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Abstract
Numerical simulations can be a powerful tool for the design and optimization of Foreign Object Debris
(FOD) protection and separation devices. This work aims to study the relevance and influence of differ-
ent modelling and numerical aspects in simulations of FOD devices using Large Eddy Simulation (LES)
modelling. The results show that in LES some numerical aspects can be critical and must be carefully con-
sidered aiming to obtain accurate and reliable results. It is presented how some models affect the physics
of the phenomena involved in these kind of flows as well as their impact on the accuracy of the simulations.

1. Introduction

Nowadays, the aerospace industry is devoting many resources towards the development of the More Electrical Aircraft
(MEA) concept, and ultimately the achievement of an All Electrical Aircraft (AEA). The aim of these MEAs is the
optimization of the aircraft performance, decreasing its operational and maintaining costs as well as reducing the gas
emissions. The main idea behind the MEA is the substitution and replacement of all non-propulsive systems fully or
partially driven by hydraulic, pneumatic or mechanical power sources, by systems fully driven by electric power.25

One of these systems is the Environment Control System (ECS), which controls the temperature, pressure and
air flow into the aircraft. Conventionally, the inlet fresh air required for feeding the compressors of the ECS is obtained
by bleeding high pressure, high temperature air from the latter stages of the compressors of the main aircraft engines
or from the Auxiliary Power Unit (APU). This operational way guarantees the supply of a clean air without FOD to
ECS compressors. These compressors operate at high rotational speed and have tight tolerances, and hence, the turbo-
compressors may suffer a severe damage if FOD is ingested. However, this bleeding induces an additional fuel burn
and lead to the ingestion of potential harmful neurotoxic substances found in engine oil.28

In order to overcome these issues, new Electrical Environment Control System (eECS) are being investigated
and developed. These eECS do not bleed air from the engine, but they are feed with air coming directly from the
ambient atmosphere via an intake mounted to the fuselage. Although this new concept overcomes the problems of the
former ECS, drawing the fresh air directly from the ambient adds a new problematic, since now the system does not
possess the protection against FOD guaranteed by the turbo fan and compressor of a commercial aircraft. Therefore, a
protection system against this FOD should be employed before the turbo compressor of the eECS in order to minimize
the risk of possible ingestion for all kind of FOD. Thus, the development of an efficient and reliable FOD protection
system is a key and crucial aspect for the successful implementation of eECS on commercial aircrafts. Two possible
candidates to be part of this FOD protection system are the Vortex Tube Separators and the Inertial Particle Separators
(IPS).9 The aim when designing these devices must be achieve enough FOD protection and the minimum pressure loss.

Computational Fluid Dynamic (CFD) simulations may become a powerful and helpful tool for the successful
design and implementation of these devices in modern commercial aircrafts. Nonetheless, the employment of CFD
on these configurations is not straightforward since many modelling uncertainties may arise (i.e. which forces are
relevant, which is the influence of particle-wall and inter-particle collisions, turbulence modelling, etc.). Hence, the
present work aims to shed some lights about the influence of these modelling issues. In order to do these studies, a
benchmark case in a relatively simple canonical geometry with a flow pattern similar to the one found at IPS devices
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has been selected. The case chosen is the experiment carried out by Kliafas and Holt.16 This experiment consists in an
air-solid two-phase flow in a squared duct with a 90° vertical-to-horizontal bend. Then, several simulations have been
done reproducing the selected experiment and analysing the influence of different modelling and numerical aspects on
the simulations results.

The paper is organized as follows. First, in Section 2 is detailed the mathematical description of dispersed
multi-phase turbulent flows using a Eulerian-Lagrangian (EL) approach in LES modelling. Then, in Section 3 the
configuration of the reproduced experiment is briefly described. Moreover, it is also detailed the numerical set-up
employed to carry out the simulations. Next, in Section 4, the results obtained for the different models and numerical
aspects analysed in this work are presented. The results obtained for each one of the aspects addressed are examined and
studied in detail individually at separate subsections. Finally, conclusions and future work are discussed in Section 5.

2. Mathematical model

Simulations of dispersed multiphase flows involves the resolution of both continuous and dispersed phases. Among
the different numerical methods available to simulate this kind of flows,10 in the present work the EL approach has
been employed.31 It is based on a point-particle approach, where particles or groups of identical particles, known
as parcels, are tracked individually throughout all the computational domain. Hence, in this method the dispersed
phase is represented employing a Lagrangian reference framework, while the continuous phase is solved using the
classical Eulerian frame. Moreover, the continuous phase is solved under the framework of LES modelling. Although
LES is computationally more expensive than Reynolds Averaged Navier-Stokes (RANS) approach, it allows capturing
the unsteadiness and complexity of the flow patterns characterizing these devices, which can be very relevant on the
dispersed phase motion. Following, the governing equations describing both continuous and dispersed phases are
detailed.

