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Abstract

Applying abradable coating on the casing of turbomachines has been widely recognized as a
robust solution advantageously combining the adjustment of operating clearances with the
reduction of potential non-repairable damages. Thus, the modeling of this material is a grow-
ing field of investigation. Based on the numerical strategy proposed and detailed in previous
publication by the same authors, the present study aims at capturing the mechanical behav-
ior of abradable coating in the context of high speed interaction with a rigid tool. The plastic
law given is first enriched in order to take into account strain rate dependence. The sensitivity
of the model regarding its main numerical parameters is assessed and highlights the role of
each of these parameters. The calibration of numerical results with respect to experimental
results lead to very satisfying results that confirm that the proposed strategy is well-suited for
the modeling of abradable coating. Finally, the newly developped viscoplastic law is applied
to a 3D rotor/stator interaction case to determine the criticity of strain rate dependence in the

case of blade/casing contact.

Introduction

The minimization of parasitic leakage flows between each stage of the compressor is a key
feature of the optimization of the power efficiency of turbomachines. Accordingly, design-
ers focus on the reduction of the clearance between rotating parts and structural interac-
tion through direct contact between these components is thus more likely to occur. Be-
cause these interactions may lead to potentially dangerous phenomena, their understand-
ing and control is a large field of investigation involving both numericists [1, 2] and experi-
menters [3].

Applying abradable coating on the casing [4] has been widely recognized as a robust
solution advantageously combining the adjustment of operating clearances with the reduc-
tion of potential non-repairable damage. This material should be soft enough not to lead to
significant wear of the blades and sufficiently resilient to stand very high temperatures and

high-speed gas flows with inherent solid particles [5].



Recent numerical developments [6, 7] focused on the modeling of the abradable coating
in the context of full 3D contact simulations on one stage of an aircraft engine compressor
and obtained results were consistent with physical considerations such as structural reso-
nance. In [6], abradable coating is modeled with a mono-dimensional plastic law for which
an accurate calibration may not be easily achieved on full 3D contact simulations due to the
complexity of the contact configuration and the inherent costs of the industrial experiments
that would be required. A few studies may be found in the literature regarding the identifica-
tion of mechanical properties of abradable materials [5, 8, 9]. Most of them deal with static
or low speed standard scratch tests due to the aforementioned restrictions.

In our study, based on the existing modeling of abradable coating detailed in [6], the
focus is made on the numerical simulations of experiments detailed in the first section.
These tests considered a tool/abradable material interaction case between abradable ma-
terial M601 and a tool made of steel 42CrMo4. Abradable material M601 has been widely
studied and a significant amount of information may be found in the literature regarding its
material properties [5, 10].

Through the numerical simulation of these tests, it is expected to calibrate the material
parameters of the mono-dimensional plastic law used in [6] in order to achieve more accu-

rate blade-tip/abradable coating interaction simulations.

Vocabulary

Two different types of interactions with similar names are considered in this study:

1. The tool/abradable material interaction refers to an experiment involving a tool and
a projectile with an abradable layer as described in the following section. The part of
the tool in contact with the projectile is called the blade and will be referred to as the

blade-edge of the tool.

2. The blade-tip/abradable coating interaction refers to what may happen within a turbo-
machine on a stage where abradable coating is added as a sacrificial layer between the
bladed disk and the casing in order to reduce clearances. In that case, the blade defines
an elementary cyclic sector of the bladed disk involved in the interaction. The part of

the blade in contact with the abradable coating will be referred to as the blade-tip.

Because blade-tip/abradable coating interactioninvolves very large and expensive industrial
structures, its experimental study is extremely costful and it is hoped it may be simulated

with tool/abradable material interaction described in the following section.



4 Experimental set-up

The tool/abradable coating contact phenomenon is studied thanks to an experimental de-
vice specially designed to measure contact forces during the interaction depicted in Fig. 1.
The device is mainly made of a pneumatic gun to launch a projectile which velocity may
reach up to 500 m-s~!. This projectile supports the abradable material sample. It is guided
along a launch tube and interacts with a tool representing the blade-edge pictured in Fig. 1.

