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Abstract

Airborne particles, such as dust and volcanic ash, pose a serious hazard to aircraft in flight due to their potential to
cause erosion damage to engine components. It is crucial to anticipate and address the impact of erosion wear on
engine performance and safety. This study aims to enhance our understanding of how volcanic ash particles behave
when ingested through a high bypass turbofan engine (HBTFE) and assess the development of erosion wear in the
front components. The effects of four different ash samples are assessed in various scenarios of encountering vol-
canic ash during cruise flight conditions. First, the flow solution is obtained for all front components, including the
Pitot intake, spinner, fan, inlet guide vanes (IGVs), outlet guide vanes (OGVs), and connecting ducts. Based on the
flow data, the particle motion equations are solved step by step using an in-house trajectory and erosion code. This
latter adopts the Lagrangian approach, which incorporates a particle-eddy interaction model and includes proba-
bilistic descriptions for the release positions of particles, sizes, and restitution factors. The finite element method
(FEM) is used to track particles through the computational cells and determine impact positions and conditions. As
a result, the Pitot intake design seems to prevent many ash particles from reaching the fan blade beyond 80% of the
span. The fan blade leading edge (LE) exhibits extreme erosion on both sides. The blade’s pressure side (PS) displays
erosion spreading practically on the entirety of the surface, especially near the trailing edge (TE). In contrast, the
suction side (SS) has scattered erosion at lower rates. Furthermore, the rotor’s hub presents almost uniform erosion
patterns, whereas the shroud depicts scattered erosion. This large fan appears to function as a separator, expelling a
significant amount of ash particles through the secondary duct, thereby reducing the engine core’s susceptibility to
erosion. Out of the four volcanic ash samples, those from the Kelud and Etna volcanoes appear to cause the highest
hourly eroded mass, about twice as much as the samples from the Chaiten and Eyjafjallajokull volcanoes.

Nomenclature

AERD average erosion rate density (mg/s.mm?)
FPR fan pressure ratio

HBTFE high bypass turbofan engine
HEM hourly eroded mass (mg/hr)
IGV inlet guide vane

oGV outlet guide vane

LE leading edge

PS pressure side

SS suction side

TE trailing edge

A version of this paper first appeared at the 26th Conference of the International Society for Air Breathing (ISABE),
22-27 September 2024, Toulouse, France.
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Symbols

A area (m?)
chord (m)
drag coeflicient
Saffman lift coefficient
specific heat at a constant pressure (J/kg.K)
diameter of particle (m)
erosion rate density (mg/s.mm?)
force by mass (N/kg)
gravity (m/s?)
specific enthalpy (J/kg)
turbulence intensity level (%)
turbulent kinetic energy (m?/s?)
mass (kg)
mass flow rate (kg/s)
normal and tangential unit vectors
, N, rotational speed, design speed (rpm)

pressure (Pa)

radius (m)
Re, particle Reynolds number
Re, shear flow Reynolds number
T temperature (K)

por

o

ST OZ SIS0 TR
~1

t time (s)
% velocity vector (m/s)

Greek symbols

impact angle (deg)

local erosion rate (mg/g)

turbulence rate of dissipation (m*/s*)
local erosion rate (mg/g)

particle shape factor

density (kg/m?)

dynamic viscosity (kg/m.s)

blade speed of rotation (rad/s)

fluid rotation (s™")

tangential component (rad)

%@lzoipbe.mmmm

Subscripts

abs absolute

co corrected

f fluid

i inlet

0 outlet

p particle

r radial

rel relative

st standard atmosphere
0 tangential

t total

z axial

1,2 impact/rebound

https://doi.org/10.1017/aer.2024.62 Published online by Cambridge University Press


https://doi.org/10.1017/aer.2024.62

1452 Ghenaiet

1.0 Introduction

Gas turbine engines powering fixed or rotary-wing aircraft operate in various environments, ranging
from arctic to desert regions and volcanic areas. The front components of these engines are especially
vulnerable to erosion caused by airflows containing volcanic ash, dust, water droplets, and ice. As a
result, the blades deteriorate, leading to a decrease in engine thrust and an increase in fuel consumption
[1]. Particle ingestion happens at low and high altitudes. Low-altitude ingestion typically occurs during
high-power settings at takeoff or thrust reverser use [2]. High-altitude ingestion occurs during events
like dust storms or encounters with volcanic ash, which can lead to engine failure within minutes [3].
Since 1973, numerous volcanic ash encounter incidents have been reported [4]. Commercial aircraft
that unexpectedly encountered volcanic ash in flight and at airports [5], have experienced in-flight power
loss [6] and the melting of ash on hot sections [7-9]. The prolonged closure of European airspace after
the eruption of the Eyjafjallajokull volcano in Iceland in 2010 led to significant economic losses [10].
Following this event, the European Commission established a concentration limit of 4mg/m?, which led
to the creation of the Rolls-Royce ‘safe-to-fly’ chart [9, 11]. It has been suggested that ash concentration
exceeding 2mg/m* may pose safety risks [12]. Accordingly, a new approach proposed by Clarkson et al.
[11, 13] considers the dose of dust ingestion event as the product of exposure duration and concentration.

Abrasive impacts are known to cause significant erosion near the LE and the tip of compressor blades
[14]. Some experiments conducted by Batcho et al. [15] and Dunn et al. [16, 17] have noted that the
loss in performance is attributed to factors such as increased tip clearance, surface roughness, blunting
of the LE and shortening of the blade chord. Schmucker and Schaffler [18] found that even a 1% change
in tip clearance can result in a 2% reduction in mass flow and efficiency and a 7.5% decrease in surge
margin. Richardson and Smakula [19] examined a JT9D turbofan of extended service and identified that
the changes in blade profile, surface roughness and tip wear are the causes of high-pressure compressor
performance deterioration. Wulf et al. [20] observed that compressor blades developed a blunt leading
edge and increased surface roughness after 6,000-8,000 hours of operation. Balan and Tabakoff [21, 22]
investigated erosion damage in a NACA axial compressor and noted changes in the pressure rise coef-
ficient and efficiency due to erosion of the LE and blade tip. Ghenaiet et al. [23] tested a high-speed
axial fan stage that ingested sand particles at a concentration of 775mg/m? during nine hours. They have
reported a 7.1% decrease in efficiency and a 9.5% in pressure rise, while the surge margin dropped by
55% due to the blade blunting, chord reduction and increased tip clearance. Hergt et al. [24, 25] provided
detailed information on the effects of LE blunting in an eroded transonic fan blade.

The limited data obtained from experimental campaigns highlight the importance of combining them
with numerical tools to predict the particle trajectories and erosion in turbomachinery under various
operating conditions. Tabakoff and his team [26, 27] were the first to conduct numerical studies on par-
ticle trajectory and erosion in axial turbomachines using experimentally determined particle restitution
factors. Over the last decades, many studies have integrated 3D flows and physical effects into Eulerian-
Lagrangian models. In this context, Ghenaiet carried out numerical studies of erosion in axial and radial
configurations of fans [28, 29], compressors [30, 31] and turbines [32, 33]. In the first compression stage
of a low bypass mixed turbofan, Ghenaiet [30] simulated particle trajectories and erosion considering
a MIL-Spec sand with concentration ranging from 50 to 700mg/m®. As a result, erosion occurred at
the LE and end-walls of the IGVs, while in the diffuser erosion spread out across the blade. The rotor
erosion was mainly on the PS of the blade, with extreme erosion of the LE and TE added to blade tip
distortion. De-Giorgi et al. [34] examined how volcanic ash affected erosion damage in the NASA Rotor
67 and compared the deterioration of total pressure rise between the baseline and eroded blade. Saxena
et al. [35] detailed a CFD approach for tracking particles in a multi-stage axial compressor and illus-
trated radial centrifugation of large particles towards the casing. Vogel et al. [36] used a CFD package
to track volcanic ash particles of different sizes ingested into a simplified design engine under three
power conditions. Also, they analysed changes in particle size distribution within the core stream due to
centrifugation by the fan.
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According to the literature, the majority of research focused on compressors, turbines and occasion-
ally industrial fans. However, limited information is available on how volcanic ash particles are ingested
into HBTFEs and how the fan prevents larger particles from entering the engine core. Modern HBTFEs
equipped with large transonic fans operate at high peripheral speeds and generate high mass flow rates,
which portend significant erosion of front components due to abrasive particles carried by airflows.

