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Abstract

The particle-laden turbulent flow benchmark case
of a confined jet by Hishida (1987) was selected
for validation purposes of the Eulerian-Lagrangian
method in Large Eddy Simulation (LES). After vali-
dation, a particle size distribution was determined and
the streamwise particle velocities in three different
parcel models were studied; the Number Fixed Model
(NFM), the Volume Fixed Model (VFM) and the hy-
brid parcel model, a combination of these two previous
models. The purpose behind introducing a new hybrid
parcel model was to optimize the computational cost
of the simulation versus the accuracy. Results show
that this hybrid model presents better agreement and
fewer discrepancies in the mean and the Root Mean
Square (RMS) velocity profiles for the small particle
diameters compared to the VFEM and also for the large
particle diameters compared to the NFM. In the next
step, a Langevin stochastic model for subgrid disper-
sion of Lagrangian particles was implemented to ana-
lyze its effect on the particle turbulent statistics. For
this purpose, the subgrid Stokes number of different
classes of particles was analyzed to shed more light on
the impact of using the stochastic subgrid model for
this case. It has shown that the effect of the applied
stochastic subgrid model in the RMS velocities of the
dispersed phase of the current case was negligible.

1 Introduction

Dispersed multiphase flow plays an essential role
in various applications such as aircraft icing, fuel in-
jection in the combustion chamber, dispersion of pol-
lutants, evaporative cooling, cyclone separators, iner-
tial particle separators, etc. One of the approaches to
deal with the numerical simulation of dispersed multi-
phase flows is the Eulerian-Lagrangian approach (ex-
plained in detail in the work of Subramaniam (2013)),
where thousands or millions of particles are present in
the domain. The Eulerian part is used for the fluid sim-
ulation, and the Lagrangian method is used for track-
ing the dispersed phase.

For industrial applications where a large domain
is applied, tracking millions of particles needs huge

computational resources. Using the parcel method is
one approach for decreasing the computational cost
besides having reasonable accuracy. A parcel is a
group of particles with similar characteristics, such
as diameter and velocity. The two standard models
used for parcel modeling are the NFM and the VFM,
which are presented in the work of Watanabe et al.
(2015). In order to enhance the computational cost
versus accuracy in a wide range of particle diameter
distribution, a combined model has been presented,
which is explained in detail in the work of Bahramian
et al. (2022). The first goal is to dig into more de-
tail about the parcel models and study their behaviors
through different simulation conditions using the poly-
dispersed two-phase flows.

M. Kuerten (2016) presented a review of numerical
simulation methods for point-particle Direct Numeri-
cal Simulation (DNS) and LES of particle-laden turbu-
lent flows. One of the common numerical simulation
methods used in particle-laden turbulent flows is LES,
where the large scales of the flow are well-resolved,
and the subgrid scales (SGS) are modeled. An es-
sential aspect in the development of this numerical
method for dispersed multiphase flows is to evaluate
and investigate the effect and importance of the SGS
on the dispersed phase. This effect can be neglected
when there is a low residual energy content in the de-
sired regions of the computational domain. Otherwise,
the influence of SGS effects on the Lagrangian parti-
cles should be considered. Fede and Simonin (2006)
investigated the effects of SGS on the motion of non-
settling colliding particles in a steady homogeneous
isotropic turbulent flow. They showed that the particle
turbulent dispersion and kinetic energy are impacted
by the filtering only when a significant amount of the
turbulent kinetic energy was extracted from the veloc-
ity field seen by the particles.

2 Mathematical formulations

In this section, the essential equations that have
been applied are summarized. The dispersed phase
motion in a continuous phase using a Lagrangian
method can be defined by Newton’s law. The primary



work in this field was carried out by Basset (1888),
Boussinesq (1885) and Oseen (1927), called BBO-
equation. The BBO-equation in non-uniform flow for
small rigid particles was studied in detail by Maxey
and Riley (1983).

Therefore, the governing equations for determin-
ing the nth particle position and momentum are:
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where xg, v’p‘, and mg are the nth particle’s center lo-

cation, velocity, and mass. The sum of forces appear-
ing on the right-hand side of Eq. (2) accounts for all
the relevant forces acting over the particles, e.g., drag,
gravity, added mass, pressure gradient force, etc. It is
assumed that particles are large enough that any Brow-
nian or non-continuum motion of the particles may be
neglected.

Eq. (2) under influence of drag and buoyancy
forces can be expressed as:
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where p. and p;, are the density of the fluid (assumed
constant) and the density of the particle. Cp is the
drag coefficient, Ag, the particle cross-section area,
g, gravitational acceleration vector and u(xp) is the
fluid’s velocity at the nth particle’s position.

