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Abstract

Remanufacturing for acro-engine blades is an essential operation in current acrospace maintenance industry due to the significant
cost savings involved. However, the individual geometric deformation in the damaged blades makes it very difficult to repair
them automatically due to the lack of a model for the deformed blade. This paper proposes a new method to adaptively construct
an accurate deformed blade model for remanufacturing by finding the deformation rule between the nominal blade model and the
measured data collected from the deformed blade via scanning. Considering the precision of the scanned data, the flat regions of
the scanned data and nominal model (suction face and pressure face) are segmented and extracted first. To achieve accurate
matching results, the segmented scanned data are matched with the segmented nominal model by maintaining local rigidity under
the optimal ICP (iterative closest point) framework. Then, the nonflat regions of the nominal model (leading edge and trailing
edge as well as the damaged region) are stitched with the scanned data at selected fixed locations to construct the deformed blade
model. A twisted compressor blade with some tip damage was selected in the case study to demonstrate the effectiveness of the
proposed method. A reference deformed blade model acquired by a computational fluid dynamics software tool was utilized for
comparison, and machining simulation was carried out to verify the remanufacturing result.

Keywords Aero-engine blade - Remanufacture - Deformation - Accuracy

1 Introduction

Acro-engine blades, such as turbine and compressor blades, take
the central place in the modern aerospace industry. Working in
the environment with very high temperature and pressure as well
as being impacted with foreign objects, acro-engine blades may
suffer from many kinds of damages, such as wear, corrosion, and
fatigue [1, 2]. To survive in such a harsh environment, blades are
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usually made of titanium- or nickel-based alloys which are ex-
tremely rare and difficult to machine. Taking the economy cost
into consideration, extending the service life of blades via
remanufacturing is an inevitable choice since replacing with a
new one is far more expensive.

Generally, the damaged blade remanufacturing process
mainly involves the following stages: pre-inspection, build-
up, removal, and post-inspection, as shown in Fig. 1. On
pre- and post-inspection aspects, contact or noncontact mea-
surement instruments are utilized to digitize the damaged/de-
posited/repaired blades, and the microstructure of repaired
blades has to be evaluated. In the build-up process, welding
or laser cladding is employed to fill up the missing volume of
the damaged part. However, the current build-up techniques
cannot restore the damaged blade accurately. Excess material
in the raw deposited blade has to be removed by NC
machining/grinding and polishing to meet the requirements
of geometric size and surface smoothness. Until the early
twenty-first century, most stages of the blade repair process
had been carried out manually which is time-consuming and
labor-intensive. Besides, the repair quality entirely relies on
the operators’ individual experience, and the repair results
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Fig. 1 Blade repair process

differ from each other due to the lack of a precise geometric
description of the damaged region. To reduce the labor and
time costs as well as to enhance repair reliability, some efforts
have been made to automate scanning [3—6], laser cladding
[7-10], and machining process [11, 12]. Furthermore, inte-
grating these stages [8, 12—15] became both the research and
industry interests due to fewer costs and higher efficiency.

In the automated and adaptive blade repair process, target
model construction for remanufacturing always takes the key
position, because the tool paths for laser cladding and machin-
ing are directly generated based on this model. The aerody-
namic performance of blades requires a smooth geometric
transition on the blade surface. After NC machining stages,
there are still some surface discontinuities between the depos-
ited section and the undamaged section which forms a visible
interface. The remanufacturing efficiency benefits from a
more accurate model as less post-processing work needs to
be carried out, such as polishing. However, due to the extreme
working conditions, the shapes of aero-engine blades deform
to different degrees. The nominal model (original CAD) is
obviously inappropriate to utilize for repairing. For the past
20 years, reverse-engineering-based methods [9, 12, 14-17]
and design-feature-based methods [18-21], as two main strat-
egies for blade repairing, have been developed. The reverse-
engineering-based methods attempt to restore damaged blade
geometry via the measured data and reverse-engineering tools
[9, 12, 14-16]. Since the measured data of the damaged part is
not reliable, the restored geometry loses accuracy. The design-
feature-based methods try to keep some design features or
intents in several blade cross-sections by fitting the measure
data [19, 21]. However, it is difficult to accurately determine
the cross-sections in the measured data, and cross-section ge-
ometry cannot be utilized in the blade tip repairing. How to
construct an intact deformed blade model accurately is a chal-
lenging task since only measured data of the undamaged sec-
tion are available and reliable.