2.1 Continuous phase

The governing equations describing the behaviour of the continuous phase are the Navier-Stokes (NS) equations. In
LES modelling, the large scales of the flow are solved, while the subgrid-scales (SGS) are modelled. This scale
separation is obtained applying a low-pass filter to the transport equations.23 For incompressible flows with constant
viscosity, the filtered NS equations are:

∇ · u = 0 (1)

∂u
∂t

+ ∇ · (ūū) = −
1
ρ
∇p + ν∇2u − ∇ · τR + g (2)

where t represents time, ρ is the density, u is the velocity vector, p stands for the pressure, g the gravity and τR is the
residual (or sub-grid) stress tensor. This last term must be modelled in order to close Eq. (2). In the present work this
term is closed by means of an eddy-viscosity-type model following the Boussinesq hypothesis.24

2.2 Dispersed phase

As aforementioned, the dispersed phase is modelled employing a Lagrangian reference framework. The motion of
particles and droplets in a fluid using a Lagrangian framework can be described by classical equations of motion, i.e.,
Newton’s law. The first authors to work and develop a model for the dispersed phase using this approach were Basset,2

Boussinesq3 and Oseen.21 Hence, the equation of motion for particles derived from their work is known as the BBO-
equation. This BBO-equation was extended to non-uniform flow for small rigid particles by Maxey and Riley.18 In
general, the ordinary differential equations required to describe the behaviour of the dispersed phase are:

dxp

dt
= vp (3)

mp
dvp

dt
=

∑
i

Fi (4)

where mp is the particle mass, vp the particle velocity, xp is the particle’s position and
∑

i Fi is the sum of all the relevant
forces acting over the particle.
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(a) General flow system. (b) Geometry of the curved square duct.

Figure 1: Experimental set-up of the experiment carried out by Kliafas and Holt.16

Particle-wall collisions are a very relevant phenomena in confined two-phase flows. Therefore, when studying
IPS devices using numerical simulations, it is required to use a model capable to correctly predict the physics of
particle-wall collision events. An ideal approach is to consider all the collisions as elastic and that all the surfaces
are ideally smooth. This approach preserves the kinetic energy of the particles after the collision against the wall and
considers that the surfaces are ideal and do not have roughness. Nonetheless, in reality, the surfaces have a certain
roughness and the collisions of the particles against the walls are inelastic. Therefore, in order to correctly predict
particle-wall collisions it is required to properly model surface roughness and the inelastic collisions. In the present
work, the particle-wall model presented by Breuer et al.4 has been employed. In this model, the roughness of the
surfaces is modelled by means of the Sandgrain roughness model. This model assumes that the surface is covered by
a “bed” of spherical sand grains mono-sized and perfectly packed. Hence, the surface roughness is modelled through
the radius of these mono-sized sand grains. Regarding the inelastic collision, it is modelled employing an inelastic
hard sphere collision model including friction.4, 6 This model requires the normal (en) and tangential (et) restitution
coefficients, as well as both static (µst) and dynamic (µdy) friction coefficients. These values are dependant on the
material of both particles and walls and they are typically not constant, varying in function of the impact angle and
velocity. Therefore, a proper estimation of these values is required in order to correctly model the inelastic particle-wall
collisions in the case of study.

3. Test case description

The reference benchmark case selected in order to carry out the present work is the experiment presented by Kliafas
and Holt.16 The experiment consisted in a 90° vertical-to-horizontal bend and two straight ducts of square cross-section
(see Fig. 1). The vertical pipe before the bend has a length of Lv = 1 m and the horizontal section downstream the
bend is of Lh = 1.2 m. The length of the cross-section is Lc = 100 mm and the bend mean radius of curvature is
R = 176 mm.

At the inlet of the vertical section, a uniform steady flow with velocity Ub is obtained using a fine mesh screen.
Regarding the dispersed phase, it consist in glass spheres of density ρp = 2990 kg m−3. Two classes of particles with
different diameters were employed, dp = 50 µm and dp = 100 µm. The particles are injected uniformly in the test
section at the inlet of the vertical pipe with a mass flow rate of ṁp = 3.6 g min−1. Two different inlet velocities were
considered in the experiment, a low-speed case with Ub = 33.09 m s−1 (Re = 2.2 × 105) and a high-speed case with
Ub = 52.19 m s−1 (Re = 3.47 × 105). In the present work, the high-speed case has been selected. For this one, only
particles with dp = 50 µm were injected. In this set-up, considering as characteristic length the side of the square pipe
Lc, the particles have a Stokes number of St = 12.04.