The purpose of this research is to characterize the intricate flow and aerodynamic performance of a
transonic fan stage, as well as to investigate how volcanic ash particles behave as they enter the front
components of an HBTFE. Furthermore, the study aims to analyse the development of erosion of the
surfaces that come into contact with ash particles, such as the Pitot intake, spinner, fan blade, OGVs
discharging to the secondary nozzle, and IGVs leading to the engine core. The computations of particle
trajectory and erosion used the validated in-house PARTRAJ code [23] which served in previous studies
concerning turbomachinery erosion [28-33].

This paper is organised into eight sections, including an introduction. Section 2 outlines the HBTFE
model, front components geometry, and CAD models. Section 3 discusses the computational domain,
grid generation, boundary conditions, and solver settings, along with presenting the results of aerody-
namic performance and flow structures. Section 4 explores the theoretical aspects of particle trajectory,
Lagrangian tracking model including the random walk approach, and probabilistic models of particle
release positions, sizes and restitution factors. The same section details the solution procedure, boundary
conditions, and particle seeding distributions. Section 5 focuses on erosion modelling and character-
isation. Section 6 addresses the code structure and validation. Section 7 presents and discusses the
computed ash particles trajectories and describes their behaviour within the front components. Section 8
showcases erosion patterns, and presents in tables and graphs average erosion rates and material removal.
Finally, Section 9 summarises the main findings with conclusions.

2.0 Fan stage configuration

Current commercial aircraft are powered by HBTFEs, which rely on a large fan as an essential compo-
nent to achieve the overall engine performance. This fan is characterised by a low aspect ratio and highly
loaded thin blades of transonic velocities. The studied components are from an old CF6-80A engine,
with typical cruise flight operating parameters listed in Table 1, adapted from [37]. The rotor consists of
38 highly twisted transonic blades (Fig. 1(a)) made from titanium. A splitter located downstream of the
fan rotor directs the majority of the air flow to discharge through the bypass duct via 80 OGVs, while
the lower sections of the fan rotor are connected to the core of the engine through 78 IGVs, as illustrated
in Fig. 1(b). The determination of the geometry of the fan blade and vanes used an optical scanning
machine. The CAD models are shown in Fig. 2(a) for the rotor and in Fig. 2(b) for the complete fan
stage. Detailed geometric data are listed in Table 2.

3.0 Flow solution

In dilute particulate flows, the gas phase is assumed to be a continuum phase while the particles are dis-
persed throughout. The flow field in this large transonic fan of low aspect ratio and highly twisted blades
is 3-D, compressible and very complex. It involves flow features such as shock formation, boundary layer
transition, separation, shock-boundary layer interactions, secondary flows, tip leakage, and vortices for-
mation, as well as significant flow fluctuations. Moreover, the upper sections are prone to flow separation
and often operate close to stall flutter in off-design conditions.

Although the flow complexity can be high, CFD simulations often rely on Reynolds-Averaged Navier-
Stokes (RANS) approximations, since the Direct Numerical Simulation (DNS), capable of accurately
representing all scales of turbulence, requires significant computating power. On the other hand, the
Large Eddy Simulation (LES) remains prohibitively expensive and not commonly used in major engi-
neering design problems due to computational resource limitations. Despite their inability to capture
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Table 1. Operating parameters

Flight Inlet total Inlet total Mass flow  Bypass Fan pressure
conditions pressure (Pa) temperature (K) N (rpm) rate (kg/s) ratio BPR ratio FPR
Mach = 0.8 36,335.3 246.9 102.7%N,  257.6 4.24 1.745

altitude = 10650 m

(b)

ey

Figure 1. Fan stage components: (a) Fan blade (b) OGVs and IGVs.

(b)

Figure 2. CAD models: (a) Fan rotor (b) Fan stage components.

large separations, RANS models are widely used in industry due their simplicity and ability to achieve
reliable results. The k-w based SST (shear stress transport) turbulence model [38] combines the robust-
ness of the standard k- model near walls with the capabilities of the k-¢ model, offering a good
balance between grid resolution and flow complexity. Moreover, it can predict boundary layer thick-
ness and separations based on wall function, reducing the need for large mesh size and making it a
viable option for many industrial scenarios [39]. This model has been successfully verified in various
instances [40], demonstrating good agreement between simulations and experimental results. Validation
tests conducted on the NASA transonic Rotor 35 [41] demonstrated a high level of agreement between
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Table 2. Geometry parameters

Parameter Pitot intake Fan rotor 1GV oGV
Blade count 38 78 80
Highlight diameter (mm) 2,043

Tip diameter at inlet (mm) 2,190 1,304.2 2,119.3
Tip diameter at outlet (mm) 2,130.5 1,298.8 2,119.3
Root diameter at inlet (mm) 816.5 989.1 1,369.4
Root diameter at outlet (mm) 973.5 1,021.6 1,385.7
Stagger angle at root (deg) (deg) 8.5 26 16
Stagger angle at e tip (deg) 65 31 18
Chord at blade root (mm) 245 69.5 107.5
Chord at blade tip (mm) 175 67.5 108.5
Tip clearance (mm) 2

/ Fan blade
| |
Pitot intake

Spmner

Figure 3. Computational domain.

the predictions of the k-w based SST turbulence model and LDV data collected at the design and 80%
speeds. Another assessment focusing on ultra-high-lift turbine blades [42] concluded that the k-« SST
model accurately predicted aerodynamic performance. In the present research, the flow solution is based
on the RANS equations with k-w based SST as the turbulence model implemented in the CFX solver.

3.1 Computation domain

The front components of this turbofan include the Pitot intake, spinner, fan blade, two splitted down-
stream ducts. The first duct is connected to the engine core via IGVs, while the second one is connected
via OGVs to the secondary nozzle, as shown in Fig. 3. Passage sectors are used through the lateral peri-
odicity to reduce computing power. One blade is used for the fan rotor, and two vanes are used for both
the IGVs and OGVs. Subsequently the pitch ratio between the rotor and IGVs -2 = 1.0263 and that
between the rotor and OGVs V‘:‘v = 1.0526, which are close to unity and Justlfymg the true periodicity.
Basically, there are two reference frames: stationary and moving. This leads to using the mixing-plane
approach at the interface, where the flow data are averaged circumferentially. Although the mixing-plane
approach involves simplifications, the solutions can still yield reasonable results for the time-averaged
flow field [43].
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The total pressure and temperature values set at the inlet correspond to the standard atmospheric con-
ditions at the cruise altitude of 10,650m and flight Mach number of 0.8, thus resulting in total pressure
of 36.335kPa and total temperature of 246.9K. The average static pressure at the outlet ducts was varied
to cover the entire speedline along the choke limit. The computations were repeated for different speed-
lines. Upstream the Pitot intake the turbulence intensity was estimated by i (%) = 100 x 0. 16Re;hl/ * [44),
and thus i (%) = 2% based on the Reynolds number Re,, = 1.6 x 107 formed for the intake diameter.

3.2 Mesh generation

Hexahedral mesh blocks were distributed to secure fine meshing around the fan blade, spinner, vanes,
hub and shroud, in addition to the Pitot intake. Near the walls, 12 meshlines guaranteed a minimum vol-
ume distortion and to solve for the boundary layers. In the tip clearance, 15 meshlines allowed to capture
the leakage flow. The mesh obtained for the fan blade is shown in Fig. 4. The first layer of nodes near walls
corresponds to a distance Ay targeting y* = 2. The dimensionless parameter yt = Ay ;%U’ considers the

friction law of a flat plate U, = V.\/c¢;/2, where ¢, =0.027Re, /7. V, is the free velocity outside the
boundary layer. The Reynolds number Re, = pV,c/ 1 is based on the mean chord of blade or vane. At the
cruise operating conditions the values of Re, of the rotor blade, IGVs and OGVs are equal to 2.5x 109,
5.3x10° and 3.3x10°, respectively. The turbulence model k-w based SST implements an automatic
near wall treatment to switch between the low-Reynolds model for finer mesh and the wall-function for
coarser mesh. Figure 5 demonstrates that the values of y™ on the surfaces of the fan blade, hub and spin-
ner are below 4.5, with the highest values observed near the LE and blade tip. In the IGVs the values
of y* do not exceed 3.2, and that of OGVs is below 2.9, with a maximum occurring on the SS from the
LE.