The main purpose of these experiments is to characterize the material behavior of the abrad-

piezoelectric
force sensor

abradable M601

projectile

Figure 1 — Zoom over the tool of the test bench and the projectile.

able coating M601 through the measurement of the axial interaction reaction, regardless of
the tool dynamics, to feed numerical models such as the one presented in this work.
Obviously, many parameters have an influence on the wear law such as the interaction
velocity, the incursion depth, the shape of the blade-edge of the tool, the tool material, etc.
However, as a first approach, only the first two parameters were investigated experimentally.
The tool shape and material did not vary during the experiments, its blade-edge was regu-
larly sharpened to maintain its radius to 25-10~3 mm. The tool was made of steel 42CrMo4
which differs from the usual material of a compressor blade. The choice of this material was
made for practical reasons and in agreement with the hypothesis that the tool material has
a negligible influence on the interaction forces in comparison with the ones of the velocity
and the incursion depth. The same assumption has been made during the modelisation.
Orthogonal cutting experiments on abradable material M601 were performed for a range of
interaction velocities varying from 60 m-s~! to 270 m-s~!. The theoretical incursion depth
was set to p=0.2 mm for all the experiments. Experimental results, depicted in Fig.2, show

that the interaction force non-linearly increases with the interaction speed.
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Figure 2 — Experimental observations.

5 Modeling

The choice of a generic representation of the tool was made in agreement with the hypothe-

sis that the tool design has a negligible influence on the interaction phenomenon.
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Figure 3 — Mesh and boundary conditions applied on the model of the tool.

The mesh depicted in Fig. 3 is the result of a compromise between the number of nodes
and the accuracy of the approximation of its first eigenfrequencies. In total, the mesh is
composed of 1,835 nodes and 8,913 linear tetrahedron elements. The tool is clamped on the
test bench through an hole made on its back side as depicted in Fig. 3. All the nodes of the

mesh on the surface of this hole (pictured in blue) are clamped.

abradable coating (E,K, oy,1)

tool blade

}45mm

Figure 4 — Graphic representation of the numerical simulation.

Fifteen nodes are symmetrically positioned on the edge of the tool blade. Because the
width of the projectile is one third of the blade width, only the five middle nodes are con-

sidered to manage contact. These five nodes — namely (c;j)i=1.5 and pictured in red in Fig. 3
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Figure 5 — Zoom on the tool blade: cut view in the (c3, Z, X) plane.

- correspond to the nodes facing the abradable coating during the interaction as it may be
seen in Fig. 4.

The precision of a full finite element model appears as unnecessary in our study and
a reduced order model of the tool is created in order to optimize computation times. The
Craig-Bampton [11] component mode synthesis method is used, its compatibility with the
contact algorithm we use has been previously studied as well as its advantages with respect
to other component mode synthesis methods. The final reduced order model of the tool
contains 75 degrees of freedom and allows for a very accurate approximation of the 25 first
eigenfrequencies of the full finite element model’.

Regarding the contact configuration, the abradable coating is placed on a projectile launched
by a pneumatic air gun. A simplified representation of this configuration is pictured in Fig. 4.
In order to represent the width of the tool blade in the Z' direction, a numerical profile is used
for each contact node as depicted in Fig. 5.

This profile allows for an accurate modeling of the tool blade, considering its width /2,
and its sharpness r. The abradable material is modeled with one-dimensional two-node bar
elements depicted in Fig. 6. For the sake of clarity, the relative position of the abradable
material and the tool numerical profile for two consecutive time steps is represented in a
frame attached to the projectile so that the tool is virtually moving.

Between two consecutive time-steps, the detection of penetrations between the abrad-
able elements and the blade profile allows for the computation of contact efforts. While the
abradable elements can only be deformed in the ¥ direction, the orientation of the contact
effort ﬁ applied on the tool is determined for each abradable element by the normal vector
to the numerical at each intersection as depicted in Fig. 6. Accordingly, at each time step, the
computed contact effort on each contact node k, (k = 1..5) is given by: F, = > ﬁ In order
to remain consistent with the experiments presented in the first section, only the axial com-
ponent of the contact effort is considered in the results presented in the paper: the contact

force F of interest is defined as

1The error between the 10 first eigenfrequencies computed with the reduced order model and with the full
finite element model is less than 1 %.

