture fraction
root mean square (rms), that can be twice the one of case St = 0.2. In the case of reacting
flows it can modify deeply the combustion properties. The ability of the EMM to capture
these fluctuations is of extreme importance. In figure 4, the fuel vapor mass fraction is
obtained from the Lagrangian and the Eulerian simulation for both Stokes after half the
characteristic evaporation delay. The fact that a mono-dispersed spray is considered ini-
tially underlines the quality of the results. Such an initial Dirac delta function in phase
space is one of the most difficult cases to deal with using a multi-fluid model but still
leads to very good results. The extension to an initially polydisperse spray would be
straightforward and eventually more favorable to the Eulerian multi-fluid model.

3.3. Turbulent spray combustion

To evaluate the EMM in the framework of spray combustion, a second set of analyses
has been carried out. In this case, a small core of burnt gases has been embedded in the
center of the simulation domain. Since gases are hot, the surrounding droplets vaporize
and a flame is then able to propagate. Note that this study is done starting from the
relative time Oms, when droplets are in dynamical equilibrium with the surrounding
gas. The time evolution of the flame front has been plotted in figure 5 for the most
difficult case presenting the highest segregation rate (St = 1). It is clear that the EMM is
able to characterize the spray dispersion and evaporation so that the propagating flame
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FIGURE 5. Time evolution of the flame fronts obtained from the Lagrangian (left) and the
Eulerian (right) simulations. Case St = 1, at time ¢ = 0 (bold line), ¢ = 6ms (dashed line) and
t = 12ms (continuous line).
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FIGURE 6. Time evolution of flame mean radius (left) and curvature (right). Lagrangian (lines)
and Eulerian (symbols) for St = 0.2 (line and circles), St = 1 (dashed line and plus symbols).

is accurately captured compared to the reference Lagrangian simulation. Note that a
similar conclusion may be drawn from the case (St = 0.2) that has not been plotted.
A quantitative analysis has been carried out in figure 6 on the flame front evolution.
In the left figure, the time evolution of the mean flame radius has been plotted. In
the Lagrangian simulations, it is possible to observe that the flame propagates faster
when droplets are less segregated (St = 0.2). Although the difference is slight, it is
clearly visible. On the other hand, the EMM presents some difficulties in capturing this
difference but the general flame position is correctly captured during the whole time.
Another important conclusion may also be drawn from figure 6 (right) since both the
Lagrangian model and EMM are able to capture the flame curvature in the whole time. Of
course, the flame structure evolution is mainly driven by the surrounding turbulence and
the initial segregation of the droplets, but then the flame controls the evaporation rate
that is handled by the EMM. Therefore, flame/EMM interactions are captured correctly.
It is a very encouraging result considering that it is the first time that the EMM has
been applied to a turbulent combustion simulation.

An interesting example of local flame extinction may be seen in figure 7, which focuses
on a flame-to-flame interaction. The flame structures are alike, although extinction in
the Lagrangian simulation occurs a few microseconds after the one obtained with the
EMM. However, as it was shown before, this slight discrepancy does not affect the global
flame structure or its major properties (propagation velocity and curvature). In the same
figure it is possible to observe the ability of the EMM to capture highly segregated spray
areas with droplets following a thin line corresponding to the lowest local vorticity. It
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FIGURE 7. Zoom on a flame to flame interaction leading to a local flame extinction. The reaction
rate in plotted over Lagrangian droplets (left) and isocontour of Eulerian density (right) for
St = 0.2, at time t = 4.67ms.
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FIGURE 8. Fuel vapor mass fraction obtained from the Lagrangian (YfL - left) and Eulerian

(YfE - middle) simulations for St = 0.2 at ¢ = 6.3ms. Snapshot of an iso-temperature/iso-Yy
(right) showing the development of the flame and evaporation zones with a Eulerian multi-fluid
description of the spray at time t = 12.6ms.

is also possible to observe that complex flame structures are captured. For example,
in the top right of the geometry a double flame front appears corresponding to a first
premixed front followed by a diffusion front. Such flames have been analyzed in a purely
Lagrangian framework in Reveillon & Vervisch (2005). It is very encouraging, from a
turbulent combustion point of view, to note that the EMM can deal with such complex
flame structures.

In the 3D configuration, detailed analysis of the fields is still in progress, but compari-
son of the fuel vapor mass fraction in the purely evaporating case is very well reproduced
between the two simulations (figure 8 (left) and (middle)). Furthermore, figure 8 (right)
provides a snapshot of a 3D polydisperse spray flame dynamics where the liquid phase is
described by a Eulerian multi-fluid model. Thus, numerical simulations of reactive two-
phase flows have been carried out in 2D and 3D geometries. A specific coupling between
a Lagrangian and a Eulerian multi-fluid formulation has been done to evaluate the abil-
ity of the multi-fluid model to characterize properly the major properties of a turbulent
reactive flow. It appears that the Eulerian model captured accurately the droplet disper-
sion and segregation, the vapor turbulent micro-mixing, as well as the flame structures
and regimes. As a first step, some simplifying assumptions have been adopted, the most
important of which is the use of a constant density flow. However, the intrinsic nature of
the EMM is not based on this assumption, and its performance in variable density flows
should remain unchanged and will be investigated in future work.
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