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Abstract

In the manufacturing industry, there are several types of parts of complex shapes owning various functions. The
turbine blades (buckets and vanes) are one of the most important components in gas turbines. However, these blades
have complex shapes and irregular surface curvature which make them difficult to machine. Production of such kind
of parts is so complicated and requires a high control of machining process, advanced CNC programming, innovative
tools, and special fixtures allowing to maintain exactly and rigidly in a unique position of the part during machining.
In order to enhance productivity and reduce operation time, thereby increasing parts quality, the machining fixture has
to fulfill several requirements such as allowing a correct location with security and repeatability of the workpiece as
well as maintaining conformity and interchangeability of the machined parts. This paper addresses the challenge of
machining complex geometry parts by development and realization of a dedicated machining fixture (MF) for holding
a mobile blade of a gas turbine. The first novelty of this work is in the application of the Pliickerian coordinates
method for choosing the locator’s placement of complex-shaped parts. The choice of the locator’s placement during
the design process of the fixture is performed based on the maximization of the determinant and minimization of the
condition number of the locator matrix (information matrix). The second novelty is in the optimization approach used.
The last novelty is in the developed and fabricated machining fixture. The performance of the developed fixture in
terms of localization repeatability is evaluated based on the small displacement torsor (SDT) concept. Results show the
validity of the developed fixture.
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1 Introduction

Turbine blades are one of the most vital components of
gas turbine engines and the key factor that affects their
performance. As turbine blades are composed of free
form surfaces (sculptured surfaces) that have complex
shapes and irregular curvature distribution, its production
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with high accuracy and surface quality requires modern
advanced manufacturing technologies. Producing parts
having complex geometries such as turbine blades is still
an important research topic usually motivated by the re-
quirements of the end user of these components such as
the energy and aerospace industry. Near-net-shaped
blades are traditionally produced using forging or casting
operations. However, machining operations are still re-
quired in order to bring these semi-finished blades to
their desired geometric and surface specifications. On
the other hand, with the advent of high-performance
multi-axis CNC machining technology, finishing of tur-
bine blades becomes not only feasible but also cost-ef-
fective. Nevertheless, in practice, there remain some par-
ticular challenges that face the broad implementation of
this process including collision detection, holding, close
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tolerance finish requirements, interchangeability, vibra-
tion, and deformation. Usually, most of these issues can
be addressed through a well-designed and fabricated ma-
chining fixture.

It is well known that machining systems directly affect
productivity, costs, and product quality. Generally, 10 to
20% of the total cost of a manufacturing system is associated
with the design and manufacture of a machining device [1, 2].
Furthermore, the machining fixture can account for about up
to 70-80% of the total amount of tooling and the time neces-
sary for production planning for the design and the manufac-
ture of the machining fixture is about 80-90% [3].

According to Nixon [4], about 40% of the machined parts
are rejected due to poorly designed fixtures. However, this
percentage is expected to rise when machining complex ge-
ometry parts. Fortunately, research in flexible fixture and
computer-aided fixture design can significantly reduce
fixture-related costs [5, 6]. More detailed information on the
subject of machining fixture can be found in [7-9].

To have a proper machining fixture for such parts having
sculptured surfaces, several factors need to be taken into ac-
count such as the type, the geometry, and the material of the
supporting and positioning elements (locators) as well as the
type of clamping mechanisms. The basic fixation method
(plan-line-point or 3—2—1) most commonly used for parts with
regular geometry [10, 11] becomes useless for parts with com-
plex geometry. Frequently, the positions of the clamping ele-
ments and the clamping forces attributed to these elements are
completely based on the designer’s experience and the trial-
and-error method. Generally, the clamping forces are applied
arbitrarily to the parts “just to be in free and secure places.”
Therefore, considerable deformations are often caused by the
non-optimized design of the clamping elements and forces.

To produce accurate finished parts, it is necessary to pro-
vide a suitable machining fixture, able to locate, fix, and main-
tain a succession of parts having the same geometry in iden-
tical positions. It is also intended to ensure the machining of
various operations in various machine tools. Such fixtures can
be in some cases expensive and complex equipment.

