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Abstract

Currently, most blade repairing methods are primarily oriented for a straight or slightly curved blade; moreover, they are based on
non-contact measured point-cloud, resulting in low accuracy and significant uncertainty-related issues on the defective region
during repair. Therefore, this study investigates a contact measured point method with a high accuracy to analyze the repairing of
a defective twisted blade; in addition, the paper proposes a new repairing method of deforming the reference cross-sectional
curves adjacent to defective cross-sectional curves recursively. In order to accomplish the aforementioned, first, an interpolation
algorithm of the cross-sectional curves using B-spline is set; thereafter, a criterion of the measured point density based on the size
relationship between the defective region and the blade as a whole is determined. Subsequently, the registration algorithm of the
reference curve and measured points of the defective cross-sectional curve to facilitate the deforming operation is provided. An
iteratively moving distribution algorithm of all control points belonging to the reference curve is proposed by this paper in order
to realize curve deformation. The paper presents twisted blade repairing examples and also compares the repairing surface and the
designed surface to verify the validity of the proposed method. The blade repairing method proposed in this paper is aimed to
guarantee a surface smooth restoration with higher accuracy and offers good conditions for several designing and repairing cases.

Keywords Defective blade repairing - 3D model - Adjacent cross-sectional curve - Curve deformation

1 Introduction

The continuous development of the machining and CAD/
CAM technologies has influenced the manufacture, process-
ing, and repairing of aero-engine blades to be developed by an
automated process with high accuracy. High repairing accura-
cy and data sharing during repairing processes are the main
problems in the current repairing techniques and methods [1].
In combination with the CAD/CAM technologies, the devel-
opment of the Blade Adaptive Machining and Repairing
System (BAMRS) has become a new trend for blade process-
ing in the future [1, 2]. Figure 1 depicts the workflow of
BAMRS consisting of two primary functions. The first func-
tion is the adaptive processing of blank blade to obtain high-
accuracy parts and the second is the repairing of defective
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blades. The process aims at promoting cyclic utilization and
green manufacturing.

The BAMRS is an effective tool to reduce the manufactur-
ing cost in the blade repairing process. The basic steps of
BAMRS are as follows: (1) measure the defective blade by
measuring module of BAMRS to obtain the contour measured
points, (2) reconstruct the defective blade model by using the
measured points, (3) repair the defective region to obtain a
repaired model, and (4) subsequent machining operations in-
volving additive manufacturing, tool path planning, generat-
ing NC code, machining simulation, and actual machining. In
the above steps, the defective blade repair using measured
points and the reconstruction model are the most significant
steps to realize the repairing function in the BAMRS.

In the blade working process, the different types of blade
defects usually include fracture, surface damage, erosion, and
cracks [3], thereby causing the blade surface to be incomplete.
Moreover, the blade deforms completely under the impact of
an airflow shock, making the nominal model inapplicable for
repairing [4]. Therefore, the blade repairing based on mea-
sured points becomes a significant issue.

Blades, especially aero-engine blades, are high-precision
parts. The profile accuracy of a blade surface plays a decisive
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role in its performance, and slight changes in the blade profile
may lead to significant changes in the aerodynamic perfor-
mance. Therefore, a high-precision blade repairing model is
necessary. There are two ways to achieve an increased
repairing accuracy, and they are as follows: (1) improve the
accuracy of measured points and (2) propose new repairing
methods. In the method of acquiring points, the contact mea-
surement method can achieve a high accuracy of 0.001 mm,
while the non-contact method can only achieve 0.05 mm [5].
Therefore, the aforementioned points in relation with the con-
tact method should be considered to obtain high-precision
measured points; furthermore, increased efforts should be fo-
cused on proposing new repairing algorithms or methods to
restore the original shape of the defective blade with the
highest accuracy possible to ensure good aerodynamic
performance.

Currently, scholars have accomplished some success in the
blade surface repairing techniques. Section 2 discussed the
literature available related to this research.

2 Related work

In order to repair a straight defective blade, the blade surface
can be reconstructed by sweeping the same cross-sectional
curve along a spatial direction. However, for a curved blade
and a twisted blade, the repairing process is more complex. At
present, most researches are aimed at curved or twisted blades;
these methods can be classified into three categories.