To guarantee successful damaged blade remanufacturing,
the accuracy of the deformed blade model is the focus of our
attention. A novel approach based on the accurate matching of
measured data and nominal CAD through keeping local
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rigidity is proposed in this paper. Considering that 3D optical
scan only accurately works on a flat area [16], the matching
process is performed on the segmented flat surfaces. The pro-
file of the blade consists of two sharp edges: leading edge (LE)
and trailing edge (TE), and two surfaces: suction face (SF) and
pressure face (PF). Many measured noises and outliers may
exist on the LE and TE as well as raw deposited part via 3D
optical scanning. Therefore, the undamaged part of the SF and
PF in the measured data is segmented and matched with the
nominal CAD. Then, the rest of the parts will be stitched up
with the matched part with least shrinkage or expansion to
form the intact deformed model. In implementation, the input
data which is simulated as the deformed blade is achieved by
fluid—structure coupling calculation via ANSYS CFX for
comparing and verifying. We demonstrate the applicability
of our method in two ways: the comparison of the constructed
blade model and the deformed blade data, and the machining
simulation result.

2 Existing blade model creation methods

Constructing a deformed blade model is vital in the whole
manufacturing or repairing process. Common failure types
[2] including impact damage from foreign objects, wear of
the blade, cracks, corrosion, etc. occur on different blade re-
gions. Many valuable works have been devoted for the de-
formed blade model construction of different damaged re-
gions, such as the blade tip 8, 12, 14], blade edge [10, 16],
and blade profile surface [19, 21]. According to the design
information or knowledge being taken into consideration as
an additional input in the model construction process, existing
methods can be roughly classified into two categories: RE-
based methods and design-feature-based methods.

2.1 Reverse-engineering-based methods
RE technologies are aimed at creating a virtual CAD model

for an existing component based on 3D measured point data.
Therefore, RE-based methods have become the first choice for
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carrying out the blade remanufacturing/repairing for most
people. Gao et al. [16] presented an adaptive detect-free poly-
gon modeling approach through RE tools. Using the Bezier
surface to fill the holes caused by the digitizing process or
defect deletion, an intact polygon model was created for com-
paring with the actual scanning data and extracting a repair
patch for welding and machining.

For creating a nominal model of worn aerospace com-
ponents, the geometry of straight and curved blades was
analyzed by Gao et al. [14]. Then the reconstructing pro-
cedure about how to extrapolate and extend the blade sur-
face for tip repair through reverse-engineering software of
PolyWorks was introduced. Similarly, Bagci [17] described
the model construction steps for recovery of broken or
worn parts using Pro/Engineer CAD/CAE/CAM software,
Yilmaz et al. [12] developed an adaptive RE reconstruction
method for remodeling of deposited blade through
Rhinoceros 3D modeling package, and Wilson et al. [9]
demonstrated a semi-automated geometric reconstruction
in CATIA software which constructed a solid model by
running prominent cross-section (PCS) algorithm in a
nondefective region and extrapolating over the remaining
height of the defective blade. Li et al. [15] also adopted the
combinational method of PCS and extrapolation to recon-
struct the nominal model, then a modified ICP algorithm
was proposed for the fine registration.

RE-based methods are only relying on the scanned data
to restore the damaged blade model. However, there are
some common difficulties or problems when carrying out
RE-based methods. Firstly, RE-based methods depend on
the measured points data, but the geometric information
about the defects has been damaged or missing.
Extrapolation and extension are adopted in most cases,
which only keep the smooth transition rather than the
accuracy, especially for twisted/curved blades. Secondly,
there are many manual interventions such as the recogni-
tion and deletion of the unconspicuous defects when con-
structing the CAD model for building-up or machining.
Besides, the operation procedure of the RE tool is com-
plex and time-consuming.

2.2 Design-feature-based methods

Different from the RE-based methods, the design information
or knowledge is introduced to construct a more accurate blade
model. Design-feature-based methods generate a valid blade
model by capturing and keeping some important design fea-
tures during the reverse-engineering process.