The drag force is assumed to be the only signifi-
cant fluid-particle interaction force in the particle-fluid
two-way coupling. The Navier-Stokes (NS) equations
govern the behavior of viscous incompressible contin-
uous fluids, which is detailed in the work of Sagaut
(2005). They can be approximated by:
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where p, i, and Sy, are the pressure, the dynamic vis-
cosity, and the momentum source term. fC';), Veen, and
N, are the fluid-particle interaction force per unit mass
of the particle, the volume of the computational cell,
and the number of particles occupying in a computa-

tional cell.

3 Results and Discussion

The selected benchmark test case is the confined jet
of Hishida (1987) which is shown in Figure 1. Itis a
vertical descending jet injecting particles in the center
zone of it. The configuration includes two concentric
cylinders, an injector and a pipe. The flow is turbu-
lent, isothermal and incompressible. All the numerical
simulations have been carried out through an in-house
parallel C++/MPI CFD code called TermoFluids based
on the finite volume method (FVM) and symmetry-
preserving discretization of NS equations on unstruc-
tured collocated grids Trias et al. (2014).

Validation

In order to validate the numerical simulation, the
heavy particle distribution of the benchmark case of
Hishida (1987) with particle diameters of 64.4 sm and
density of 2590 kg/m? is selected. This simulation is
carried out by tracking all the particles (no parcel mod-
eling). Figures 2, 3, 4 and 5 show the radial profiles of
the mean and the RMS streamwise velocities of the
carrier and the dispersed phase in different sections of
the domain perpendicular to the direction of the flow.
As can be seen, the numerical simulation follows the
experimental data both for the fluid and the dispersed
phase in good agreement.

Designing the hybrid parcel model

In order to investigate the different parcel models,
a particle size distribution is determined. Here the
particles are ordered with the mean diameter class of
20, 30, 40, 50, 60, 70, 80, 90, 100m and the Sauter
Mean Diameter (SMD) of 60 pm (the SMD calcula-
tion defined in the work of Azzopardi (2011)). Differ-
ent number of particles per parcel is examined in the
NFM to decide the appropriate number of particles per
parcel for the SMD. The hybrid model can be set by
determining the number of particles per parcel for the
SMD, as shown in Table 1. Determining the number of
particles per parcel for the SMD has been described in
more detail in the work of Bahramian et al. (2022). In
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Figure 1: Sketch of the Hishida benchmark case.



this model, the particle diameter class above the SMD
is arranged by the VFM and the particle diameter class
below the SMD is set by the NFM. After analyzing the
results, the number of particles per parcel for the SMD
has been set to 15. According to Table 1, the particle
classes using the NFM will have the same number of
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Figure 2: Radial profiles of fluid mean streamwise velocity
for Hishida benchmark case. Circle: Experiment;
solid line: Numerical simulation. (a) z=0m; (b)
z=0.065m; (c) z=0.13m; (d) z=0.26m.
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Figure 3: Radial profiles of fluid RMS streamwise velocity
for Hishida benchmark case. Circle: Experiment;
solid line: Numerical simulation. (a) z=0m; (b)
z=0.065m; (c¢) z=0.13m; (d) z=0.26m.
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Figure 4: Radial profiles of particle mean streamwise ve-
locity for Hishida Benchmark case. Circle: Exper-
iment; solid line: Numerical simulation. (a) z=0m;
(b) z=0.065m; (c) z=0.13m; (d) z=0.26m.

particles per parcel as the SMD and the ones using the
VFM will have the same volume as the SMD parcel.

Table 1: Defining the hybrid parcel model according to par-
ticle diameter distribution

dp(pm) 20 | 30 | 40 | 50

Parcel Type | NFM | NFM | NFM | NFM
dp(um) 70 80 90 100

Parcel Type | VEM | VFM | VEM | VFM

Comparision of parcel models

Figures 6, 7, 8 and 9 show the streamwise pro-
files of particle mean and RMS velocity at r=0 for two
different particle diameters(one small and one large
classes of particle). The objective here was to see if
the hybrid model could present better behavior than
the VEM for the particles with diameters smaller than
the SMD and show fewer discrepancies than the NFM
for the particles with diameters above the SMD. As
can be seen in Figures 6 and 8, the hybrid model fol-
lows the no-parcel model properly, but the VEM shows
some discrepancies in both the mean and the RMS ve-
locity profiles. The zero velocities signify that there
is no parcel in that location, so it does not show good
dispersion for small diameter classes of particles, es-
pecially at the beginning of the streamwise direction
at the center line. Figures 7 and 9 show that the hybrid
model is tracking the values of the no-parcel model
appropriately both for the mean and the RMS velocity
profiles, but the NFM shows some discrepancies and
also presents zero velocities at the beginning of the do-
main. It signifies that there is no parcel with particle
diameters of 80 pm at the beginning of the streamwise
direction at the center-line, showing no proper disper-
sion for the large particles.