According to Wang et al. [12], a machining fixture must
comply with the following requirements:

*  Good repeatability of loading

e Immobility

e Minimum number of configurations (outlets)

» Accessibility

*  Good dynamic performance

* No excessive deformation of the workpiece occurring
during holding and machining

However, the big challenge faced the complex parts

manufacturers is the repeatability and reproducibility of
their machining fixtures. Several research works have
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been conducted to address the problem related to holding
and machining of complex parts [13—18]. Wang et al.
[15] proposed a method based on finite element analysis
(FEA) to design a machining fixture for turbine blades
by considering the complex contact geometry, and con-
tact status of fixture-component pair using surface-to-
surface contact elements. In order to present a fundamen-
tal approach to modeling and performance analysis of the
blade-fixture system, Wang et al. [16] studied the dy-
namic behavior of the machining fixture during machin-
ing of thin-walled blades. They found that the loaded
pressure of clamps has a significant effect on the stiff-
ness and the global performance of the blade-fixture sys-
tem. The profile error of the blade has also a high impact
on the geometric dimension and surface integrity of
blades’ machining. Calabrese et al. [17] addressed the
problem related to the optimization of the performance
of the machining fixture during machining of aeronauti-
cal thin-walled parts based on the local rigidity charac-
teristics. They concluded that according to the proposed
method, it was possible to detect some areas in the de-
sign space where materials can be removed, arcas where
solid materials are necessary, and areas where lattice
structure is needed. Wang et al. [18] proposed a meth-
odology to improve the machining performance of thin-
walled turbine blades based on the integration of the
geometric locating tolerance analysis method and FEM-
based structural deformation prediction into one frame-
work. They validated their method numerically and by
real machining experiments. They claimed that the pro-
posed method and test fixture have demonstrated their
significance. An approach for verifying and improving
existing fixture designs is proposed by Kang et al. [19,
20]. Their approach is divided into two major steps, tol-
erance analysis and workpiece stability.

The issue related to the stability of the workpiece on its
fixture during machining is addressed by Kang et al. [20]
using a kinetic fixture model and a fixture stiffness matrix.
They specified that their method not only solves the problem
of fixture stability but can also help in finding the minimum
clamping force, fixture deformation, and clamping sequence.

Tao etal. [21] and Cecil [22] discussed the problem related
to the optimization of the clamping forces, and design of fas-
tening elements by taking into account the stability and bal-
ance of the workpiece. The effect of the clamping and machin-
ing forces on the deformation of the workpiece is treated by
Krishnakumar and Melkote [23]. They proposed an optimiza-
tion technique based on the genetic algorithm to find the op-
timal fixture layout that minimizes the deformation of the
machined part during machining. Zirmi et al. [24] proposed
a method for choosing and placing the technological elements
in contact with the workpiece during the design of the machin-
ing fixture. The method is based on maximizing the area of the
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Possible locator positions on
the fixturing surface (Airfoil) Surfaces to be

machined

Fig.1 Schema of'the blade showing the possible locator positions and the
surfaces to be machined

triangle of support obtained by the three contact points, which
is formulated as a nonlinear constrained optimization
problem.

In order to achieve high machining quality and part accu-
racy, Estrems et al. [25] developed a model based on the
metrological analysis of a fixture and part. More recently,
Dongbo et al. [26] investigated the CNC machining of near-
net-shaped thin-walled blades by fixture and deformation con-
trol. Their designed machining fixture is analyzed numerically
using finite elements and tested experimentally. They found
that the main deformation of the blade-fixture occurs in the
four clamping heads. A combination of the kinematic method,
genetic algorithm, and heuristic design was used by Bausch
and John [27] to generate a datum transfer fixture design for
turbine blade. The positional accuracy of the designed fixture
was compared experimentally to the existing fixture for the
same blade. They found that designed fixture provide more
accurate results.

Fig. 2 Actual arrangement of the
positioning and clamping
elements of our assembly on a
turbine blade

Section A-A

Ivanov et al. [28] proposed a method to increase the ma-
chining efficiency of lever-type parts by the optimization of
the design of a flexible machining fixture based on the appro-
priate choice of the fixture element.

