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ABSTRACT
Solid particles ingestion is a severe problem for gas turbines. In the aero-propulsion field
the main problems related to this phenomenon occur on the hot sections of the machinery.
Impinging particles can stick or erode the blade material. The deposition on the turbine
blades is the main issue among the two and the clogging of cooling holes can even speed
up this process rising the blade surface temperature. An higher temperature affects neg-
atively the deposition problems, increasing particle stickiness.
In this paper an innovative approach to account for fouling and erosion effects on tur-
bine vanes is presented. An energetic model to predict the sticking probability is used
(EBFOG, from Energy Based FOulinG) and the erosion is evaluated through the model
proposed by Tabakoff. Geometry variation of blades subject to fouling are investigated by
means of a moving mesh technique which accounts for the boundary displacement of the
blade surface.
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NOMENCLATURE

A pre-exponential factor Greek symbols
c chord β1 Impingement angle
C1 activation energy - constant part β0 Maximum erosion angle
C2 universal constant of reduced temperature γ Diffusivity
g pitch
R coefficient of determination Subscripts
Sp sticking probability 0 total quantities
T∗ reference temperature p relative to particle
t throat n normal direction

INTRODUCTION
The reliability and the cleanliness of the flight corridors is a major request for ensuring safety

in flights and durability in engine life. Unfortunately Earth’s atmosphere, and in particular at
the civil aircraft cruise altitude, particles (e.g. sand and volcanic ash) are often present and
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their concentrations must be carefully monitored. Indeed, solid particles ingestion is a major
problem for aero-propulsion gas turbines. The consequences are abrasion and sticking to the
internal components of the engine potentially resulting in catastrophic events: particles, whether
volcanic ash, dust or sand, are a critical risk to aviation safety. For more extensive analyses see
Rose (1987), Dunn (2012).

While the effect of sand and dust have been analysed diffusely in the literature, see for
example Grant and Tabakoff (1975) , Walsh et al. (2006) or Delimont et al. (2015), the volcanic
ash deposition has not been investigated so far. Despite the dramatic consequences its presence
can have, only in the last few years, systematic studies of the phenomenon (boosted by the
eruption of the Eyjafjallajökull in 2010) towards this topic arose. Recent studies conducted by
Song et al. (2016) show how inadequate is the usage of outdated test with sand for predicting
the behaviour of the volcanic ash. In the latter article on of the first attempts in characterising
the rheology and the behaviour of the volcanic ash in melting conditions is carried out. The
influence of the heating rate is stressed, but the conditions tested are still far from an actual
turbine.

Either the compressor, the combustor and the turbines are affected by this phenomenon. In
this work the focus is on the turbine part of the engine. For the compression system an extensive
analysis can be found in or Suman et al. (2017) and Suman et al. (2015b). Consequences on the
fuel injectors and in general on the combustor performance can befound in Dunn (2012).

Particles sticking on the first stage nozzle of the high pressure turbine result in an increase in
aerofoil thickness and roughness. The uncontrolled modification of blade shape and roughness
invariably brings about an increase in loss. The deposits can also clog cooling holes leading to
the rise of the blade surface temperature. In the most severe cases, as pointed out by Ogiriki
et al. (2015), this leads to a reduction in life due thermal stresses, local overheating and creep. In
some cases, the increased boundary layer displacement thickness due to the increased roughness
and uncontrolled change in shape and the build-up of the deposit can cause a reduction in
passage area of the turbine vane and hence in the turbine capacity. This, in turn, can push the
compression system beyond its stability limit, making the risk of surge highly likely.

Currently two main approaches for the prediction of the sticking are available in the lit-
erature: the first one predicts particles sticking through a deterministic approach, whereas the
second method approaches the phenomenon under a stochastic perspective. Three categories of
model belongs to the former approach. The first one is the critical velocity model, where the
sticking happens if the velocity is below a material-and-temperature-dependent threshold (see
for example Barker et al., 2013). On the other hand, in the second category threshold is imposed
on the temperature, like in Song et al. (2016). In the last model by the threshold temperature,
above which particle sticks independently on its velocity, it is related to the heating rate of the
particle. Lastly, methods that belongs to the deterministic ones are like the one proposed by
Kleinhans et al. (2016), where an energy balance on the particle is carried out. The possible
remaining energy after the impact-due deformation is the responsible for particle rebound, oth-
erwise if the impact dissipates all the kinetic and thermal energy of the particle, this sticks to
the surface.