2] is a numerical parameter that does not influence the computation of the contact force F. Indeed, only the
axial component is considered, as detailed in Eq. (1)
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6 Numerical methods

The numerical simulation of the tool/abradable material interaction experiments is based
on the developments previously described in [1, 6]. As a consequence they are not fully de-
tailed in this paper.

The explicit time integration scheme relies on the central finite difference method for
which the time step is h = 1078 s. Asymptotical convergence of the simulation while dimin-
ishing the time step may not be easily shown since simulation diverges for relatively large
time steps but one may observe the perfect superimposition of the results for three time

steps smaller than h in Fig. 7.

displacement (x10~5 m)

0 1 2 3 4 5
time (X104 s)

Figure 7 — Displacement of node c3 in the X direction for different time steps: h =
108s(—), h=5-10"s (—) and h =10"% s (—). Other parameters are ||V|| =200 m-s~,
p=0.5mm.

Regarding the management of abradable material removal, the mono-dimensional plas-
tic law described in [6] is used and adapted to our configuration. Explanations about this
adaptation are given in the following section. In order to reach space convergence for all the
interaction speeds considered 50,000 abradable elements — which length corresponds to the

thickness of the abradable profile — are used along the length of the projectile3

350,000 abradable elements are used in front of each contact nodes so that the total number of abradable
elements is 250,000.
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7.1

Plastic law

The plasticity law used in [6] for the modeling of the abradable material is one-dimensional,
strain-rate independent with isotropic hardening. When a quasi-rigid tool is considered, one
main drawback of this law is revealed since the simulations of the tool/abradable material
interaction show that the contact effort on the tool is independent on the speed of the pro-
jectile with abradable material.

This drawback did not clearly appear for blade-tip/abradable coating interaction simula-
tions. Indeed, the wear profiles of the abradable coating varied very much with the rotational
velocity of the blade [7]: depending on the rotational velocity, the frequency of the contact
force applied on the blade changes and the amplitude of the blade response fluctuates with
its rotational velocity as well as the wear level of the abradable coating.

Because the results of the tests clearly highlight the dependency of the contact force on
the interaction speed, the plasticity law must be modified and it is proposed to consider a

one-dimensional classical viscoplasticity law.

One-dimensional plasticity
The plasticity law detailed in [6] is pictured in Fig. 8(a) and is not fully detailed here for the
sake of brevity. The reader may refer to [6] for more details. This law may be summarized
using the following equations:

o =E(e —€P)

¢P = -sign(o)

a=y

)
flo,0)=lloll-(oy+K-a)<0
120, f(o,0)<0, v f(o,0)=0

- f(0,0)=0 (if f(o,0)=0)

where superscript P stands for plastic. Parameter y stands for the flow rule defined by y = ¢'P
and a is usually called internal hardening variable and & = vy. By definition, when a strain-
rate independent plasticity law is considered, the criterion function f must be negative at all
time: f < 0. This mathematical criterion may be easily graphically interpreted and defines

the admissible domain pictured in Fig. 8(a) in which the point (¢, o) must belong at all time*.

4A symmetric domain with respect to the abscissa axis may be considered depending on the type of solicita-
tion of the plastic element.
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Figure 8 — Constitutive laws controlling the ductility of the abradable.

One-dimensional viscoplasticity
Because of the very high linear speed considered in this study and the level of penetration
within the abradable material, strain rate exceeds ¢ = 103 s~! which is frequently considered
as the threshold after which strain rate cannot be neglected in the plasticity law [12, 13].
Moreover, when dealing with structural metals such as titanium and aluminium - which
is the main component of abradable material M601 [5] — experiments [14] show that the
strain rate strongly affects the yield strength oy of the material.
It yields that to the contrary of usual plasticity laws, an admissible domain such as the
one pictured in Fig. 8(a) may not be defined and the criterion function f defined in Eq. (2)

may now be positive. The assumption is made that :

f20:>f:0-exzn-évp S)

where o¢ is usually called the extra stress and 1 is a viscous coefficient expressed in Pa-s.
A new criterion function g may now be defined: g(o,a) = f(o,a)+ 1 - é'P which yields:
g(o,a)=||o|| - (Zy+K- a). The criterion function g respects the condition g <0 thus defin-
ing a scalable admissible domain similar to the one presented in the strain-rate independent
case and depicted in Fig. 8(b) with: £y(¢"P) = oy +mn - €'P. In the end, the evolution from the
plastic law used in [6] to the proposed viscoplastic law leads to taking into account a variable
yield limit depending on the viscoplastic strain-rate §€'P. The computation of the viscoplas-
tic strain-rate €'P is the cornerstone of the modifications of the algorithm presented in the

following.