Duret et al. [29] proposed a method based on the determi-
nant and the condition number for evaluating the quality of
machining fixtures. They applied their method on a basic fix-
ture for simple prismatic parts (plane-line-point) and Boys’
fixture for cylindrical parts. They claimed that their proposed
indicators are simple, robust, and achieving a high practical
application. However, the applicability of the method to other
types of parts such as complex-shaped parts has not been
verified.

Vukelic et al. [30] proposed a method to optimize the lo-
cator placement and clamping elements of fixture for machin-
ing plastic parts using minimum deformation of parts as ob-
jective function.

A multi-objective method implemented with ANSY'S was
used by Cioata et al. [31] for optimizing the position and the
magnitude of the clamping force during milling of a canal in a
prismatic part. During their optimization process, they mini-
mize the maximum total displacement and the maximum
equivalent stress in the machined part. They found that in
some zones the magnitude of the contact force is close to zero;
hence, they concluded that those areas have to be avoided for
applying clamping forces.

The static deformation of the machined parts due to the
clamping force is discussed by Gonzalo et al. [32]. They used
the concept of intelligent fixture to minimize the workpiece
deformation. Although their approach provides satisfactory
results, there are some limitations related to the size and com-
plexity of the systems in certain applications.

Ivanov et al. [3] designed a machining fixture for multi-axis
machining of levers in one setup. Based on simulations and
experimental results, they concluded that their proposed

Section B-B
Section C-C

Clamping

A

Locator 3

Locator 1

Locator 2

machined

Surfaces to be

@ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



1700

Int J Adv Manuf Technol (2021) 114:1697-1716

Fig. 3 Schematization of the new
reference system after transfer

AN

fixed stop with conical
contact

fixture corresponds to all the accuracy parameters and ensures
sufficient tool accessibility Ivanov et al. [3, 33].

The design and fabrication of machining fixtures for parts
with free form surfaces and complex geometry pose several
challenges in terms of locator’s placement choice, positioning
repeatability, and accuracy, and interchangeability of the ma-
chined parts. As presented above, various approaches and
optimization techniques exist and are applied in many pub-
lished types of research; however, robust and reliable machin-
ing fixtures to meet industrial challenges are still required.

Fig. 4 Creation of a new
reference system to facilitate the

Root of the blade

mobile stop with conical
contact

Furthermore, up to now, only few works deal with the perfor-
mance of machining fixtures which affect the dimensional and
geometric accuracy of the machined parts [34, 35].

The contribution of this work is therefore to propose a
method to automate the process of machining fixture design
for reducing the dependency on human designer expertise.
The design methodology of the new machining fixture will
focus on an industrial application consisting of the machining
of a mobile bucket part located in the second stage of a GE
FRAME 9000 gas turbine. Such fixture is intended to be used

positioning and the holding of the
part
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Fig. 5 Machining device for drilling cooling holes at the airfoil of the
blade by ECD

in a 5-axis vertical machining center (VMC) to establish the
reference system at the root of the blade, and also for control-
ling the blade after machining using a coordinate measuring
machine (CMM).

2 Context and objectives

The manufacturing of turbine blades by any kind of machin-
ing such as grinding, milling, EDM (electrical discharge ma-
chining), ECM (electro-chemical machining), and even by
Laser, requires a well-defined and unique reference. This

Fig.6 Machining device intended for machining the tree root of the blade
with wire EDM

reference is usually defined by the designer to ensure the po-
sitioning of the blades in the 3D space at the wheel (stage) of
the turbine rotor.

The machining fixture of this case study is designed refer-
ring to this reference specified in the 3D model (IGES) of the
gas turbine blade (casting).

This machining fixture will contain six (06) independent
positioning elements, which will eliminate the six (06) de-
grees of freedom of the blade. The six points will be distrib-
uted on the fixturing surface at the area of the airfoil (Fig. 1)
based on an optimization approach discussed in the following
work.

Figure 2 shows a turbine blade, where the positioning fea-
tures and the clamping elements are placed on the blade airfoil
at sections AA, BB, and CC. The surfaces to be machined at
the root and the tip of the blade are also shown in this figure.
The effect of sections AA, BB, and CC on the localization
repeatability is also discussed in this study.