On the other hand, the stochastic perspective aims to define a sticking probability that is
the likelihood a particle have to stick to a surface. This is a very common model used in the
literature and an example is Singh and Tafti (2015). In the model reported by Singh and Tafti
(2015), the sticking probability is thought to depend on the ratio between particle viscosity at
its own temperature and viscosity it would have at the softening point.
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The usage of the first method implies a deterministic modelling of the physics of the prob-
lem. Besides the characteristics of the particle at the impact, the chemical composition and the
particle history must be known: for instance, in the model formalised by Song et al. (2016), the
heating rate of the particle is a fundamental parameter for the prediction of the sticking. Sel-
dom is possible to obtain precisely these quantities, unless to simulate the trajectory through the
whole engine. During the ingestion of a cloud, the chemical composition can vary in a relative
wide range, as shown by the work of Taylor and Lichte (1980). Particularly, the physical and
chemical composition of the ash varies with the distance from the volcano. Furthermore the
heating rate depends very closely on the particle trajectory through the combustor, especially if
the particle pass through the flame. This method, even if very promising, needs further studies
to be applied in a reliable manner.

In this work the EBFOG model, formalized by the authors and reported in Casari et al.
(2017) (an energy based sticking model that foresee a sticking coefficient) is used to overcome
the issues of the above mentioned methods. The model is based on the extrapolation of the
sticking probability from experimental tests made on the same material encountered by the
plane. Considering the probabilistic rather than the deterministic approach, the model can be
considered more general and requires less information with respect to the latter approach.

The erosion of hot section components is very dangerous as well, leading to the permanent
loss of the material and to the irreparable change in the aerofoil. The main consequences of
this problem are: increase in the tip clearances and blade surface roughness and change in the
blade shape, especially in the leading and trailing edges. The outcome of this process is the
permanent deterioration in turbine performance and increased repair and maintenance costs.
For more detailed explanations and analysis see, for example, Hamed and Kuhn (1995).

In this work a numerical study of the consequence of the aircraft entrance in a volcanic ash
cloud is realized. The high pressure turbine nozzle is considered as the most critic component
of the whole engine in case of particles ingestion (as above mentioned). The geometry variation
of both transonic and subsonic vanes subject to fouling and erosion is investigated by means of
a moving mesh technique which accounts for the boundary displacement of the blade surface.
The flow field, particle tracking and boundary accretion are obtained through an open-source
CFD code (OpenFOAMr- 3.0.0). The methodology here reported it is useful to gain insight in
the area which are affected the most by the ingestion of contaminants and to better identify the
contributions of erosion and deposition on the final shape of the aerofoil.

METHODOLOGY
The procedure to compute particles effect on the vane shape and thus on the turbomachinery

performance follows the outline in Figure 1. Firstly, the CFD transient solver evaluates the
flow field in the absence a solid phase. Once convergence is achieved, the flow is seeded with
particles. These particles are tracked and the boundaries of the domain (blade) are updated.
Then the undisturbed flow field is evaluated with the new geometry, in order to evaluate the
differences in the performances.

When a particle hits the blade surface the EBFOG evaluates its sticking probability. The
reader is referred to paragraph Particle impact for a brief description of the model, or to Casari
et al. (2017) for the complete derivation. If the particle sticks to the surface, a mass balance
is performed on the foulant deposit to determine its growth in thickness and the geometry is
modified accordingly. The modification of the boundary it is hence done for every particle
impact, thus the check for impacts is done for every time step. If no impact has occurred in the
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actual time step, the boundary is not changed. Since, to the authors’ knowledge, no extensive
work has been done on the variation of the roughness with the accretion of the build-up, in the
present work the blade is considered to be hydraulically smooth. This way of treating the walls
is the same in case of clean blade or fouled one: no added (or reduced) roughness is involved in
the deposition and erosion process).

The particle deposition in the nozzle of the first stage of an high pressure turbine, has been
investigated and simulated. The airfoils investigated are the VKI - LS89 profile (see Arts et al.,
1990) and the GE - E3 (see Davis and Stearns, 1985).

CFD of the undisturbed flow field
Computational grid
The undisturbed flow field has been calculated using the opensource CFD software Open-

FOAM rv-3.0.0. The base mesh used for this work is a 2D mesh of the midspan profile. The
mesh was realized used the utility snappyHexMesh provided with OpenFOAMr. The utility
allows for the realisation of a hexahedra - dominated cut cell computational grid (further details
can be found in Ingram et al., 2003). The quality of the grid obtained with this method is fairly
high for the solver requirement. Two pitches have been considered in the realisation of the GE
- E3 computational grid and three in the case of the LS-89. The meshes used can be found in
Figure 2. Meshes are composed of roughly 180,000 elements for the LS89 case and of 200,000
for the E3. The element number has been chosen after a grid sensitivity analysis. The compu-
tational domain extend for 1.5 chords upstream and 3 chords downstream in order not to have
reflections that could influence the solution. The average y+ reached is 30, given by an average
thickness of the first (out of three) layers of roughly 50 µm.