The nominal model or unused blade scanned data,
which is called the master model, is one of the most direct
and easy-to-use design features. Zheng et al. [22]

presented a method for repairing worn-out turbine blades
by laser welding and cladding automatically. After a
point-to-surface best-fitting operation, the worn area was
recognized and extracted by comparing the distance be-
tween scanned point clouds and nominal CAD with the
predefined tolerance, then a triangle mesh model repre-
sentation for the damaged area was generated and trans-
ferred into STL file. Based on the additive manufacture
technique, Zhang et al. [10] presented an automated dam-
age detection and reconstruction algorithm by fitting the
reconstructed model with the nominal model and compar-
ing the overlapping area of each corresponding slice.
However, the deformation of damaged blades caused by
long-lasting working in the harsh environment was not
taken into consideration, which results in the obvious de-
viation between the reconstructed model and measured
data. We cannot achieve the accurate model for the de-
formed blades just through the master model.

In order to obtain a more accurate result, the design
intents have been introduced into deformed model recon-
struction. Assuming that the tip will have the same ten-
dency of distortion as the lower section of the blade, Ng
et al. [18] built the relationship between the profile of the
master model and the profiles of the worn blade under
each layer by introducing the neutral line concept and
adopting the interpretation vector method in order to re-
construct a profile geometry of the damaged turbine
blade. Mohaghegh et al. [19] suggested that seven circular
arcs on section profiles as a design key point can lead to a
valid shape of the blade, then they constructed the geom-
etry model of a turbine blade using the segmentation and
constrained fitting algorithm. As an improved work,
Mohaghegh et al. [20] incorporated the design intents
and construction geometry behind a sample heavy-duty
turbine blade during reverse engineering. Reference sec-
tions, stacking axis, and blade twist, which depict the
shape of the blade from 2D to 3D, were analyzed to re-
store the blade surface. Considering deformation caused
by long-lasting working, Rong et al. [21] transformed the
template curves of the design CAD model to achieve the
best fit to measured points on several 2D cross-sectional
profiles. Based on the aforementioned design concepts
and intents, the shape of 2D cross-sectional profiles
should be restored firstly. However, the cross-section ge-
ometry of the blade tip is damaged and cannot be utilized
in the blade tip repairing. Besides, it is not accurate
enough to depict the deformed blade geometry by fitting
several cross-sectional profiles. To construct an accurate
model of the deformed blade, we argue that the whole 3D
blade model should be directly employed instead of the
discrete 2D cross-section layers.
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Fig. 2 Overview of the proposed method

3 Methodology
3.1 Overview

The proposed method aims at constructing an accurate model of
the deformed blades based on the measured data points and
guidance of the nominal model for remanufacturing. The flow-
chart of our method is shown in Fig. 2. Different from the
methods that use several sampled 2D cross-sectional profiles of
the blade, the nominal model is brought in as a whole for main-
taining the entire geometry and mesh topology. Except the trian-
gulation of the nominal model, the measured data of the depos-
ited blade is the other input of our algorithm. The build-up pro-
cess is not involved in the proposed method.

Due to the noises and outliers which are usually gath-
ering at the sharp area such as the LE and TE, the seg-
mentation is carried out firstly in both inputs to avoid
interference by applying a region growing algorithm
constrained with the smoothness and curvature. Then the
SF and PF of the nominal model and the undamaged part
of the SF and PF of scanned data are extracted. An opti-
mal ICP framework with the local rigidity amendment is
developed to acquire an accurate matching result by
avoiding the shrink and expansion. The separation will
divide the nominal model into the undamaged part of SF
and PF which is corresponding to the undamaged part of
SF and PF of the deformed blade and the rest of the parts
of the nominal model which include the LE, TE, and the
damaged region. Lastly, the constructed deformed blade
model is obtained by stitching the nominal model to some
fixed positions of the deformed blade under the con-
straints of keeping the local rigidity as much as possible.