[ Design software ]

Stepl: import the 3D model of the part

A 4

(Analysis and verification)

Step 2: Modeling reference elements

—

Step 3: Modeling support elements and
clamping elements

e

Step 4: Modeling the support plate

——

Step 5: Modeling thelink elements (Towers)
of the reference elements.

e

Step 6: Verification

s

A 4

A 4

A

YVY
A

[ Step of realization ]
[ Step of verification and control ]

Fig. 7 Flowchart showing the designing steps of the MF
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The main objective of this study through this fixture is to
create a new reference system on the root of the blade by the
transfer and the elimination of five positioning elements
equivalent to the five degrees of freedom (03 translations
and 02 rotations). The new positioning elements are conical
contacts, one must be fixed and the other mobile (Fig. 3).

This new reference system will have to be unique for other
machining fixtures in order to facilitate the positioning and the
holding of the blades (Fig. 4).

Due to the complexity of the part including the airfoil of the
blade where the six reference points are located, and due to the
various operations that the blade will undergo, various machining
fixtures should be implemented at the base of this new reference.
Depending on the nature of the machining process to be used, the
new reference created on the root of the blade can be used for
drilling of the cooling holes by ECD (Fig. 5) and for machining
the tree root of the blade with wire EDM (Fig. 6).

3 Design strategy

In order to perform an optimal design, some technical points
have to be taken into consideration:

* The 3D digitized model must be consistent with the model
of the real turbine blade.

» The Cartesian coordinates of the blade reference frame with
respect to its location in the turbine assembly are known.

* A wide range of standard accessories such as fasteners and
support elements to optimize the design time are known.

Based on his technical and experimental knowledge, a
skilled designer would be able to design a machining fixture
that meets technological and functional requirements, such as:

Fig. 8 Normal line (V;) to the
contact point P;

* Ensure a good positioning of the part, with a good repeat-
ability, i.e., every part must be located in exactly the same
position every time.

* Ensure a good holding of the workpiece (good stability)
during machining.

+ Facilitate the mounting and dismounting of workpieces in
an optimum time.

* Have an open design to facilitate easy access of the cutting
tool to the surface to be machined.

* Ensure the safety of the operator.

» Adapt to other functions, such as measurement and sink-
ing EDM operations.

The different constraints influencing the design of the ma-
chining fixture are as follows:

* Physical constraints

e Assembly constraints

e Manufacturing constraints
* The aesthetic constraints

The design of the machining fixture is carried out accord-
ing to the flowchart presented in Fig. 7.

4 Choice of the locator’s placement

During this work, we assume that the part to be machined be-
haves as a rigid body and that our study is limited only to the
airfoil of the blade (the part containing the six points of support).

According to Duret et al. [29], two powerful indicators can
be used to assess the workpiece localization repeatability and,
hence, evaluate the quality of a machining fixture. These in-
dicators are the determinant D of the locators’ placement in-
formation matrix and its condition number K.

Part

Tangent
plane

Fixture
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In this work, the information matrix is used to determine The vector product is calculated as follows:
the locator’s placement during the design process.
) . . . . v _ Ap — 1)
To define the locators” placement information matrix, a point Vi = OP; A (

of contact (P;) between the part and the fixture is first defined and
after having defined the tangent plane, the normal line (V;) passing
through the contact point (P;) is then created as shown in Fig. 8.

Assuming that the machine tool/machining fixture assem-
bly is associated with a coordinate system R (O, X, 3, 7 ),
accordingly, each normal line can be defined by its Pliickerian
coordinates [36] as shown in Fig. 9.

Nyi Xi
— >
n; |ny,; and OP;|y;

nz Zj

where 7; is a unit vector of (V).

Nyg ny2 N3
I’ly 1 n y2 n 3
123 nz2 nz3

{P}=

Yi-nz *Z].nyj Y2.nz2 *Zg.l’lyg y3.l’lz3*Z3.l’ly3
Z1.Ny—X].Nyg

X1.0y1=YV1.0x1  X2.Ny2=)Y2.0x2  X3.1y37V3.1x3

Z2.Ny2—X2.Nz2 Z3.MNy3—X3.M33 Z4Nyyg—X4.Nyy

The Pliickerian coordinates are defined by the following
six scalar quantities (components) [36].