The grid size independence verification carried out in cruise point shows (Fig. 6) that the fan pressure
ratio (FPR), bypass ratio (BPR) and total-to-total isentropic efficiency tend to stabilise beyond the fourth
mesh. Additionally, the evaluated hourly eroded mass per fan blade for the particle concentration of
2mg/m?® indicates (Fig. 6) slight variation beyond the fourth mesh size. As a result, separate grids of a
total number of 1,611,925 nodes and 1,525,900 elements were generated and adopted in this study.

3.3 Flow results

The flow solutions based on the RANS equations and the stage interface allowed to compute the transonic
fan stage performance maps and characterize the complex flow structures through the front components
of this HBTFE. Moreover, the flow field provided the necessary data for calculating the trajectories of
ash particles and erosion.

3.3.1 Performance maps
The mass averaging of flow properties at the inlet and outlet of the fan stage allowed calculating

FPR = }1:1_: and the total-to-total isentropic efliciency n;,—, =c,, Ty (FPRVT?1 — 1) / (h, — hy;). These
performa'nce parameters are shown in Figs. 7(a) and 7(b), plotted against the corrected mass flow rate
e, =1/ Ty, [Ty / (P,[ /PS,) and speed N,=N //T./ Ty, with P, and T, are the static values at standard
sea level. The fan rotational speeds are 70, 80, 90, 100, 102.7 and 110%N,. From the computed per-
formance (Fig. 7), the design point is determined for N, = 3, 432rpm at the corrected mass flow rate of
637.5kg/s corresponding to the true mass flow rate of 250kg/s. At that point the computed performance
gives an FPR = 1.711 and a total-to-total isentropic efficiency n;,_, = 82.41%. Moreover, the cruise
operating point corresponds to the rotational speed N =3, 525rpm and a corrected mass flow rate of
654.7kg/s equivalent to the true mass flow rate of 254.15kg/s. At the cruise point, the predicted val-

ues are FPR = 1.733, BPR = 4.287, and n;,,_, = 79.96%. These obtained values align with the data of
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Figure 4. Rotor mesh: (a) Hub (b) Mid-span (c) Tip (d) Blade.
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the operating manual [37]. This latter states that in the flight cruise conditions, the true air mass flow
rate is 257.6kg/s equivalent to a corrected mass flow rate of 663.5kg/s, while the FPR = 1.745 and

BPR = 4.24.

3.3.2 Flow field characterisation

In order to replicate the main flow patterns, the flow field was solved in the cruise flight conditions,
Mach 0.8, altitude of 10,650m, and fan speed of 102.7%N, = 3, 525rpm. This large fan is characterised
by transonic flow velocities for more than 60% of the blade span. Figure 8 displays the flow velocity
vectors at different locations, such as 10% span, mid-span, 75% span and near the tip of blade. Upstream
and around the fan blade LE, the relative flow velocities are extremely high and increasing with the blade
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(a)

(b)

LE

ss

Figure 5. Contours of y* on the surfaces of: (a) Fan blade (b) IGVs (c) OGVs.

height. High flow velocities, reaching up to 465.9m/s, are observed on the SS of the fan blade, leading to
the formation of shock structure. Towards the blade TE, the lower velocities are due to diffusion and wake
formation. At the interface plane between the rotor and IGVs/OGVs, the flow exhibits drastic changes in
flow direction, and the blade’s wake disturbs the angle-of-attack around the LE of the stationary vanes.
This is clearer at the LE of IGVs since are closer to the fan blade. Across IGVs the flow accelerates,
reaching high velocities on the front part of SS. In contrast, the OGVs, located farther, dissipate more
the wake issued from the fan blade, hence the flow is well-aligned with the vanes’s LE.
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Figure 7. Fan stage performance: (a) FPR (b) Total-to-total isentropic efficiency.

The most intricate flow patterns are observed above the blade tip and through the tip gap (Fig. 9). In
this typical region, the leakage flow is clearly depicted by the vectors of flow velocity crossing from the
PS to SS, with their directions varying from the LE to TE of the blade. Figure 9 depicts the formation
of the leading edge vortex (LEV) from the LE, and extending along the blade tip. The LEV rotates
opposite to the tip leakage flow vortex (TLFV) and mixes out with the annulus boundary layer. At the
exit from the rotor blade, a swirl velocity is established to ensure a radial equilibrium balanced by the
axial velocity profile.

In this transonic fan the pressure loading is most pronounced at the front of the blade, and the diffusion
process is greatly influenced by the radial position. The peak of static pressure occurs at the blade LE,
while a noticeable depression is visible on the SS starting from mid-span onward. The formation of
shock waves is responsible for the main increase in static pressure across the fan blade passage, with the
highest aerodynamic loading at the upper sections from the mid-span.
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Figure 8. Vectors of flow velocity at span: (a) 10% (b) 50% (c) 75% (d) 98%.
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T
-3

Flow

The distributions of the relative Mach number are displayed in Fig. 10 at 10% span, mid-span, 75%
span and near blade tip. As the flow moves from the inlet of the Pitot intake towards the fan rotor, the
convergence imposed by the conical shape of the spinner caused an increase in Mach number before
reaching the fan blade. Near the hub, the relative Mach number is practically subsonic and the flow
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i\
\ /\r  Leading edge vortex

%

Tip leakage vortex

_ {‘\w 0GVs
Rotor blade ;‘Q

Figure 9. Streamlines and blade tip flow structure.

velocity decreases along the blade passage. A supersonic bubble appears (Fig. 10(a)) at the SS close
to the blade LE and extends towards 25% of the span. It is perceived that the transonic flow velocities
dominate over more than one-third of the SS, while the subsonic velocities prevail on the remaining of
the fan blade. As depicted in Fig. 10(b), a passage shock region develops from the LE over approximately
the third of the SS and may reach the opposite fan blade. Downstream of the shock, the Mach number
decreases until reaching a value around 0.6 at the exit of the fan blade. The distinctive characteristics of
this transonic fan blade include an oblique shock sitting near the LE (Fig. 10(c)) and crossing the blade
passage at 50% of the span, which interacts with the neighbouring blade. In the upper sections where
the flow is entirely supersonic over the SS, a passage normal shock sits near the TE of the blade (Fig.
10(d)), with a sonic layer extending up to a third or two-thirds of the blade chord on the opposite PS.
The strength of this shock is indicated by a jump in the Mach number from a value of 1.43 to 0.83. Near
the TE of the fan blade, the boundary layer of the SS becomes considerably thicker compared to that
from the PS, and eventually merges to form a thick wake diffusing downstream.

4.0 Particle trajectory

There are two common approaches in particle-laden turbulent flows simulations, which differ in the
treatment of the dispersed phase. The Eulerian approach considers both the continuous and dispersed
phases as interpenetrating and solves the time-averaged transport equations to predict the field distribu-
tions of momentum and volume fraction for each phase [45]. In the present computations, as the volume
fraction at the highest concentration is about 1.5x107° below the limit of 4x 1077 [46], the dispersed
phase is assumed to be dilute, and the Lagrangian particle tracking model has to be considered. This
model is used to track large numbers of particles using a stochastic approach to achieve a significant
solution [47]. Compared to the Eulerian approach, the Lagrangian approach is more cost-effective [48]
and better at handling particle-wall interactions [49]. After obtaining the flow field, the flow data are
exported to the trajectory code to compute the particle trajectory and impacts in step by step.
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Figure 10. Mach number at different blade spans: (a) 10% (b) 50% (c) 75% (d) 98%.