The first method of blade repair is based on the reconstruc-
tion of the cross-sectional curves. Mohaghegh et al. [6] recon-
structed the blade airfoils based on the designer’s intent and
proposed the seven arc methods to define the turbine blade
airfoil section. The method separates the curves of the suction
side, pressure side, leading edge, and trailing edge into several
arcs. The authors argued that the algorithm could keep the
geometry of the airfoil and filter the waviness of the profile.
In a subsequent research, Mohaghegh et al. [7] presented a
combined reverse engineering process that acquires informa-
tion from two different sources, i.e., measuring the part and
reviewing the design aspects, to capture the designer’s intent
as an alternative to copying every detail of the part. Rong et al.
[8] studied a surface reconstruction strategy based on the pro-
file’s template. The method repaired the defective blade by
the deformation of the template curve, which avoided data
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preprocessing such as sorting and parameterizations, during
the process of blade repair. Bagci [2] studied the recovery
application of reverse engineering through three examples.
The author’s research successfully proved the method to re-
cover the defective blade without a 3D model, thereby
displaying possibilities of use and benefits from utilizing the
reverse engineering methodologies and techniques in the pro-
duction process. Ng et al. [9] introduced a robust profile re-
construction (RPR) algorithm, which is a combination of the
reference template and the lower section of the blade, used to
predict and reconstruct each sectional layer. Wang et al. [10]
studied a method to obtain the cross-section plane to repair tip-
defective blade; the method involved 3D non-contact digiti-
zation and deduction of the damaged cross-sectional curve
through the undamaged part. However, the method was suit-
able to repair a small-scale defective area only.

The second method of blade repair is based on the recon-
struction and adaptive repairing of the defective blade surface.
On the basis of a 3D optoelectronic sensor system, simulation
and cutting path planning system, and a multi-axis high-speed
milling center, Brinksmeir et al. [11] built an advanced main-
tenance system for turbine blade repair that realized the blade-
reshaping by an adaptive milling technique. The Brinksmeir
et al. method of applying reverse engineering had a significant
influence in the field of blade repairing. On the basis of reverse
engineering, Bremer [12] and Dix [13] studied the adaptive
repairing solutions to achieve accuracy and repeatability. The
authors used digitizing measurement techniques to collect 3D
points and build a database in repairing systems. The methods
involved increased human interaction and longer processing
time instead of the automated adaptive solutions. Under the
influence of adaptive repairing, other scholars have made a
few exceptional achievements. The achievements of Gao
and Yilmaz et al. [1, 4, 14, 15] are particularly prominent.
The authors introduced a polygonal modeling approach and
proposed adaptive restoration of complex geometry parts.
Moreover, the authors also proposed a defect-free model-
based repair strategy to generate correct tool paths for gener-
ating machining processes that were adaptive to each worn
component [14]. In addition, the authors also studied geome-
try reconstruction solutions [1, 4] to create a worn component
geometry and an advanced methodology for the repairing of
complex geometry. The approach involves the integration of
3D non-contact digitization, adaptive free-form surface recon-
struction, and multi-axis milling operation. Furthermore,
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based on the available geometry of defective blade, Gao et al.
[15] also presented a surface extension algorithm to calculate
the unknown control points of the surface with the purpose of
regenerating the geometry of the defective blade. Since nu-
merous kinds of control points can be chosen in the process of
surface extension, a possibility of a high level of uncertainty in
the process of repairing the worn blade with a large-scale
damaged area may exist.

In addition to the above two repairing categories, a few
additional new algorithms have also been used for repairing
the blade surface. Wang et al. [16] reconstructed the blade
surface by point-cloud and envelope curves that were plotted
from the approximate boundary points. These boundary
points were obtained by the method of varied step lengths with
respect to the curvature. In a subsequent research, a multi-
scale genetic algorithm was used for fitting the edge of a
turbine blade resulting in a 3D digital model reconstruction
on its basis [17]. Piya et al. [18] considered a semi-automated
geometric algorithm for virtually repairing defective blades.
The algorithm was constructed by using the sectional gauss
map to generate a series of prominent cross-sections along the
longitudinal axis of the defective airfoil. The intrinsic geome-
try of the non-defective region is then extrapolated across the
defective region to fill in the voids. Barbero [19] studied the
issue through the recovery of the designer’s intent instead of
exploring the complex mathematical algorithm. The author
took the recovery of a cam as an example to successfully
demonstrate the research. However, the method based on de-
signer’s intent is more suitable for parts with a regular shape.
Zheng et al. [20] studied the triangular patches growth method
by point-cloud. However, the authors did not consider the
topological continuity of a reconstruction model. In addition,
Li et al. [21] studied the repairing issue by a 3D measuring
method. The authors extracted the damaged region through a
point-cloud by 4D Shepard surface based on the curvature
estimation method. This research improved the efficiency of
blade repair to an extent.

