Journal of Turbomachinery

Copy of e-mail Notification

Journal of Turbomachinery Published by ASME

Dear Author,

Congratulations on having your paper accepted for publication in the ASME Journal Program.
Your page proof is available from the ASME Proof site here:
http://cps.kwglobal.com/MIS/AuthorProofLogin.aspx?pwd=20084d7819f7&CA=AS

Login: your e-mail address
Password: 20084d7819f7

Please keep this email in case you need to refer back to it in the future.

Responsibility of detecting errors rests with the author. Please review the page proofs carefully and:

1. Answer any queries on the “Author Query Form”

2. Proofread any tables and equations carefully

3. Check to see that any special characters have translated correctly

4. Publication will not proceed until a response is received. If there are no corrections, a response is still required.

RETURNING CORRECTIONS:

Corrections must be returned using the ASME Proof Download & Corrections Submission Site (link above). You
will be able to upload:

1. Annotated PDF

2. Text entry of corrections, with line numbers, in the text box provided

3. Additional files, if necessary.

SPECIAL NOTES:
Your Login and Password are valid for a limited time. Please reply within 48 hours.

Corrections not returned through the above website will be subject to publication delays.

This e-proof is to be used only for the purpose of returning corrections to the publisher.

If you have any questions, please contact: asme.cenveo@cenveo.com, and include your article no. (TURBO-17-
1112) in the subject line. This email should not be used to return corrections.

Approval of these proofs re-confirms the copyright agreement provision that all necessary rights from third parties
for any copyrighted material (including without limitation any diagrams, photographs, figures or text) contained in
the paper has been obtained in writing and that appropriate credit has been included.

Sincerely,
Mary O'Brien, Journal Production Manager



STATEMENT OF EDITORIAL POLICY AND PRACTICE

The Technical Committee on Publications and Communications (TCPC) of ASME
aims to maintain a high degree of technical, literary, and typographical excellence in its
publications. Primary consideration in conducting the publications is therefore given to
the interests of the reader and to safeguarding the prestige of the Society.

To this end the TCPC confidently expects that sponsor groups will subject every
paper recommended by them for publication to careful and critical review for the
purpose of eliminating and correcting errors and suggesting ways in which the paper
may be improved as to clarity and conciseness of expression, accuracy of statement, and
omission of unnecessary and irrelevant material. The primary responsibility for the
technical quality of the papers rests with the sponsor groups.

In approving a paper for publication, however, the TCPC reserves the right to
submit it for further review to competent critics of its own choosing if it feels that this
additional precaution is desirable. The TCPC also reserves the right to request revision
or condensation of a paper by the author or by the staff for approval by the author. It
reserves the right, and charges the editorial staff, to eliminate or modify statements in
the paper that appear to be not in good taste and hence likely to offend readers (such as
obvious advertising of commercial ventures and products, comments on the intentions,
character, or acts of persons and organizations that may be construed as offensive or
libelous), and to suggest to authors rephrasing of sentences where this will be in the
interest of clarity. Such rephrasing is kept to a minimum.

Inasmuch as specific criteria for the judging of individual cases cannot, in the
opinion of the TCPC, be set up in any but the most general rules, the TCPC relies upon
the editorial staff to exercise its judgment in making changes in manuscripts, in
rearranging and condensing papers, and in making suggestions to authors. The TCPC
realizes that the opinions of author and editor may sometimes differ, and hence itis an
invariable practice that no paper is published until it has been passed on by the author.
For this purpose page proofs of the edited paper are sent to the author prior to
publication in a journal. Changes in content and form made in the proofs by authors are
followed by the editor except in cases in which the Society’s standard spelling and
abbreviation forms are affected.

If important differences of opinion arise between author and editor, the points
at issue are discussed in correspondence or interview, and if a solution satisfactory to
both author and editor is not reached, the matter is laid before the TCPC for
adjustment.

Technical Committee on Publications and Communications (TCPC)
Reviewed: 05/2012



AUTHOR QUERY FORM

P FM‘E annotating this PDF and uploading it to ASME’s eProof

SETTING THE STANDARD

Journal: J. Turbomach. Please provide your responses and any corrections by

website as detailed in the Welcome email.
Article Number: TURBO-17-1112

Dear Author,

Below are the queries associated with your article; please answer all of these queries before sending the proof back to
Cenveo. Production and publication of your paper will continue after you return corrections or respond that there are no
additional corrections.

Location in Query / Remark: click on the Q link to navigate
article to the appropriate spot in the proof. There, insert your comments as a PDF annotation.

AQ1 Reminder — the ASME Copyright Agreement that was signed by all authors includes the following: “You have the right to
enter into this Copyright Form and to make the assignment of rights to ASME. If the Paper contains excerpts from other
copyrighted material (including without limitation any diagrams, photographs, figures or text), you have acquired in
writing all necessary rights from third parties to include those materials in the Paper, and have provided appropriate credit
for that third-party material in footnotes or in a bibliography.” As required, ASME may contact the authors to obtain a copy
of the written permission.

AQ2 Any content obtained from the web and included in the paper may require written permission and appropriate credit if it is
copyrighted content. If copyright status cannot be determined, this content should not be included in the paper.

AQ3 Please provide department details for affiliation. Kindly check and confirm its presentation.