Algorithm
The equations developed in this section take into account the specificity of the contact con-
figuration. In particular, an axial stress o within the bar element can only be positive which
simplifies, in some degree, the equations.

It is assumed that the state of system at the nt" time step is given: oy, €, er?, o, are

known. The state of the system at the next time step is predicted considering a purely elastic



step:

g _ Y

o5, =E(ent1 —&P)
VP8 _ .vp

8n+1 - Sn @
g _

Opy1 = Qn

§+1 = ||0rgl+1 || - (0Y+ Kan)

where superscript & stands for guessed and refers to the predicted values. From the predicted

states, two cases are to be considered:

1. ff 1 <0, then the step is indeed purely elastic and:

_ ~8
Ont1=0p4
vp _ .Vp
8n+1 =8, ®)
On41 = 0On

2. f5,>0,then fo11 =né", and viscoplastic strain ¢ | must be computed:

ffﬂ >0=>Ay>0=> eﬁﬁészp and opy1 £ On 6)

where Ay = f:“ yvdt. Coming back to the definition of o,+; yields: on+1 = E(en41 —

s;ﬂl) which may be written:

On+1 =E(ent1 — E‘r/lp) - E(Szﬁ.l - E‘r/lp) @

thus: ony = oﬁ 41— EAy and the state of the system at time #,+, is fully described by

the following set of equations:
Ont1= O'Igl_,’_l —EAY

vp __ .vp
€nr1 =€, + Ay

8
Opt1 =0n +AY

Jfot1 =0n41 —(oy+Kany)

where every term is known to the exception of Ay. For the sake of brevity, details of the

computation of this terms are not given here:

g
+ .
Ay= ]ch+1 Tn M ©)
E'T]+E+K

and the system of equations given in Eq. (8) is now explicitly known.

The system is then fully described at the (n-+1)™ time step and the time step can be increased

in order to proceed time integration until the end of the simulation is reached.
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8.1

Numerical parameters value

E 90-10° Pa
K 15-10° Pa
n 5-10% Pa's
oy 1-107 Pa

p 2-10~' mm

Table 1 — Numerical parameters chosen for the sensitivity study.

Tool /abradable material interaction

The viscoplastic law used for the modeling of the abradable material involves four param-
eters: (1) the Young’s modulus E, (2) the plastic modulus K, (3) the yield limit oy, (4) the
viscoplastic coefficient n and (5) the penetration p of the tool in the abradable material.

As mentioned above, our study intends to calibrate the parameters of the viscoplastic law
in order to assess the relevance of the modeling and the feasibility of precise abradable ma-
terial/tool simulations and thus more accurate blade/casing interaction simulations. While
a good representation of abradable material removal — referred to as the wear level — is of
great importance, the focus is essentially made on the tool side. Indeed, the critical aspect of
a blade/casing interaction simulation definitely lies into the amplitude of vibrations of the
blade and the subsequent stress level in it: through the prediction of stress level within the
blade, designers may be able to predict and thus prevent cracks initiation.

Accordingly, our study does not intend to calibrate the viscoplastic law with material pa-
rameters close to the ones experimentally obtained for abradable material M601 [5]. Instead,
it is expected to predict accurately the contact forces applied on the tool. This section fea-
tures the description of an interaction simulation carried out with the numerical parameters
given in Tab. 1, then the sensitivity of the model is assessed with respect to the five numerical
parameters thus giving a better understanding of the role of each of these parameters and

allowing for the calibration of the numerical model with experimental data.

