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Abstract

Introducing liquid fuel inside an aeronautical combustion chamber is associated with several

complex phenomena like droplet dispersion by turbulence, spray evaporation and
combustion. In order to study experimentally the spray behaviour, under non-reactive and
reactive conditions, Mie scattering images provided by the PROMETHEE-LACOM test rig
have been processed. However, the transition between a 3D flow in the combustion
chamber to a 2D planar Mie scattering images leads to some errors. The present paper
focuses on the evaluation of these errors and the influence on the droplet spatial distribution.
Results show that the droplet distribution remains practically the same between the 3D — 2D
transition. Moreover, the restriction error decreases when droplet density number increases
and the projection error increases when droplet density number increases.
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Introduction

In aeroengines, fuel is injected as a liquid into the combustion chamber in order to improve
combustion efficiency. This process involves two-phase flow turbulent combustion where
many phenomena occur, such as atomization, droplet dispersion by turbulence or spray
evaporation, and affect the combustion process. Some models were developed to attempt
for describing more accurately spray evaporation and combustion including works of Chiu et
al. [1], Kerstein et al. [2] or Sirignano [3]. In some of these theoretical models, distance
parameter and droplet spatial distribution are necessary to describe and model the
evaporation and the combustion of a spray. Usually, distance parameter is calculated
according to the mean droplet density number and the droplet spatial distribution is fixed as
a simple regular grid distribution, so the droplets are regularly arranged in the spray ([1], [4]).
Experimentally, Vicentini [5], Rouzaud et al. [6] and Rousseau et al. [7] had studied the
behaviour of a spray by means of the test rig PROMETHEE, which provides flow conditions
close to those encountered inside aeroengine combustion chamber. They noticed that, for
non-reactive and reactive conditions, that a linear relationship between the inverse square
root of droplet number density in the spray and the mean inter-droplet distance exists (Fig.
1). Moreover, they observed that the experimental droplet spatial distribution, obtained from
Mie scattering images, is close to the theoretical 2D uniformly randomly distribution, also
called 2D Hertz-Chandrasekhar distribution.

However, the planar Mie scattering technique provides only two-dimensional images.
Therefore, calculating the nearest-neighbour inter-droplet distance, or any distance, from the
images implies necessarily some approximations since the transversal dimension is not
taken into account. Vicentini [5] and Rouzaud et al. [6] have proposed to use three
dimensional droplet fields to evaluate the errors committed on the distance when considering
only two dimensional images. The same remark can be done for the spray spatial
distribution.

Present work detailed in this paper follows on these suggestions. Two major axes are
investigated. The first one is the evaluation of the errors committed on the nearest-neighbour
inter-droplet distance throughout of the transition between three-dimensional to two-
dimensional fields. The second one is the influence of this transition on the preferential
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segregation characterization. To this end, the reminder of the paper comprises three
sections. The numerical data used and the processing algorithm are first detailed. Results
for a spray uniformly randomly distributed and for a spray with preferential segregation are
presented and compared. Finally, the paper ends with a summary of the main findings and
perspectives.
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Figure 1. dnn — droplet number density diagram for reacting conditions. a) mean dnn b) standard deviation of
dnn. Diagrams taken from [7]

Material and Methods
Numerical database
e Hertz-Chandrasekhar solution

A Monte-Carlo simulation tool has been developed in MATLAB® to create computational
volumes where droplets are uniformly randomly distributed in a 3D cube. The mean droplet
number density (n3p), the number of droplet (N;) and the side length of the computational
volume (c.,pe) Can vary according to the desired configuration. The analysis makes also
appear a mean number of droplets per unit surface or, in other words, a mean surface
density number nyp.

e Preferential segregation numerical data
To study the effects of the preferential segregation, six Direct Numerical Simulation coupled
with Discrete Particle Simulation (DNS-DPS) [8] have been used, considering the same
isotropic homogeneous turbulent gaseous flow but different solid particles density leading to
different particle distribution. The computational domain is a cube with a size of 2m m,
containing 140 367 spherical particles with a constant diameter of 15 cm. The patrticle
density number is around to 6 x 10~* droplet per cm® To highlight the preferential
segregation effect, the particle mass density varies from 12.5 kg.cm™3 to 1 250 kg.cm™3.