AQ4 Please define “HP,” “EBFOG,” “HPT,” “CAA,” and “CFED,” at first occurrence.

AQS5 Please specify which section “In the following sections” refers to here.

AQ6 Please check and confirm the hierarchy of section headings.

AQ7 Please note that general copy editing rules to set variables in italics, matrices/vectors/tensors in bold roman, chemical formulas|
in roman, and abbreviations in roman. So, please check and confirm the usage of bold roman across the article.

AQ8 Please specify which section “in the previous section” refers to here.

AQ9 Please specify which section “in the previous section” refers to here.

AQI10 Please provide page number in range for Ref. 1.

AQ11 Please provide page range or paper number for Ref. 6.

AQI12 Please provide issue and page number in range for Ref. 10.

AQI13 Please provide page number in range for Ref. 34.

AQ14 Please provide paper number for Ref. 19, 27, and 31.

AQI15 Please provide publisher location (city and state/country) for Ref. 23. Kindly check and confirm its presentation.

AQl6 Please provide complete publication details for Ref. 28.

AQ17 Please check and confirm the presentation of Ref. 33.

AQI18 Please provide publisher name, location (city and state/country) and accessed date for Ref. 41. Kindly check and confirm its|
presentation.

AQ19 Please reword caption of Fig. 6 without color words as readers of print will only see black and white figures.

AQ20 Please check and approve the edit made in the article title.

AQ21 Please check the clarity of the sentence ‘The numerical analysis have been. ..’

AQ22 Please provide DOI or website to access article for Refs. 1 and 32.

Thank you for your assistance.



J_ID: TURB DOI: 10.1115/1.4039181 Date: 6-February-18

PROOF COPY [TURBO-17-1112]

AQ3
AQ20

AQ4

13
14
15
16
17

18
19
20
21
22
23

25
26

29

30
31
32
33
34
35
36
37
38
39
40
41
4
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

ID: asme3b2server Time: 17:18 |

Nicola Casari’

u

University of Ferrara,

Via Saragat, 1,

Ferrara (IT) 44122, Italy
e-mails: nicola.casari@unife.it;
nicola.casari15@imperial.ac.uk

Michele Pinelli
u,

University of Ferrara,

Via Saragat, 1,

Ferrara (IT) 44122, Italy

Alessio Suman
u,

University of Ferrara,

Via Saragat, 1,

Ferrara (IT) 44122, Italy

Luca di Mare

Osney Thermo-Fluids Laboratory,

Department of Engineering Science,

University of Oxford,
Oxford OX2 OES,
Oxfordshire, UK

Stage: Page: 1 Total Pages: 10

EBFOG: Deposition, Erosion, and
Detachment on High-Pressure
Turbine Vanes

Fouling and erosion are two pressing problems that severely affect gas turbine perform-
ance and life. When aircraft fly through a volcanic ash cloud, the two phenomena occur
simultaneously in the cold as well as in the hot section of the engine. In the high-pressure
turbine, in particular, particles soften or melt due to the high gas temperatures and stick
to the wet surfaces. The throat area, and hence the capacity, of the HP turbine is modified
by these phenomena, affecting the engine stability and possibly forcing engine shutdown.
This work presents a model for deposition and erosion in gas turbines and its implemen-
tation in a three-dimensional Navier-Stokes solver. Both deposition and erosion are
taken into account, together with deposit detachment due to changed flow conditions. The
model is based on a statistical description of the behavior of softened particles. The par-
ticles can stick to the surface or can bounce away, eroding the material. The sticking pre-
diction relies on the authors’ EBFOG model. The impinging particles which do not stick
to the surface are responsible for the removal of material. The model is demonstrated on
a high-pressure turbine vane. The airfoil shape evolution over the exposure time as a
consequence of the impinging particles has been carefully monitored. The variation of
the flow field as a consequence of the geometrical changes is reported as an important

piece of on-board information for the flight crew. [DOI: 10.1115/1.4039181]

Francesco Montomoli
Imperial College London,
London SW7 2AZ, UK

Introduction

Aircraft following normal commercial routes and flight plans
can fly through dust clouds for intervals of time ranging from few
seconds to several minutes [1]. During this time, a large amount
of particulate is ingested by the aircraft engines. Ash clouds can
carry particulate with concentrations as high as 250 mg,g, /m2,
[1]. For a high thrust turbofan engine processing a mass flow rate
of approximately 500 kg/s, the resulting rate of ingestion of solid
contaminant can reach the order of 1kg,g,/s. The presence of par-
ticles at cruising altitude or during take-off and landing therefore
poses a serious threat to the operation of aircraft engines. The seri-
ousness of this threat is highlighted by the disruption brought to
air travel by volcanic events in recent years [2].

The ingestion of particles inevitably brings about losses. Even
if the size of the ingested particulate is such that the particles
follow the streamlines and do not impinge against the blades, a
certain amount of energy is lost due to their transport. The value
of energy lost by the carrier phase in favor of the dispersed one
depends on the concentration of the latter. The threshold values
which cause a noticeable amount of losses are suggested, among
the others, by Elghobashi [3].