On reviewing the above researches, it can be observed that
the recent repairing methods use point-cloud for repair,
extracting reference points through the point-cloud, repairing
cross-sectional curves, or directly repairing the blade surface
through point-cloud. In fact, any blade repairing methods is a
speculation in the absence of the theoretical CAD model and
engineering documentation of the blade. The current repairing
“guesswork” approaches seem to lack reasonableness. This
lack of reasonableness will primarily lead to a great uncertain-
ty on the repaired blade model; therefore, multiple blade
models may be recovered through different methods and these
blade models may differ on site. Moreover, the uncertainty of
model repair cannot guarantee the accuracy of the repaired
model. A few methods may have low repairing accuracy. In
addition, the majority of the available literature only takes the
fairing of the repaired blade surface as the final objective and

the accuracy of the repaired model is not examined; therefore,
the advantages and disadvantages of the algorithm or method
cannot be measured.

In view of the above reasons, to improve the accuracy of
repaired blade model as much as possible and to restore the
original shape of the blade, increased attention should be paid
to new algorithms and methods that aim at improving the
rationale of the restoration process and reducing the occur-
rences of uncertain repaired results. Therefore, considering
the unique characteristics of the blade, the present authors
studied a high-precision and reasonable repairing method of
the defective 3D blade model, in the absence of the theoretical
CAD model and engineering documentation of the blade.

The blade is a special part of any machine, for example,
steam turbine blade and aero-engine blade. The blade surface
has distinctive features, and the overall blade surface is formed
by blending different cross-sectional curves at different
heights. These cross-sectional curves show the following
two characteristics: (1) The cross-sectional curves are similar
in outline. (2) Along the longitudinal direction of the blade, if
the two cross-sectional curves are close, then the similarity is
higher. The typical characteristics of blades, for example, a
non-defective region or the repair of the defective area, would
be useful for the improvement of the accuracy of the recon-
struction model and reasonable repair. Therefore, the present
authors propose a new method of deforming the reference
cross-sectional curve adjacent to defective cross-sectional
curve recursively to repair the defective region. The method
includes four steps. Since the blade surface is obtained by
skinning the layered cross-sectional curves, the first step is
to divide the defective region into several layers along the
height of the blade. In the second step, the defective region
is repaired by the non-defective region. Therefore, from the
first step, a non-defective cross-sectional curve adjacent to the
defective region should be considered as the reference curve
that would be deformed to restore the defective cross-sectional
curve. The defective cross-sectional curve should have a cer-
tain rotation angle in the direction of blade height, due to the
reference curve; therefore, it is necessary to register the
projected direction of the blade height. The registration is
accomplished by listing the measured points of the defective
curve and the reference curve. In the third step, the reference
curve and measured points of the first defective cross-
sectional curve are registered. Consequently, the first defective
cross-sectional curve is repaired by the deformation of the
reference curve. Subsequently, the former repaired defective
cross-sectional curve is assumed as the reference curve and the
next defective cross-sectional curve is repaired. The process is
repeated until all the defective cross-sectional curves are
completely repaired. In this method, the repair of the defective
cross-sectional curves enables the inheriting of characteristics
of the adjacent cross-sectional curves; this effectively avoids
uncertainty in the process of repairing. Moreover, the accuracy
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of the repaired surface is enhanced to a certain degree by
adapting contact measured points. Figure 2 displays the over-
all flowchart of the proposed new method.

In previous studies, the surface reconstruction for a thin
blade from disorganized contact measured points was
achieved [5]. On the basis of the aforementioned, the repairing
method of the defective blade was studied. This paper is or-
ganized as follows: Section 1 is the introduction of the main
research content. Section 2 is the related work conducted in at
an early stage. Section 3 discusses the interpolation algorithm
of the non-defective cross-sectional curves based on the con-
tact measured points, and the determination criterion of the
measured point density is presented in Section 4. Section 5
studies the registration of the reference curve and the mea-
sured points of the defective cross-sectional curve. Section 6
proposes reference curve deformation algorithm by an itera-
tive distribution of the control points. Examples are studied in
Section 7. And Section 8 presents the conclusion of the re-
search work.