Interaction simulation

The tool/abradable material interaction phenomenon occurs between times ¢t =, and t =
te. During the interaction, the focus is made on three quantities: (1) (F;);=; 5 the contact
forces applied on the tool blade® on each boundary node (c;);=1.5 along the axial direction Z,
(2) (uy,i)i=1.5 and (uz,;);=1.5 the displacements of each boundary node (c;);=1. 5 respectively
in the ¥ and Z directions and, (3) the wear profile that is obtained on the abradable material
in front of each boundary node.

Even if the r parameter depicted in Fig. 5 may be seen as the modeling of the keenness
of the cutting edge of the tool, its numerical value is associated with numerical convergence

considerations. The point being to avoid an all-or-nothing state in terms of penetration of

5As described in Eq. (1).

10
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Figure 9 — Contact force applied on node c; during the interaction (|[V]| = 200 m-s~! and
relative penetration p =0.2 mm).

the abradable in the tool at each time step which could lead to numerical instability. In our

study, r is set to r = 25 um which is consistent with the keenness of the cutting edge of the

experimental tool.
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Figure 10 — Displacements u, 5 and u. 5 of contact node c; during the interaction (||V]| =
200 m-s~! and relative penetration p = 0.2 mm).

In agreement with experiments detailed in the first section, the first simulation presented

is carried out with a projectile speed [IVll = 200 m-s~! and a relative penetration p = 0.2 mm.

For the sake of clarity, contact forces and displacements respectively pictured in Fig. 9 and

Fig. 10 are given for boundary

node c3 only. Very similar results may be observed on the

Lo M / W“M'm Ay

other boundary nodes.
2
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Figure 11 — Wear profile along the abradable material after the interaction (|[V]| =200 m-s~!
and relative penetration p =0.2 mm).

As one may see in Fig. 9, the

contact force on node c3 in the Z direction is almost constant

during the interaction. An average value denoted Fs ,° is computed over ¢ € [t; t.]. The

6For a given contact node k, Fy , is the average value over time of the contact force F; defined in Eq. (1).

11



8.2

contact effort Fs , is mostly dependent on the projectile speed V and the penetration p. In
the following sections, the axial contact force applied on the tool will be referred to as IIEl

defined by: 5
IF = Fra (10)
k=1

Displacements u, 3 and u, 3 are pictured in Fig. 10. Both displacements are negative during
the interaction and one may see that their amplitudes is relatively small: about 2.5 % of the
relative penetration p for uy 3.

Finally, the wear level on the abradable material resulting from the interaction with the
tool is plot in Fig. 11. First, it is noticeable that the average value of the wear level — displayed
as ws,, — is slightly less than the relative penetration p: w3, ~ 0.187 mm while p = 0.2 mm.
This is due to the elastic component of the deformation of the abradable elements during
the interaction. Also, the amplitude of the lobes visible along this wear profile are in good

agreement with the amplitude of the displacement u, 3 pictured in 10.

Sensitivity of the model

This section aims at describing the impact of the variation of each numerical parameter (E,
K, n, oy and p) of the viscoplastic law on the results. This sensitivity study is carried out
around the set of initial values given in Tab. 1.

Results obtained with these values are plotted as a solid line in Figs. 12(a), 12(b), 12(c)
and 12(d). For each figure, all the dashed lines are obtained with the variation of only one of
the aforementioned numerical parameters.

Young’s modulus variation from zero to infinite values describe a triangular area of ad-
missible values as depicted in Fig. 12(a). When the Young’s modulus tends to infinite, one
may see that the relation between the axial force on the tool ||E|| and the speed of the projec-
tile becomes linear”’.

Regarding the influence of the viscoplastic parameter 1, one may see in Fig. 12(b) that if
1 tends to zero, viscoplastic effects become negligible and the axial contact force becomes
constant (low but positive), meaning independent from the speed of the projectile.

The increase of both the plastic modulus and the yield limit has a similar impact on the
evolution of the results as depicted in Fig 12(c) and Fig. 12(d). Strongly increasing each of
these parameters yield a positive offset value of the axial contact force when the speed of the
tool is zero.

The last numerical parameter of interest is the penetration of the tool in the abradable

“Indeed, for extremely high values of the Young’s modulus, the plastic modulus may be considered negligible
thus plastic effects become negligible and the computation of the axial force on the tool solely involves the quan-
tity of abradable material removed by the tool at each time step which is directly proportional to the projectile
speed. In the present paper, plastic effects are not negligible and the liner is permanently deformed.