The particles following the core flow are heated through the
combustor. If the turbine entry temperature is sufficiently high,
the particles soften and can adhere to the surrounding solid surfa-
ces. The net particle deposition rate is determined by the likeli-
hood of sticking and by the rate at which the main flow removes
protruding deposits. In general, the deposition of particles can
change the shape of the vane in an uncontrolled way. Particle
sticking on the first stage nozzle of the high-pressure turbine
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results in an increase in aerofoil thickness and roughness. The
deposits can also clog cooling holes, if present, leading to the rise
of the blade surface temperature. In the most severe cases, as
pointed out by Ogiriki et al. [4], this leads to a reduction in life
due to thermal stresses, local overheating and creep. 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 and
hence in the turbine capacity. This, in turn, can push the compres-
sion system beyond its stability limit, making the risk of surge
highly likely.

Even if the deposition does not take place, the consequences of
the particle impact against a blade can cause erosion of hot section
components. This leads to the permanent loss of the material and
to irreversible damage. The main consequences of this problem
are an increase in the clearances and in blade surface roughness
and changes in the blade shape, especially in the leading and
trailing edges. The outcome of this process is the permanent dete-
rioration in turbine performance and increased repair and mainte-
nance costs. For more detailed explanations and analysis, see, for
example, Ref. [5].

The prediction of deposition and erosion rates, and of the
deposit shape in the passages of high-pressure turbines is therefore
a pressing and important problem. A first attempt in this track has
been carried out by Casari et al. [6], but without taking into
account the build-up detachment.

For what concerns the deposit modeling, two main approaches for
the prediction of the sticking are currently available in the literature:
the first one uses critical thresholds for particle viscosity [7] or
velocity [8] above which particles stick, whereas the second method
tries to represent the probability of the particle sticking. Examples of
the former method are [9] and [10]. On the other hand, the latter
method aims to define a sticking probability that is the likelihood a
particle has to stick to a surface. This is a very common model used
in the literature and an example is discussed in Ref. [11].
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The usage of the first method implies a deterministic modeling
of the physics of the problem. Besides the characteristics of the
particle at the impact, the particle history must be known: for
instance, in the model formulated by Song et al. [10], the heating
rate of the particle is a fundamental parameter for the prediction
of the sticking. Seldom it is possible to obtain precisely these
quantities, unless the trajectory of each particle can be simulated
through the entire engine: the heating rate depends very closely
on the particle trajectory through the combustor, especially if it
passes through the flame. On the top of that, the chemical compo-
sition of each of the particles should be known. Indeed it is
reported in the literature, for example in Ref. [12], calcium and
sodium are particularly bad ingredients in the mixture because of
their very low melting temperature and sticking qualities. None-
theless, it is indeed well known that inside the same ash cloud the
composition can vary in a relative wide range [13], complicating
the deterministic modeling of the phenomenon. This method,
even if very promising, needs further studies to be applied in a
reliable manner.

In this work, the EBFOG model [14] is used to overcome the
issues of the above-mentioned methods.

Another phenomenon which is likely to occur in high-pressure
turbine vanes is erosion. This fact is well known and reported in
the literature, for example, in Ref. [15] or [16]. In-service heavy-
duty gas turbines are subject to erosion of the hot-section blades
and increase in the surface roughness. These aspects are usually
seen as two faces of the same coin [16]: due to particle impinge-
ment against surfaces, the rms roughness can increase of an order
of magnitude [17]. The increased roughness inevitably brings
about losses and increase in the boundary layer thickness. On the
top of that, an enhancement of the heat transfer on the blade
surface is reported in the literature [18]. One of the most used for-
mulation for the high-pressure turbine erosion prediction is pro-
posed by Tabakoff et al. [19] and it is the one used in this work.

Deposition of particles on the surfaces entails the build-up of
material. The deposit can be detached from the surface as a con-
sequence of the modified flow field. This phenomenon has been
analyzed widely in literature and several studies on the mecha-
nisms of detachment are available. Das et al. [20] compare the
three main mechanisms of detachment, namely lifting, rolling,
or sliding. The authors state that the main mechanism of detach-
ment is the rolling of the deposited particle by breaking the
interface particle-surface. There are many theories in the litera-
ture trying to find the main cause of the bond breakage. For
instance, Reeks et al. [21] formulated a theory based on the
transfer of turbulent energy to a particle. The particle can be
resuspended from a substrate after it accumulates enough energy
to escape from the adhesive potential well. Turbulent flow lift
forces transfer energy by their average component, which modi-
fies the shape and height of the well, and their random fluctuat-
ing component, which causes the particle and surface to deform
in a random oscillatory fashion from their static equilibrium
configurations. In this paper, the detachment is thought to be
dependent only on the aerodynamic drag, and the well-known
model reported in Ref. [22] is used.

In this work, a numerical study is conducted into the conse-
quences of flying through a volcanic ash cloud. In the following
sections, the following topics will be treated:

e application of an in-house deposition model for the evalua-
tion of a realistic deposition problem on HPT vanes;

e numerical simulation by means of a transient solver which
takes into account the variation of the geometry and its effect
on the fluid flow;

e simultaneous analysis of all the consequences the ingestion
of a particle cloud can entail, namely erosion, deposition,
and deposit detachment;

e The starting and final geometry are available in our on-line
website to allow the repetition of tests and the validation of
the consequences on the flow field.