The mean and radial velocity profiles for both continuous and dispersed phases were measured at 7 stations
placed at the bend each 15°, starting at the entrance plane of the bend (0°) till the exit plane (90°), as depicted in Fig. 1b.
The velocity profiles are given in the normalized radial coordinate r∗ = r−ro/ri−ro, where ri and ro are, respectively, the
inner and outer wall radius of curvature.
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3.1 Numerical set-up

All the numerical experiments performed in this work have been carried out using the in-house CFD software Ter-
moFluids,17 based on the finite volume method (FVM). This CFD code is parallel, highly scalable and designed to
work in both structured and unstructured meshes.

The convective operator of the momentum equation (Eq. (2)) is discretized employing a second order Symmetry-
Preserving (SP) scheme.33 This discretization scheme constructs an anti-symmetric discrete convective operator. This
operator does not introduce artificial dissipation in the momentum equation, and therefore the kinetic-energy is pre-
served. The diffusive operator is discretized by means of a second-order Central Differencing Scheme (CDS). Both con-
vective and diffusive operators are integrated explicitly be means of a one-leg second-order time-integration scheme.32

This scheme includes a free-parameter allowing to adapt its stability region. The free-parameter is dynamically selected
maximizing the stability region in function of the eigenvalues of the discrete operators. Moreover, this time-integration
strategy also selects the optimal time-step at each iteration. The pressure-velocity coupling is solved by means of the
Fractional Step projection method.14 The idea behind this technique is to split the momentum in two steps, with a
first explicit step where an intermediate velocity û is obtained, followed by a second step where the pressure is solved
implicitly and the intermediate velocity is corrected obtaining the physical velocity. The Poisson equation is solved by
means of the iterative Conjugate-Gradient (CG) method with Jacobi diagonal scaling.

Regarding the dispersed phase, it is integrated employing a first-order semi-implicit time-integration scheme,
where the terms depending on φn+1 are linearised. During the dispersed phase integration the continuous phase is
considered frozen, and each particle is integrated in one or more i sub-time steps with a time-step of ∆tp,i. The particle
is integrated np times until the time-step of the continuous phase is reached, i.e., ∆t =

∑np

i=1 ∆tp,i. The particle integration
time-step ∆tp,i of each i step is selected as the minimum between the time-step of the continuous phase, the particle
response time τp or the travel time-step of the particle from its position and the first face crossed by the particle in its
trajectory ∆ti2 f , i.e., ∆tp,i = min (∆t, τp,∆ti2 f ). At each sub-integration step i the properties of the continuous phase are
interpolated in the particles’ position. Since TermoFluids is designed to work with unstructured meshes, interpolation
methods for scattered data in multi-dimensions are employed.

4. Results

In this section are presented the results obtained for the different modelling and numerical aspects analysed in the
present work. Each one of them is studied individually and reported in a different subsection. Each study assess the
relevance of the analysed aspect and which is its impact over particles’ motion.

4.1 Turbulence model

As aforementioned in Section 2.1, the term τR appearing in Eq. (2) must be closed by means of a turbulence model.
In the present work, three different turbulence models have been tested. The first one is the model proposed by
Smagorinsky,29 based on the Prandtl mixing length applied to SGS modelling. In this model the turbulent viscosity is
proportional to the strain. The second one is the Wall-adapting eddy viscosity model (WALE) SGS model developed
by Nicoud.20 This model is based on the square of the velocity gradient tensor. The SGS viscosity obtained with this
model takes into account the strain and the rotation rate of the smallest resolved turbulent fluctuations. Some features
of this model are its capability of switching off in two-dimensional flows, in laminar flows, and when the length-scale
is in the range of Re−3/4. It also has a cubic behaviour near walls with respect to the normal direction of the wall.
The last model studied is the variational multiscale (VMS) approach applied to the WALE. This method was originally
formulated for the Smagorinsky model by Hughes.13 Using this framework the modelling is confined to the effect
of a small-scale Reynolds stress, in contrast with classical LES in which the entire SGS stress is modelled. Three
simulations employing the Mesh A (later detailed in Section 4.2) and a uniform Ubulk velocity at the inlet have been
carried out. The results obtained for the mean streamwise velocity of the continuous phase are depicted in Fig. 2.

As can be seen, the Smagorinsky model is very dissipative close to the walls, generating a very large boundary
layer. On the other hand, both WALE and VMS models present very similar results. Both models are able to properly
model the flow close to the walls. This aspect is crucial when simulating confined flows, like the one studied in the
present work. Therefore, hereinafter the turbulence model employed in the following studies is the WALE model.

4.2 Mesh

Once selected the turbulence model, the following aspect addressed is the mesh. Due to the simplicity of the geometry,
structured meshes have been employed (see Fig. 3). Different meshes have been generated varying the number of nodes
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Figure 2: Mean streamwise velocity of the continuous phase for different turbulence models in Mesh A.

(a) Plane YZ. (b) Plane XZ.