Ry
ny,«
N
(P} = {% - )
OP AT ; Vi N2 Ny

Zi-Nyi—X;.Ng
Xi My =Y Ny

According to Duret [36], the locator’s placement informa-
tion matrix can be presented as:

Nyx4 N5 Nx6
nyy nys Ny6
nz4 nzs Nz

VaNzg—Z4.Nyy  V5.Nz5—Z5.0y5  V6.Nz26Z6.Ny6

Z5.Ny5— X5.Nz5 Zg.Nxg— X6.Nz6
X4.Nyq4—YV4.Nx4

X5.My5—Y5.0x5  X6.1y6—)6.Nx6

From this 6 x 6 matrix, the associated determinant is calcu-
lated. If this determinant is null, it means that the rank of the
system is not equal to 6, the mechanism retains degrees of
freedom and, therefore, the machining fixture does not per-
fectly perform their functions.

—
z

(Ni)

Pi

Fig. 9 Position of line (I;) in the coordinate system R

The second quality indicator is the condition number K of
the {P;} matrix. It is well known that a matrix is well or poorly
conditioned depending on whether its condition number is
small (close to 1) or large. Poorly conditioned matrices often
have a high condition number and a determinant close to 0.

Fig. 10 Locators’ placement and clamping force direction in the turbine
blade
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Plane 7
Plane 3

Plane 4
Plane 5

Plane 1

Fig. 11 Presentation of the three geometric bases

Practically, the clamping force (Fig. 10) can affect the work-
piece localization and have to be taken into consideration during
the design and evaluation of the quality of a machining fixture.

For static equilibrium, the actions of the fixture on the
workpiece (F, F», ..., Fg) at each contact point can be calcu-
lated as follows [36]:

- _Px T
F —P
F, —Py
Z
g 3| = [Coord_Pluck]™ Vp-P:+ 2. Py (4)
F: —Zp Pr+x,.P;
P —xp.Py +yp~Px
1/31
1/3L /
\ \\\
A Y
| S .
' N (g\] >}
e gl E
5| =]
(=™

M L/J
1t geometric base

Fig. 12 Presentation of the 1st geometric base with the six normal vectors
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-
Plane 4

/

nd geometric base

Fig. 13 Presentation of the 2nd geometric base with the six normal
vectors

where Coord_Pliick is the transformation matrix which repre-
sents the relationship between the three components of the
clamping force (P, P,,and P,) while the actions of the fixture
on the workpiece are expressed as (Fy, F», ..., F).

The accuracy of the estimation is closely related to the
condition number of the Coord Pliick matrix.

As shown in Figs. 11, 12, 13, and 14, the airfoil (potential
locators’ placement area) of the blade is divided into three
geometric bases. The six components of the Pliickerian coor-
dinates (Table 1) for each geometric base were then identified
and the three transformation matrices were developed
(Table 2). Only the geometrical base that maximizes the de-
terminant and minimizes the conditioning number of the trans-
formation matrix is taken into consideration during the design
process.

3rd geometric base

Fig. 14 Presentation of the 3rd geometric base with the six normal
vectors
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Table 1 The six components of the Pliickerian coordinates

P, P, Py P, Ps Ps
X X1 X2 X3 X4 X5 X6
Vi M1 Y2 V3 Ya Vs Yo
Zi 21 ¥o) 23 24 a5 26
Nyi Nxy [5%) N3 Nx4 Nys Nxe
ny; nyy nyo ny3 Ny4 nys Nye
Nz Nz 55 nzs Nz4 nzs Nz

From this table, the Pliickerian coordinate matrix for each
geometrical base can be established as follow:

Ry Py
Ryi Ny
(P} = " =< (5)
Vi Ny Zi Ny Voxi
Zj My —X Mg Voyi
Xi. ny,-—yl- Ny V()zi

Figure 15 shows the variation of the determinant of
the matrix {P;} as a function of the dimension of the
geometric base (six locating points of the turbine blade).
We can observe from this figure that the 3rd geometri-
cal base has a good quality for the machining fixture,
with a determinant of 3.6 x 10°. We can also conclude
from this figure that, the greater the “geometric base,”
the greater the value of the determinant.