3 Interpolation algorithms of non-defective
cross-sectional curve

The contact measured points can be obtained by CMM, and a
reference curve can be interpolated by the non-defective
cross-sectional curve points. B-spline and NURBS are the
most popular choices for interpolation calculation. Since the
subsequent repairing process performs the deformation oper-
ation on reference curve, it is necessary to investigate the
deformation characteristics of B-spline and NURBS curve.
The deformation of the B-spline curve is conducted by mov-
ing the control points, while the deformation in NURBS curve
is done by modifying the control points and their weights. In
order to obtain the same amount of curve deformation, the
method of changing weights results in larger changes in
weights compared to moving the control points. However, a
significant change in the weight can lead to bad parametriza-
tion, which will lead to unexpected issues in the subsequent
deformation process [22]. When the deformation is changed
by modifying the control points, only the optimal control

points are chosen to move, which are relatively stable.
Therefore, the B-spline curve is used to interpolate the refer-
ence curve.

In the B-spline curve method, first, the relation be-
tween the number of measured points and the number
of control points is determined. In a B-spline curve, the
control points d,(i=0, *--, n), a total of (n+ 1) points, are
set, and the knot vector is set as U= [ug, u1, """, Uy 414 1]>
where k is the degree. In order to make the two ends of
the curve coincide with the first and last control points,
ug="""=u;=0, U, 1="""=U,,r+1=1 1s set. Further,
set q:(i=1, -, m), with m curve points. In the process
of interpolation, q;(i=1, -, m) corresponds to u,u;, 1, ",
u, 1 respectively. Therefore, the following relationship exists
between m and n:

n=m-+k=2

Given m curve points, it is necessary to determine from 0 to
n (=m+k—2, a total of m + k— 1) control points.
The expression of the B-spline curve is as follows:

p(u) = .Z:O diNi,k(u)

where N; ;(u) are the B-spline basis function. In the case when
the curve defined in u € [u;, u;, 1], omitting the item whose
basis function is 0, the B-spline curve can be expressed as
follows:

Y AN jy(u)

Jj=i—k

Therefore, for m interpolation nodes, the expression is as
follows:

p(w) = _Z_kdij.k(“f) =Q  (=k-ntl)
Jj=i~
n
Puni1) = X diNjp(w) = q,
J=n—k+1

(1)

including m equations and (n + 1) variables.

Fig. 2 Overall flowchart of blade defective
surface repairing blade point sets of . ) undefective
_lun-defective N cross-sgc_tl(_)nal p,(u) cross-
defective | [un-defective region curves fitting sectional
region region p, () curves
hoing r%%aiéed
- - ade
liigrtlagiatclll 3%32 | select reference curve pi(u)| surface
direction
* point sets e repairing
i R o e A o
3 region q) a curves
u
measured " (1)
points
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The common interpolation uses £ = 3. However, in the sub-
sequent curve deformation operation, the influence interval of
each control point is relatively small. The move of a single
control point results in deformation of a small range of the
curve. Therefore, a quintic B-spline curve(k=5) is used for
interpolation. Equation 1 includes m equations and m + 4 var-
iables; set dy = q,, d,, = q,,, to ensure that the two ends of curve
coincide with the first and last control points. In view of this,
Eq. 1 would reduce two equations and two variables, leaving
(m —2) equations and (m + 2) variables. In order to solve the
equation for the remaining control points, first- and second-
order vectors of the two ends of the curve are added as the four
boundary conditions. In consideration of the first and second
derivatives of B-spline, the four boundary conditions can be
derived as in Egs. 2, 3, 4, and 5.

3049
Upyk—Up -
d1 =q,~ I q, (3)
ad; +bdy = eq, + fq (4)
cd,o +dd, | = gq,, + hqm (5)
—  Mkrimua |y M) THQ) — Wk Tl — _Unsk1 Uy
where a = (th—uz + u(un—u(l))’ b Up2—Up ) (R
I T T Untk=1)"U(n) _ _ 1 r o Upp1 U
cont. d = (—””ik‘,u” +7H(n+‘k*117”(’n*l) o e=& = S =
and h — —Ungko17Un
Unik—Un

On combining Eq. 1 and Egs. 2, 3, 4, and 5, a
matrix equation (Eq. 6) can be obtained. The control
points of the interpolation curve can be obtained by
solving Eq. 6.