Boundary conditions
The boundary conditions used for obtaining the flow field are reported in Table 1. The

conditions for the E3 have been taken from the design data reported in Thulin et al. (1982). The
ones for the LS-89 are assumed since the technical report Arts et al. (1990) provide experimental
data only for conditions which are far from the common aeronautics use.

Numerical solver
The CFD computation of the flow field has been run using the sonicFoam solver of Open-

FOAM r. This solver is a pressure-based transient solver which uses a PISO method for
handling the coupling of implicitly discretized time dependent equations. For a detailed de-

Figure 1: Outline of the procedure
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Quantity LS - 89 GE - E3

p0 1,493,500 Pa 1,324,600 Pa
T0 1700 K 1634 K
Turbulence intensity 1 % 5 %

Inlet

Turbulence mixing length 0.0004 m 0.00174 m
Wall T 1100 K 1100 K
Outlet p 580,000 Pa 754,000 Pa

Table 1: Boundary conditions for the computation of the undisturbed flow field

scription of the numerical scheme and its implementation the reader can refer to Marcantoni
et al. (2012). In both cases the Crank-Nicolson method was used for the time discretization.
The boundary conditions used for the calculation are reported in Table 1.

Particle seeding and tracking method
Once the convergence of the flow field is achieved particles are seeded at the inlet of the

domain. The seeding happens in a random manner. The particles size distribution was chosen
according to the observation made by Taltavull et al. (2016): the maximum diameter injected is
30 µm. An uniform distribution has been chosen between the diameters of 1 µm and 30 µm.
The mass flow rate of particulate injected is 1.67 10−5 kg/s in the case of LS89 and 0.45 10−5

kg/s for the E3. The characteristic in terms of chemical composition are reported in Taltavull
et al. (2016).

Since even in the most dramatic cases of particles ingestion the volumetric fraction between
particles and flow is well below 0.6, the Eulerian-Lagrangian approach is used in this work
(see Elghobashi, 1994 for a more extensive analysis). This approach, although computationally
demanding, allows to a precise prediction of the particle trajectory. The drawback of this method
is that a force balance must be solved for every single particle to obtain the particle acceleration
and thus its motion. For a detailed analysis of the lagrangian terms the reader can refer to Suman
et al. (2015a). In this work , since the particle diameter is always greater than 1 µm, the only
force considered is the drag force. This assumption is justified in Wenglarz and Cohn (1983)
and Rispoli et al. (2015).

Furthermore, being the volumetric concentration lower than 0.2, the one-way approach is

(a) Mesh for the GE-E3 HPT vane (b) Mesh for the LS-89 VKI vane

Figure 2: 2D Mesh particulars
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chosen. In this framework, the flow field affects (obviously) the particles movement, but not
vice-versa.

The focus of this work is the direct effect of the ingestion of a volcanic ash on the shape of
the HPT nozzle. For this reason it is assumed that the concentration of the cloud encountered
by the aircraft pass entirely in the core flow. This assumption does not represent the physics
of the problem since a considerably high fraction of the foulant agent would be centrifuged
towards the by-pass flow. Nevertheless this condition implies more detrimental effects on the
components, and so it is considered suitable for the purposes of this work. This condition
is a common assumption when dealing with this kind of problem, and it is also used for the
realisation of the ’Safe-to-Fly’ chart by Rolls-Royce (see for example Clarkson et al., 2016).

Particle impact and mesh deformation
Particle impact
When a particle hits a surface, the EBFOG model evaluates its sticking probability, Sp. The

kinetic energy of the particle, its surface and its composition are kept into account. Basically
this model solves Eqn. 1, predicting the likelihood a particle has to stick to a surface. In Eqn. 1,
A and C1 are material dependent constants, so the material which constitutes the cloud must be
known a priori. The derivation of their value is based on experimental data for the prediction
of the sticking probability (further details can be found in Casari et al., 2017).

Sp = Ae
− C1

1
2mpv

2
p,n(1+C2

T
T∗ ) (1)

The sticking or the erosion capability of a particle depends on the value of this index: the
decision is made using a Metropolis-Hastings algorithm. This procedure generates a pseudo
random number belonging to range [0,1] to be compared with the value of Sp.