In order to have more accurate optimization results,
the orientation angles of the planes containing the four
locating points (P, P,, P4, and Ps) located in the select-
ed geometric base and related successively to the normal
vectors (ny, n,, ny4, and ns) as shown in Fig. 16 are
included in the optimization procedure. To achieve this

Table 2 Pliickerian coordinate matrix for each geometrical base

goal, the inclination angles of the planes tangential to the
spline of section I (containing P; and P,) and section II
(containing P, and Ps) presented in Fig. 16 vary accord-
ing to the sequence presented in Table 3. Accordingly,
the normal vectors of each new inclined plane are calcu-
lated and represented in Fig. 17.

Figures 18 and 19 show the results of the optimization
process. It can be seen from these histograms that the best
locations of P, P,, P4, and Ps points are in the plane oriented
at about 45° from horizontal. This orientation provides the
highest determinant and the lowest condition number of the
Pliickerian matrix. Nevertheless, this location cannot be
reached practically, due to the following constraints:

» The need to align the leading edges of the set of blades ata
specific angle relative to the transverse plane (plane per-
pendicular to the axis of the turbine), this constraint is
ensured by the two points (P; and P,) as shown in Fig. 20.

* The need to have a homogeneous distribution (balanced)
of all the blades around the axis of the turbine (constant
volumes between each two successive blades), this con-
straint is ensured by the two points (P, and Ps) as shown
in Fig. 20.

It is worth to mention that the two points P3 and Ps do not
have a big influence on the variation of the two indicators (the
determinant and the condition number), the point Pz elimi-
nates the rotation around the Z-axis. Practically in the turbine,
this point ensures the angle of orientation of the blade airfoil,
and therefore the orientation of the burned gases to the next
stage of vanes.

Point P¢ eliminates the translation along the Z-axis and
practically ensures the radial alignment of the inner bandages
(Fig. 21). In fact, this point may coincide with the bandage

P, P, P, P, Ps Ps
nxi nx1 nx2 nx3 nx4 nx5s nx6
nyi nyl ny2 ny3 ny4 nyS ny6
nzi nzl nz2 nz3 nz4 nz5 nz6

{Pi}=
Voxi Vox1 Vox2 Vox3 Vox4 Vox5 Vox6
Voyi Voyl Voy2 Voy3 Voy4 VoyS5 Voy6
Vozi Vozl Voz2 Voz3 Voz4 Voz5 Voz6
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Fig. 15 Determinant variation as 40
function of the geometric bases 36.25
35
30
2 25
Ll
x
o)
c
g2 181
£
2
Q15
10
5 4.01
0
0 1/3 2/3 1
Distance between selected planes (Land |)

inside the blade root, and it may also coincide with the ban-
dage inside the blade tip.

To confirm the validity of the proposed approach and
the quality of isostatism of the part, the analysis of de-
terminant D and the condition number K is applied to
another prismatic part (equivalent to our airfoil part).
This one includes the same geometrical base but it is
located using the conventional 3-2—1 isostatism princi-
ple, since this system is the most stable (Fig. 22).

Fig. 16 Representation of the six
points of isostatism and their
related normal vectors

The histograms presented in Figs. 23 and 24 show succes-
sively the determinants D and the condition number K, of the
new matrix for the three following cases:

* An equivalent prismatic part with the six points of the
blade projected on all three sides, concretizing the 3—2—1
location principle, with the abbreviation E.P.P/P.P

* An equivalent prismatic part with the conventional 3—2—1
system, with the abbreviation E.P.P.

Section Il

Trailing edge

|

@ Springer

Leading edge

Plane 1
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Table 3 Angle of the oriented planes with their associated normal vectors

Color of the normal vector

for each new oriented plane

Oriented plane and its normal vector

ns

normal to plane 0° and n4 normal to plane 90°

ns

normal to plane 0° and n4 normal to plane 60°

ns

normal to plane 45° and n4 normal to plane 45°

ns

normal to plane 60° and n4 normal to plane 60°

ns

normal to plane 60° and n4 normal to plane 90°

RERRE

ns

normal to plane 30° and n4 normal to plane 30°

* The airfoil blade object of study, with the abbreviation
PALE.

where

+ E.P.P/PP: the equivalent prismatic piece with projected
points

» E.P.P: the equivalent prismatic piece

* PALE: the airfoil blade

Results presented in Figs. 23 and 24 show that our machin-
ing fixture also has a good localization (isostatism) quality

Trailing edge

0o

450

1 A

[Crmeo |~

since the determinant and the condition number of our ma-
chining fixture for the gas turbine blade are very close to those
of the two equivalent prismatic pieces (E.P.P and E.P.P/P.P).