12



1400

1200

1000

800

IE v

600

400

20050 100 150 200 250 300

speed (m-s™1)

(@) Influence of Young's modulus.

1400 -
1200 T
1000

800

IE) v

600

400 |

200 L2 A U
50 100 150 200 250 300

speed (m-s™1)

(b) Influence of the viscoplastic parameter 7).
1400

1200
1000 f

800 |~

IE (N

600

400 [

200, 100 150 200 250 300
speed (m-s™1)

(c) Influence of the plastic modulus.

1400
1200 | *

1000

400 |

2000 100 150 200 250 300

speed (m-s™1)

(d) Influence of the yield limit ov.

Figure 12 — Evolution of the numerical results with respect to Young’s modulus, the vis-
coplastic coefficient r), the plastic modulus K and the yield limit oy.

material p. Obviously, the higher p, the higher is the contact force on the blade and it is
remarkable in Fig. 13 that the contact force varies very significantly for small variations of
p. These results underline that any variation of the penetration experimentally observed
should be taken into account in the numerical model.

Thanks to these observations, a calibration procedure allows to fit numerical results with

experimental data. Calibrated parameters of the viscoplastic law are given in Tab. 2. One

13
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Figure 13 — Evolution of the numerical results with respect to the penetration of the tool in

the abradable p.

may notice that the calibrated Young’s modulus is significantly higher than the experimental

value obtained for abradable material M601. It seems very likely that the modeling of abrad-

Numerical parameter Calibrated value Experimental value [5]
(static values)
E 60-10° Pa 21+0.9-10° Pa
K 15-10° Pa -
n 5-10% Pa's -
oy 7-108 Pa 6.9-10°% Pa

Table 2 — Numerical and experimental material properties of the abradable material.

able material removal through the compression of one-dimensional abradable elements is

responsible for this numerical over-evaluation of the abradable material mechanical proper-

ties.

8.3 Confrontation with experimental observations

1400
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Figure 14 — Superimposition of experimental data and numerical results with consistent
penetration values p between numerical simulations and experimental observations.

The penetration in the abradable is experimentally set to p = 0.2 mm. Because of the

large interaction speed range covered - from 50 to 250 m-s~! — this data set may be compared

14



with an actual blade-tip/abradable coating interaction case.

Numerical simulations are launched taking into account the variation of the experimen-
tal penetration observed for each point. Superimposition of the results of these numerical
simulations with experimental results is depicted in Fig. 14. The curvatures of both results
interpolations are consistent and numerical results match very well with experimental mea-
surements.

Results show that the proposed strategy is well suited for the modeling of the tool/abradable
material interaction phenomenon: when the experimental variation of the penetration is
taken into account® both the amplitude of the axial contact force and its evolution with re-

spect to the projectile speed are accurately reproduced.
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Figure 15 - Blade model.

clamped —"

boundaries

A more precise calibration of the numerical simulation may be obtained but would not
be relevant here due to the relatively few available experimental data. In particular, it would
be of great interest to experimentally assess the dispersion around each measured point in

order to maximize the precision of the interpolation line of the experimental results.

Application to turbomachines

For the sake of confidentiality, all the frequencies given in this section are normalized with
respect to the first eigenfrequency f; of the blade.

The simulation of the tool/abradable material interaction suggests the need for a signif-
icant evolution of the numerical strategy proposed in [6] through the implementation of a
viscoplastic law in order to take into account the strain-rate dependence.

Though, when speaking of blade-tip/abradable coating interaction, one may question

8The point for which no penetration data is available is not considered for the interpolation of numerical and
experimental results.
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Figure 16 - Partial cut view of a turbomachine with sensitive contact areas (—).

the need for the viscoplastic law. Indeed, strain-rates éex, observed experimentally are very
distinct from those usually observed in turbomachines é,;. The imposed penetration p of
the tool within the abradable material yields €exp >> 10% s7! (numerical simulations give
Eexp ™ 2- 104 s~1) while usual blade-tip/abradable coating penetrations lead roughly to & ~
10! s7! (numerical simulations give 5 < &y < 25).