4.1 Particle motion modelling

Particle motion is governed by the balance between the rate of momentum change and the superposition
of external forces. The left side of the vector equation of particle motion (1) takes into account inertia,
centrifugal force, and Coriolis force, while the right side sums the external forces reduced by the mass
of particle, including the drag force ?;, combined gravity and buoyancy force ]T(; , pressure gradient
force ]_‘p), and Saffman force 75)

d*r do : d*6 dr, (db d*z > > >
[dtf "p(?f*“’) }ﬂ[ et a (75*“’)]?“ 2@ =Ty +ort o +
(1)
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The dominant external force is the drag force, expressed in terms of the drag coefficient and Reynolds

e
—
number Re, = Edp Ve =V,

, which when reduced by particle mass becomes:

D == Vi=V,

— 3 uRe, c, (—> —>> (2a)

ppd%
At very low Re, < 0.1, the drag coefficient corresponds to the Stokes regime Cp, = 24/Re,. For the
wider range 0.01 <Re, <2.6x 103, the four-parameter drag coefficient [50] is considered as follows:
24

Cp= Re (1 +aRe[’j) +

d
P 1 + Rep

(2b)

The constants a, b, ¢ and d are revaluated by Haider and Levenspiel [50] based on the shape factor.

a=exp (23288 — 6.4581¢ + 2.44864°)
b=0.0964 + 0.5565¢

¢ =exp (4.905 —13.8944¢ + 18.4222¢° — 10.2599¢>3)

d=exp (1.4681 4 12.2584¢ — 20.73224" + 15.8855¢>3) 2¢)

Since ash particles are of irregular shapes, the constants a, b, ¢ and d are based on the shape factor
¢ =Ag/Ap (Ag area of a sphere of equivalent volume, and Ap actual area of the particle). De-Giorgi
et al. [51] by analysing the Etna volcano ash particles with a scanning electron microscopy found that
the shape factor is equal to 0.68, in the same range of 0.6-0.8 recommended by Riley et al. [52] based
on three samples of volcanic ash. In this work the value of 0.7 is opted for.

The combined gravitational force and buoyancy force per unit of particle mass is as follows:

— o\ -
Jas = ( - _f) 8 (3)
Op
The pressure gradient force relates the effect of the local fluid pressure gradient around a particle,
which when reduced by particle mass becomes:

— 1 -
f——tv 4)

P
The slip shear layers induced force is due to non-uniform relative flow velocities. Saffman [53]
established the first expression, which when developed in 3-D and reduced by particle mass becomes:

- 3p - =
Fo=32cu(Vi-V)x@ (5
4 p,
With the lift coefficient [46] given by:
CLS = —f (Rep, Rex) (Sb)

The correction function f (Re,,, Res) is proposed by Mei [54] for particle Reynolds number in the
range of 0.1 <Re, <100 and B = 0.5 £

Rep *

[ (Re,, Re;)=(1—-10.3314\/B ) e ™/ +0.3314,/B Re, <40

(50)
f (Re,, Re,) = 0.0524,/BRe, Re, > 40
The shear flow Reynolds number (Re;) is given by:
sz
Re, = ﬂ”ﬁ; I where 5} =V x V; (5d)
ey
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Figure 11. Impact conditions.

4.2 Turbulence effect

The stochastic random walk implemented within the Lagrangian particle tracking model is based on
the eddy interaction model of Gosman and Ioannides [55]. This latter assumes that a particle and an
eddy interact as long as the interaction time At;,, = min (At,, At,) [56] is shorter than the eddy life-
time Az, = 0.37’;‘ and the particle displacement is smaller than the eddy’s length [/, = 0.3% (Shirolkar
et al. [49]). The transit time Az, is the duration taken by a particle to cross through an eddy, which has
a linearised form [55] function of /, and relaxation time 7, as follows:

L, 4 d
At, = —7Ln [1_ ——— :| and Tl’:"&—p (6)
oV = Vall 30 Copiy

When a particle is trapped inside an eddy the turbulent components u', V', w' = é@ are added to the
mean velocity components of the fluid through a Gaussian random number &. The turbulence effect is
updated when the particle either passes into a new mesh cell or exceeds the eddy lifetime which is a
function of the specific dissipation rate.

4.3 Boundary conditions

The true impact on a wall is determined by half the diameter of a particle (Fig. 11) to avoid non-
physical trajectories and impacts. Interpolation is used to determine a more precise time step, and
the calculation is repeated. At an impact point, the local surface unit vectors 7and 7 (Fig. 11)
are determined and used to calculate the normal and tangential components of impact velocity.
Tabakoff et al. [57] first studied the post-impact properties of solid particles using high-speed
photography to analyse the rebound correlations for annealed 2024 aluminium alloy. Then fol-
lowed the work of Grant et al. [58] carried out in an erosion wind tunnel. By using the transit
laser anemometer, Tabakoff et al. [59] determined the restitution factors for typical turbomachin-
ery materials such as 2024 Aluminium, TiA1-4, AM355 and Rene 41. The particle impact is
influenced by its hardness, irregular shape and surface roughness, leading to the rebound char-
acteristics which are dispersed around the averaged values, considering the values of standard
deviation [59]:

4 4
e, = ‘/]72/‘/])1 = Z aiﬂ,‘i and O’(('\,‘) = Z aoiﬁ,‘i (73)
i=0 i=0
4 4
es=PBp/Bn= bf and o)=Y b.pi (7b)
i=0 i=0

At the symmetry boundary condition, such as the axis of rotation, the velocity components are updated
by pure reflection. When it comes to the periodic boundary condition, the particle coordinates and
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velocity components are transferred to the opposite side using the pitch angle. A FEM-based search
algorithm is used to determine the natural coordinates and update for the cell number. At the interface
between the stationary domain and rotating domain, the coordinates of a particle are transferred locally
to the next frame and the FEM algorithm searches for the next cell number. The particle velocity is
updated using the velocity composition.

®)

4.4 Solution procedure

The Runge-Kutta-Fehlberg seventh-order technique is used to integrate the set of non-linear differential
Equations (1). Initial particle slip velocities are set based on the available experimental data [23]. The
integration time step is determined from the computational cell and the local flow properties, while
keeping the leading truncation error within a specified tolerance. If a particle interacts with an eddy, the
integration time step is adjusted to At,,, = min (At.y, At;,). The particle tracking algorithm is using the
FEM to interpolate for the local flow properties and to find the exact impact locations and conditions.
To locate a particle in a mesh cell, the physical coordinates are transformed into the local coordinates
using a non-linear system of equations solved via the Newton-Raphson method. If a local value exceeds
unity, the particle is considered outside and the cell number is updated. Upon updating for the new cell,
the coefficients of the Jacobian matrix are modified to interpolate for the flow properties at the next
step of computation. The trajectory code can handle particle release positions that follow a prescribed
concentration profile of particles randomly distributed within their size distribution, or grouped based on
similar physical characteristics. Injection modes, such as point, line or global injection could be selected
to simulate particle ingestion. However, the global injection seems more appropriate in the present study
of turbomachinery components erosion.

4.5 Particle seeding

Particle trajectory and erosion calculations were performed considering four samples of volcanic ash
collected from various volcanic regions around the globe, and close to the eruption source. The first
sample was collected from the Eyjafjallajokull volcano in Iceland (North Europe, 2010), and particle
sizes determined through sieving (Fig. 12(a)) to mimic steady-state flight conditions [60]. The second
sample (Fig. 12(b) was collected from the Chaiten volcano in Chile (South-America, 2008) [61]. The
third sample (Fig. 12(c)) was collected from the Etna volcano in Italy (South Mediterranean, 2002)
[51]. Lastly, the fourth sample (Fig. 12(d)) corresponds to the Kelud volcano in Indonesia (South Asia,
2014) [62]. The cumulative frequency curves of particle sizes of the four samples are shown in Fig. 13.
The mean size and standard deviation (Table 3) of each ash sample are calculated from the size density
derived from the cumulative frequency curve. The density of volcanic ash (Table 3) is influenced by
the quartz concentration, as reported by Lau et al. [63]. The main component of volcanic ash is quartz,
ranging from 47 to 73.2% [63]. The Chaiten sample, from a rhyolitic eruption, has the highest SiO,
percentage of 73.9%, while the samples from Eyjafjallajokull, Kelud, and Etna have percentages of
57.8, 54.07, and 47.1% respectively, which are mainly consisting of basaltic material.