000000-2 / Vol. 00, MONTH 2018
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Deposition and erosion are taken into account as well as the
detachment of the deposited layer. The behavior of the particulate
is described in terms of parcels (clusters of particles). Although
the particulate ingested by the engine in case of flight through a
cloud can be of very high concentration (up to 250 mg/m3 [2]), the
typical value does not exceed the threshold by which the so called
one-way coupling can be safely used [3]. According to this
approach, the effect the particles have on the fluid flow in terms of
momentum and energy transfer is not taken into account.

In this work, the high-pressure turbine nozzle is treated as the
most critical component of the whole engine in case of particles
ingestion. The geometry evolution of a transonic vane subject to
fouling/erosion is numerically investigated by means of a moving
mesh technique which accounts for the boundary displacement.
Such a kind of vane is usually more subject to fouling with respect
to a subsonic one. More details regarding this remark can be found
in Ref. [14].

A very last remark regards the concentration ingested by the
engine. The standard for the “Safe-to-fly” conditions is ?rovided
by the CAA, as explained in Ref. [1], is equal to 2mg/m’. Such a
threshold is a debated topic. Particles in the compression system,
as reported in Ref. [12], are pulverized at the point that the
average size by the time the flow reaches the environment control
system (ECS) duct is lower than 10 yum. Thus, the ECS air is con-
taminated with foreign particles, that is the air breathed by the
passengers. Such particulate size is very harmful if inhaled.
Besides this several issues may arise within the control system,
since the ECS air is used for the cooling of such components. It is
known, see Ref. [12], that the Boeing aircraft that encounter the
Mt. Redoubt eruption had to have all the aircraft electronics to be
replaced before returning in operation. Furthermore, there is still a
lot of uncertainty in the forecast of the cloud size and concentra-
tion. So such a threshold is for sure an important parameter but
should not be addressed to with too much confidence.

Methodology

In this work, the consequences of the ingestion of a cloud on
high-pressure turbine vanes are numerically investigated. The
main effects of the ingestion are deposition and erosion of the
surfaces exposed to the flow. The approach used in this paper is
based on the method proposed by Casari et al. [14] with modifica-
tions to include the effect of erosion and detachment. The present
method is outlined diagrammatically in Fig. 1 and is explained in
detail below.

The flow field is first computed in absence of contaminant until
convergence is achieved. At this point, particles are seeded at the
inlet of the domain and for every time-step, both the carrier and
the dispersed phase are updated. The particles are tracked via one-
way approach and the flow field is solved through the sonicFoam
solver with a set of given boundary conditions (see paragraph
CFD resolution of the flow field). The deposition or erosion of the
vane causes the mesh nodes on the surfaces to move. Mesh quality
is maintained by solving a Laplace equation for the displacement
over the computational domain. The present approach, although
more time consuming than integrating the particle trajectories
over a frozen flow field, gives more realistic information on the

CFD resolution of | Particles sceding |mp Geometry mod1ﬁcvnt1<>n - Dcpqsit
the flow field and mesh updating [ ablation
~

Outline of the procedure, nozzle modifications not in

CFD resolution of
the flow field and
Lagrangian tracking

Fig. 1
scale
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Table2 Boundary conditions for the computation of the undis-

field turbed flow field
Quantity LS-89 Quantity LS-89
Inlet Po 149,350 Pa  Inlet Po 1,523,000 Pa
To 420K To 1708 K
Turbulence intensity 1% Turbulence intensity 1%
Turbulence mixing length 0.0004 m Turbulence mixing length 0.0004 m
Wall T 298 K Wall T 1100 K
Mis 1.02 Mis 1.02
Outlet P 89,600 Pa Outlet P 911,200 Pa

evolution of the geometry of the vane wall. In particular, it gives
the more accurate results concerning the rate of change of the pas-
sage throat area.

It must be remarked that in this work all the possible effects
deriving from particles ingestion are analyzed, namely deposition,
erosion, and build-up detachment. This is due to the fact that all
these phenomena might happen simultaneously in the hot section
of a gas turbine, as reported in Ref. [16].

CFD Resolution of the Flow Field. The prediction of the dep-
osition starts with the initialization of the flow field. In this step,
no particles are transported through into domain. The numerical
analysis have been carried out using the sonicFoam solver from
the oPENFOAM-v3.0.0 set of compressible solvers is used.

This solver is a pressure-based solver that uses the pressure
implicit with splitting of operators algorithm (PISO). The solver
has been validated against the well-known LS-89 test case meas-
ured by Arts et al. [23]. The boundary conditions reported in
Table 1 have been applied to a 2D multiblock mesh of roughly
60,000 elements. The computational domain extends for 0.5 chord
both upstream and downstream the vane. A comparison between
the predicted flow field and a schlieren visualization of the flow
[23] is shown in Fig. 2(a).

For the purpose of the ash ingestion study, a set of boundary
conditions representative of cruise conditions is selected. These
conditions are reported in Table 2.

In both cases, turbulence have been simulated using a k—¢
model, with standard wall functions. The wall was considered to
be hydraulically smooth both in cases of clean and dirty vane. It
must be remarked here that this assumption is done since the
deposit roughness is not known in advance. It can theoretically be
either higher or lower than the original vane. To the authors’
knowledge, no extensive work has been reported in literature
describing the variation of the wall roughness after the deposition
of volcanic ash.

(@)

Particle Seeding. Once the flow field is initialized, the
injection of the particles starts at the inlet of the domain. The
amount of particulate injected is derived from the following
considerations.