The Stokes particle number is between 0.33 to 14.42 and is defined as follow:
St = ki QD
Tk
where 7, is the particle relaxation time and 7, the Kolmogorov time scale, equal to 0.3088 s
in these simulations. Figure 2 shows slices of the droplet spatial distribution according to four
different Stokes numbers. For Stokes numbers equal to 1.37 (b) and 5.06 (c), preferential

segregatlon |s cIearIy observed

Flgure 2 Vlsuallzatlons of droplet spatial dlstrlbutlon ([2]) a) St= 0 33 b) St =1. 37 c) St = 5 06 d) St 14. 42
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Data processing

Mie scattering measurement technique provides two-dimensional images from the
observation of a three-dimensional flow. In order to evaluate the influence of this transition
between 3D to 2D for a better experimental Mie scattering images analysis, a numerical data
processing has been developed to reproduce as precisely as possible the transition between
a three-dimensional droplet field and the associated two-dimensional field. It is structured
into two main steps: the first one is to divide the computational volume into a finite number of
slices of thickness e and calculate the mean and the standard deviation of the inter-droplet
distance in these slices, the second one is used to project in a plan the droplets contained in
the slices to have numerical images similar to the experimental ones.

Firstly, choosing a thickness e for a slice and the surface density number n,,, the volume
droplet density number ns; is:

Nap

nzp = —~ (2)
The side length of the computational volume c.,;. and the number of slices N, are equal to:
1
o= ()
!Ccube - @ (3)
Ccub
[ o

In the whole volume, the value dnn;p represents the smallest Euclidian distance between a
droplet “d” and its nearest-neighbor “d*” as:

dnndy =\ (xqg — %q)> + a — ya)? + (Za — 24+)? (4)
while the mean nearest-neighbour inter-droplet distance is calculated as:
Ng

1
dnnsp = N_a Z dnng,, (4)
d=1

Similarly to the volume, in a slice “s”, the value dnn?; is the smallest Euclidian distance
between a droplet “d” and its nearest-neighbour “d*” contained is the slice and the mean

value on a slice becomes:

N N d,
Zsil (dezl dnn3[§)
N,
Y21 Na

where Nj is the number of droplets in the slice “s”. For both volume and slice, the standard
deviation is calculated in the same way.

restriction __
dnnij =

(5)

Secondly, for the orthogonal projection, a droplet “d” contained in the slice “s” with the
coordinates (x,y, z), and its projection in a plan “i” (like an image) according to the X axe is
(y,z). In this way, the nearest-neighbour inter-droplet distance calculated in the image, its
mean value in the volume and the associated mean surface droplet density number are
calculated as:

(dnndt = g = ya)? + (2 — 24-)?

N; p d,i
i )
—— D=1 (Zd:1 dnnzu)
d projection __
{ anngp = Ni i (6)
Z i Nl
i=1'd
—_— Nl L
nprojection _ Zi=1Nd
2P N; * S;

where N/ is the number of droplet in an projected image, N; = N, and S; the surface of the
image “i". The standard deviation is calculated in the same way.
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Theoretical laws

In the two-dimensional case, linear relationships between the inverse square root of the
mean droplet density number and the mean nearest-neighbour inter-droplet distance and its
standard deviation have been previously observed using the experimental data in both non-
reactive and reactive cases [6] [7] and are defined as:

1

= % Mo 2
dnnyp = Qzp * Nzp B @)
Odnn,p, — B2p * Nyp 2
where a,p and S, are the corresponding dimensionless mean and standard deviation of the
nearest-neighbour inter-droplet distance distribution. In the case of the simple grid
distribution where droplets are regularly arranged, a,, equals 1 and B,, equals 0. In the
case of the 2D Hertz-Chandrasekhar distribution, «, is equal to 0.50 and g, is equal to
0.26.