Figure 3: Mesh of the computational domain.

in the side of the cross-section, both vertical and horizontal ducts, and the bend. In the cross-section the mesh is refined
close to the walls. In the bend, the control volumes (CVs) are spatially uniform. The first CV close to the bend of both
vertical and horizontal ducts has the same size than the CVs of the bend. The generated meshes are detailed in Table 1.
In this table is specified the number of CVs defined in each section. The value detailed in the column labelled as ∆y is
the height of the CV next to the wall, in the normal direction to it.

The study has been carried out for five different mesh (see Table 1). As in the previous study, a uniform flat
velocity with value Ubulk has been imposed in the inlet section. The results obtained for the mean velocity in the first
four stations are shown in Fig. 4. As can be seen, the mean streamwise velocity profiles obtained for the five different
meshes are fairly similar in all the cases. The most significant differences are found in the boundary layer close to
the walls. The finest mesh, Mesh E, captures a thinner boundary layer, especially downstream. On the other hand,
the boundary layer obtained with the coarsest mesh, Mesh A, is the widest. The y+ obtained with the finest mesh is
around ∼ 1, so the boundary layer is being fully resolved. The results for the three intermediate meshes (B, C and D)
are very similar. Therefore, as a compromise between accuracy and computational requirements, the Mesh C has been
employed in all the following studies, if not specified otherwise.

A second comparison including particles has been carried out in this section. In this case, only meshes A and
C have been compared. For these simulations, a turbulent velocity profile has been employed in the inlet section (see
Section 4.3). Regarding the dispersed phase, the particle-wall collision has been modelled as elastic. The results of
this comparison are depicted in Fig. 5. The obtained velocity profiles of the continuous phase are indicated with (f)
while the results of the dispersed phase are designated with (p). Both meshes are able to retrieve good results for both
continuous and dispersed phases, since the mean velocity profiles obtained in the simulations agree well with the ones
of the experiment. As in the previous comparison, only minor differences are appreciated. Hence, it can be stated

5
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Table 1: Meshes details.

Mesh Square side ∆y Vertical Bend Horizontal Total CVs
A 50 0.50 150 100 160 1.03M
B 90 0.20 200 190 200 4.78M
C 64 0.25 380 143 300 3.37M
D 90 0.20 380 190 300 7.05M
E 120 0.02 380 190 300 12.53M
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Figure 4: Results comparison for the continuous phase in the different meshes (inlet BC: flat profile).

that both meshes are capable of predict good results. Nonetheless, as indicated before, the more fine Mesh C has been
retained for the following studies. Although it can be stated that the coarsest Mesh A is enough to obtain good results,
it is preferred to employ a more fine mesh in other to carry out the following studies.

4.3 Inlet boundary conditions

The boundary conditions (BC) are a very relevant aspect in numerical simulations when reproducing experiments.
However, sometimes is difficult to exactly reproduce the BCs of the experiment, specially at the inlet. Some experi-
ments do not measure the real conditions at the inlet and just gives the supposed BC. Other experiments do measure-
ments at the inlet but do not provide all the data required to reproduce the same flow conditions (e.g. only give first
statistics). As seen in Sections 4.1 and 4.2, the obtained numerical results using a flat uniform velocity profile in the
inlet give a mean velocity profile slightly different to the one reported in the experiments. The mean velocity seems
underestimated at the inner region, while slightly overestimated close to the walls. Hence, it is suspected that although
the authors of the experiment states that at the inlet of the vertical pipe (outlet of the contraction, see Fig. 1a) there is
a flat uniform velocity, this is not completely true. Probably, the velocity profile was not perfectly flat and presented
some turbulence level after the mesh screen at the inlet. In order to analyse the influence of the velocity profile at
the inlet different options have been compared: i) flat velocity profile; ii) turbulent velocity profile obtained from an
auxiliary simulation; iii) laminar velocity profile for square ducts presented by Purday27 as an approximation of the
analytical solution; iv) turbulent velocity profile generated using a synthetic turbulence generator presented by Klein.15

In order to generate the turbulent velocity profile an auxiliary simulation of a square duct with periodic boundary
condition in the stream-wise direction have been employed. The velocity field generated at the mid-plane of the square
duct is saved and later injected in the simulated domain at the inlet section. The laminar velocity profile for square
ducts proposed by Purday27 is defined by the function:

U
Umax

=

[
1 −

( y
b

)m1
] [

1 −
( z
a

)m2
]

(5)

where both values a and b are the same in a square duct and set as the value of side length of the cross-section, i.e.
a = b = Lv. In this study both exponents m1 and m2 are defined with the same value, i.e. m = m1 = m2. Two
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Figure 5: Results for continuous and dispersed phases comparing meshes A and C (inlet BC: turbulent).
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different values for the exponent m are tested, m = 20 and m = 50. Regarding the synthetic turbulent method, it has
been generated a turbulent velocity field using as velocity profile the Eq. (5) with m = 50 and a turbulence intensity of
5%. A comparison of the proposed mean velocity profiles at the inlet is shown in Fig. 6.

