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Heat and Mass Transfer Technological Center (CTTC)
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Summary. The inertial particle separator (IPS) can face ice accretion due to the impingement
of super-cooled water droplets on its inner surface. This work studies a numerical study using
Computational Fluid Dynamics (CFD) for the ice accretion inside an IPS. This study is crucial
in investigating the IPS performance that is affected by ice accretion. First, the numerical
simulation of ice accretion for a simpler geometry, a cylinder, is validated with the experimental
data. Then, the simulation of water impingement and ice accretion is studied for an IPS device.
The ice profiles for different wall sections of the IPS show that ice accumulates on the bent
surface of the shroud, the windward side of the hub, and the leading edge of the splitter. This
accumulated ice changes the geometry of the IPS. Therefore, the separation efficiency of the IPS
is expected to decrease due to the generation of ice in the way of the scavenge outlet.

1 INTRODUCTION

An Inertial particle separator (IPS) can be situated in the aircraft engine’s intake to prevent
the Foreign Object Debris (FOD) from entering the compressor. An IPS consists of two types
of outlets: core and scavenge. The goal is to navigate particles into the scavenge outlet, which
is implemented by a rapid change in flow direction. Therefore, particles separate from the core
outlet by their inertia. IPS performance is measured by the separation efficiency, calculated as
the mass of particles leaving the scavenge outlet over the total mass of particles leaving both
outlets.

Connolly et al. [1] present experimental data for a wide range of flow path designs and test
dust for an IPS device. The geometry was proposed first by Barone et al. [2]. These data can
be used for validation purposes. In the work of Bahramian et al. [3], the validation of numerical
simulation of an IPS device with the experimental benchmark case of Barone et al. [2] is carried
out, and the separation efficiency for spherical particles is examined with the experimental data.
In another work, Bahramian et al. [4] have investigated the effect of different Reynolds numbers
and scavenge mass flow fractions on the separation efficiency of an IPS device through different
turbulent numerical simulations.
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An IPS also can face the problem of icing. In cold weather, super-cooled water droplets in
the air may impact the inner surface of the IPS and cause icing, which significantly influences
the IPS performance. Therefore, in order to design an effective anti-icing system, understanding
the ice accretion process within the IPS is crucial. The effects of the mean droplet diameter
(MVD), liquid water content (LWC), and incoming velocity on ice accretion of an IPS device of
a helicopter are studied by Qiu et al. [5]. As was shown, the ice thickness on the wall surfaces
changes according to the different MVDs, LWCs, and inlet velocities.

2 MATHEMATICAL MODEL

The Navier-Stokes equations represent the equations of a viscous compressible continuous
fluid. To implement the Navier-Stokes equations in Large Eddy Simulation (LES) and Reynolds
Averaged Navier-Stokes (RANS) turbulence methods, they can reformulated in the filtered form.
In LES, the focus is on resolving the larger scale flow characteristics while the subgrid scales
(SGS) are modeled. The scale separation is achieved by applying a low-pass filter to the transport
equations as detailed in the work of Pope [6]. The continuity, momentum, and energy equations,
which govern the flow of a compressible Newtonian fluid, are detailed in the work of Versteeg et
al. [7] as follows:

∂ρ
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where ρ, u and p are the density, the velocity vector, and the pressure of the fluid. µ, Su are
the dynamic viscosity and the momentum source term. In the energy equation, E, H, k, T
and SE represent the total energy per unit mass, the total enthalpy per unit mass, the thermal
conductivity, the temperature, and the energy source term, respectively.

As described in ANSYS Fluent, the Eulerian formulation is employed to simulate the im-
pingement of water droplets. The general Eulerian-Eulerian model consists of the Euler or
Navier-Stokes equations with additional terms accounting for the droplets:
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where α and Vd are mean-field values of the droplet concentration and velocity, respectively. CD,
Re, andK are the drag coefficient, Reynolds number, and droplet inertia parameter, respectively.
The subscripts a stand for the air and d for the droplet, and the Fr represents the Froude number.
The first term on the right-hand side of the momentum equation accounts for the drag force
acting on droplets with a mean diameter of d. The second term accounts for buoyancy and
gravity forces and is proportional to the local Froude number.
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Besides continuity and momentum conservation equations for droplets, the thermal energy
equation can also be considered, which enables heat exchange between droplets, airflow, and
water vapor systems.

For icing, ANSYS Fluent solves a system of two partial differential equations on all solid
surfaces. The first equation represents mass conservation:

ρf
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)]
= V∞LWCβ − ṁevap − ṁice (6)

where hf and Vf are the height and velocity of the water film. The three terms on the right-
hand side account for the mass transfer by water droplet impingement, the mass transfer by
evaporation, and ice accretion.

The second partial differential equation is the conservation of energy:
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where the first three terms represent the energy transfer by the impinging super-cooled water
droplets, evaporation, and ice accretion, and the last three terms correspond, respectively, to
the radiative, convective, and 1D conductive heat fluxes that could be applied by an anti-icing
heater device.

The coefficients ρf , cf , Levap, cice, Lfus, σ, ε are physical properties of water and ice that are
adjustable in the user interface. The reference conditions T∞, V∞, LWC are airflow and droplet
parameters of the freestream.

Droplet simulation provides local values of the collection efficiency β, droplet energy ed, and
droplet impact velocity Vd. The local water collection efficiency can be determined using:

β = − α
−→
Vd.