3.2 Segmentation

Noises and outliers during 3D noncontact measurement
are almost unavoidable because of the unexpected light
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disturbance, sharp edge/area, and invisible occluded re-
gions [16]. Obviously, the measured data points with
less error result in the more accurate deformed blade
model. The blade surface consists of the SF, PF, LE,
and TE, in which noises and outliers often appear on
LE and TE since the 3D scanner only works well on a
flat area. To avoid the interference of these unbearable
errors in deformed blade model construction, the seg-
mentation should be performed in both the nominal
model and scanned data points of the deposited blade.
Specifically, the segmentation is to distinguish two pairs
of surface patches: one is the sharp edges and flat sur-
faces and the other one is the undamaged part and de-
posited part.

For the segmentation of the nominal model where only the
flat patch should be distinguished from the sharp edge, the
curvature properties of the surface are taken into consider-
ation. Mean curvature which is defined as the average of the
principal curvatures is tending to 0 on a flat surface, but is not
on the leading edge and trailing edge. For the scanned data
points of the deposited blade, the undamaged part of the PF
and SF needs to be extracted. Obviously, the deposited region
cannot meet the requirement of smoothness which shows a
large change of mean curvature in the neighbor points.
Therefore, the variance of the mean curvature of the neighbor
points is used to scale the smoothness as follows:

Zj&/\/i (Cf_ci)z

i

S, = Var{C;} = (1)
where p; is the neighbor of p;, C; and C; are the curvatures of
points p; and p;, N; is the neighbor point set of p;, and #; is the
number of neighbor points of C..

Then each point/vertex is associated with two attributes:
mean curvature and smoothness. A region growing algorithm
constrained with these two attributes is adopted on the
scanned data of the deposited blade to segment the
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undamaged part, as shown in Algorithm 1. In this paper, the 1.2¢™*. In Figs. 3 and 4, we show the segmentation results of
curvature and smoothness thresholds are set as 0.015 and  the nominal model and the scanned data, respectively.

Algorithm 1. Region Growing Segmentation

Input:
*  Point cloud = {P}
*  Points curvatures = {C}
*  Points smoothness = {S}
*  Seed point Pg
*  Curvature threshold Cy,
*  Smoothness threshold Sy,
Output:
*  Region list {R}
Algorithm:
Region list {R} «— @
Auvailable points list {A} < {1,..., |P|}
Current seeds {S¢} «— Ps
While {S.} is not empty do
Current region {R¢} «— @
{A} < {A}\{S:}
for i =1 to size({S.}) do
{N¢} < neighbors of current seed point S:{i}
{Sc} < {ScI\Sc{i}
for j =1 to size({N.}) do
Current neighbor point P; « N¢{j}
if {A} contains P; and C{P;} < Cy, and S{P;} < Sy, then
{Re} « {Rc}UP
{A} < {A}\ P
{Sc} < {Sc}up
end if
end for
end for
Add current region to global segment list {R} «— {R} U {R.}
end while

Return {R}
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Fig. 3 Segmentation of the
nominal blade model

3.3 Matching

To construct the deformed blade model, we try to find out the
rule of blade deformation based on the segmented surfaces of
the nominal model and scanned data. The matching is to con-
struct the relationship between a template surface and a target
surface. There is always a point in the nominal CAD corre-
sponding to the selected point of segmented scanned data, but
not vice versa, because the scanned data of the deposited re-
gion has already been deleted in the segmentation. Regarding

Fig. 4 Segmentation of scanned
data of the deposited blade

Scanned Deposited
Blade
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the segmented nominal model as the target surface in which
every template point, the segmented scanned point, has its
correspondence, we find out the mapping from the template
to the target. Then the reverse mapping brings the correspond-
ing nominal model data to the best alignment with the scanned
data. As shown in Fig. 5, the matching is operated as the
following three main steps: initial matching, target surface
projecting, and local rigidity keeping. We put the steps of
target surface projecting and local rigidity keeping into the
iterative loop to achieve an accurate matching result.
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Fig. 5 Matching process

These following steps constitute the basic framework of the
iterative closest point (ICP) algorithm:

Select some points P from the template surface.

Search for the closest points Q in the target surface.
Minimize the cost function of selected points and their
closest points, and obtain the transformation(s).

Update the selected points P according to the
transformation(s).

Calculate the average distance between the template
points P and target points Q.