The results obtained for the different BCs are depicted in Fig. 7. As can be seen, the results for the laminar
velocity profiles and the turbulent profiles agree better with the experimental results than the flat velocity profile.
Observing the inlet velocity profiles shown in Fig. 6, it can be seen that there is clear connection between the velocity
profile imposed at the inlet and the mean velocity profiles obtained at the analysed stations of the bend. The laminar
velocity profile with m = 20, the one with a bigger Umax, is the one giving a higher mean velocity at the centre in all the
stations. On the other hand, the laminar profile with m = 50, which has a smaller Umax than the turbulent inlet, gives
a mean velocity at the centreline lower than the turbulent inlet. Comparing the laminar velocity profile with exponent
m = 50 and the one generated with the synthetic turbulent method (both cases have the same mean velocity profiles),
the obtained results are practically identical. Hence, it means that the turbulence in the inlet does not affect the results
downstream for the first order statistics, at least with the turbulence intensity employed in this study.

In the experimental set-up described by Kliafas and Holt16 is stated that a “uniform steady flow was obtained
at the outlet of the contraction”, i.e. at the inlet of the vertical pipe. Nonetheless, the results shown in Fig. 7 seem to
suggest that the velocity profile at the inlet was not a flat profile. In the experiment, no measurements were carried out
at this section. Therefore, it is an uncertainty which was the real velocity profile at the inlet of the vertical pipe. Thus,
based on the results obtained in this study, the turbulent velocity profile has been selected to carry out the subsequent
analyses.

4.4 Modelled forces

When simulating dispersed multi-phase flows, the importance of each one of the forces acting over the dispersed phase
depends on the flow characteristics. Usually, the most relevant force acting over the dispersed phase is the drag force.
Nonetheless, there are other forces (e.g., pressure gradient force, added mass force, Basset force, Saffman and Magnus
lift forces, body forces, etc.) and effects like rarefaction, compressibility and Brownian motion that can be very relevant
for the particle’s motion.6, 10
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Figure 7: Results for the different inlet boundary conditions in mesh C.
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Figure 8: Results of the dispersed phase accounting for different forces affecting the particles.

In the present work has been analysed the influence of different forces on particles’ motion in the studied config-
uration. Specifically, the studied forces have been: drag force, gravity, buoyancy and the Saffman lift force. The latter
is a force experienced by particles moving in a shear layer. When travelling in a shear layer, the particles experience a
non-uniform relative-velocity and hence, a non-uniform pressure distribution. This non-uniform pressure distribution
originates a lift force acting in the direction of the higher slip velocity, i.e. if the particle has a lower velocity than the
flow the lift force moves the particle away from the wall, while if the particle travels at a speed higher than the flow,
Saffman lift acts pointing towards the wall. The correlation employed in order to take into account the Saffman lift
force is the one proposed by Mei.19 Regarding the drag force, the correlation used in the present work is the one given
by Schiller and Naumann.26

Three different simulations have been carried out in order to analyse the relevance of the studied forces: a first
one where only the drag force has been employed (D), a second one adding the gravity and the buoyancy (DGB),
and a third one also including the Saffman lift force (DGBL). All the simulations have been done assuming an elastic
boundary collision between the particles and the walls. The obtained results are depicted in Fig. 8. It can be noticed
that for the studied case, the only relevant force is the drag force. No significant differences in the results were observed
when the other forces were included. Therefore, in the following studies only the drag force has been retained.
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Figure 9: Results comparing elastic vs. inelastic collision modelling for particle-wall collisions.

4.5 Elastic/inelastic collision

Another key aspect for the study of IPS devices is the modelling of the particle-wall collision physics. So far, in
the previous studies the particle-wall collisions have been considered perfectly elastic. In this section is analysed the
influence of modelling the collisions as inelastic and accounting for the roughness of the walls. The inelastic collisions
are modelled employing the hard sphere collision model.6 The effect of the surface roughness is included by means
of the Sandgrain roughness model.4 In this study, the behaviour of the particles in a case assuming perfectly smooth
surfaces and elastic collisions has been compared against two cases modelling the particle-wall collisions as inelastic
and supposing that the the surfaces have a certain roughness. The analysed roughness have been R = 1 × 10−6 and
R = 1 × 10−9. As commented in Section 2.2, the hard sphere collision model requires the normal (en) and tangential
(et) restitution coefficients, as well as the static (µst) and dynamic (µdy) friction coefficients. In the present study these
values have been calculated employing the model proposed by Sommerfeld and Huber,30 where:

en(α) = max(1 + meα, eh) (6)
et(α) = 1 (7)

µst(α) = µdy(α) = max(µ0 + mµα, µh) (8)

where α is the impact angle and the slopes are calculated as me = eh−1/αe and mµ = µh−µ0/αmu. The values of the
parameters appearing in Eqs. (6) to (8) are function of the pairing particle and wall materials. In this case the values for
particles of glass and walls of plexiglass have been selected, i.e., eh = 0.73, αe = 18, µ0 = 0.4, αµ = 27 and µh = 0.15.
In later sections it will be further analysed which is the impact of these parameters in the particle-wall collision events.