The maximum concentration in the vicinity of an aircraft is at least equal to 4mg/m® [9, 11], although
the level of confidence in the estimated concentrations is low and uncertainties of an order of magnitude
are possible [64]. In this study, the number of ash particles and seeding positions, radially and tangen-
tially, in the Pitot intake are randomly set according to the concentration of particles, size distribution
(Fig. 13), intake geometry and flow conditions. The mass rate of volcanic ash particles is obtained by
multiplying the air volume flow rate and particle concentration of successively 1, 2 and 4mg/m*. A sub-
program continuously iterates on the particle sizes and release positions until the convergence of the
total particle mass rate.
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Figure 12. SEM images of different volcanic ash samples: (a) first sample from Eyjafjallajokull [60]
(b) second sample from Chaiten [61 ] (c) third sample from Etna [51] (d) fourth sample from Kelud [62].
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Figure 13. Cumulative frequency of ash particle sizes.
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Table 3. Volcanic ash particle size and density

Parameter Sample 1 Sample 2 Sample 3 Sample 4
Mean size (microns) 31.10 69.39 34.01 88.37
Standard deviation (microns) 11.42 23.66 18.53 55.16
Quartz fraction (%) 57.8 73.9 47.1 54.07
Density (kg/m?) 2680 2360 2850 2670

5.0 Erosion model

Early studies on erosion have concluded that this phenomenon is affected by various factors, such as
the characteristics of erodent particles, size, concentration, impingement velocity and angle, and the
properties of the target material. Finnie [65] established the basis for the sand erosion, which was later
improved by Bitter [66] to account for the effect of plastic deformation. Grant and Tabakoff [67] devel-
oped successful erosion models for aerospace materials, beginning with aluminium alloys and quartz
particles. Their correlation of erosion rate incorporates two mechanisms predominant at low impact
angle and high impact angle, and expressed as material removed (milligram) per mass of impacting par-
ticles (in grams). Tabakoff et al. [68] developed further erosion models for aluminium, stainless steel,
and titanium impacted by ash particles, which are expressed as follows:

€ = ki[1 + ckkyosin (90/Bo) B ] V2cos? By [1 — R2] + ks (V, sin ) )

1 lf /31 = 3/80
0 lf :3 1> 3ﬂ0

The Pitot intake and spinner are made from aluminium alloy, whereas the fan blades, IGVs and
OGVs are made from titanium. For the 2024 aluminium alloy and ash as erodent particles, the angle
of maximum erosion B, =20deg and the material constants are: k;, = 0.156988 x 107>, k;, =0.3193,
ks =2 x 107'2, For the titanium alloy 6A1-4V and ash as erodent particles, the angle of maximum
erosion B, =20deg and the material constants are: k, = 0.1564951 x 107>, k;, = 0.173636, and k; =
3 x 10712,

Ateach impact point, the eroded mass is calculated using the erosion rate evaluated from Equation (9).
An area around the concerned node, denoted centred area A,,,,,, is formed by taking a quarter of area of
the four faces that share this node. The values of eroded mass per unit of time (second) are summed and
divided by the area A, to calculate the equivalent erosion rate E (mg/s.mm?) according to Equation
(10) and distributed among the nodes of impacted faces.

_ Z?i €My

Amrde

The tangential restitution ratio: R, =1 — 0.0016V,, sin 8;, and the constant ck =

E (10)

6.0 Code structure and validation

The organisation and functionalities of the FORTRAN code PARTRAJ, depicted in Fig. 14, are sum-
marised as follows: COMMON BLOC contains all the arrays and matrices allocations, and the declarations
and common variables. INPART reads the control and initial parameters. The geometry, grids, and flow
data are imported from the flow solver. PGEODATA reads the geometry and topology, while FLODATA
reads the flow data. ARDIST distributes particles at the release plane according to the selected injection
mode, size distribution, and concentration. BOUNDARY sets all boundary conditions. INTVEL interpo-
lates for the flow data. EXFORCE calculates all activated external forces. RKUTTA integrates the particle
motion equations. JACOBI computes the shape function and the Jacobian matrix. TRANSF converts the
global coordinates to the local coordinates. LOCATE searches for particle position and updates for the
cell number. REBOUND calculates the rebound properties. STATISTIC generates random numbers and
calculates the mean and variance for the given distributions. SPLINT interpolates functions. EROSION
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Figure 14. PARTRA/J flowchart.

calculates erosion rate and cumulates eroded mass using CUMEROS, and calls DISTEROS to calculate
erosion rate density and its distribution. DEGGEOM calculates depths of penetration and deteriorated
geometry. OUTPUT generates files for the plots of trajectories, erosion and deteriorated geometry.

This code has been validated based on a high-speed axial fan stage of 11,300rpm, made of aluminium
and used for aircraft equipment ventilation, as detailed in the author’s thesis [69]. Silica sand MIL-E
5007E of particle sizes ranging from 0 to 1,000 microns was used to test and simulate particle trajecto-
ries and erosion. Figure 15(a) shows sand particle paths deviating from the streamlines due to inertia and
radial spread of particles. Large particles follow ballistic trajectories after hitting walls, while the small
ones closely follow the streamlines. In IGVs, the impacts mainly occur at the aft upper corner of the
PS, while the remaining particles traverse completely without collisions. Figure 15(b) shows frequent
impacts around the blade’s LE caused by sand particles at high velocity and incidence. High frequency of
impacts result in intense erosion spreading in a triangular region on the PS, and over the tip of the blade.
Particles migrating from the blade’s PS to the SS, through the tip clearance, cause clear erosion of the
tip. Figures 15(c) and 15(d) illustrate the computed erosion rate densities on the PS and SS of the blade,
which are consistent with the paint stripping test results. Figures 16(a) and 16(b) reveal the measured
performance degradation based on the tested eroded blade profiles compared to the predicted perfor-
mance degradation based on the computed eroded blade profiles. Initially, at the design point defined
for the mass flow rate of 0.8kg/s, the fan stage had an efficiency of 0.802 and a pressure rise coeffi-
cient of 0.395. After nine hours of sand ingestion, the measured performance droped to the successive
values of 0.748 and 0.381, while the predicted performance declined to the values of 0.740 and 0.360,
respectively.

7.0 Particle trajectories results

The results of the particle trajectory calculations include information about the particles coordinates,
velocities, collision conditions, and impact frequency. The behaviour of ash particles trajectories can be
seen in different components, including the Pitot intake, spinner, fan blade, splitter, IGVs, OGVs and
outlet ducts. It is evident that most of released particles do not reach beyond 80% of the fan blade span
due to the shape of the Pitot intake lip and inner contour. Many ash particles are observed to deflect
downward as they collide with the intake lip and strike the spinner, rotor’s hub, and lower sections of
the fan blade. The paths of small ash particles closely align with the streamlines, as revealed by the
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Figure 17. Samples of trajectories of particle size 1um coloured by velocity: (a) Meridional view
(b) Top view of fan blade, OGVs and IGVs.

trajectories of particles circulating around the intake lip. Small particles released centrally accelerate
along the intake duct and impact the spinner while others move away alongside the spinner, and by
entering the rotor they become strongly affected by the centrifugal force. On the other hand, large ash
particles of higher inertia than the drag, acquire an outward radial velocity after striking the spinner,
while others after collisions bounce off and curve upwards to collide with the upper sections of the
fan blade and shroud. Generally, the deviation of particle paths from the streamlines increases with the
particle size. Heavy ash particles are more likely to strike the blade surfaces and outer walls at high
velocities, bouncing, and bending trajectories.

Figure 17(a) displays the paths of 1-micron ash particles, with their velocities indicated by colours.
These particles generally follow the flow streamlines and are influenced by the turbulence and sec-
ondary flows. These tiny particles circulate and collide repeatedly around the Pitot intake lip and travel
alongside the inner contour. Evidence from Fig. 17(a) reveals that these particles adhere to the stream-
lines and closely follow the flow details, to reach velocities up to 466m/s. As observed from the top
view (Fig. 17(b)), small ash particles travelling around the blade are entrained by the leakage flow over
the blade tip, thereby causing multiple impacts and erosion. Figure 18(a) depicts the trajectories of 10
microns ash particles. Many of these particles are seen to circulate around the intake lip a short distance
before inducing multiple collisions and being diverted slightly. After recovering kinetic energy from
the flow, they move directly towards the fan blade. The same particles when released near the center
of intake, by reaching the front of the fan they circulate away from the spinner and only induce a few
collisions. Owing to the high peripheral blade speed and flow velocity combined with the blade twist,
many high-velocity particles impact the blade’s LE, spanning from the root upward, as depicted in Fig.
18(b). Added to that, there are multiple impacts spreading over the PS of the fan blade. Figure 18(b)
shows particles reaching the top of the blade at high velocities up to 457m/s, which when they hit the
blade PS at low-impact angles become practically aligned with the streamlines. Other particles at the
inner sections of the fan blade, are seen to impact and bounce off at high rebound angles but at relatively
lower velocities. Due to the shape of the intake lip and inner contour pushing ash particles away, the
majority of them reach the fan blade along approximately 80% of the span, while the rest exhibits scat-
tered impacts. Upon leaving the rotor blade, the particles change their directions and pass to the IGVs
and OGVs. The tiny ash particles such as 1 micron are observed to travel through the stationary vanes
and follow closely the streamlines while exchanging kinetic energy from the fluid. The large particles
of 10 microns seem to deviate notably (Fig. 18(b)) from the streamlines and impact more frequently the
PS of the stationary vanes. As also observed, the small ash particles issued from the lower sections of
the fan blade are redirected by the secondary flow to reach the LE of IGVs at high incidence and travel
farther while inducing several impacts.

