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Abstract

Two-phase gas-particle flow through two, mov-
ing and immovable, cascades of airfoils (blades)
is studied numerically. The carrier gas is treated
as a continuum. Its flow is considered as
two-dimentional and described by the Navier–
Stokes equations (pseudo-DNS approach) and
the Reynolds averaged Navier–Stokes equations
(unsteady RANS approach) with the Menter k−
ω SST turbulence model. The governing equa-
tions in both cases are solved by CFD-methods.
The dispersed phase is treated as a discrete set
of a large number of solid particles. The La-
grangian method for collisionless particle phase
or the direct simulation Monte Carlo (DSMC)
method for flow with inter-particle collisions is
used in computational simulation. The effects
of gas-particle interaction, particle size distri-
bution, particle scattering in particle-blade col-
lisions, and inter-particle collisions are investi-
gated separately and in combination.

1 Introduction

Aircraft engines are not designed for operating
in a dusty environment but military aircrafts can
often take off, fly and land in an atmosphere con-
taining dust or sand. Civilian aircrafts can also
travel through a cloud of volcanic ash. In all these
cases, engines ingest suspended solid particles,
which exert a negative effect on engine perfor-

mance. Dispersed particles in a high-speed inlet
flow, being more inertial than the carrier gas, col-
lide with blades of fan, compressor and turbine
resulting in their abrasive erosion. Particles may
also deposit on hot surfaces of turbine compo-
nents and nozzle, blockage cooling passages etc.
These and some other phenomena are described
and discussed in recent reviews [1, 2].

The problem of quantitative prediction of par-
ticle effect on engine operation and its lifetime
is multi-physical and very complex. It has been
the focus of attention of researchers for the last
40 years. Modelling and simulation of dusty
gas flow through compressor and turbine rows of
blades are the most important parts of the whole
problem. Strictly speaking, such a flow is time-
dependent and three-dimensional, however many
key flow features in the sequential rows can be
studied using a 2D flow model in the plane rep-
resenting a developed mean-circle cross section.
This approach is well known as the 2D theory of
cascade flow.

The main aim of the present study was to
clarify the role of different random by nature
phenomena in redistribution of particles in the
flow. The following effects were taken into ac-
count: the particle size distribution, the particle
scattering in particle blade collisions due to non-
spherical particle shape, and collisions between
the particles. We consider 2D flow model for the
carrier gas to be preferable for this purpose, be-
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cause taking into account three-dimensional ef-
fects has a negligible influence on particles mo-
tion [3], and makes relevance analysis unduly dif-
ficult.

Although the 2D carrier gas flow model was
used, the motion of particles was considered in
3D formulation.

In the present paper, the carrier gas and
particle-phase flow models are described very
briefly with references to the original papers and
particular attention is paid to computational re-
sults and discussion.

2 Arrangement of Cascades, Flow Scheme
and Parameters

We consider a two-phase gas-particle flow
through a set of two cascades of airfoils (blades)
as shown in Fig. 1. The first cascade (rotor)
moves at constant velocity Vr in the direction nor-
mal to an undisturbed flow, and the second cas-
cade (stator) is fixed. Both cascades have the
same pitch s. The rotor blades are set at the an-
gle β. In the computational simulation, a particle
cloud of finite width h is considered to visualize
the particle-phase flow.

Fig. 1. Arrangement of cascades and schematic of
flow.

We consider a two-phase flow as one-way
coupled, taking account of gas-particle interac-
tion in simulation of particles motion, and ignor-
ing the reverse effect of the dispersed phase on
the carrier gas flow. In this case, the complex gas-
particle flow problem is splitted into two sequen-
tial steps: modelling of the carrier gas flow, and
calculation of the particles motion in the prede-
termined gas flow field. Although the gas flow is
two-dimensional, the motion of every particle is
considered as three-dimensional because 3D ef-

fects are important for the inter-particle collisions
and scattering of particles in particle-blade colli-
sions.

Parameters of the cascades and flow proper-
ties in calculations were taken close to typical for
an inlet compressor of a turbojet engine. The air-
foil chord l was 10 cm, the cascade pitch s was
7 cm, and the angle β was 45◦. The NACA0012
profile was used for both rotor and stator blades.
In gas flow calculations, the inlet velocity ranged
from the value corresponding to zero velocity in
undisturbed flow to the value corresponding to
cruise flight (V∞ = 200 m/s). The rotor cascade
velocity Vr was 150 m/s. The carrier gas was air.
The particle material was silicon dioxide.