The results comparing the case assuming elastic collisions and the two others modelling the particle-wall colli-
sions as inelastic and assuming surface roughness are shown in Fig. 9. From station 30° and downstream can be clearly
appreciated the difference in the results. When considering inelastic collisions, the kinetic energy of the particles is
reduced after the collisions against the wall. At stations 30° and 45° is appreciated how below the normalized radial
coordinate r∗ < 0.1 and r∗ < 0.2, respectively, the velocity of the particles that have experienced collisions is smaller
when considering inelastic collisions. Comparing the simulation results with the experimental ones the elastic collision
model seems to agree better. That means that although in real life collisions are inelastic, the restitution and friction
coefficients employed do not model correctly the pairing materials of the experiment. The values employed in this
comparison seem to overestimate the dissipation of the particles’ kinetic energy after the collisions. Regarding the
surface roughness, it seems to have an effect at station 60° and downstream. Depending on the roughness, the particles
reach a different height after their collisions. Nonetheless, not only the roughness affects which is the height reached
by the particles after their collision against the bend, but also the inelastic collision model has an effect. At stations
75° and 90°, the height for the lowest level of roughness (R = 1 × 10−9), which is a very smooth surface, is below the
elastic case. Since the kinetic energy of the particles is reduced after the collision, the particles are not able to reach
neither the height nor the velocity of the elastic case. On the other hand, for the case with roughness R = 1 × 10−6,
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Figure 10: Results for the dispersed phase comparing different roughness.

although the particles suffer a reduction in their kinetic energy after collisions, the increment in the randomness of the
particle direction after collision against walls produces an increase in the height reached for the particles in the later
stations respect to the elastic case, even though with a smaller velocity. In the following subsection is further analysed
the effect of the roughness on the particle-wall collision physics.

4.6 Wall roughness

As aforementioned, in real-life applications the surfaces are not perfectly smooth, and depending on the material and
the manufacturing process the surfaces present a characteristic roughness. This roughness can severely affect the
particle-wall collision behaviour, and hence, should be correctly modelled. In this subsection is analysed the effect on
the particles’ trajectories for different roughness. In the Sandgrain roughness model4 the surface roughness is modelled
assuming that the surface is covered by a “bed” of grains perfectly spherical with a constant radius R. This radius R
is related to classical values employed to characterise the surface roughness like the root-mean-squared roughness Rq.
This relation is given by R = 0.5Csur f aceRq, where Csur f ace is a constant depending on the surface material and the
finishing process. Therefore, the higher the radius R, the more roughness. In this section five different roughness have
been compared, ranging from a surface pretty smooth (R = 1 × 10−12) up to a very rough surface (R = 1 × 10−4).

The results for five different roughness are depicted in Fig. 10. Notice that in order to produces these results,
the restitutions and friction coefficients are the ones previously employed in Section 4.5. At a first glance it can be
seen a clear difference between the case with R ≤ 1 × 10−6 and the ones with R > 1 × 10−6. This threshold is related
with the size of the studied particles (dp = 100 µm), since the bigger values of R model a grain spheres with a size in
the order of magnitude with the size of the particles, severely affecting their trajectory after collisions. It can be seen
that from station 30° and downwards, the regions with particles affected by collisions present a lower mean particle
velocity for the cases with higher roughness. Apart from reducing the particle mean velocity, surfaces with a high
roughness spread the particles in a wider angle after collision. This effect is clearly seen at station 75° and 90°, where
the particles reach a higher height after colliding with the bend. This clear trend observed at the two last stations is
not followed in the station 60°, where the height reached by the particles for case R = 1 × 10−6 is the smallest one.
In order to better understand why is this happening, it has been compared the mean volumetric fraction of four cases:
one with elastic collisions, and three with inelastic collisions and the following roughness: R = 1 × 10−5, R = 1 × 10−6

and R = 1 × 10−9. In Fig. 11 is shown the isoline with a mean volumetric fraction of αv f = 1 × 10−9. It can be seen
that at station 60° the case with R = 1 × 10−6 presents a height below the elastic case and the one with R = 1 × 10−9 is
above. In this station, the particles setting the top height reached by the particles are the ones coming from close to the
inner wall. Hence, probably they have collided very tangentially with the inner wall. For R = 1 × 10−6, particles after
collision will have a trajectory less tangential to the inner wall than R = 1 × 10−9. This makes that the height at station
60° for case R = 1 × 10−6 is below the one with R = 1 × 10−9. The reason why when considering inelastic collisions
and R = 1 × 10−9 the height at station 60° is higher than when considering elastic collisions is that this roughness is
very small, almost negligible. This makes that the trajectory of the particles after collision with the inner wall is very
similar to the elastic case. However, since the collision is inelastic, the particles lose kinetic energy, and are dragged
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Figure 11: Isolines with mean volumetric fraction αv f = 1 × 10−9 at mid-plane for cases: elastic (black), R = 1 × 10−6