[Nu]-D = Q (6)

U1~ U] - where D=[d;, dy, ", d,—]",
d, = +qu +q (2)

Upp1—UT - . n e Upk) Uy - 1T
Q = |:+qu + ql ) eql +fq1 ) q27 Y qm*l_qm'Nn,kngm + hqma ‘lm_uqm} ) and

- -
a b
NTEON3EDONSEONGE NSED O Nl ;
(Vi = : 5 : . ! (VI = Nix(wy)).
Nn*S k Nn*4 k Nn*3‘k Nn*Z,k Nn*l &
c

It should be noted that the above interpolation algo-
rithm is applicable only for an open curve. However, the
non-defective cross-sectional curve is a closed curve due
to high computational efficiency caused by the number of
interpolation curve points (measured points) that exceed
50. In case the closed cross-sectional curve is interpolated
through all the measured points at one time, the calculated
matrix would be larger than 50. As a result, in the subse-
quent repairing processes, a large matrix would always be
associated with the registration of the reference curve and
the measured points of defective cross-sectional curve in-
cluding the iterative deformation of the reference curve.
The repeated computations using a large matrix lead to an
increased computation time, thereby resulting in a time-
consuming process. Therefore, while interpolating the ref-
erence curve, the whole cross-sectional curve is divided
into four parts: pressure-side curve, suction-side curve,
inlet-edge-arc curve, and outlet-edge-arc curve. To signif-
icantly reduce the computing time of the calculation

process, only the corresponding curve is involved in the
calculation and other curves are only moved.

4 Determination criterion of measured point
density

In the repairing process, if the defective region is large and
limited to the local support property of the B-spline curve, the
modified reference curve may not cover the entire defective
region due to an inappropriate density of the measured points.
Consequently, the measured point density will affect the ac-
curacy of blade repairing. Therefore, when the deformation of
the curve occurs at the closest point to the defective region, the
deformation of a cross-sectional curve should cover the largest
defective region to prevent a significant curvature change. As
shown in Fig. 3, q; and q;, ; are the point constraints; p,; and
p.+1 are the closest points of q; and q,,; on the reference
curve. When the q; constraints are executed, the change in
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— undefective reference curve
« point constraints of curve deformation

Fig. 3 Curve deformation constraints

the entire reference curve by the movement of p; should in-
clude the part between p; and p; . |, corresponding to the de-
fective part q,~q; . ;- Therefore, the present research studies
the relationship between the density of measured points and
the size of defective region. The determination criterion of the
point density is depicted in Fig. 3.

The spline curve can be divided into several segments by
its knot vector. The point p;=p(&) ep(u) (u<u;, upy1] ) is
defined by the knot vector U=[ug, uy, """, U, + s+ 1] and the
control points d(i=0, -*-, n), and p; is most associated with
k+1 control points (d,_, -, d,). Furthermore, for an arbi-
trary control point di(j =0, -, n), the movement of d; will at
most affect these curve segments defined on (u), u; 1 4 1).
Therefore, the movement of p; on p(u) will change the curve
shape on (u; 4, 4,4 1+ 1) (refer to Fig. 4), and a total number of
2k segment curves are affected.

Assume that the arc length of the corresponding reference
curve period is / and the maximum width of defective region is
lo. Assume that m points will be taken on curve / at equal
intervals. Therefore, (m + k— 1) control points will be obtain-
ed in accordance with Section 3. In the process of moving a
single point p; on p(u), which is closest to the defective region,
the deformation of curve should cover the entire defective
region. Thus, Eq. 7 should be satisfied.

/
2k ——>1 7
m—1 " (7)

D, =p(u)(u6[ut,u,+1]):

u

t+k+1

Fig. 4 Influence range of executing a single point constraint
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that is

m< M +1 (8)
lo
Equation § gives the maximum value of the measurement
point density. In Eq. 8, there is no requirement to determine
the exact value of / and/y; an approximately estimated value
can be utilized. Moreover, the density of points can be in-
creased appropriately in the larger curvature area of the blade
surface.
It should be noted for the minimum value of m, a signifi-
cantly lesser number of points will seriously affect the
repairing accuracy. In general, m should be assumed to be at

least half of the maximum points, that is m> % (3—151 ,+, 1) .

5 Registration of reference curve
and measured points of defective
cross-sectional curve

The repair of the defective cross-sectional curve is performed
by the means of the deformation of the reference curve.
However, in the direction of blade height, the projection of
the defective cross-sectional curve and the reference curve
show a certain rotation angle. When the reference curve is
used for defective cross-section curve repair, registration be-
tween the reference curve and measured points of the defec-
tive cross-sectional curve is necessary. The repair of the de-
fective curves based on registration not only inherits the char-
acteristics of the adjacent reference curve but also limits the
deformation of the reference curve to a small range, thereby
avoiding unnecessary curvature mutation. In this study, the
reference curve and measured points are registered through
the features of the cross-sectional curves.