Figure 19 illustrates the trajectories of large ash particles (i.e. 100 microns), which are shown to
collide repeatedly around the intake lip and diverte downward in sort of ballistic trajectories and impact
the lower sections of the fan blade. As shown in Fig. 19(a), the particles released centrally travel along
the intake, strike the spinner, bounce back, and then turn to follow paths in a parabolic manner. Moreover,
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Figure 18. Samples of trajectories of particle size 10um coloured by velocity: (a) Meridional view (b)
Top view of fan blade, OGVs and IGV:s.

Figure 19. Samples of trajectories of particle size 100um coloured by velocity: (a) Meridional view
(b) Top view of the fan blade, OGVs and IGVs.

owing to the influence of flow structure and imparted centrifugation, large particles are forced to move
upwards and reach the upper parts of the fan blade. The high flow velocities in this transonic fan, leading
to high drag force, combined with the significant centrifugal force, cause the large particles to impact
the LE of the fan blade from both sides and rebound to reach the opposite PS at the aft of the surface. As
observed in Fig. 19(b), the particle velocity increases significantly while moving across the fan blade,
reaching up to 434m/s. These large particles are seen to impact the PS of the blade near the optimum
impact angle and rebound off from the surface, and after multiple collisions they exit the fan blade
as coalesced particles. By crossing the rotor interface, their directions change significantly. Through
IGVs or OGVs, they seem to travel almost straight, as depicted in Fig. 19(b), and impact the stationary
components at high velocities and angles, primarily at the LE from the SS and more frequently on
the PS of the vanes. It should be noted that the majority of ash particles, after undergoing significant
centrifugation by the fan blade, experience higher frequency of impacts on the OGVs’ surfaces and the
shroud compared to the small particles. Furthermore, owing to intense centrifugation imparted by the
fan blade, a large amount of ash particles bypass outward, preventing them from traversing the IGVs
and entering the engine core.

To demonstrate the behaviours of ash particles of various sizes randomly released, trajectory sim-
ulations were performed for the ash samples Eyjafjallajokull (0.4-80 microns) and Kelud (0.5-300
microns), which are characterized by relatively small and large particle sizes, respectively. These parti-
cles, randomly injected upstream of the Pitot intake combine all the discussed aspects associated with
small, medium and large ash particles. Their paths along the Pitot intake and through the fan blade,
OGVs and IGVs, and outlet ducts are depicted in Fig. 20, and coloured by the particle diameter. As
observed in Fig. 20(a), the small particles belonging to the first sample tend to bypass the spinner with-
out collisions and move away from the rotor’s hub, and then deviate upward to reach the upper sections
of the fan blade. On the other hand, the large particles released centrally are shown to strike the spinner,
rebound, and deflect upward to reach the upper sections of the fan blade. Even particles moving near
the lower sections of fan blade are redirected upwards and projected against the shroud, due to the high
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Figure 20. Trajectories coloured by particle diameter: (a) Sample 1 Eyjafjallajokull (b) Sample 4 Kelud.

centrifugation. The trajectories of particles belonging to the fourth ash sample, of medium and large
sizes (Fig. 20(b)), appear more diverted while crossing the intake. After multiple collisions with the
intake lip, these particles follow ballistic paths towards the lower sections of the fan blade. When ash
particles collide with the spinner, they rebound backward and then curve upward in parabolic trajecto-
ries, striking the upper regions of the fan blade and shroud. For the same reasons, larger particles (in
red colour) repeatedly collide with the shroud and are more likely to infiltrate through the tip gap. Upon
leaving the fan blade, ash particles enter the OGVs/IGVs at high incidence angles, while others deflect
upward and move alongside the shroud. Heavy ash particles are predominantly diverted upward by the
fan rotor, pass through the OGVs and are finally expelled through the bypass nozzle. On the other hand,
the light particles are less diverted and may reach the engine core. Consequently, this large fan operates
as a separator for the large-size particles.

8.0 Erosion results and discussions

The local erosion rates and patterns are obtained in cruise flight conditions, considering ash particle
concentrations 1-4mg/m? and the four samples collected from the major volcanic regions worldwide.
Due to high number of impacts on each face of a mesh element, the local erosion rates (mg/g) deter-
mined from Equation (9) were used to evaluate the erosion rate density (mg/s.mm?) based on Equation
(10). To facilitate the discussion, erosion patterns of the four ash samples are presented only for the con-
centration of 2mg/m?*. Contours of erosion rate density are displayed with the same scales to compare
between patterns of different samples. As noticed, higher erosion rates are obtained with the Kelud’s
ash sample, followed by that of the Etna volcano.

The patterns of erosion, depicted in Figs. 21-24, are globally similar, except the slight variations
in erosion rates, spread, and some specific details between the four ash samples. The first and second
samples from the Eyjafjallajokull and Chaiten volcanoes caused dense erosion spreading more on the fan
blade’s PS, but with lesser erosion intensity on the SS. On the other hand, the third and fourth samples
from the Etna and Kelud volcanoes resulted in scattered erosion on both sides of the fan blade due to
dispersed high-velocity impacts, leading to higher local erosion rates compared to the first and second
ash samples. As depicted in Fig. 21(a)—(d), there are noticeable areas of erosion spreading on the PS of
the fan blade, typically from the hub to 80% of the span, where the frequency of impacts and velocities
are very high. The remaining of the top sections of the fan blade from the PS are characterized by fewer
impacts and subsequently lower erosion rates. The maximum of local erosion rates on the PS of the
fan blade are equal to 1.352x107°, 1.974x107°, 1.106x10™* and 1.791x 10~*mg/s.mm? for the first,
second, third and fourth ash samples, respectively. It is evident, that the fourth and third ash samples
caused the highest erosion densities, due to higher proportion of large size particles. The LE and front of
the fan blade were directly impacted by high-velocity particles, resulting in a band of extreme erosion
at the LE that extends to both sides. Figures. 21(a)—(d) exhibit pronounced erosion extending upward
from the hub and covering a large portion of the PS until the TE, where the third and fourth samples led to
extensive erosion rates. The scattered areas of dense erosion observed at the top sections of the fan blade
are caused by the centrifuged heavy particles added to the high-velocity particles reflected upward by
the spinner. Moreover, the SS of the fan blade reveals impacts spreading from the LE up to two-thirds of
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(b)

(d)

Figure 21. Erosion rate density on the fan blade caused by volcanic ash, at concentration of 2mg/m’:
(a) Sample 1 Eyjafjallajokull (b) Sample 2 Chaiten (c) Sample 3 Etna (d) Sample 4 Kelud.

