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ABSTRACT

Motivated by the study of spray combustion in aviation
gas turbine engines, this work addresses the dispersion of non-
spherical droplets in turbulence. The most popular strategy for
modeling spray is using the Lagrangian particle tracking (LPT)
method, which represents the spray as consisting of discrete col-
lection of spherical particles. One limitation of this approach is
that it neglects the importance of droplet deformation on the dy-
namics of sprays. Several past works have discussed the impor-
tance of non-sphericity in modeling real droplets including works
conducted by our research group. Some of our past work has
demonstrated the importance of the deformation on droplet va-
porization, combustion and drag. However, those works have in-
vestigated the effect of deformation on droplets in simple config-
urations such as isolated droplets in uniform flows. The purpose
of this work is to investigate the effect of droplet deformation
on spray dynamics in a more practical configuration of droplets
in turbulent flows. By utilizing an in-house code developed for
multiphase flows, this work uses homogeneous isotropic turbu-
lence (HIT) as the framework to investigate how the trajectories
of non-spherical particles differ from spherical ones. The tempo-
ral Lagrangian autocorrelation of non-spherical droplet velocity
is higher than that of spherical droplet, showing a better disper-
sion of non-spherical droplet. The mean Stokes number shows
the dominance of inertia effect of droplets, and a higher mean
Stokes number for non-spherical droplets indicates a weaker
droplet clustering or preferential concentration.
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1 INTRODUCTION

The purpose of this work is to investigate the dispersion of
non-spherical droplets in turbulence. The dispersion of droplets
is important in many engineering applications, for example spray
combustion in aviation gas turbine engines. We aim to diminish
the gap between theories in literature of spray modeling. One of
the most popular strategy for modeling spray is to use the La-
grangian particle tracking method, which represents the spray as
a discrete collection of point particles. One limitation of this
approach is that it neglects the importance of droplet deforma-
tion on the dynamics of sprays. The particles in LPT method
are usually treated as spherical particles. Several our past works
have already demonstrated the importance of non-sphericity in
modeling real droplets. The effect of deformation of droplets on
vaporization [1] , combustion [2], and drag [3] have been exam-
ined. However, these work have only considered simple config-
urations of droplets, for example isolated droplets in a uniform
inflow. Therefore, in this work, we will extend our previous stud-
ies to a more practical configuration to study the effect of droplet
deformation on spray dynamics in turbulent flow.

The work will use homogeneous isotropic turbulence (HIT)
as the framework to study this phenomenon, and this preliminary
investigation will focus on how the trajectories of non-spherical
particles differ from spherical ones. HIT was chosen because it is
a canonical framework to investigate the turbulent flows in a sim-
plified and well-controlled environment. The ultimate impact of
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this work will be in understanding the process of fuel mixing and
combustion in sprays. Knowledge of the motion of the droplets
themselves is key to predicting how mixing will proceed, since
the evaporation of droplets is what causes the release of the fuel
vapor to mix and combust. In addition, from the environmental
perspective, a better understanding of spray will be helpful for
people to develop and test non-petroleum based fuels to reduce
the pollution and carbon emission in industrial production activ-
ities.

This work leverages our research group’s in house code for
multiphase flows. The gas phase is modeled by using an in-house
solver developed by Palmore and Desjardins (2018) for solving
high Reynolds number turbulent flows [4]. The droplets are mod-
eled by using a Lagrangian particle tracking solver designed by
Capecelatro and Desjardins (2013) to simulate the full range of
dilute-to-dense particle laden flows [5]. Droplet deformation is
modeled in literature including Ref. [3, 6, 7]. In this work, the
Lagrangian particle tracking will be supplemented with a Weber
number correlation based method in Ref. [7]. The analysis will
compare the dispersion of real droplets to spherical droplets of
the same size to measure the effect of deformation. The disper-
sion of the particles will be measured explicitly by using Taylor’s
autocorrelation theory [8] and implicitly through measures such
as analysis of the particle volume fraction.

2 Configurations

To investigate the dispersion of non-spherical droplets in the
HIT flow, we simulate the droplets and flow in a 3D cubic box.
Periodic boundary conditions has been applied to all boundaries
of the cubic domain. The domain size has a length scale of
L = 0.044 m in all directions, and a uniform mesh with N = 256
in each direction is applied. For schematic purpose, the spacial
distribution of droplets in the domain, the velocity magnitude,
and the vorticity magnitude of the HIT flow, has been illustrated
in Fig.1.