The aim of registration is to find the rotation matrix R and
the translation matrix 7, to match the reference curve and
defective curve under certain measured criterion. The registra-
tion is performed in two steps, the coarse registration and the
precision registration. The following sub-sections detail the
steps of finding the rotation matrix R and the translation ma-
trix T by registration.

5.1 Coarse registration based on blade features
Coarse registration is implemented by the following steps.

Step 1: Preparation of cross-sectional curve. The interpo-
lation algorithm of Section 3 enables the attainment of the
reference curve (") and defective cross-sectional curve
(I") by utilizing the measured points of the non-defective
and defective curves. A greater error may exist between
I and the desired repairing of the cross-sectional curve.
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Since this step is a coarse registration, a high accuracy is
not a requirement.

Step 2: Translation matrix T, . Discretize ["and I”
appropriately, and calculate their gravity center (G, G)
with respect to the discrete points. Establish the transla-
tion matrix T, between G and G.

Step 3: Feature extraction. The following features were
extracted from ["and I center point of the inner arc (O,
0,), center point of the outlet arc (O,, 0,), chord length

(L ez, L- e:/ ), and the maximum thickness of the blade

(6 5,0 - ey ). In accordance with the above charac-
teristics, the following three groups of directions

can be obtained: m and 01’02/, e, and e, and
es and e;«. The defect of the blade may result in an
inability to ascertain all the abovementioned three
groups of directions; however, at least one group
should be obtained. In case the above three groups
of directions cannot be acquired, the blade is not
expected to be repaired.

Step 4: Rotation matrix R, +. The direction group is
extracted in Step 3, and the gravity center obtained in
Step 2 are considered as the original point to establish
the rotation matrix R, ,» between /"and I

Therefore, T ¢ and R ror
measured points of the reference curve I in order to accom-
plish coarse registration.

s are implemented on the

5.2 Precise registration

On the basis of the coarse registration, the precision registra-
tion is implemented by the following steps.

Step 1: The measured point set of defective cross-
sectional curve is assumed as P, = {p;;} (i=1, -, N).
The reference curve is assumed as I, and the control
point set of I"is assumed to be Q= {q;}(i=1, -, N).
Subsequently, solve the point set P,={p,;}(i=1, ", N)
that satisfies the condition d(p;, F):;nir} lP1—Paill-

2i

Step 2: Set the mean distance function € between P, and
N

Py: e =+ Y |[piipull > Thereafter, set the threshold
i=1

value of e: [€]. The calculations should be stopped if
€ <[e], else the calculations should be continued by
performing Step 3.

Step 3: The transformation matrix, including translation
matrix T and rotation matrix R, should “seek” to mini-
mize € between P, and P,. The algorithm of “seeking” T
and R used in this paper is the same algorithm that was
used in [23].

Step 4: Set Q = RQ + T and regenerate I Thereafter, set
Q=0Q and return to Step 1.

Figure 5 illustrates the coarse and precise registration results
of a reference curve and a defective cross-sectional curve.
Figure 5a displays the original curves of reference and defec-
tive cross-sectional curves, the gravity centers of which are
denoted by the red and blue points respectively. The coarse
registration result is shown in Fig. 5b. A comparison of
Fig. 5b with Fig. 5a shows that the overlapping of the reference
curve and defective cross-sectional curve is increased. The
precise registration result is shown in Fig. Sc. It is evident from
the result that the two curves are almost coincident. However,
when the part in the black rectangle is enlarged, a difference
can be observed between the two curves (see Fig. 5d).

6 Iterative distribution algorithm of reference
curve deformation

The registration lays a suitable foundation for the deformation
reference curve. The deformation reference curve is required
to pass through each measured point of the defective curve by
moving its control points. This paper proposes an iterative
distribution algorithm for the reference curve deformation to
ensure a smooth deformation.

Firstly, the affine transformation of a point is introduced.
Set r € ¢ and define affine transformation @ : £*> — °, &(r) =
Ar+V.