Accordingly, this section aims at assessing the role of parameter 1) in the simulation of
blade-tip/abradable coating interactions.

Blade-tip/casing contact areas of interest are depicted in Fig. 16. The blade model used
for the simulations is the same as the one described in [6] and is depicted in Fig. 15.

Numerical simulation of the interaction phenomenon between blades and the abradable
coating could allow for the identification of critical stress levels areas within a blade or to the
comparison of blade responses when different designs are considered.

An explicit time integration scheme is combined with a reduced order model of a blade
of one stage of the turbomachine and centrifugal stiffening is taken into account. The abrad-
able modeling is updated since the plastic law is replaced by the proposed viscoplastic law
detailed in this paper. Simulations are launched with the mechanical properties of the abrad-
able material given in Tab. 2.

2m

angular position on the casing (rad)
a
wear level

0.05 0.1 0.2 0.3 0.4 0.5
rotational frequency Q2

Figure 17 — Maps of the final abradable profiles on the trailing edge with respect to 2 after
fifty rounds of the blade with =0 Pa-s

Regarding the contact configuration, the casing — assumed perfectly rigid — is distorted
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along a combination of a 2- and 3-nodal diameter free vibration modes. The resulting max-
imal radial displacement is about twice the initial blade-tip/abradable clearance?® at fq = 0.
Simulation time is chosen in such a way that the blade makes exactly fifty turns and it takes
about fifteen turns to reach steady state after contact initiation during the first revolution of

the blade.

9 lobes

wear level

angular position on the casing (rad)

0.05 0.1 0.2 0.3 0.4 0.5
rotational frequency Q2

Figure 18 — Maps of the final abradable profiles on the trailing edge with respect to Q2 after
fifty rounds of the blade with n = 50,000 Pa-s

For each rotational frequency, the final wear profile of the abradable material is observed
with respect to the angular position on the casing. Put side-by-side, these profiles create a
wear map useful for an identification of critical velocities where the penetration of the blade
in the abradable may reach critical values.

Wear maps are plot for the trailing edge for n =0 Pa-s in Fig. 17 and for ) = 50,000 Pa-s in
Fig. 18.

No major difference appears between these two maps. One may notice that, globally,
wear levels are slightly higher when n = 50,000 Pa-s. At first, this result may be surprising
considering that the yield limit depends on 1 and the higher it is, the higher must be the
stress in the abradable element to reach plastic deformation. However, previous results [7]
highlighted that stiffer abradable materials could lead to higher level of vibrations and sub-
sequent higher wear levels.

This slight increase of wear level may locally lead to new interaction profiles such as
the 9-lobe wear profile — shown in Fig. 18 — that appears for n = 50,000 Pa-s and fqo = 0.13.
However, these interaction profiles feature relatively low vibration amplitude levels in com-
parison with the main interaction rotational frequencies (fq =0.23 and f, = 0.286) and thus
do not significantly impact the dynamics of the blade.

Accordingly, the results given in this section confirm that ) parameter has a negligible
influence over the simulation of the blade-tip/abradable coating interaction simulation and

ay be used without significant loss of accuracy.

9Centrifugal effects being taken into account, the initial blade-tip/abradable clearance depends on the rota-
tional frequency of the blade.
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Conclusion

Based on the numerical strategy proposed in [6], a viscoplastic law is developed and applied
for the numerical simulation of tool/abradable material interaction simulation. The mate-
rial parameters of this law are calibrated with respect to experimental measurements and it
is shown that numerical and experimental results match very well over the range of interac-
tion speeds considered. Both the amplitude of the contact force applied on the tool and its
evolution with respect to the projectile speed are accurately reproduced. Thus, the proposed
numerical approach seems well suited for modeling the tool/abradable material interaction
phenomenon.

In order to assess the influence of the viscoplastic law for blade-tip/abradable coating
interaction simulations, an application case is detailed where results obtained with the new
viscoplastic law are compared with those obtained with the initial plastic law. It is confirmed
that, because of the relatively small strain-rates encountered for such interactions, the influ-

ence of the viscoplastic coefficient on the results is negligible.
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