In the same way, for the three-dimensional case, the linear relationship is defined as:
1

dnnzp = azp *nzp 3

1 (8)

3

Odnnsp — Bsp * N3p

In the case of the simple grid distribution where droplets are regularly arranged, a3, equals
1 and B3, equals 0. In the case of the 3D Hertz-Chandrasekhar distribution, a5, is equal to
0.5539 and B5, is equal to 0.2013.

Results and Discussion
3D study for theoretical Hertz-Chandrasekhar distribution and DNS-DPS simulations

In the case of the Hertz-Chandrasekhar distribution, the evolution of the dnns, and the
Oann,, Calculated for different volumetric droplet density number are shown in the figure 3.
While keeping the number of droplets fixed (140 367), the density numbers vary between 6 x
10 and 45000 droplet per cm®, and are representative of the experimental data and of the
DNS/DPS simulations density number values. The red line corresponds to the 3D theoretical
Hertz-Chandrasekhar distribution and the dashed black line to the results of the Monte-Carlo
simulations. As expected, results of Monte-Carlo simulations are very close to the theoretical
3D Hertz-Chandrasekhar distribution. Therefore, the Monte-Carlo code is validated and the
retained number of droplets is sufficient to perform a statistical sampling.
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Figure 3. Evolution of a) mean dnn and b) standard deviation for Monte-Carlo simulations

In the case of preferential segregation, Vicentini [5] and Boutsikakis [9] have observed that
the dimensionless mean (@) and the dimensionless standard deviation (f) highlight its
presence. Figure 4 shows the evolution of a3, and S5, according to the Stokes number. The
red line corresponds to the dimensionless variables for the theoretical 3D Hertz-
Chandrasekhar distribution and the dashed black line corresponds to the results of DNS-
DPS simulations. Two regions can be observed. In the first part corresponding to a Stokes
number lower than 1.4, a;, decreases and fsp, increases when the Stokes number
increases, and they both deviate from their theoretical values. In the second region, for
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Stokes number values higher than 1.4, a3, decreases and ;5 increases when the Stokes
number increases, and both tend toward the theoretical value for high Stokes values. This
observation is consistent with the aforementioned results ([5], [9]). When Stokes number is
very small, droplets behave as fluid particle and are dispersed everywhere, obeying the 3D
Hertz-Chandrasekhar distribution. With an increasing Stokes number, preferential
segregation appears with a clear variation of asp and B3, coefficients. Finally, for very
inertial droplets, the droplet spatial distribution tends again to be close to 3D Hertz-
Chandrasekhar distribution.
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Figure 4. Evolution of a) dimensionless mean («) b) dimensionless standard deviation (8)
according to the Stokes number for DNS simulations

Study of 3D — 2D transition effect on theoretical Hertz-Chandrasekhar distribution

The transition between a 3D droplet field distribution and its associated 2D image is made of
two steps. The first one corresponds to the transition from the complete 3D volume to the
slice volume corresponding to the laser sheet. Therefore, it is possible that some droplets
contained in the slice have their nearest-neighbour droplet outside of this slice. For these
droplets, the nearest-neighbour distance calculated with the droplets only contained inside
the slice is no longer correct. The name “3D restriction effect” is used to indicate this effect.
The second step corresponds to the projection of the droplets contained in the slice to a 2D
surface. Since the distance between the droplets in the slice is most of time greater than the
distance between the projected droplets in the 2D image, the nearest-neighbour inter-droplet
distance is modified. The name “projection effect” is used to indicate this effect. Thanks to
the Monte-Carlo solver, it is possible to quantify independently the influence of these effects
on the droplet spatial distribution. In order to do so, the number of droplets contained in the
computational volume is kept constant and equal to 140 367 according to the previous result.
Besides, we also prescribe the surface droplet density numbers. They are fixed to [250 450
3500 4500] droplets per cm2 and correspond to the extremal experimental values used for
the non-reactive and reactive cases [7]. Finally, the thickness of the slice (laser sheet) is

equal to 1 mm which represents around 2 at 6 times larger than the dnn;p . Note that the
side length of the volume varies from 14 mm to 38 mm.