3 Modelling of the Carrier Gas Flow

The flow through cascades is usually turbulent.
In the present study, two models were used for
simulation of the carrier gas flow: the complete
Navier–Stokes equations (that corresponds to the
pseudo-DNS approach because the flow was con-
sidered as 2D, and the grid was too coarse for
high resolution of fine turbulent flow structure),
and the unsteady Reynolds averaged Navier–
Stokes equations (URANS approach) with the
Menter k−ω SST turbulence model. These car-
rier gas flow models and CFD-simulation tech-
nique are described in detail in papers [3, 4, 5]
and not given here.

It should be noted that the URANS approach
results in averaged in time gas flow field. How-
ever, in multiphase flow not averaged but ac-
tual gas flow parameters determine the interphase
interaction and, hence, the disperse phase be-
haviour. Simulation of the carrier gas flow on the
basis of the Navier–Stokes equations gives more
detailed flow structure than the RANS equations
(even on a coarse grid), which is important for
calculation of particles motion. The carrier gas
flow structure is visualized in Fig. 2 by the en-
tropy function fields (S = p/ργ) and by the pat-
terns of massless markers. It is seen that rather
complex vortex structure of the flow (left) is
blurred when simulated using the URANS ap-
proach (right).
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(a)

(b)

(c)

(d)

Fig. 2. Instantaneous fields of entropy function S = p/ργ (a, c) and corresponding patterns of marker cloud (b, d)
obtained using the Navier–Stokes flow model (left) and the k−ω SST turbulence model (right) for the flows with
inlet velocity of 100 m/s (a, b) and 200 m/s (c, d).

4 Modelling of the Particle-Phase Flow

The motion of particles is governed by the gas-
particle interaction, particle-blade collisions and
inter-particle collisions.

The gas-particle interaction model includes
the drag force, the lift Magnus force and the
torque. These factors dominate over all other
force components in the flow under considera-
tion. The last two are significant for rapidly ro-
tating particles, for example, after particle-blade
collision. A detailed description of the gas-
particle interaction model is given in [3, 4, 5].

Dynamic sensitivity of a particle to the fine
structure of the carrier gas flow depends on its

relative inertia described by the Stokes number
Stk = ρpd2

pV∞/(18µ∞l) which is defined as the ra-
tio of the particle dynamic relaxation length (us-
ing the Stokes law for a particle drag force) to the
flow characteristic length l. In calculations, we
ranged particle size from 10 to 40 µm, thus the
Stokes number for monodisperse particles ranged
from 0.85 (dp = 10 µm, V∞ = 100 m/s) to 27.28
(dp = 40 µm, V∞ = 200 m/s).

Since real particles are distributed in size,
their behaviour in the carrier gas field is differ-
ent. This results in particles redistribution in the
flow. In calculations, the log-normal law with rel-
atively small standard deviation σ = ln1.2 was
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taken for the particle size distribution and the
most probable size rm ranged from 10 to 40 µm
(see Fig. 3).

rm = 10 µm

rm = 40 µm

σ = ln1.2

Fig. 3. Log-normal particle size distribution.

Being more inertial than the carrier gas, parti-
cles do not follow the streamlines and can collide
with blades and rebound (reflect) from them.

We consider particle-blade collision as non-
sliding and only partly elastic. In classical two-
phase flow theory particles are assumed to have
a spherical shape. The deterministic semiempiri-
cal particle-wall collision model [6] was applied
for spherical particles. However, real particles
(sand, ash, etc.) are not spherical, and because of
this they are scattered in particle-wall collisions.
We took ellipsoid of revolution and prism with
cut vertices (see Fig. 4) as non-spherical particle
shapes. The stochastic three-dimensional model
[7] was used in simulation of particle-blade col-
lisions for these particles.

The reflected particles can collide with the in-
cident ones. These collisions, being random in
nature, result in chaotic motion of the involved
particles. A kinetic model of particle-phase flow
with inter-particle collisions was proposed in [8].
It is based on considering the carrier gas as a con-
tinuum and the dispersed phase as a set of a large
number of particles. The particle-phase flow is
considered as three-dimensional and described
by the kinetic Boltzmann equation generalized
for the case when particles interact with the car-
rier gas and the particle-particle collisions are in-
elastic and frictional. The applicable DSMC al-
gorithm was developed in [9] and it was adapted

Fig. 4. Non-spherical particles used in simulation of
particle-wall collisions and their respective scattering
indicatrixes for collision angle of 15◦.

for the present problem in [5].
In collisionless disperse phase flow particles

move independently of each other, thus the La-
grangian trajectory approach was used.

5 Computational Results and Discussion

As an illustration of the considered effects, in-
stantaneous patterns of particle cloud are shown
for the flows with inlet velocity of 100 and 200
m/s with rather different structure of the carrier
gas flow (see Fig. 2).