If Sp is greater than the threshold randomly generated the sticking process takes place.
The displacement of the boundary has been implemented in such a way than particle mass is
conserved. Whatever the impinging angle, the growth of the blade occurs always in the normal-
to-the-surface direction.

If Sp is less than the randomly generated threshold the sticking process does not happen and
the particle erodes the metal. Whatever the impinging angle, the erosion of the blade occurs
always in the normal-to-the-surface direction. The amount of the displacement of the mesh face
which has been hit by the particle is calculated according to the model proposed by Tabakoff
et al. (1990). The ratio of the mass of eroded material to the mass of the impinging particle, ε,
is predicted by Eqn. 2

ε = K1

{
1 + Ck

[
K12sin

(
90

β0
β1

)]}2

V 2
1 cos

2β1
[
1−R2

t

]
+K3 (V1sinβ1)

4 (2)

Where, for fly ash particles impinging on steel (the coefficient used in this article), K1 =
1.505101 × 10−6, K12 = 0.296077 and K3 = 5.0 × 10−12. CK is a parameter whose value
depends on β1 (impingement angle) and β0 (angle of maximum erosion) as follows.

Ck =

{
1 if β1 ≤ 2β0

0 if β1 > 2β0
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Eventually Rt = 1− V1sinβ1. The trajectories of the particles after the rebound if, erosion
take place, are evaluated through the relations provided in by Tabakoff and Malak (1985). These
empirical correlations are strongly material dependent and the equations for fly ash umpacting
a 410 stainless steel have been implemented.

If the impact happens on the already formed deposit, this is eroded as if it was part of the
blade. It must be remarked here that the same coefficients have been used for the erosion of the
deposited layer since, to the authors’ knowledge, no correlation is available for the erosion of
the deposited substrate. This is a strong assumption since it is known that the surface becomes
sticky if a deposit is formed. By the way the stickiness of the surface is even a function of
the time since several works are reported in the literature regarding the crystallization of the
deposit, for instance Nowok et al. (1993) and Oh et al. (1995).

Mesh deformation
The effect of the deformed boundaries, due to erosion and deposition, is evaluated run-

ning the CFD simulations after the tracking of a certain amount of particles on the undisturbed
flow field. The effect the particles have on the walls is accounted for through the updating of
the mesh. For quality requirement reasons, the movement of the boundaries is followed by a
smoothing of the displacement on the internals point. The displacement of internal nodes is
imposed solving a Laplace smoothing equation with constant diffusivity γ, as reported in Eqn.
3.

∇ · (γ∇ẋ) = 0 in D (3)

Where ẋ is the mesh deformation velocity. The Laplace smoothing equation does not allow
to take into account the coupling of the components of the motion vector due to rotation. This
coupled motion can be handled by the pseudo-solid solver provided with the OpenFOAMr.

Results
LS 89
The flow field resulting for the LS89 under the imposed boundary conditions is reported in

Figure 3a. Being the duct simply convergent, the throat section of the nozzle, labelled with the
letter t, is at the very end of the vane. It is clearly visible that the flow is chocked. On the right
hand side ( Figure 3b), the isentropic Mach number distribution along the suction (darker) and
pressure (lighter) side of the blade is reported. The simulation of the ingestion has been run to
simulate one physical second of ingestion time.

Using the above mentioned models, the resulting deposition is located in the nearby of
the leading and trailing edges as reported in Figure 4. In this figure the normal-to-the surface
displacement along the blade is unwrapped. The negative displacement is index of deposition,
whereas if the displacement is positive it is related to erosion. The thinner lines represent the
actual result of the CFD calculation whereas the thick line is an average of the former one.
This result is remarkably similar to the one found by Webb (2011) investigating the fly ash
deposition. This is the main consequence of the ingestion of the volcanic cloud together with
an erosion of the pressure side (especially in the trailing edge region). From Figure 4, it is well
clear that one of the area most prone to deposition is the throat section. It is well known, see for
example Wenglarz and Fox Jr (1990), that the deposition in this section is likely to have the most
significant consequences, since it reduces the total mass flow through the turbine. Furthermore
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(a) Clean vane Mach distribution (b) Isentropic Mach along the clean LS 89 vane

Figure 3: Results for the flow field without particulate

Figure 4: New blade profile after 1 s of exposure to 250 mg/m3 contaminated air(thick line
is the average displacement)

the aerofoil aerodynamic performance also is degraded most by deposit build-up on trailing
edge regions. In this case both the effects occur simultaneously. Although the effect on the
following rotor blades aerodynamics has not been investigated in this article, a major drop in
their performance is reasonably expected.