o 3D restriction effect

Figure 5 shows the evolution of the dnn;, value (Fig. 5 a) and the ggp,,, value (Fig. 5 b)
according to the mean volume droplet number density n3,. The red line corresponds to the
theoretical Hertz-Chandrasekhar distribution. The dashed black line represents the case
where the dnn of the droplets contained in a slice is calculated with the correct dnn values
(“simulation without restriction”). The dotted blue line corresponds to the case where the dnn
of each droplet in the slice is calculated only with the droplets inside the slice (“simulation
with restriction”).

As expected, for the mean and standard deviation values, the simulation without restriction is
equivalent to the theoretical value. In the case with the restriction effect, the mean and
standard deviation values are always overestimated according to the theoretical 3D Hertz-
Chandrasekhar distribution. However, the error committed decreases when the droplet
density number increases which can be explained by the fact that the distance between the
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droplets decreases when the density increases, thus there is less probability for a droplet to
have its nearest-neighbour outside the slice.
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Figure 5. Comparison of a) dnnzp and b) ggny,, according the presence or not of 3D restriction effect
for Monte-Carlo simulations (e = 1 mm)

o 2D projection effect
Figure 6 shows the behaviour of the dimensionless mean (Fig. 6 a) and standard deviation
(Fig. 6 b) according to the surface droplet density number after the projection step. The red
line represents the theoretical value for a 2D Hertz-Chandrasekhar distribution. The dashed
black line corresponds to the projected results of the Monte-Carlo simulations.
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Figure 6. Estimation of a) a,, and b) B, after projection step for Monte-Carlo simulations (e =1 mm)

For each surface droplet density number, a57%/*“*°™ and gI1%/°“*°™ values are close to their

theoretical values. It demonstrates that the projection of droplets uniformly randomly
distributed in a volume or in a slice leads to a droplet spatial distribution close to the 2D
Hertz-Chandrasekhar distribution. Conversely, it may be assumed that if a 2D droplet spatial
distribution is close to the theoretical 2D Hertz-Chandrasekhar distribution, the 3D droplet
spatial distribution should be close to the theoretical 3D Hertz-Chandrasekhar distribution.

o Estimation of the error throughout the 3D — 2D transition
Table 1 sums up the relative errors on the mean dnn and standard deviation of dnn values

calculated respectively to dnnzp and ognp, -

Table 1. Relative error on mean dnn and standard deviation values calculated according to dnnzp and ogpy, ),

4 Error for Error for Error for Error for Error for Error for

nzp [Cm ] dnngi)striction dnngg dnnlzizoiection O.Z;t;{:;twn o_grfnzn Z;(;l]:‘;'twn
250 9 % 22 % 22 % 1.9% 10 % 14 %
450 7% 30 % 29 % 1.6% 0.5% 2%
3500 4% 50 % 50 % 1.9% 29 % 26 %
4500 3% 52 % 52 % 1.4 % 31 % 30 %

Several comments can be done. Firstly, the 3D restriction error committed when dividing the
computational volume into slices of thickness 1 mm is less than 10 % for the mean dnn and
less than 2% for the standard deviation. Moreover, the largest the droplet density number is,
the more the error is reduced. Secondly, the error associated with the projection step is
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close to the one found when using a 2D Hertz-Chandrasekhar distribution. It means that the
error on the dnn calculated from the projection of droplets uniformly randomly distributed in a
volume or a slice is close to the error on the dnn calculated for droplets which are distributed
according to the 2D Hertz-Chandrasekhar distribution. This observation corroborates the fact
that the projection of a 3D Hertz-Chandrasekhar distribution practically gives a 2D Hertz-
Chandrasekhar. Thirdly, for high droplet density number, the error on the mean dnn value is
mostly due to the projection step whereas, for low droplet number density, the error is more
well-balanced between the restriction and the projection steps.