The influence of the carrier gas flow struc-
ture on the disperse phase behaviour is shown
in Fig. 5. Particles are involved in large-scale
vortex motion, whereas the effect of small-scale
vortices is negligible due to inertia of particles.
As it was mentioned above, the Navier–Stokes
and URANS models result in different flow struc-
ture. This difference has reflection in particle-
phase motion and is rather significant in the case
of large-scale vortex flow (patterns a, b). Both
flow models give very close results in the case
of small-scale vortex wake (patterns c, d), be-
cause particle inertia makes inessential the flow
fluctuations of rather small size as compared to
the particle relaxation length. Hence, in mul-
tiphase flow simulations, only DNS or pseudo-
DNS approach results in correct pattern of dis-
perse phase flow when carrier gas flow structural
features are substantial in terms of particles in-
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(a)

(b)

(c)

(d)

Fig. 5. Instantaneous patterns of particle cloud obtained using the Navier–Stokes flow model (left) and the k−ω

SST turbulence model (right) for the flows with inlet velocity of 100 m/s (a, b) and 200 m/s (c, d), and spherical
particles of 10 µm (a, c) and 40 µm (b, d) in diameter.

ertia. Even through some averaged parameters
of disperse phase, such as particle concentration,
are of interest, DNS-like approach should be used
followed by a proper averaging procedure. Car-
rier gas flow model has no effect only when the
flow structural features are small enough.

Although calculations were performed using
the Navier–Stokes equations and the URANS ap-
proach with the Menter k− ω SST turbulence
model, the results for particles are given below
only for the Navier–Stokes flow model.

The effect of particle size distribution is
shown in Fig. 6. It is seen that polydisperse par-
ticle clouds are more blurred. Particles are redis-

tributed in carrier gas flow according to their size.
Even for relatively small size dispersion consid-
ered, the ratio of the largest particle Stokes num-
ber to minimum one exceeds 20, that explains the
obtained result.

The next essential factor which occurs in real
flows is the non-spherical shape of particles. The
effect of particle scattering in collisions with
blades is illustrated in Fig. 7 very impressively
when compared with Fig. 6. Upon a closer view,
this effect depends on particle size, or more ex-
actly on the particle Stokes number. It deserves
consideration that cloud patterns for ellipsoidal
and prismatic particles are too close, whereas
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(a)

(b)

(c)

(d)

Fig. 6. Instantaneous patterns of monodisperse (left) and polydisperse (right) particle cloud in the flows with inlet
velocity of 100 m/s (a, b) and 200 m/s (c, d), and spherical particles of 10 µm (a, c) and 40 µm (b, d) in diameter
(fixed or most probable).

corresponding scattering indicatrixes are signif-
icantly different (see Fig. 4). For one thing, the
particle scattering itself dominates over the par-
ticularities of the particle-wall collision. So, the
differences in scattering of particles due to their
shape or collision models have reflection in mi-
nor features of the particle-phase flow.

Both the particle size distribution and the
scattering of non-spherical particles in collisions
with blades are very important. These effects re-
sult in blurring of narrow layers with high parti-
cle concentration which arise in classical deter-
ministic models of two-phase flow with spheri-
cal particles of the same size. On the one hand,

such layers have been the focus of interest as po-
tential cause of intensive local erosion of blades,
but the obtained results show this problem to be
overstated. On the other hand, considering size
distribution of particles and their scattering in
collisions allows to extend the validity range of
the model of one-way coupled gas-particle flow
without inter-particle collisions. It is illustrated
by patterns of ellipsoidal particle clouds in Fig. 8
which are so close (compare left and right) with-
out reference to account of inter-particle colli-
sions.

Finally, the combined effect of particle size
distribution and scattering is shown in Fig. 9.
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(a)

(b)

(c)

(d)

Fig. 7. Instantaneous patterns of particle cloud for ellipsoids (left) and prisms (right) in the flows with inlet velocity
of 100 m/s (a, b) and 200 m/s (c, d), and particle size of 10 µm (a, c) and 40 µm (b, d).

6 Concluding Remarks

DNS-like carrier gas flow simulation is prefer-
able when the particle relaxation length is small
as compared to the linear scale of flow vortex
structure. All the investigated random effects
resulted in blurring of narrow layers with high
particle concentration (such layers always appear
in the case of mono-sized spherical particles).
It was found that the particle size distribution
and scattering of non-spherical particles play the
most important role in redistribution of particles
in the flow. The role of the particle-particle colli-
sions turned out to be not as important as it was
expected from estimations obtained for dusty gas
flow over a forward part of a blunt body [10]. In

simulation of particle motion, three-dimensional
effects are important in particle scattering, colli-
sions between particles, and also in some other
cases [11], but they have very low effect on the
particle flow structure in the plane of cascades.
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