If the average distance is less than a predefined threshold
or the number of iterations is larger than the set number,
stop the algorithm and return. Else, back to step 2 and
start next iteration.

3.3.1 Initial matching

The rigid ICP method is used for initial matching to make the
segmented scanned data coincide roughly with the SF and PF
of the nominal model. This rigid transformation can be divid-
ed into rotation and translation, both of which have three de-
grees of freedom. Generally, the cost function expressed by
the term of the sum of squared errors is utilized to measure the
result of matching as follows:

E=3%" |lr(p)-ail® (2)

where P = {py, p2, ps, ..., pn} 1s the selected point set from the
scanned data and Q = {g1, g2, 43, ..., ¢n} is the corresponding

point set from target surface Siyrge, 715 the decision variable of
this least square problem which can be divided into a rotation
matrix R and a translation T as 7(p;) =R - p; + T.

In these ICP methods, the selection of correspondences,
which refer to the searching range in the template surface, is
vital for the matching result. In our case, the deformation
between the nominal model and the scanned data reduces
the accuracy of matching, and the great number of data points
increases the computational complexity. To solve the above
two problems, the searching range of correspondences in the
first iteration can be limited to the points on the blade root
which suffers from the minimum deformation and can be rec-
ognized easily.

3.3.2 Target surface projecting

In the target surface projecting, the error metric about the
deformed scanned data {D(p,)|i = 1,2, ..., N} and the nom-
inal model surface Suge is defined by the following cost func-
tion:

Eq =Y} dist(q;, D(py) 3)

where dist(g;, D(p;)) is the distance between the deformed
point D(p;) and its closest points ¢; on the nominal model
surface Siarget-

The nonrigid ICP algorithm [23, 24], which is
employed to project the template onto the target surface,
can be regarded as a deformation for the template sur-
face and the appointed correspondences of the target
surface. Different from the rigid ICP in which the same
rigid transformation matrix is applied for all selected
template points, the nonrigid ICP is to assign a trans-
formation to each one under some imposed constraints.
There are some common steps in performing the non-
rigid ICP algorithm: finding out the nearest correspon-
dences for every template point, calculating the transfor-
mations via minimizing the error metric, transforming
the template points to new positions, and checking the
threshold.

Assuming that the scanned data points set P = {p;, p», ps,
.., pnt 1is given by the homogeneous coordinates

T
pi= {xp‘., /A 1} , the deformation D can be expressed

as a set of affine 3 x 4 transformations
D = {Dy,D;,D;,...,Dy}. Then the deformation of p; can
be written as D(p;) = D;p;. To avoid the overlap, the con-
straint of local regularization [24] is introduced to penalize
the differences of transformations of neighboring vertices by

Eregutar = Y. Y jenr, || (Di=D;) Hi We reconstruct the distance
i

error by adding the weighted constraint of the local regulari-
zation as follows:
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2
DiITf_qu + aZiszN, ” (Di—DJ') Hi‘

(4)

Ed,R = Ed + ERegular = Zf

where the weight « is set as a constant in this paper.

Minimizing the distance error under the weighted con-
straint of local regularization can be transferred into solving
the linear equations by setting the derivative of the cost func-
tion to 0 [24]. The set of deformation transformations is ob-
tained and the template points are transformed into new
positions.

In detail, we search for the nearest correspondences on the
nominal CAD triangle mesh instead of the nearest mesh ver-
tices when the mesh is not refined enough. In addition, the
triangulation for segmented scanned data points can simplify
the computation of Egegular by replacing point relations of -
nearest neighbors with the edge of the triangle mesh.

3.3.3 Local rigidity keeping

When projecting the points of the template surface onto the
target, shrinking and expanding happen due to the nearest
point selection, which is only based on the distance between
the selected point and the target surface. In this paper, the
interior structure of the surface is introduced, which refers to
the relative distance between points and their neighbors. The
interior structure of the surface can be used to measure the
shrink or expansion of the surface. The shrinking and
expanding actually change the interior structure of the seg-
mented scanned data points of the deformed blade. Since only
the segmented parts of the nominal CAD and measured data
are matched up, the shrink or expansion of these parts should
be eliminated as much as possible for the accuracy of the intact
deformed blade model. Therefore, keeping the interior struc-
ture of these parts, which means the distance relations of ver-
tices and their neighbors, is another main focus in this paper.
To measure the difference of interior structure of the
deformed/projected surface, we penalize the changes of posi-
tion and distance of each defined neighborhood as follows:

)2 5)

wherep,-' eP = {pll,pzl, ...,pN'} is the deformation of P = {p,,

D2: D3s -+ PN} -

Inspired by the as-rigid-as-possible (ARAP) method [25],
we minimize the following local rigidity energy to adjust the
interior structure of the deformed template surface

(Pi/_Pj/)_Ri (Pi_Pj) H2 (6)

where wj; is the cotangent weight on meshes [25] or points
cloud [26], and R; is the optimal rotation for the cell

1

Er =Y en, (HP?;HHP;PJ

Er = 22 jen Wi

@ Springer

{pi,pj(je/\/,«)} and its transformed cell {pi/,pj/ (je/\/i)}
which can be estimated by singular value decomposition
(SVD) [25].

To minimize the local rigidity energy with the given rota-
tions, we set the partial derivatives OF, /dp; to be 0 and the
following linear equations can be achieved:

’ ’ Wjj
S (02} ) = Sew LR Ry) (pip ) )

The weights w;; are obtained by the geometry of the orig-
inal template surface which is the discrete of the Laplace—
Beltrami operator. For the segmented scanned points data,
the tangent-space optimal weights [26] are adopted and the
cotangent weights are used if the segmented scanned data is
triangulated into mesh topology before. Rewriting Eq. (7) as
Lp = b, we obtain the adjusted template data p through
keeping the local rigidity.

In the iteration loop, maximum iterations i,,y, the threshold
of distance error €4, and the threshold of local rigidity energy
e, are predefined. The iteration will stop when the distance
error and local rigidity energy of current template data are all
less than the predefined thresholds, or the number of iterations
is greater than i#,,,. Figure 6 shows the matched result and
comparison result.

3.4 Separation and stitching

We obtain the accurate matching of the corresponding overlap
part of the nominal model and the scanned data. According to
the matching result and the original position, the rule of de-
formation about the scanned data is found. However, the
matching result is a closely approximated shape of the nomi-
nal CAD, not the intact deformed blade model. In this section,
‘separation’ and ‘stitching’ are performed to make the nomi-
nal model match up with the scanned data on appearance to
obtain the deformed blade model for remanufacturing.
Similar to the segmentation we carry out at first, the sepa-
ration refers to the extraction of the corresponding part of the
nominal model for the undamaged part of the SF and PF. The
segmented scanned data are embedded in the SF and PF of the
nominal model. Since the deposited part has been taken out,
the mesh vertices of the nominal model can be recognized and
marked as the undamaged part through the matched scanned
data. To simplify the following computations, the triangula-
tion for the matched scanned data is carried out firstly. Same
as before, we denote by P = {p;, p», ..., p. } the vertices of
matched scanned data whose original data is P = {p;, p», ps,
.., Pnt»>and by Q = {q1, 42, g3, ---, g} the vertices of the SF
and PF of the nominal model. Because the surfaces of
matched scanned data and the segmented nominal model are
close enough, we replace the normals of matched scanned data
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Fig. 6 Matching result analysis 0 0.1
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by those of the nominal model. The vertices of segmented
nominal model Q = {qi, ¢2, g3, ..., ¢,»} are projected onto
the surface of matched scanned data along such normals, and
the vertices, whose projecting images are in the surface of
matched scanned data, are marked as the undamaged part.

Based on the marked vertices, the nominal model is sepa-
rated into the undamaged part and the rest of the parts.
Matching results provide the deformation rule of the segment-
ed scanned data which totally overlap with the undamaged
part. To construct an accurate deformed blade model, we first-
ly make the undamaged part coincide with the scanned data.
For each vertex ¢; in the undamaged part, the only correspond-
ing triangle 2p;; pin i can be found. And ¢; has barycentric
coordinates («y;, 3;, ;) which is treated as weights placed at
vertices p,~1', p,~2', p,g'. We get another notation relative to the
vertices in the undamaged part with a linear combination of
the vertices of the matched scanned data by solving the fol-
lowing linear system:

{qi06;‘Pi11+f3i'Pi2’+Yi'pi3/ i=1,...,n (8)
l=o;+B;,+v; , o

These weights are calculated from the relative position of the
vertices of the undamaged part and their relative mesh in the
matched scanned data. In other words, these weights keep the local
rigidity of the matched results. That the weights are kept in the
original scanned data makes sense since the local rigidity is kept as
much as possible in the matching. To make the undamaged part of
the nominal model coincide with the original scanned data, we do
not need to compute the reverse transformations for all vertices,
but use the one-to-one correspondence between the original
scanned data and the transformed one to estimate as follows

0.2 0.3

Matched Result

’

qi =D (q,.):D,TII(oq 'pil,) +D;zl(f51 'Piz/) +D;31 (Yi 'Pi3,) (9)
=& py+Bi-potYips

In the segmentation or separation for the nominal model,
the vertices are the objects that we manipulate but the edge
relations are not changed which means the mesh topology is
also kept. In addition, the vertices on their boundaries ¢; (i€B)
caused by the separation are the intersection of the undamaged
part and the rest of the parts. Therefore, the undamaged part
and the rest of the parts can be stitched together with the
vertices on the boundaries caused by the separation to restore
an intact model.

The stitching, in essence, is to impose the constraints on
these boundary vertices on the deformation of the nominal
model. By regarding the edges of the nominal mesh as
springs, such deformation should behave like a physical sheet
that will stretch or bend when the forces are acting on it. We
minimize the local rigidity energy that measures the change of
edges’ length. Instead of deforming the rest of the parts which
may not fit the requirements for surface fairness, we manipu-
late the two separate parts as a whole by stitching the bound-
ary vertices up to the transformed positions. Similar to Eq. (7),
the local rigidity energy of the deformed blade model is de-
fined by

— ’ ’ Wii
Zje/\/,-wij (qi —q; ) = ZjeN, 71] (Ri+Rj) (‘Ii_q/‘) (10)

Equation (10) can be rewritten as LQq' = bo, where Ly is
the discretization of the Laplace—Beltrami operator for the
nominal model. Adding the constraints of the fixed boundary
vertices ¢; (ieB) into the system, the respective rows and
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Fig. 7 Standard deformed model
from ANSYS CFX

1.500e-004

0.000e+000
[m]

columns in Ly need to be deleted and b should be updated
with these fixed positions ¢, (i€B3). The starting guess about
Q' is obtained by minimizing || LQq' - LQqII2 under the con-
straints of fixed positions ¢, (i€B).

4 Results and discussion

The proposed method was applied to the remanufacturing of a
twisted compressor blade with the blade tip damage which ac-
cords with most cases in blade repairing [27]. The fluid—structure
coupling calculation is used to simulate the deformation of the
nominal model by the ANSYS CFX as shown in Fig. 7, since
working deformation largely reflects the actual blade deforma-
tion under high-temperature and pressure working conditions.
Therefore, this deformed model from the computational fluid
dynamics (CFD) software tool, ANSYS CFX, is regarded as
the deformed blade for comparison.

4.1 Simulated input data

As mentioned before, the damaged blade suffers from deforma-
tion and being worn. To make the input data as realistic as

Fig. 8 Input data simulation steps

Deformed Blade

(from ANSYS Simulation)
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possible, we simulated the deformed blade data as the deposited
blade by adding the welding-like part on the blade tip as shown in
Fig. 8. The surface geometry of the deposited blade is scanned
and digitized into point clouds by using 3D optical devices.
However, the captured points cloud geometry will be limited by
the scanning parameters of the specific noncontact device. Setting
measuring accuracy as 0.02 mm, the Gaussian noise is adding to
the positions of the deposited blade, whose mathematical expec-
tation and variance are 0.02 mm and (0.02 mm)?, as shown in Fig.
8.

4.2 Deformed blade model construction
and comparison

Assuming that the deformed blade also keeps the intrinsic
geometry of the new one, we use the nominal model and
scanned data of the deposited blade to construct an accurate de-
formed blade model. Different from the current extrapolation algo-
rithms for blade repairing which only focuses on keeping the CO,
C1, or G1 continuity, the proposed method constructs the deformed
blade model with the help of the nominal model and the scanned
data, and the mesh topology is also kept.