(red), R = 1 × 10−9 (blue) and R = 1 × 10−5 (pink).
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Figure 12: Values of the normal (en) and tangential (et) restitution coefficients.

more easily by the continuous phase. Since the flow at this station points to the outlet, the particles achieve a higher
height than for the elastic case.

Another interesting aspect is that for the studied particle size, it seems that there is a certain roughness value R
both above and below for which an increase or decrease in the degree of roughness do not change the particle-collision
behaviour. Both roughness of R = 1 × 10−5 and R = 1 × 10−4 show very similar results, as well as the cases with
R = 1 × 10−9 and R = 1 × 10−12

4.7 Restitution coefficients

The next parameter analysed is the influence of both normal (en) and tangential (et) restitution coefficients. These
coefficients relate the value of the normal and tangential velocities of the particle before and after the collision event
against the wall. In order to study the influence of these parameters three different models for their evaluation have
been compared: the one proposed by Forder et al.,11 the model suggested by Grant and Tabakoff12 and the model
presented by Sommerfeld and Huber.30 Moreover, a fourth case where en and et are assumed constant and equal to
unity (en = et = 1) has been analysed. The values for both coefficients given by the studied models as function of the
impact angle α are depicted in Fig. 12.

In Fig. 13 are compared the results obtained for the different models. As can be seen, the effect of these coeffi-
cients in the mean velocity of the particles after collision against the wall are very relevant. Taking a deeper look into
the results, it can be observed a clear difference upstream and downstream the station 60°. At stations 30° and 45°,
the region with collided particles show that the models of Forder and Grant seem to subtract less kinetic energy to the
particles. On the other hand, at stations 75° and 90° the results show the opposite. This second behaviour is the one
expected after looking the values returned by the models for both coefficients (see Fig. 12), where the Grant model
should be the one reducing the most the particle mean velocity, followed by the one of Forder. On the other hand, the
case done using (en = et = 1) should be the one better preserving the kinetic energy of the particles, as it is observed in
the two latter stations. Therefore, further studies must be carried out in order to fully understand the mechanisms that
are causing the observed effects at stations 30° and 45°.

4.8 Friction coefficients

In this subsection is studied the impact of the static (µst) and dynamic (µdy) friction coefficients. The value of the static
friction coefficient will determine if a certain particle-wall collision event is sliding or non-sliding.4 If the collision
is of sliding type, then the Coulomb’s law of friction is assumed to hold for the collision event and the dynamic
friction coefficient must be taken into account. In order the carry out this study six different ways of calculating these
coefficients have been analysed: one employing the correlation proposed by Sommerfeld and Huber30 (see Eq. (8)) and
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Figure 13: Results for different models employed to evaluate the normal (en) and tangential (et) restitution coefficients.

five cases where different constant values for both parameters are assumed. These combinations are summarized in
Table 2.

Table 2: Studied combinations of static and dynamic friction coefficients.

F(µ) µst µdy

Somm.(α) max(µ0 + mµα, µh) max(µ0 + mµα, µh)
1 0.14 0.14
2 0.4 0.4
3 0.7 0.7
4 1.0 1.0
5 1.0 0.4

The obtained results are shown in Fig. 14. As can be observed, the value of the friction coefficients has a big
effect on the mean velocity of the particles after collision with the walls. Smaller values of the friction coefficients
reduce to a lesser extent the kinetic energy of the particles, resulting in higher mean particle velocity after collisions.
The cases S omm.(α) and F(µ) = 1 give very similar results. For the correlation given by by Eq. (8) the coefficients
employed have been µ0 = 0.4, αµ = 27 and µh = 0.15, which means that for impact angles higher than 27° the static
and dynamic friction coefficients are 0.15. Therefore, it can be inferred that in this experimental set-up most of the
particle-wall collisions have an impact angle greater than 27°.