In this work, a volcanic ash cloud with concentration of
250 mg/m3 is considered. This concentration is representative of a
very dense volcanic ash cloud [2]. A further assumption is that the
same concentration that is ingested by the fan is transferred to the
core flow without any changes. In such a way, the particulate flow
rate that is processed by the core flow is simply a function of the
by-pass ratio. This assumption is very pessimistic since a very
high fraction of the foulant agent would be centrifuged toward the
by-pass flow, lowering the concentration of particles within the
flow processed by the turbine. Nevertheless, this condition implies
more detrimental effects on the components, and so this “worst
case scenario assumption” is deemed suitable for the purposes of
this study. This approach is a common assumption when dealing
with this kind of problem, and it is also used for the realization of
the Safe-to-Fly chart by Rolls-Royce, see Ref. [1].

In this simulation, a mass flow rate of particulate equals to
1.375 x 10”7 kgs™" have been injected corresponding to roughly
30,000 particles per second.

The physical properties of the particles relevant to the calcula-
tion are the density p=3000kg m > and the specific heat
Cpare =800 J (kg K)~!. The particles are inserted into the flow at
the inlet of the domain at random angular positions and with
velocity perfectly coupled with the fluid flow at the inlet of the
domain. The size distribution is representative of the one which
could reasonably reach the exit of the combustor. According to
Ref. [24], the typical distribution of a volcanic ash cloud is very
case dependent. Nonetheless, the biggest particles are centrifuged
toward the by-pass flow or are split in smaller parts during the
impact against the compressor blades. Thus, the population that
approaches the high-pressure turbine vane can be represented by a
uniform distribution between 1 um and 30 um as can be gathered

Fig. 2 Schlieren visualization from Ref. [23] and results of the validating simulation: (a) schlieren visualization

from Ref. [23] and (b) numerical results for validation

Journal of Turbomachinery
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by Taltavull et al. [24]. The chemical composition of the particles
is reported by Taltavull et al. [24]. For this composition, the coef-
ficients for the sticking probability according to the EBFOG
model are derived.

Lagrangian Tracking and Impact Modeling. Once particles
are seeded, they must be tracked in order to associate the
particle position with the computational cell. Since the particle
concentration in the flow is small (even in the case of highly con-
centrated volcanic cloud), the coupling between fluid and particle
is modeled through a one-way approach. The tracking algorithm
provided with oPENFOAM-v3.0.0 and described in Ref. [25] is used.
The motion of the particles is governed by the Basset—Boussinesq
—Oseen equation, and as suggested by Rispoli et al. [26] and
Wenglarz and Cohn [27], the only force to be taken into account
is the drag. The balance to be solved is thus reported in the follow-
ing equation:

o, _
o P

_ 18u CpRe,
ppds 24

(ll - up) (1)

where u and u,, are, respectively, fluid and particle velocity, Fp is
the drag force, u is the dynamic viscosity, p,, is the particle den-
sity, Cp is the drag coefficient, and Re, is the particle Reynolds
number defined as Re, = (p|lu — u,||d,)/p. In this definition, d,
is the particle diameter. The default particle drag law in OPENFOAM
is reported in the following equation:

24
= if Re, < 1
Re,
—
o o (1 + 0.15Re2-687) it 1 <Re, <1000 &
P
0.44 if Re, > 1000

As one can see, the equation used for the drag is valid for spher-
ical particles. It is well known that the shape of the volcanic ash is
far from being spherical, for example, see Ref. [24]. Nonetheless,
when particles pass through the combustor they melt and their
shape become spherical as reported by Lau and Windand [28].
The time-step is limited by the condition that the maximum
Courant—Friedrichs—Lewy number is 1. This condition is imposed
for accuracy reasons related to the particle tracking [29] and guar-
antees that each particle crosses at most one cell boundary at
every time-step.

The heat transfer between the gas and the particles is also com-
puted. The Ranz—Marshall equation (see Eq. (3)) is used to esti-
mate the Nusselt number for the heat transfer from the fluid to the
particle

Nu="% _ 2+ 0.6/Re,v/Pr 3)

In Eq. (3), Nu is the Nusselt number which characterizes the ther-
mal boundary layer of the particle, / is the convection heat transfer
coefficient, k is the thermal conductivity of the gas, and Pr = uc,/k
is its Prandtl Number. If Nu is known, and in this work is evaluated
using the right hand side of Eq. (3), k is a property of the gas and
thus / is derived. Finally Q = hS(T, — T.,) can be evaluated,
where T is the temperature of the gas outside the thermal bound-
ary layer of the particle having a temperature of 7,. The variation
in the particle temperature is calculated as reported in Eq. (4)

a, 0

Ot myCpan

“

Impact Modeling. If a particle hits the vane, the consequences
depends on the particle properties just before the impact.
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Sticking. The properties of the particle at the end of the time-
step before the impact are evaluated. The sticking probability is
evaluated using the EBFOG model [14]. The model uses an
Arrhenius-like Eq. (5) whereby the kinetic energy of the particle
associated with its motion normal to the solid surface is compared
with an energy which represents its state (solid, soft solid, liquid)
and which depends exclusively on temperature through a law of
corresponding states

c
S, = Ae 1wia(1or) ®)
The reference temperature T is assumed to be the softening tem-
perature of the particle material under investigation. The constant
C, is material independent and its value is equal to 3027. From
the analysis reported in Ref. [14], Eq. (4) fits the experimental
data for a nonmetallic particle [24] if the coefficients are chosen
tobe A=0.897 and C; =2.51 x 107°.