2.1 Parameters

The gas phase has a density of p = 0.790 kg/m? and kine-
matic viscosity of v = 3.13 x 107> m?/s. The turbulence proper-
ties are listed in Table.1. In this table, [ is the length scale of large
eddies in the turbulence, € is the dissipation rate of the turbulent
flow, and «’ is the root-mean-square of gas velocity fluctuation,
defined as:

W = <\u—<u>\2> (1)

where (-) is the mean operation. With the parameters given in
Table.1, the total kinetic energy K and the Kolmogorov length-
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FIGURE 1: SCHEMATIC OF THE DOMAIN
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TABLE 1: PARAMETERS OF THE HIT FLOW

I (m) v(m?/s) e(m?/s*) u (m/s)

0.0176 3.13x 1077 1.40 0.411

TABLE 2: PARAMETERS OF DROPLETS

Ny pakg/m®) g (kg/(m-s)) o (kg/s*) D (m)

2243 603.87

0.00020241 0.001 0.001

scale can be obtained:

1
K= |/|* = 8.46 x 1072 m?/s? )

n=(v*/e)"* =3.85x10"*m 3)

The mesh size Ax = L/N = 1.72 x 10~* m is about half of the
Kolmogorov lengthscale, therefore we have a sufficient fine mesh
resolution.

The physical parameters of the droplets are listed in Table.2.
N, refers to the number of droplets distributed in the flow, p; is
droplet density, L, is the dynamic viscosity, o is droplet surface
tension, and D is the diameter of droplets.

3 Methods
3.1 Flow Solver

The gas phase is solved by using an in-house code developed
for direct numerical simulation (DNS) of high Reynolds number
turbulent flow in a Eulerian framework [4]. The flow is governed
by the Navier-Stokes equations:

d (pu)
ot

+V-(pudu)=-Vp+uViu+fi+f, @

where ff, is the momentum exchange between the gas and the
droplet. To prevent the decay of the turbulent kinetic energy due
to dissipation, an extra forcing term f has been added to the mo-
mentum equation of the flow. The forcing term Eqn.5 is applied
in physical space and is proportional to a low-pass filtered veloc-
ity field for linear forcing.

f = pAi 5)

where A is an arbitrary constant, and # is the filtered velocity
field. A is chosen such that the forcing term will make the tur-
bulent flow to maintain its initial properties and become statisti-
cally steady. The procedure on how to determine A can be found
in Ref. [4,9].

3.2 Droplet Solver

The droplets are added to the flow with a uniform distribu-
tion in space, and their initial velocity follows the standard nor-
mal distribution. The droplets are solved by using the Larangian
Particle Tracking (LPT) method. The LPT solver in our code is
designed to simulate the full range of the dilute-to-dense particle
laden flow [S]. Each droplet is treated as a Lagrangian particle
and is governed by Eqn.6 and Eqn.7.

dz,

dr “p ©
dv
G = g

In Eqn.7, F f, is the surface force acting on the droplet, which
is the drag force in the current work. Droplet collision is not
applied because the volume fraction of droplets is very small.
In this study, two different droplet drag coefficient correlations
has been used for the comparison between spherical and non-
spherical droplet. For spherical droplets, we used PUReIBM
drag law [10] given by Tenneti and Subramaniam (2011). In
Tenneti and Subramaniam’s work, the average fluid-particle drag
is calculated by correcting the isolated droplet drag force with
average viscous and pressure contributions.

_ CajisolReq

Cd(¢7Red)_ (17¢)3 +F¢ (¢)+F¢,Red (¢7Red) 3

In Eqn.8, Re, is the droplet Reynolds number, ¢ is volume frac-
tion of the dispersed phase. The Schiller-Naumann correlation
has been used for the isolated droplet drag coefficient Cy jso1. Fy
is the viscous correction term, and Fy g, is the pressure correc-
tion term. In the dilute limit, where ¢ is small, this correlation
will reduce to the Schiller-Naumann correlation.

For non-spherical droplets, the correlation given by Helen-
brook and Edwards (2002) has been adopted for the correction
of droplet deformation and internal circulation [7].

Ci=

_ 243u/1
. 2/3 (£ 2Rd/ _ 0.65
Caisol E (3+3,le/#) (1 0.03 (1t/tq) Rey ) 9

Copyright © 2024 by ASME



The aspect ratio of the deformed ellipsoidal shaped droplet E,
which is defined as the ratio between the minor axis length and
mojar axis length of the spheroid, is given by Eqn.10.