Study of transition between 3D — 2D for flow with preferential segregation

The slice thickness of 1 mm is not suitable of the DNS-DPS configuration due to the side
length of the computational volume (6.28 m). For this reason, it is necessary to define an
appropriate thickness for this study in order to evaluate later the influence of the projection
effect on the dimensionless mean dnn and standard deviation values in the presence of
preferential segregation.

¢ Slice thickness selection
Figure 7 shows the evolution of the dimensionless mean dnn (Fig. 7 a) and standard
deviation (Fig. 7 b) according to the thickness of the slice in the case of the Monte-Carlo
simulation for the same conditions than the DNS-DPS simulation. The red line represents
the theoretical dimensionless values for a 2D Hertz-Chandrasekhar distribution. The dashed

black line corresponds to the results of the Monte-Carlo simulation. In this figure, it can be

observed that the aZ7%¢**™ and BET*/***>™ seem to tend towards the 2D theoretical values

for a thickness larger than 400 mm.
0.56 v v -

0.4 v
=8 =simulation
(n] — theoretical HC —— theoretical HC
1]

1

]

1

[

1

= 8 =simulation

0.324G

— 03
9

.
F o-
g s -0 0C 0 0-9-0-60.0.0 0-p| °

p

]

1

1

\
.28 |
&,

T o o
©-6-g -0 -0 O g-8-
0.5 | 026 @00 ©-9-0-0-G0

0.46 0.24
o 100 00 300 400 500 (2] ] 100 200 300 400 5000 GOC

a) e [mm] e [mml]
Figure 7. Evolution of a) a,, and b) B,, for a Monte-Carlo simulation
with a volume droplet density number of 6 x 10 droplet per cm®

In order to see the influence of the slice thickness in the preferential segregation case, three
thickness values were tested: 125, 400 and 600 mm. The first value comes from the
experimental work ([5], [6], [7]) and corresponds to a ratio between the laser sheet thickness
and the image dimensions around 0.02. The 400 mm and 600 mm values are based on the
preliminary analysis with the Monte-Carlo simulation.

¢ Influence on 2D projection effect
Figure 8 represents the evolution of the dimensionless mean dnn (Fig. 8 a) and standard
deviation of dnn (Fig. 8 b) calculated after projection according to the Stokes number. The
evolutions of aZ]/°°“"" and grI?/*““"™ are similar to those observed in the whole volume
without restriction (see Fig. 4). This implies that the projection effect does not preclude the
observation of the preferential segregation effect on the dimensionless values. Hence, these
values are possibly, as in the three-dimensional case, a tool to detect the presence of
preferential segregation in a two-dimensional image. Moreover, as for the previous part with
a uniformly randomly distribution of droplets, if the droplet spatial distribution in an image
shows signs of preferential segregation then the three-dimensional flow visualized and
represented by this image should be close of this type of distribution. It can be also observed
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that, for St comprised between 0.8 and 5, a,, value increases when slide thickness
increases. This effect is less significant for g, value.
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Figure 8. Evolution of a,, and B, according of the slice thickness (preferential segregation case)

Conclusions

The Mie scattering measurement technique implemented on the PROMETHEE experimental
test rig provides two-dimensional images when a three-dimensional flow is observed, which
induced some bias. In this paper, results of numerical simulations obtained from a Monte-
Carlo code and from DNS-DPS of isotropic uniformly turbulent two phase flow simulations
have been processed in order to evaluate these biases. It was found that the 3D restriction
bias generates a maximal error of 10 % on the mean and standard deviation of dnn but it
decreases when the droplet number density increases. Moreover, for both uniformly
randomly spatial distribution and preferential segregation distribution, the distributions are
similar in two and three dimensions. Further work will be done to extend theses numerical
results on the experimental data and to extend the research about the influence between
laser sheet thickness, length scale turbulence and droplets clusters/voids size.
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Nomenclature
n : droplet density number

dnn : mean nearest-neighbour inter-droplet distance

O4nn - Standard deviation of nearest-neighbour inter-droplet distance

a : dimensionless mean nearest-neighbour inter-droplet distance

B : dimensionless standard deviation of nearest-neighbour inter-droplet distance
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