the surface and resulting in scattered erosion. The front of the blade’s SS presents concentrated erosion,
but of lower rates compared to the PS. As observed, the spread of erosion and rates are the highest
with the third and fourth ash samples, characterised by a broader range of particle sizes, higher density
and quartz content. According to Figs. 22(a)—(b), the rotor’s hub is severely eroded from its entrance
alongside the PS whereas the opposite side has scattered erosion due to irregular impacts and particles
deflected away around the blade root. Furthermore, the rotor’s shroud presents scattered erosion due
to irregular impacts caused by the centrifuged and reflected heavy particles from the spinner and blade
root sections, and subsequently, the cumulated erosion appears more scattered compared to the hub.
Erosion of the IGVs, as illustrated in Figs. 23(a)—(d), extends across both the PS and SS of the vanes,
and are characterized by erosion rate densities reaching up to 5.108 x 107%,9.601 x 107>, 1.426 x 10~* and
1.351 x 10~*mg/s.mm?, between the first, second, third and fourth ash samples, respectively. However,
the third and fourth ash samples caused higher erosion rates at the aft of the vane’s PS until the TE, while
the SS is eroded across the entire surface until the TE, but at lower rates. The IGVs’ hub is eroded slightly
since ash particles are diverted upwards due to preceding centrifugation while the shroud is more eroded
near the splitter. The front junction between IGVs and shroud appears the region more prone to erosion
wear. On the other side, the OGVs display patterns of erosion spreading across the entirety of the PS,
with the highest rates at the rear of the PS, while the lowest rates are observed near the root. Moreover,
the main eroded areas of the SS are concentrated on the LE and the front part of OGVs, while the upper
sections seem unaffected by erosion and the same for the aft of this surface. The OGVs’ shroud displays
erosion patterns, particularly, at the front part, generated by previously centrifuged particles and those
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Figure 22. Erosion rate density on the fan hub and shroud caused by volcanic ash, at concentration of
2mg/m?’: (a) Sample 1 Eyjafjallajokull (b) Sample 2 Chaiten (c) Sample 3 Etna (d) Sample 4 Kelud.

following ballistic trajectories. The hub, on the other hand, is eroded predominantly from the splitter
entrance, and onward the erosion becomes weak.

Figures 24(a—d) display the front and back views of erosion patterns formed in the Pitot intake,
spinner, fan blades, hub and shroud. The highest erosion rates in the Pitot intake is observed on the
intake’s lip, unlike the inner contour of much lower erosion. The Pitot intake experiences erosion rate
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Figure 23. Erosion rate density in OGVs and IGVs caused by volcanic ash, at concentration of 2mg/m’:
(a) Sample 1 Eyjafjallajokull (b) Sample 2 Chaiten (c) Sample 3 Etna (d) Sample 4 Kelud.

density of up to 2.811x107%, 2.805x 1078, 7.469x107%, and 7.865x 10~®mg/s.mm?, for the first, sec-
ond, third and fourth ash samples, respectively, but of lower rates compared to the spinner and the fan
blades. The spinner displays erosion spreading more near the fan hub due to the high frequency of
impacts, and subsequently, the erosion rate densities are high and equal to 1.248x107%, 1.191x1075,
3.291x107% and 9.005 x 10-*mg/s.mm? between the first, second, third, and fourth ash samples, respec-
tively. As noticed, the fourth ash sample caused more erosion of the spinner. The back view shows that
the fan blades suffer more erosion mainly from the blades’ PS, with extreme erosion seen at the rear
part and the TE. Accordingly, the fourth ash sample induced the highest erosion rate density of up to
1.791x10~*mg/s.mm?. On the other side, the front view of the components displays erosion extending
across the intake lip. Also, reveals scattered erosion on the blades’ SS, with the highest rates observed
near the LE. One may conclude that the most of erosion scatters, of higher rates, are induced by the
fourth ash sample.

The average erosion rate density (AERD), in milligrams per second and square millimetre
(mg/s.mm?), is another metric for assessing the overall erosion and characterising how erosion develops
in each component. This parameter is determined using the local erosion rates, mass of impacting parti-
cles, and component’s area. To evaluate the AERD, the erosion rate density £ based on Equation (10) is
integrated over the whole surface of the concerned component and then divided by its area. In addition,
the hourly eroded mass (HEM), expressed in milligrams per hour (mg/hr), provides a comprehensive
assessment of the material removal from a component. The HEM is calculated by multiplying the value
of AERD by the component’s area, for duration of 3,600 seconds.

Table 4 summarises the obtained results in terms of ash particle concentration, particle mass rate,
AERD, and HEM. At the highest ash particle concentration, the fan blades’ AERD, reached the max-
imum values of 0.161x107%, 0.162x107°, 0.266x107® and 0.276x 10~®mg/s.mm? between the first,
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Figure 24. Erosion rate density in Pitot intake, spinner and fan blades caused by volcanic ash, at
concentration of 2mg/m’: (a) Sample 1 Eyjafjallajokull (b) Sample 2 Chaiten (c) Sample 3 Etna (d)
Sample 4 Kelud.

https://doi.org/10.1017/aer.2024.62 Published online by Cambridge University Press


https://doi.org/10.1017/aer.2024.62

ssaud Aisianun abpliquied Aq auluo paysiiand z9 420242/ 101°01/610°10p//:5dny

Table 4. Erosion parameters caused by four volcanic ash samples

Sample 1

Eyjafjallajokull

Sample 2
Chaiten

Sample 3
Etna

Sample 4
Kelud

Concentration (mg/m?)

Concentration (mg/m?)

Concentration (mg/m?)

Concentration (mg/m?)

Parameter 1 2 4 1 2 4 1 2 4 1 2 4

Mass particle rate 17.815 35.631 71.262 17.815 35.631 71.262 17.815 35.631 71262 17.815 35.631 71.262
(mg/s)

AERD of fan blade 0.04034 0.08053 0.16111 0.04064 0.08101 0.16218 0.06669 0.13347 0.26631 0.06894 0.13778 0.27623
(mg/s.mm?) x10-¢

HEM of 38 fan blades 1.47033 2.9350 5.87174 1.48125 2.95249 5.91052 2.43065 4.86429 9.70549 2.51275 5.02123 10.06710
(mg/hr) x10°

AERD of rotor hub 0.04371 0.08768 0.17510 0.04562 0.08894 0.17835 0.08360 0.16789 0.33483 0.09027 0.17582 0.35178
(mg/s.mm?) x10-°

HEM of rotor hub 0.12833 0.25743 0.51407 0.13395 0.26113 0.52360 0.24545 0.49289 0.98299 0.26501 0.51616 1.03275
(mg/hr) x10°

AERD of rotor shroud 0.04316 0.04325 0.06433 0.05807 0.16018 0.58283 0.00153 0.00336 0.52493 0.00349 0.50828 1.43059
mg/s.mm?) x107¢

HEM of rotor shroud  0.33227 0.33297 0.49522 0.44703 1.23307 4.48677 0.01176 0.02589 4.04109 0.02687 3.91286 11.01311
(mg/hr) x10°

AERD of IGV 0.10056 0.20152 0.40466 0.09664 0.19318 0.38675 0.12818 0.25327 0.50621 0.13096 0.26217 0.51392
(mg/s.mm?) x10°¢

HEM of 78 IGVs 0.58076 1.16385 2.33704 0.55816 1.11565 2.23361 0.74026 1.46271 2.92352 0.75633 1.51408 2.96803
(mg/hr) x10°

AERD of IGVs hub 0.52995 1.03656 2.04175 0.52037 1.06145 2.13522 1.26952 2.67640 5.41143 1.60651 3.07396 6.54921
(mg/s.mm?) x10~°

HEM of IGVs hub 0.65650 1.28408 2.52931 0.64463 1.31492 2.64509 1.57267 3.31551 6.70365 1.99013 3.80800 8.11312
(mg/hr)

AERD of IGVs 0.08233 0.16516 0.33124 0.08703 0.17514 0.34923 0.15478 0.31006 0.62332 0.16460 0.32185 0.63919

shroud mg/s.mm?)
x107°
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Table 4. Continued.

Parameter

Sample 1

Eyjafjallajokull

Sample 3
Etna

Sample 4
Kelud

Sample 2
Chaiten

Concentration (mg/m?)

Concentration (mg/m?)