E=1 0.11Weo'82+0‘013\/7)7“OhO‘SSWe“ (10)

Ha
2
where We is the droplet Weber number defined as We = 2 Ag b
. — __Ha
and Oh is the Ohnesorge number defined as Oh = Tps6D

3.3 Measurement of Droplet Dispersion

Taylor’s work [8] has related the problem of dispersion to the
autocorrelation of Lagrangian particle velocity. In Taylor’s the-
ory, the mean square displacement of a particle within a certain
time interval is proportional to the time integral of its autocor-
relation. Therefore, we can use the temporal Lagrangian auto-
correlation of droplet velocity as a direct measurement of droplet
dispersion. The autocorrelation R;; is defined in Eqn.11. The ve-
locity with a subscription d refers to the velocity of the droplet in
Lagrangian framework, and i, j refers to the direction of the ve-
locity. The relation between the mean square displacement of a

droplet in each direction <X §l> and its autocorrelation is shown

in Eqn.12. The Einstein summation notation is not applied in
Eqn.12.

y  (ugi(to)ua,;(to+1))
Rij(t) = o o) 5 1) (11)

(X7 ) =2{u3 ;) /0 t /0 "R (E) dEdr (12)

Another parameter we used for the measurement of droplet
dispersion is Stokes number. In turbulent flow, due to the in-
teraction between particles and flow structures, particles tend to
accumulate in regions of high strain rate and low vorticity [11].
This phenomena is called preferential concentration, and Stokes
number is one of the parameters that will affect the degree of
preferential concentration. Although this measurement is indi-
rect and qualitative, the Stokes number can also reflect the dis-
persion of droplets, as the more droplets are clustered, the less
they are dispersed. For particles with very small Stokes number,
they tend to behave like tracer particles that travel along with
the streamlines of the flow; for particles with very large Stokes
number, the inertia is so significant that the flow can hardly af-
fect particles [12]. In these two cases the clustering of particles
will be weaker compared to the case where particle relaxation
time is comparable to flow characteristic timescale. The Stokes

number is defined as the ratio between particle relaxation time
Ty = % and the characteristic time of the flow. Depend-
ing on which timescale is used for the characteristic time of the
flow, two Stokes numbers are defined. The Stokes number based
on the large eddy turnover time is: St; = 7;/7;, and the Stokes
number based on the Kolmogorov timescale is St = 7;/7y. The
large deddy turnove time 7; and the Kolmogorov timescale 7, =

are given in Eqn.13 and Eqn. 14, respectively.

;=

l
'L‘;:u——4.28><10’25 (13)

Ty =1/v/e=473x107s (14)

4 Results and Discussions

To ensure that the spheroid assumption of droplets is valid,
the Weber number should be in a reasonable range such that
they will not deform to irregular shape or even breakup. Our
previous work [3] has shown that the drag correlation of de-
formed droplets will be in good accuracy when We < 9, while in
some other literature, the Weber number for the onset of droplet
breakup is around 12 [13, 14]. Therefore, in this study we first
examined the Weber number of droplets to verify if they have
exceeded the critical values. As can be seen in Fig.2a, the max-
imum droplet Weber number is initially around 5, and will de-
crease overtime to a value around 2, meaning the droplet will
possibly have a relatively regular spheroid shape. The average
Weber number decreases from 0.8 to 0.4, indicating that most
droplets will not deviate too much from spherical shape.

To compare droplet dispersion of different shapes, the tem-
poral Lagrangian autocorrelation of droplet velocity is plotted
in Fig.3. The autocorrelation curves start at 1, and gradually
decrease. In all directions, the non-spherical case has a higher
autocorrelation compared to the spherical ones, indicating that
non-spherical droplets have larger mean square displacement in
the HIT flow and are better dispersed, which can be seen refer-
ring to Eqn.12.

The Stokes number of droplets also confirms this conclu-
sion. In Fig.4, it can be found that spheroid droplets has a higher
average Stokes number compared to spherical droplets, and this
Stokes number is much higher than unity. Therefore, the cluster-
ing of droplets is weaker, indicating a better dispersion of non-
spherical droplets.

It should be noted that, in our current simulations, the cap-
\/ELD3 =246 x 1072 5. which
is higher than the Kolmogorov timescale. It means that the time
needed for droplet to deform and for its surface to become steady

cannot be neglected, which might affect the accuracy of our re-
sults.

illary time of droplet 7, =
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5 Conclusions

In this study, we have compared the droplet dispersion of
different shapes in homogeneous isotropic turbulent flow. The
spherical and spheroidal droplets have been considered. Through
numerical simulations, the HIT flow is generated by an in-house
code developed for DNS of multiphase flow, and droplets are
modeled by Lagrangian Particle Tracking method. The effect
of droplet shape is reflected by using different drag coefficient
correlations. The temporal autocorrelation of droplet velocity is
used to quantify the dispersion of droplets. It has revealed that
non-spherical droplets have a better dispersion in HIT flow. The
mean Stokes number of droplet also confirms this result. The
mean Stokes number based on large eddy timescale of spheri-
cal and non-spherical droplets are around 20, indicating that in-
ertia effect dominates. Therefore with a larger Stokes number,
the degree of preferential concentration of spherical droplets is
stronger, resulting in a less dispersed status. Our current results
have shown that the considering of droplet shape in modeling of
spray will result in a better dispersion of droplets.
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