After this comparison, the effect of the SGS on the
RMS velocities of Lagrangian particles has been stud-
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Figure 5: Radial profiles of particle RMS streamwise veloc-
ity for Hishida Benchmark case. Circle: Experi-
ment; solid line: Numerical simulation. (a) z=Om;
(b) z=0.065m; (c) z=0.13m; (d) z=0.26m.



ied. For this purpose, the stochastic model proposed
by Bini and Jones (BJ) (2007,2008) is implemented,
where the Langevin type equation is applied to the par-
ticle velocity. The results are presented in Figures 10,
11, 12, 13. These Figures show the streamwise RMS
velocity profiles of the no-parcel model and the hybrid
model with and without the stochastic subgrid model
for two particle class diameters of dp = 20um and
dp = 80pm. As can be seen by implementing this
stochastic subgrid model, the differences between the
RMS velocities of the particles are negligible.

Figures 14 and 15 display subgrid Stokes number
in streamwise direction for particle classes of dp =
20pm and dp = 80um. Solid particles can generally
sense turbulence with time scales smaller than their re-
sponse times. This can be measured using the subgrid
Stokes number, which is defined as the ratio of the
particle response time to the subgrid turbulence time
scale, which is discussed comprehensively in the work
of Berrouk (2012). As can be seen in this Figures, the
subgrid Stokes number of particles can vary depending
on the location of the particles in the domain. Regard-
ing this Figures, the class of particles with dp = 20um
cannot sense some of the turbulence in the second mid
in the streamwise direction where their Stokes num-
bers based on the subgrid time scale are smaller than
one. This is caused by coarsening the mesh in this
area, where a stochastic subgrid model for this class
of particles can be applied. Although seems the class
of particles with dp = 80um can sense almost all the
turbulence in this streamwise direction. That could be
the reason where applying a stochastic subgrid model
is not showing significant changes in the RMS velocity
of these two different classes of particles. The Broader
analyses of the subgrid Stokes number for all particle
classes are needed in the streamwise and radial direc-
tion for a more comprehensive conclusion regarding
the stochastic subgrid effect.

4 Conclusions

The current study is centered around the devel-
opment of a novel approach for parcel modeling,
achieved through a combination of the NFM and the
VEM based on the SMD and the effect of the stochas-
tic SGS on the particle turbulent characteristics. The
numerical results for radial profiles of streamwise ve-
locities of both the continuous and dispersed phases
demonstrate good agreement with experimental find-
ings. The hybrid parcel model is designed based on
the SMD, utilizing the NFM for particle diameters be-
low the SMD and the VFM for diameters above it.
Compared to the VFM, the hybrid model improved the
parcel dispersion and reduced the discrepancies in the
mean and the RMS velocity profiles of the dispersed
phase for the particle diameters below the SMD. Con-
sidering the results of the NFM, the hybrid model ex-
hibits better agreement and fewer discrepancies in the
mean and the RMS velocity profiles of the dispersed
phase for particle diameters above the SMD. In con-

clusion, the preliminary results of the hybrid parcel
model, when compared to the previous models (the
NFM and the VFM), maintain an appropriate level
of accuracy and particle dispersion. Further analy-
ses concerning the quantities of the particle dispersion,
computational costs and particle volume fraction will
be conducted for the hybrid model.

In the next step, a stochastic subgrid model is
studied on the RMS velocities of particles for no-
parcel and the hybrid model. Upon implementing this
stochastic model, only minor differences are observed
in the RMS velocities of the particles. It was observed
that the values of the subgrid Stokes numbers of two
different classes of particles (one small and one large
particle class diameter) were above one in the majority
of the streamwise direction. It leads to the conclusion
that almost all particle classes can sense the majority
of turbulence in the streamwise direction. Therefore,
the effects of the applied stochastic subgrid model with
this particle size distribution and density through this
mesh configuration can be negligible on the RMS ve-
locities of the dispersed phase in the streamwise di-
rection. Further in-depth analyses of the particle sub-
grid Stokes number, different stochastic subgrid mod-
els, and mesh sensibility will be required to draw more
comprehensive conclusions for the stochastic subgrid
effects on particle characteristics.
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(dp = 20pm) for the Hishida configuration com-
paring no-parcel, VFM and hybrid model.
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