The outcome of the model is a number belonging to the range
[0-1]. The decision whether a particle sticks or not is taken by a
Metropolis—Hasting algorithm. This method uses an auxiliary
random number in the range [0-1] that is compared with S,,. If the
randomly generated number is greater than the coefficient provided
by Eq. (5), the algorithm rejects the sticking of the particle and vice
versa. In this way, the overall probability is respected and the results
should reflect the actual statistics for every time-step of computation.

Erosion. If the Monte Carlo method rejects the hypothesis, the
particle does not stick to the surface. It is well known that the
ingestion of particle clouds entails deposition as well as erosion
[30]. Thus, in this work it is assumed that a particle that does not
stick to a surface brings about erosion. Therefore, in the present
method, all the particles that impinge the vane either cause ero-
sion or stick to it. To model erosion, the method proposed by
Tabakoff et al. [19] is used. The ratio of the mass of eroded mate-
rial to the mass of the impinging particle, ¢, is predicted by Eq. (6)

. (90 2
e :Kl{l + Cy [Ku s1n(ﬁ—[5’1)]} Vlzcoszﬁl [1 thz]
0

+ K3(Vy sin ) (6)
For fly ash particles impinging on steel (the coefficients used
in this article), K;=1.505101 x 107%, K;»=0.296077, and
K;=5.0 % 10712 (from Tabakoff et al. [19]). Ck is a parameter
which value depends on f3; (impingement angle) and f, (angle of
maximum erosion) as follows:

o[
““Jo

and R, = 1 — V;sin f3,. The trajectories of the particles after the
rebound, if erosion takes place, are evaluated through the relations
provided by Tabakoff and Malak [31]. These empirical correla-
tions are strongly material dependent and the equations for fly ash
impacting a 410 stainless steel have been implemented, as
reported by Tabakoff et al. [19].

it By <2p,
if B, > 28,

Geometry Modification and Mesh Update. Once an impact
takes place, the geometry is always modified, by either loss or
gain of material according to the characteristics of the impinging
particle. In both cases, a displacement in the direction normal to
the surface is applied. The normal-to-the-surface vector is
assumed to be the vector normal to the boundary face where the
impact takes place. Since the faces of the cells are flat, this
assumption does not imply any interpolation error.

In order to preserve mesh quality, the displacement of the
boundary is spread onto the domain in such a way that the cells
that belong to a deforming patch retain an acceptable quality. The
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movement of the boundaries is followed by a smoothing of the
displacement across the internals point. The displacement of inter-
nal nodes is determined solving a Laplace smoothing equation
with constant diffusivity. It should be pointed out that the order of
magnitude of the displacement due to the boundary motion for
each time-step is very small (i.e., 1077), and thus the numerical
grid can bear such deformation with the aid of the smoothing
without problems.

Deposit Detachment. The growth of the build-up causes a
reduction of the passage section, whereas the erosion widens the
channel. In both cases of erosion or deposition, the effect of the
changed roughness is not taken into account. The corresponding
additional reduction due to increase of the displacement thickness
is therefore neglected. Nevertheless, the flow field changes as a
response to the changed geometry.

The evolution of the deposition and, consequently, of flow field
can cause conditions around the deposit to change. In particular, if
the velocity is sufficiently high, the deposit can detach from the sur-
face and resuspend [32]. In this work, the detachment is thought to
be due only to the aerodynamic drag. This is mainly responsible of
the detachment according to many authors, for example, see Ref.
[22]. Thus, a momentum balance is carried out in order to evaluate
the drag force necessary to overcome the adhesion force. To mea-
sure the adhesion work, Soltani and Ahmadi [22] proposed a model
that relates adhesion energy to the radius of the contact area between
particle and surface, and the elastic properties of both wall and parti-
cle material. The drawback of this approach is that several properties
of the materials under investigation must be known.

The adhesion force for ash particles on steel in the present
contribution relies on the estimates by El-Batsh [33]. Once the adhe-
sion force is known, the quantity that causes the particle detachment
is the wall shear velocity. The critical value above which the deposit
detachment happens is defined by the following equation:

1

u . :% ﬂ : @)
Teritic pdp deC

where Cu is the Cunningham correction factor, W, is the work of

adhesion, and K, is the composite Young modulus. The critical

wall shear velocity as a function of the diameter is determined
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using the values of the parameters in Ref. [33]. The final equation

used to determine the critical shear velocity is
Ureritic = 1111 x 10~ hp 871 ®)
where /i, is the thickness of the deposit in the cell under investiga-
tion. The condition
Uz 2 Urcritic )

indicates that the deposit must detach from the surface. The
assumption made in this work is that if the condition (9) is true,
the whole build-up adhering to a boundary face is detached. This
might be not completely true since a fracture can be started any-
where inside the deposit rather than at the base. No exhaustive
research has been found in the literature on this topic and there
seems to be no general behavior. Inspection of the work by Webb
et al. [34] reveals that, depending on the material, the deposit is
completely removed in the trailing edge area whereas spalling of
the outer layers of the deposit is discernible in some cases. The
wettability of the ash/metal interface with respect to the ash/ash
interface is most likely the responsible for such a different behav-
ior. Further work must be carried out on this topic.