For a point (u = % ) on B-spline curve, set r = p(u) =

It

1

Niy(@)d; = Y oyd; and Y o; = 1, where d; (d; € %) are the
=0 =0
control points. Then,

B(r) = Ar+V=A (:0 Nix(7) d,~> + ;zlo Nis(@)V

- io ai(Ad; + V) = ;0 aid(d;) 9)

Equation 9 shows that the affine transformation of the B-
spline curve can be changed by the position change of
the control points. In the event that curve deformation
occurs only under a point constraint, in Eq. 9, A=E and
7€ [uy,u41); the control points, which affect the shape
of curve at u, are d(j=¢—k, --,#). Under the constraint
V, set the deformation curve of p(u) as p(u), then

CORCIRE

t
Z « jVe
Jj=tk

>

j=t-

Ad;

did;| =

OéjVe
k

(10)

V, is the unit vector of V.
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Fig. 5 Coarse and precise y y y )
registration results of a reference
curve and a defective cross- 80 80 80 20.9
sectional curve. a Original curves.
b Coarse registration result. ¢ 60 60 60 20.8
Precise registration result. d
Enlarged figure of black rectangle 40 40 40
in (c) 20.7
20 20 20
0 0 0 20.6
=20 =20 =20 20.5
=20 0 20 * -20 0 20 X 20 0 20 X 1.3 1.4 1.5 X
(a) (b) (c) ()

- defective cross sectional curve
gravity center of reference curve

- reference curve % measured points
gravity center of defective cross sectional curve

(a) Original curves;

Eq. 10 denotes that if a curve is deformed by moving only
V]
@
(j = t—k, -+, t) will be large. Therefore, the overall objectiv-
ity of the repaired curve will be defeated. Therefore, the de-
formation can only be implemented by moving all the control
points associated with 7. Assigning the movement of a control
point to all d(j=¢—p, -, #) could ensure the smoothness of
the deformation curve.

After d(j=t—p, -, ) are moved, the new control points
are set to be flj =d; +v,aV.(j=t-k, -t and

oIV
- ¢

. > Vil jk (u)
J=tp

In general, among all the control points set to move,
d,, whose basis function is closest to %, should have a
larger moving distance, while other control points should
assist d,, to move to ensure the entire curve is as smooth
as possible without sudden bending. The parameter clos-
est to the maximum of N; x(u) for any basis function is

as follows:

one control point, then the moving distance Ad; =

). Subsequently, 7; of d; is determined.

1
k

M=

t = ui+j7i20717.“7n

Jj=1

t; is denoted as a “node,” which differs from “knot.”
Therefore, for the movement of u on curvep(u), the node
vector T=[t;] (j=t—p, ", ) and ; determination can be
made with respect to the distance between % and #. The
test verification shows that an improved default value of
v;can be obtained as follows:

! 1
X T
=t

P |ti—u

1
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(b) Coarse registration result;

(¢) Precise registration result;

Therefore, d ; can be determined by V, a, and ;. The de-
fective cross-sectional curve can be repaired by the deforma-
tion of the reference curve using ﬁ_ j

Figure 6 displays the repairing result of a defective cross-
sectional curve. On enlarging the black rectangular part, the
error between the nominal curve and the repaired curve can be
observed. Figure 6a—c respectively represents the iteration
times 1, 2, and 3. A comparison of the different iteration times
is listed in Table 1. Table 1 shows that the error in the second
iteration is much smaller than that in the first iteration, while
the error in the third iteration is approximately equal to that in
the second iteration.

After repairing a defective cross-sectional curve, the sub-
sequent defective cross-sectional curve can be repaired by
deforming the previously repaired cross-sectional curve. The
above process is repeated until all the cross-sectional curves
have been successfully repaired.

By ¥y
812
80 (a)
81.1
60 -82-8.1 -8 *
¥y
40 81.13
(b)
81.11
20
806 8.02%
¥
0 8115
(c) 81.13
-20
. — 81.11
20 0 20 —8.06 —8.02 X

nominal cross sectional curve
reference cross sectional curve
repaired cross sectional curve

measurement points on defective
cross sectional curve

*

a) Iteration time=1; b) Iteration time=2; c) Iteration time=3;

Fig. 6 Repairing results of a cross-sectional curve after different iteration
time. a Iteration time = 1. b Iteration time = 2. ¢ Iteration time =3
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Fig. 7 Blade surface defective model

7 Repairing example of defective blade model

In order to prove the validity and innovation of the proposed
method and to provide an effective blade surface repairing
error map, a defectively designed blade CAD model was uti-
lized as the repairing object. The repairing accuracy can be
illustrated by an error map compared with the designed CAD
model and the repaired model. The verification process is
performed using the in Autodesk Inventor software. The sec-
ondary development functions of the Inventor are utilized to
obtain the algorithm proposed in this paper by VB.net
programming. Consider the following example.