Another very interesting observation is the one obtained from analysing the height reached by the particles at
stations 75° and 90°. The two first cases are clearly different from the other four. Cases F(µ) = 2 to F(µ) = 5 achieve a
very similar height at the two latter stations, even though the value of the friction coefficients of each case are distinct.
A first guess about the cause of this phenomenon is the type of collision given by the limiting velocity vlim. Its value is
directly proportional to the static friction coefficient µst. Lower values of µst give smaller limiting velocities vlim, and
therefore, there are more collisions behaving as sliding and fewer as non-sliding. On the other, when higher values of
µst are considered, more particle-wall collisions are defined as non-sliding. Anyway, further studies must be carried
out to better understand the herein mentioned effect and confirm this hypothesis.

Comparing cases F(µ) = 4 and F(µ) = 5 at station 90°, and as already commented by Pereira et al.,22 it is
observed that there are no considerable differences setting a dynamic friction coefficient lower than the static one
(µdy < µst). Both cases set the same value for the static friction coefficient although a notably different dynamic friction
coefficient. Nonetheless, at stations 45° to 75°, case F(µ) = 5 behaves as a mixture between cases F(µ) = 2 (same
µdy) and F(µ) = 4 (same µst). That means that some particles tend to impact in certain regions of the bend with lower
velocities, presenting sliding collisions while other particles tend to collide at higher-velocities, resulting in non-sliding
collisions. This observation is strongly correlated with the previous one.
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Figure 14: Results comparing different models for evaluating both static (µst) and dynamic (µdy) friction coefficients.

5. Conclusions

An exhaustive analysis about the influence of different models and numerical aspects on particle-laden flows in the
framework of LES modelling has been presented. The study has been done over the benchmark case presented by
Kliafas and Holt.16 Their experimental set-up consisted in a vertical-to-horizontal cross-squared duct with a 90° bend.
This configuration is optimum for the detailed study of the relevant physics that plays a key role in IPS. IPS are devices
designed for the separation and removal of FOD at the inlet of systems which their operation can be compromised or
their useful life severely shortened if certain FOD is ingested by them, e.g., the turbo-compressor of eECS in aircrafts.
CFD simulations can help in both design and optimization stages of these devices. Nonetheless, aiming to obtain
reliable results from these simulations, the influence and relevance of different numerical aspects must be addressed.
Some of these aspects have been studied and assessed in this work. The major findings obtained from these studies can
be summarized as:

• Numerical simulations of confined flows using LES modelling are very dependant on the turbulence model
employed to close Eq. (2) and model the residual stress tensor (τR). It is required a suitable turbulence model
able to correctly predict the boundary layers of confined flows in order to obtain accurate predictions of these
flows.

• Mesh is a very important aspect and it will affect the accuracy in the results of both phases. Nonetheless, a mesh
is not an independent aspect, and considering if a mesh is good enough to obtain reliable and accurate results
will depend on the combination between the mesh and the numerical algorithm employed.

• Simulations using LES are very sensitive to the inlet boundary conditions. Therefore, the boundary conditions
must be correctly defined.

• From all the forces acting over the dispersed phase, the relevance of each one of them will depend on the charac-
teristics of the studied case, i.e, its physical properties and the associated characteristic time-scales. Therefore,
the most relevant forces acting over the particles must be taken into account, while the ones with a negligible
effect can be discarded, helping to decrease the computational requirements.

• When simulating dispersed multi-phase flows where particle-wall collisions take place, it must be taken into
account that these collision are inelastic and that the surfaces have a certain roughness. Surface roughness must
be taken into account using some model. This model should predict how the particle will interact with a surface
that is not smooth. This is very relevant since wall-roughness will strongly affect the trajectory of the particles
after their collision against the wall. Inelastic collisions can be modelled using a hard sphere collision model
accounting for the friction. This model depends on the restitution and friction coefficients (en, et, µst and µdy).
The physics of the particle-wall collision are very sensitive to the values of these coefficients. Therefore, their
value must be correctly modelled in order to obtain accurate results.
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Although the studies carried out in this work present some interesting findings, do not answer all the possible
questions regarding the influences of certain numerical aspects for confined dispersed multi-phase flows. Therefore,
below are detailed some possible interesting future works aiming to complete and extend the analyses done in the
present work:

• It would be interesting to asses and study the influence and relevance of the contribution of the sub-grid scales
on the dispersed phase. Many numerical studies in LES modelling neglect the effect of the sub-grid velocity over
the particles (i.e., u = ū).1, 5 Nonetheless, this assumption may not be valid if there is a medium or high residual
energy content in the key regions of the computational domain.

• In the current study it has been considered that particles do not rotate. For the studied configuration it would be
interesting to study the effect of accounting for particle rotation and the associated forces like Magnus lift force.

• Another interesting study it would be to analyse if the Saffman lift force becomes more relevant when fully-
resolving the shear-layer, i.e., employing mesh E.

• It can be considered to analyse the relevance of the particle-particle interaction. The studied configuration is a
very dilute flow, and hence, this phenomena should not play an important role in this case.7, 8 Nonetheless, in
more dense flows the collisions between particles can become very relevant.
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