Results

The method illustrated in the previous section is applied to a
realistic turbine nozzle vane section in order to predict the varia-
tion in time of the vane shape due to the deposition, erosion and
detachment on the surface by the particle laden flow.

Effects on Vane Shape. The simulations are started with a
nominal profile and, as illustrated in the previous section, particles
are seeded at the inlet of a converged steady solution. The evolu-
tion of the deposits and of erosion patches is monitored in time.
The evolution of the profile over the first second of exposure is
reported in Fig. 3.

Pressure Side. It can be seen that the fouled profile after 1s is
quite different from the one after 0.1 s everywhere but around the
trailing edge. Here, the profile seems to reach the asymptotic
value of the displacement already in the first few steps of the sim-
ulation. This asymptotic value of the deposit thickness is
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Fig. 3 Evolution of the deposit during the first second of exposure. spyaxsige Stands for the
maximum curvilinear coordinate on the side under investigation.
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Fig. 4 Accretion of the trailing edge area

Fig. 5 Fouled geometry from Ref. [34]: particular of the thin
deposit in the trailing edge area

determined by the balance between the detaching drag force and
the adhesion force. The two forces act simultaneously on the
deposit, and the resulting effect on the trailing edge deposit area is
a continuous succession of build-up and detachment. The evolu-
tion of the trailing edge area of the pressure side is reported in
Fig. 4. It can be seen that the displacement is oscillating around
the asymptotic value of 3 x 10~® m. This value remains the same
for as long as the simulation had run. Unless the conditions of the
deposit upstream on the vane change in such a way that the flow
field is considerably modified, this value can be considered as a
constant displacement. This result is in agreement with the experi-
mental data found by Dunn [2], where very little if no deposition
at all is found in the trailing edge areas.

The asymptotic value of the displacement on the trailing edge
area seems to find good agreement in the experimental field. For
example, the work by Webb et al. [34] reports the experimental
investigation of the consequences of vane exposure to contami-
nated air. The study is based on a realistic vane (E* geometry)
subject to fouling by four different types of coal ash. All the tested
materials show the same behavior with respect to the trailing edge
area: a thinner deposit compared with the rest of the pressure side.
This feature can be considered as typical of the fouling of high-
pressure turbine vanes, at least for the exposure time investigated.
The appearance of a vane exposed to air contaminated with lignite
is shown in Fig. 5. The circled area is considerably thinner than
the other areas of the deposits.

Inspecting the other parts of the vane in Fig. 3, it can be clearly
seen how the leading edge is the most affected area by deposition.
This remark is in good agreement with the literature (e.g., see
Ref. [35,36] or [37]). Borello et al. [36] observe the same trend
regarding the deposition. They do not consider the effect of ero-
sion but, from their work, it is clear how the deposit build-up is
greater on the leading edge and on the trailing edge areas, whereas
no deposition occurs immediately downstream the leading edge.
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In this area, particle velocity components tangential to the surface
are pretty high and thus the deposition is less likely. However, in
Ref. [2] deposition is reported in this area of the vane for all the
engine tested. We can conclude that the prevailing detrimental
effect is of deposition here and it is correctly predicted in this
work, even if less evident with respect to the leading edge area.
Probably carrying on the simulation for longer exposure time, the
difference in build-up between this area and the peak deposition
at the leading edge would become lower. Other tests, for example
the ones by Casaday et al. [37], show the midspan chord-wise dep-
osition on a real turbine vane geometry. Even if the airfoil differs
from the one analyzed in this work, the trend is remarkably simi-
lar to Fig. 3. The areas mentioned above are easily identifiable.

Suction Side. Parker and Lee [38] report that the highest depo-
sition rates are found on the suction surface. This is mainly due to
the small size of the particles (submicrometer). This behavior has
not found agreement in the literature where real engine have been
tested [2]. The other cause of deposition on the suction side is the
rebound against the pressure side of the adjacent vane. In this
work, no deposit on the suction surface is reported since the parti-
cle size is well above the submicrometer size. On the other hand,
the rebound on the pressure surface do not cause the particle tra-
jectory to impinge the next suction surface. For the diameters
under investigation in this work, the Stokes number is such that
the particle is not able to reach that surface and is brought down-
stream by the core flow. From Fig. 3, the suction side is affected
only in proximity of the leading edge. Moving along the suction
surface from the leading toward the trailing edge, an area of high
deposition rate is found. Immediately downstream this area of ero-
sion is found. This area is clearly identifiable from the beginning
of the computation, and the amount of erosion seems to reach an
asymptote after 1s. It must be remarked that the entity of erosion
is very little if compared with the mean deposit build-up. On the
top of that, having reach an asymptote, its value is likely to remain
the same and to be always less important in terms of effects on the
flow field. This result is in agreement with the experiments carried
out in Ref. [2], where very little erosion has been found. Beyond
§/Smax.side = 0.25, no changes in shape are reported in the range of
time investigated.

Effects on the Flow Field. The flow field is affected by the
presence of the deposit. In agreement with the results reported in
Ref. [39], the shock wave is shifted downstream. Figures 6(b) and
7 report this shift. The isentropic Mach distribution along the suc-
tion side of the vane at the beginning and after 1s of exposure is
shown in Fig. 7.