−→n
(LWC∞)U∞

(8)

where α is the local liquid water content;
−→
Vd and −→n are the droplet impact velocity and the

surface normal vector; and LWC∞ and U∞ are the freestream liquid water content and velocity
of the droplets, respectively.

The evaporative mass flux mevap is recovered from the convective heat transfer coefficient
using a parametric model. Qanti−icing is the anti-icing heat flux for wet air calculations, hf
and Tf are the film thickness and the equilibrium temperature at the air/water film/ice/wall
interface, and mice is the instantaneous mass accumulation of ice.

3 RESULTS AND DISCUSSIONS

In this section, first, a validation for water impingement and ice accretion is implemented,
and in the following, the ice accretion is studied in an IPS device. For water impingement, the
Eulerian-Eulerian approach is implemented. The numerical simulations were carried out using
the turbulence method of RANS by the Spalart-Allmaras model in ANSYS Fluent.
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3.1 Ice accretion validation

For the validation purpose, a simple case of a cylinder with a diameter of 38.1mm is selected.
The experimental results for this case are presented by Koss [8]. A mesh sensitivity analysis is
performed, and as shown in figure 1, a structured mesh of around 200K control volumes (CVs) is
implemented. The mesh is refined adequately around the cylinder to maintain better precision
in the results. The Reynolds number of inlet flow is in the range of 2 million. The ice condition
is listed in the table 1.

Table 1: Simulation conditions for ice accretion on the cylinder

U∞(m/s) T (K) LWC(g/m3) MVD (µm) t(s)

30 269.15 0.4 50 600

Figure 2 shows the water collection coefficient on the cylinder. Due to the high inertia of the
water droplets, it is challenging to change their trajectory, resulting in most droplets impacting
the leading edge of the cylinder, where β becomes significantly large. Figure 3 shows the ice
profile comparison of the numerical simulation with the experimental data, which presents a
good agreement between them. The results demonstrate the accuracy and capability of the
current model, which can be implemented for more complex geometry.

Figure 1: Structured mesh used for the simulation of ice accretion on the cylinder.

3.2 IPS water impingement and ice accretion

For IPS, the OSG-1 geometry of Barone et al. [2] with the scavenge mass flow fraction of 0.16
is selected. The width of the geometry is set to 0.2m. Figure 4 represents a general geometric
model of an IPS, showing the inlet, scavenge and core outlets, and three different walls: shroud,
hub, and splitter. As shown in figure 5, a structured mesh refined especially close to the walls and
in the curvatures is used. The simulation condition is listed in table 2. The Reynolds number
of the IPS based on the characteristic length of 0.068m is around 500K. The inlet pressure is
set to atmospheric pressure (101.325 kPa), while the mass flow rates are specified for both the
core and scavenge outlets.

Figure 6 shows the local water collection coefficient distribution, β, for three different walls
of the IPS: shroud, hub, and splitter. The reason behind the water accumulation in the bent
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Figure 2: Contour of the water collection coef-
ficient on the cylinder.
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Figure 3: Comparison of the accumulated ice
profile with the experimental data.

Figure 4: Geometric model of the IPS [5].

Table 2: Simulation conditions for ice accretion on the IPS

U∞(m/s) T (K) LWC(g/m3) MVD (µm) t(s)

90 253.15 2 20 360

surface of the shroud is as super-cooled water droplets enter the IPS, they gradually accelerate to
their peak velocity before passing through the throat, where the curvature is most pronounced.
Due to their high inertia, these high-speed droplets cannot change direction as quickly as the
surrounding airflow. Consequently, they deviate from the air stream and impact the wall inde-
pendently. As a result, the IPS effectively reduces the amount of water entering the core flow
path by capturing it on the inner walls.

The ice profiles for these three walls of the IPS are shown in figure 7 within an icing time of
6 min. The ice generated on these surfaces will change the internal geometry of the IPS, and as
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Figure 5: Structured mesh generated for the simulation of the IPS.
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Figure 6: Local water collection coefficient distribution on different walls of the IPS.

a result, the ability of the IPS to navigate the FOD to the scavenge outlet will change. The wall
collision coefficient will change accordingly as the ice material differs from the walls. Due to the
accumulated ice in the shroud, the efficiency of the IPS is expected to decrease. However, the
numerical value of separation efficiency is under implementation for a comprehensive conclusion
of this phenomenon.

4 CONCLUSIONS

This work investigated the numerical simulation of water impingement and ice accretion inside
an IPS device. The 3D RANS turbulence model is implemented through ANSYS Fluent software
for the numerical simulation. The benchmark case of Koss [8] was chosen as a validation test
case of a cylinder for the ice accretion numerical simulation. Numerical results on the ice profile
of the cylinder benchmark case were in good agreement with the experimental data. The results
of the water impingement and the ice accretion of the IPS indicate the critical area to consider
for the separation efficiency. As the accumulated ice in the shroud wall is narrowing the scavenge
outlet entrance, it prevents the particles from erasing correctly from the scavenge outlet, and as
a result, the separation efficiency of the IPS will decrease. The effect of LWC, MVD, incoming
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Figure 7: 2D ice shape on different walls of the IPS.

velocity, and temperature on ice accretion inside the IPS is under implementation. Further
analyses of the effect of ice accretion on the airflow field and separation efficiency value of the
IPS will be investigated.
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