Figure 7 shows the defective blade model. The measured
points of the defective blade model have been obtained. In this
example, the ratio //ly ([, the width of the defective region; /
the length of the suction side curve) is approximately 3.5. In
accordance with Section 4, the measured point number is
m € [18, 36]. Assuming the value of m to be 21, the measured
points of the defective region are shown in Fig. 8. Interpolate
the first layer measured points to obtain the reference cross-
sectional curve; thereafter, register the reference curve and the
measured points of the second layer. Subsequently, the second
defective cross-sectional curve is repaired by the deformation

Ty

Fig. 8 Measured points of defective region

Fig. 9 Repaired cross-sectional curves

of'the registration result. Thereafter, the second repaired cross-
sectional curve is assumed as the reference curve for the next
defective cross-sectional curve repairing process. The process
of repair continues in this manner until the entire defective
region has been repaired. Figure 9 displays the repair result
of all defective cross-sectional curves. Subsequently, construct
the repaired blade model by lofting these repaired cross-
sectional curves and non-defective cross-sectional curves.
Figure 10 presents the repaired blade model and an enlarge-
ment of the repaired cross-sectional curves.

In order to investigate the repairing effect, a comparison of
the repaired surface and the designed surface of the blade is
studied. As Fig. 11 shows, the normal error § was selected as
the error of point Q on repaired surface corresponding to point
P on the designed surface. Figure 12 describes the error map
of the pressure side surface of the repaired and designed blade
model.

It can be observed from the error map of Fig. 12 that the
maximum repairing error of the defective region is less than
25x 107> mm. Furthermore, the repaired surface is much
more accurate than the non-contact measured point-cloud
repaired surface. Moreover, the most prevalent error occurs
in the center of the defective zone. In comparison with the
aforementioned value, the error of the marginal zone is lesser
than that of the middle zone. The repair process is clear, simple,
and easy to operate; in addition, the repair accuracy is high.
Therefore, the proposed method can be used in BAMRS.

Fig. 10 Repaired blade model
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repaired surface

designed
surface

Fig. 11 Normal error

8 Conclusions and future works

In this paper, a high-accuracy repairing method for blade sur-
face defect based on contact measured points was proposed.
The conclusions that can be drawn are as follows:

1. Contrary to the previous method of blade repairing based
on non-contact measuring point-cloud, the repairing was
studied based on contact points. The advantages of blade
typical characteristics were successfully utilized to pro-
pose a new method of deforming the reference cross-
sectional curve adjacent to the defective cross-sectional
curve recursively to repair the defective blade. The meth-
od of inheriting the characteristics of adjacent cross-
sectional curves effectively reduces the uncertainty in
the repair process.

0.025
z
. == 0.02
200 -1 -
A% = 5 ..
A - 0.015
150 +
100 ; 0.01
0.005

Fig. 12 Error map
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Table 1 Comparison of different iteration times

Iteration time 1 2 3
Error (mm) 0.0643 0.0067 0.0057
Calculation time(s) 0.3780 0.7660 1.1430

2. A criterion for the determination of measured point den-
sity has been proposed in this paper based on the size
relationship between the defective region and the entire
cross-sectional curve. The appropriate contact point den-
sity ensures smoothness of the repaired blade surface.

3. A feature-based registration algorithm of reference curve
and measured points of the defective cross-sectional curve
has been presented to assist in defining the deformation
reference curve. On the basis of registration, a method of
iteratively moving the distribution algorithm of all the
control points has been proposed to realize the repair of
the defective blade.

4. The repairing example studied in this paper and the com-
parison between the repaired and designed models illustrate
the validity and the degree of advancement of the proposed
method. The method can successfully provide effective
solutions for high-accuracy repairing of twisted blades.
Additionally, the repairing method offers suitable condi-
tions for CAD/CAM in several design and repairing cases.

This paper primarily studies a high-accuracy repairing
method for a blade surface defect. However, the partial loss
defect differs from surface defect. Moreover, the repairing of a
twisted blade is further complicated. Therefore, our future
research will focus on seeking a high-accuracy method of
repairing partial loss defect twisted blade under limited mea-
sured points to perfect the defective blade repairing method.
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