The pressure side is not shown since the difference in the pres-
sure distribution before and after the exposure is not noticeable. It
is well clear that the overall performances of the vane is not
affected except at the trailing edge. The discontinuous pressure
rise (and consequent drop in the isentropic Mach number) due to
the shock wave also moves streamwise.

Another parameter of paramount importance for the vane per-

formance is the total pressure loss. As it is well known, the param- 3
eter which is usually referred to when dealing with losses is the :

coefficient of pressure, ¢, = (po2 — po1)/(0.5p,U3) where the

subscript 1 refers to the inlet of the computational domain and 2 S
to the outlet as suggested by El-Batsh [33]. U, is evaluated from ¢

the isentropic exit Mach number. In Fig. 8, the trend of ¢, along a
pitch is reported. After the exposure, the ¢, is lower and this is

probably due to the displacement of the shock structures. The 5:

Mach number discontinuity across the shock is therefore different

and thus a variation in the ¢, is the consequence. Furthermore, the :
wake is slightly displaced: the exit flow angle varies with the 55

build-up of deposits on the vane surface. No reports regarding this

effect on turbines have been found in the literature so far. Gba- 3
debo et al. [40] reports the effects of artificially added roughness 5¢

to compressor vanes on several parameters. The authors identify

the location which affects the flow deviation the most: enlarged 3
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(b)

Fig. 6 Displacement of the shock wave: depicted in red the initial position: (a) original posi-
tion of the shock and (b) displacement of the shock after 1 s of exposure
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Fig. 7 Isentropic Mach distribution along the suction side of
the vane at different exposure time
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Fig. 8 Coefficient of pressure in the two cases: peak repre-
sents the wake

roughness at the leading edge seems to have the biggest effect on
the outflow angle. In this work, in the leading edge area there is
the biggest deposition, as reported in Fig. 3 and it is reasonable to
expect a slight variation in the outflow angle. Figure 8 seems to
confirm this trend. It must be remarked that the reason of the vari-
ation of the outflow angle could be also the downstream displace-
ment of the shock.
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Conclusions

The effects of the ingestion of an ash cloud have been numeri-
cally investigated. The model used is an extension of the energy-
based EBFOG model which implementation has been changed in
order to keep into account also the erosion. The variation of the
blade shape due to erosion and sticking is accounted for by modi-
fying the computational mesh. The build-up of the deposit can
vary during time as a consequence of the aerodynamic drag. Drag
force tends to detach the deposit especially in the trailing edge
area where the wall shear stress and thus the friction velocity are
higher. The assumption of the total detach of the local deposit
rather than outer layer spallation is justified by the presence of an
interface metal/nonmetal, where the chemical bonds are reason-
ably weaker.

Some interesting facts about the variation of the blade shape
have been found. Particularly two asymptotic values can be
detected, one in the peak-valley displacement in the leading-edge
suction side area and the other one in the trailing-edge deposit.
The asymptotic thickness is a function of the material (since the
adhesion force depends on the materials that constitute the two
part of the interface). In both the cases after 0.1s of exposure, the
erosion/deposition pattern on this area is remarkably similar to the
one at 1s.

On the top of that, it has been found that geometrical variations
and the flow field are strictly coupled. In particular, the shock
location changes due to the geometrical variations.

From this work, it can be concluded that during the ingestion of
a volcanic ash cloud, the geometry of the high-pressure turbine
vane changes and these variations affect the flow field in different
ways. The displacement of the shock structures and a variation in
the coefficient of pressure are the two main consequences.

Future work will be focused on the translation of information
obtained from this article to important piece of on-board informa-
tion for the flight crew. In order to predict the displacement of the
operating point on the compressor map, the whole 3D vane should
be investigated. Nonetheless, useful information can be derived
from the fouled geometry reported in the Appendix and particu-
larly in Fig. 9. For more quantitative analyses, the coordinates of
the clean and fouled blade are available for downloading at the
website [41].

Nomenclature

A = pre-exponential constant
¢, = coefficient of pressure
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Cpart = Particle specific heat
Cp = drag coefficient
C, = activation energy—constant part
C, = universal constant of the reduced temperature
Cu = Cunningham correction factor
d,, = particle diameter
E ... = activation energy
E .se = reference energy for the case
h = convection heat transfer coefficient
hp = deposit thickness
k = thermal conductivity
K¢ = composite Young modulus
m,, = particle mass
Nusselt number
= pressure
Pr = Prandtl number
= heat transfer per unit time
S = particle surface
S, = sticking probability
T = temperature
le = particle temperature
T = reference temperature
U = fluid velocity
u, = particle velocity component
u, = friction velocity
Uqeriic = critical friction velocity
V| = particle velocity component before impact
V, = particle velocity component after impact

Greek Symbols

f = impingement angle
1 = fluid viscosity
p = gas density

pp = particle density

Appendix: Initial and Final Blade Geometry

The coordinates are available at [41].

- Suctiox?\ side Leading gdge
/ erosion deposition
/
/ —
§/ L
7
S/

Trailing edge detachment

8

Fig. 9 Overall of the blade and details of leading edge, suction
side, and trailing edge. Displacement is magnificated of 200
times.

10mm

Clean blade scale
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