The linear average rate of accretion of the build-up over the first second of contaminated air
ingestion can be derived from Figure 5. In Figure 5, the wall displacement (deposit/erosion)
normalised with respect to the length of the vane (span) is reported. Being the case a 2-D
analysis, the results are reported as a displacement (mdisp) per unit length (mspan). The growth
of the deposit follows a trend that is quite linear. A linear regression for this behaviour gives
R2=0.99. The linear assumption for the reduction of the 2-D throat section is therefore reason-
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Figure 5: Displacement of the wall for the LS-89 vane over the first second of exposure to
250 mg/m3 contaminated air

able. For what concerns the erosion it can be seen that the rate of material ablation is rather
constant (slope of the interpolating line). Here again the assumption of eroded material pro-
portional with the time (in the 2D case, over the first second of ingestion) is acceptable (R2

= 0.94). The rate of erosion and deposition are respectively 1.75x10−2 mdisp m−1
spans−1 and

1.57x10−2mdispm−1
spans−1.

GE - E3

The results of the simulation for the GE - E3 under the imposed boundary conditions is
reported in Figure 6a. The throat section of the nozzle, labelled with the letter t, is in the nearby
of the end of the vane ( the duct is convergent - divergent). In this case in the throat section the
flow is subsonic and thus the duct is not in chocking conditions. On the right hand side ( Figure
6b), the isentropic Mach number distribution along pressure and suction side of the blade is
plotted. In order to compare the results of this case with the former ones, the simulation of the
ingestion has been run to simulate one physical second of ingestion time.

(a) Clean vane Mach distribution (b) Isentropic Mach along the clean EEE vane

Figure 6: Results for the flow field without particulate
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Figure 7: Displacement of the wall for the E3 vane over the first second of exposure to 250
mg/m3 contaminated air

In Figure 7 the build-up over the first second of contaminated air ingestion is reported. In
analogy with the former case, a roughly constant rate of accretion can be derived, since the
trend is linear ( linear regression for this behaviour gives R2=0.99). The wall displacement
(deposit/erosion) normalised with respect to the length of the vane (span) is reported. Being the
case a 2-D analysis, the results are reported as a displacement (mdisp) per unit length (mspan).
Therefore, the linear assumption for the reduction of the 2-D throat section is quite reasonable.
For what concerns erosion it can be seen that the rate of material ablation is rather constant
(slope of the interpolating line). Here again the assumption of eroded material proportional
with the time (in the 2D case, over the first second of ingestion) is acceptable (R2=0.99). The
rate of erosion and deposition are respectively 6x10−3 mdisp m−1

span s−1 and 6.6x10−3 mdisp m−1
span

s−1.
It can be seen form Figure 8 how the throat section is subject to deposition. In parallel with

the treatise for the LS89 case, fig. 4, in this figure the unwrapped blade with deposition and
erosion is reported. The convention on the sign is the same of Figure 4 (negative displacements
mean deposition and positive ones stand for erosion). This result shows an average behaviour of
deposition on the pressure side of the blade from the leading edge up to the throat section where
the deposition has its peak. Moving downwards along the vane, a peak of erosion is detected
and the trailing edge area seems not to be affected by the particle impingement. This overall
behaviour is the same found by Webb et al. (2013) on the same geometry but with different
test conditions. In that work, coal fly ash deposition is experimentally investigated and massive
deposition is found up to the throat section. After that point no deposition is reported.

Conclusion
In this work the consequences of the ingestion of a volcanic ash cloud with a concentration

of 250 mg m−3 on the nozzle of two modern high pressure turbine is investigated. This concen-
tration could be representative of a very dense volcanic ash cloud. The methodology reported
in this work is useful to gain insight in the area of maximum erosion/deposition and where the
aerofoil is affected the most.
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Figure 8: New blade profile after 1 s of exposure to 250 mg/m3 contaminated air (thick line
is the average displacement)

The consequences of a flight through such a kind of cloud are both erosion and deposition,
even if the deposition is the major effect. This trend appears in both cases of transonic and
subsonic vane, even if in the transonic case the prevailing of deposition is more accentuate. The
absolute location of the deposit is different in the two cases: in the LS-89 vane the pressure side
in the nearby of the trailing edge experiences the highest deposition rate whereas in the second
case the trailing edge is eroded.

In both cases the deposition has its peak in the throat section. This remark enforces the need
of monitoring the evolution and the rate of accretion of the throat section.
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