Deposited Blade Scanned Blade Data
(Simulating the Build-up ) (Adding Measure Noise)
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Fig. 9 Constructed deformed
model analysis and comparison

(unit: mm)

Nominal Model Constructed Deformed
vs Simulated Model vs Simulated
Deformed Model Deformed Model

To construct the deformed blade model, we firstly match up
the scanned data with the nominal model as mentioned in
Section 3.3. Figure 6 shows the matching results and the com-
parison with the previous matching data. Then the vertices of the
nominal model are separated and stitched up to their positions of
the scanned data to construct the deformed blade model. The
deformed blade model is constructed based on the deposited
blade scanned data and the nominal model. Moreover, in Fig.
9, the constructed deformed blade model is analyzed and com-
pared with the deformation blade data acquired from the ANSYS
CFX to verify the accuracy. The comparison results in Table 1
show that the maximum error of the constructed deformed blade
model is 0.06 mm that is the same order of magnitude as the
measuring accuracy, and the average error of the constructed
deformed blade model is 0.02 mm that is approximated to the
mathematical expectation of measuring noises.

In addition, the constructed deformed blade model main-
tains the same mesh topology as the nominal model. It might
be helpful for transferring the machining paths of the nominal
model adaptively.

4.3 Simulated machining result

The simulated machining was also carried out to verify
the accuracy and reliability of our method. Based on the

constructed deformed blade model, the tool paths can be
generated to machine the deposited blade. Different
from the constructed blade model and the deposited
blade, the deposited region was determined and extract-
ed for tool path generation.

The isoparametric machining strategy with the ball-
end cutter was adopted. Figure 10 shows the cutter-
contact tool paths and cutter-position tool paths. The
file of generated tool paths was loaded into CutRight,
a machining simulation and verification software devel-
oped at UBC, to simulate the machining result and ver-
ify our method. The cutting result with scallop height is
shown in Fig. 11. Figure 11b and c¢ show that smooth
transition occurs at the interface of the cutting part and

Table 1 Deviation analysis result of the constructed deformed model
and the nominal model (compare with the standard deformed blade from
ANSYS CFX)

Nominal Constructed
model deformed
model
Max error (mm) 0.55 0.06
Average error (mm) 0.12 0.02
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Fig. 10 Simulated blade model
and tool path generated on the
constructed deformed blade
model

Cutter Contact Tool Paths

the undamaged part which helps to reduce the post-
processing time and workload, such as the polishing.
Figure 11b shows that the cutting result of the con-
structed deformed blade model is accurate though a
slight overcut still exists. Figure 11d shows the machin-
ing result of the top surface of the constructed deformed
blade model, which is usually not a plane in the
twisted/curved blade and cannot be created ecasily by
the extrapolation operation in the current RE software.

(©)

Fig. 11 a—d Machining simulation result by using CutRight

@ Springer

Cutter Position Tool Paths

5 Conclusion

Due to the individual geometric variation of deposited/
damaged aero-engine blades, it is difficult to construct an ac-
curate model for remanufacturing/repairing automatically. This
paper proposed a novel strategy for accurate deformed blade
model construction by finding out the relation between the nom-
inal model and the available scanned data. In the segmentation
process, the available scanned data was extracted by smoothness

Overcut
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and curvature. The flattened surfaces of the nominal model, the
suction face and the pressure face, were segmented accordingly.
The segmented scanned data were matched up with the segmented
nominal model by keeping local rigidity as much as possible in the
optimal ICP framework. Then the nominal model was stitched up
with the scanned data at some selected positions to construct the
deformed blade model. Our method was implemented on a twisted
compressor blade with tip damage to verify its feasibility.
Especially, the deformed standard model acquired by the CFD
software tool was utilized to verify the accuracy of the constructed
deformed blade model. In addition, the machining simulation result
showed the accuracy of the constructed deformed blade model by
the smooth transition at the interface which is greatly helpful to
reduce post-processing time. Experimental results demonstrated that
the proposed method has advantages in geometric accuracy, auto-
mation, and repair, saving time for aero-engine blade
remanufacturing, especially for twisted/curved blades.
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