Concentration (mg/m?) Concentration (mg/m?®)

1

2

4

1

2 4 1 2 4 1 2 4

HEM of IGVs shroud
(mg/hr) x10°

AERD of OGVs
(mg/s.mm?) x107°

HEM of 80 OGVs
(mg/hr) x10°

AERD of OGVs hub
(mg/s.mm?) x107°

HEM of OGVs hub
(mg/hr)

AERD of OGVs
shroud (mg/s.mm?)
x107°

0.12992 0.26062 0.52270

0.02402

0.57237

0.32993

2.30703

3.82533

0.04799

1.14377

0.67319

4.70729

7.61205

HEM of OGVs shroud 0.04120 0.08199

(mg/hr) x10°
AERD of spinner
(mg/s.mm?) x10-¢
HEM of spinner
(mg/hr) x10°
AERD of Pitot intake
(mg/s.mm?) x10~°
HEM of Pitot intake
(mg/hr) x10°

0.08608

0.18587

1.13867

0.02875

0.17186

0.37107

2.29471

0.05795

0.09556

2.27750

1.31346

9.18436

15.29450

0.16474

0.34104

0.73634

4.57960

0.11565

0.13734

0.02461

0.58658

0.35136

2.45686

3.87014

0.04168

0.09452

0.20407

1.11771

0.02823

0.27638 0.55110 0.24425 0.48929 0.98361 0.25974 0.50788 1.00866

0.04910 0.09825 0.03410 0.06817 0.13616 0.03496 0.07077 0.14162

1.17021 2.34141 0.81267 1.62469 3.24493 0.83309 1.68654 3.37505

0.72719 1.48133 1.14834 221077 4.38186 1.27418 2.67376 10.70620

5.08490 10.35819 8.02976 15.45588 30.64014 8.90969 18.69626 74.86306

7.64599 15.32440 13.61850 26.78480 52.51530 18.68000 37.80180 75.87450

0.08235 0.16506 0.14669 0.28850 0.56565 0.20120 0.40717 0.81725

0.18927 0.37581 0.24991 0.49463 0.97281 0.27584 0.55693 1.09908

0.40865 0.81142 0.53959 1.06795 2.10039 0.59557 1.20247 2.37302

2.25009 4.48096 1.65789 3.18187 6.38558 1.64884 3.34566 6.48208

0.05682 0.11316 0.04187 0.08036 0.16126 0.04164 0.08449 0.16370

8LY1

jo1vuayr)
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Figure 25. HEM (g/hr) of the complete fan rotor: (a) blades (b) hub (c) shroud.

second, third and fourth ash samples, respectively. It is evident that the fourth and third samples led
to the highest values of AERD. Moreover, the HEM (mg/hr), for the totality of 38 blades, is equal to
5.871x10%,5.910x 10%,9.705x 10%, and 10.067 x 10°mg/hr, where the highest values occur for the third
and fourth ash samples. The fan’s hub exhibits AERD values of 0.175x107%,0.178 x 1075, 0.335x 1075,
and 0.352x 107%mg/s.mm?, for the first, second, third and fourth ash samples, respectively. Accordingly
the HEM values are 0.514x10%, 0.523x10%, 0.983x10° and 1.033 x 10°mg/hr, where the highest val-
ues are caused by the third and fourth samples. The shroud reveals AERD values of 0.064x 1075,
0.583x107%, 0.525x107°, and 1.430x 10~®mg/s.mm?, between the first, second, third and fourth ash
samples, respectively, leading to HEM of 0.4952x10°, 4.487x10%, 4.041x10° and 11.013x 10*mg/hr,
with the highest values corresponding to the fourth ash sample. Overall, the fourth ash sample induced
the most severe erosion of the fan blades, followed by the third sample. The rotor’s shroud, despite its
lower erosion rates, has a higher HEM than the hub because of larger surface.

The entire IGVs are characterized by AERD values equal to 0.404x107¢, 0.386x 107, 0.506 x10~°,
and 0.514x10~%mg/s.mm?, respectively, and the subsequent HEM are equal to 2.337 x 10°, 2.233x 10°,
2.923x10%, and 2.968 x 10°mg/hr, respectively. Moreover, the IGVs’ shroud, presents HEM values of
0.522x10%, 0.551x10%, 0.983x10°, and 1.008 x 10°mg/hr, while the erosion of the hub is negligible.
The fourth and third ash samples exhibit higher values compared with the two other samples. As
for the OGVs, the values of AERD are respectively equal to 0.095x107°, 0.098x107¢, 0.136x107°,
and 0.141x10~°mg/s.mm?, and their respective HEM values are 2.277x 10, 2.341x 10°, 3.245x 10?,
and 3.375x10°mg/hr. Furthermore, the OGVs’ shroud depicts values of HEM equal to 0.164x10°,
0.165x10%, 0.565x 10°, and 0.817 x 10*mg/hr, respectively, while the hub has insignificant erosion.

The spinner is characterized by values of AERD equal to 0.341x107°, 0.375x107°, 0.973x1075,
and 1.099x 10~°mg/s.mm?, and the subsequent HEM values are 0.736x10°, 0.811x10%, 2.10x 10°,
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Figure 27. HEM (g/hr) of complete: (a) spinner (b) Pitot intake.

and 2.373 x 10°mg/hr between first, second, third and fourth ash samples, respectively. Despite the low
erosion rate density in the Pitot intake, its large geometry resulted in high values of HEM equal to
0.115x10°%, 0.113x 10%, 0.161 x 10%, and 0.163 x 10°mg/hr between the four ash samples, respectively,
where the fourth sample produced more erosion.

Finally, Figs. 25-27 compare between the values of HEM of the Pitot intake, spinner, entire fan
blades, and entire IGVs and OGVs, depicting essentially a marked increase with ash concentration. The
highest values of HEM correspond to the third and fourth ash samples. As outlined in Table 5, in these
front components of an HBTFE, the fourth volcanic ash sample (Kelud), followed by the third sample
(Etna), caused the most severe erosion due to their relatively broader size range (0.5-300 microns) and
(0.5-140 microns), combined with higher density and quartz content.

The continual removal of material from the surfaces of this transonic fan stage, particularly the rotor
blades, causes a rapid decline in aerodynamic performance and lifespan. By simulating various operat-
ing situations, ash particle types, and concentration, a correlation can be formed between particle type
and concentration, operating conditions, blade geometry deterioration, performance degradation, and
lifespan.
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Table 5. Compared HEM at high ash concentrations

Sample 1 Sample 2 Sample 3 Sample 4
Eyjafjallajokull Chaiten Etna Kelud
Concentration (mg/m?) 2 4 2 4 2 4 2 4
HEM of 38 fan blades (g/hr) 293501 5.87174 295249 591052 4.86429 9.70549 5.02123  10.06710
HEM of 78 IGVs (g/hr) 1.16385 2.33704 1.11565 2.23361 1.46271 2.92352 151408  2.96803
HEM of 80 OGVs (g/hr) 1.14377 227750  1.17021 234141 1.62469 3.24493  1.68654  3.37505
HEM of full spinner (g/hr) 0.37107 0.73634  0.40865 0.81142  1.06795 2.10039  1.20247  2.37302

HEM of full Pitot intake (g/hr)  0.05795  0.11565  0.05682  0.11316  0.08036  0.16126  0.08449  0.16370

[PUINO[ [DINDUOLIY Y [

1811


https://doi.org/10.1017/aer.2024.62

1482 Ghenaiet

9.0 Conclusion

Large HBTFEs are well-known for their high blade speed and transonic flow velocities, making them
susceptible to erosion damage. This research is intended to replicate scenarios of encounters with
volcanic ash and assess how erosion affects the front components of an engine.

The findings effectively demonstrate the behaviour of ash particles and the severity of erosion in each
component. The Pitot intake design seems to cause the large-size ash particles to deflect downwards,
strike the spinner, bounce back, and then travel in ballistic trajectories to reach the upper sections of the
fan blade and shroud. As a result, a large quantity of ash particles impact the fan blade from the hub
to around 80% of its span. The fan blade’s PS is almost entirely eroded, with the highest erosion rates
along the LE and aft of the surface. In contrast, the SS of the fan blade displays erosion scattered over
two-thirds of the surface. The rotor’s hub presents almost uniform erosion patterns, while the shroud
depicts scattered erosion of lower rates. The spinning motion of the blades appears to fling the heavy
ash particles into the secondary duct, preventing them from entering the engine core. The smaller ash
particles issued from the lower part of the fan blade pass via the IGVs to the engine core, eroding the
entire PS and SS of the vanes. Furthermore, erosion is shown to spread across the whole PS of the
OGVs, with higher erosion rates concentrated in the second half of the surface, as opposed to the SS
which erodes in the first half.

The highest levels of HEM correspond to the volcanic ash samples from the Kelud and Etna volca-
noes, most likely due to larger particle sizes, higher density, and quartz content. The presence of volcanic
ash in the atmosphere poses a major concern to flight routes in southern Europe, Asia, America, and
northern Europe. Therefore, forecasting the effects of these abrasive particles on engine performance and
mechanical integrity is critical for assuring flight safety and developing solutions to minimise erosion
and extend engine lifespan.
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