5 Machining strategy

During the fabrication of the machining fixture, two worksta-
tions were coupled for the realization of the various compo-
nents, the 5-axis vertical machining center (VMC) type DMG
with Siemens (Sinumerik 840d) controller (Fig. 25), and the
wire electrical discharge machining (EDM) machine type

o]

Leading edge

Fig. 17 Inclination angles of the different planes with their associated normal vectors for section II
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Fig. 18 Determinant variation
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Ps
Trailing edge

Leading edge

Fig. 20 Distribution of blades around the turbine axis

ONA AF35 (Fig. 26). The quality of the manufactured ma-
chining fixture was evaluated based on turbine blade localiza-
tion repeatability. A hexagon coordinate measuring machine
is used for this purpose (Fig. 27).

Several components of the machining fiture have been ma-
chined separately from the raw state to the final phase either
using the VMC or the wire EDM machine. However, the
positioning elements were fabricated using the same way, ex-
cept for the faces that are in contact with the airfoil of the
blade, where they are postponed after the final fixture step.
The finishing machining phase of the positioning elements
was imperatively carried out on the 5-axis VMC, in a single
phase, a single hold, and with the same reference system as
that of the design. Two programming modes were used during
the realization of the machining fixture components, the direct

Fig. 21 Representation of the two
inner bandages

Plane ZY // to
plane 0

mode on the machine for the 2-axis 1/2 machining by the
Shop-Mill software at the VMC, and the ONA AF35 machine
software for the wire EDM machine.

Figures 28 and 29 represent respectively the 3D CAD mod-
el of the machining fixture and the real (fabricated) machining
fixture holding the machined mobile blade.

6 Evaluation of the fixture quality based
on turbine blade localization repeatability

The purpose of the quality control of the machining fixture is
to guarantee the conformity of our device with the specifica-
tions and its correct operation in an industrial environment. It
is important to remind in this context that machining fixture is

Plane ZX // to
plane 90

Internal bandage
of the buttom
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EPP/PP

Fig. 22 Prismatic part includes the airfoil

developed especially to create and fabricate a new reference
system on the root of the blade. Accordingly, two validation
tests were carried out. The first test concerns the evaluation of
the static stability of the semi-finished turbine blade on the
developed machining fixture without disassembly (Fig. 29),

Fig. 23 Comparison of 42
determinants

4,1

©

DETERMINANT X 10°%
% =

3.6423

35

3,4

33

E.P.P/P.P

@ Springer

by the experimental sensation of vibrations and abnormal
noises in the machine shop using 100 measurements. The
second test aims to analyze the performance of the machining
fixture by the evaluation of the localization repeatability of the
workpiece on the fixture.

4.14072

3.6248

E.P.P PALE
TYPE OF ISOSTATISM
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Fig. 24 Comparison of pseudo- 220
condition K
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215
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191.47
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Assuming that the displacements of the workpiece on Vot Vot Vori i nyi 21 a 5
the machining fixture are small compared with its geo- Vo Vo Vonttamanz 3 5,
metric dimension. In this case, the localization repeat- VosVorsVosnansnz 5 55
ability can be modeled by a Small Displacement Torsor “;0x4¥oy4“;oz4nx4ny4nz4 wl = |6 (6)
(STD). According to its concept, the STD includes six V”"S VoyS Vozsnxsnysnzs v s
magnitude scalars, three small rotations (=, {3, ), and 0x6 ¥ 0y6 ¥ 0z67hx67ty6 126 w 3
three small translations (u, v, w) [29]. - -
As explained above, by using the Pliickerian coordinates  \here
approach and according to Duret et al. [29], the STD compo-
nents can be defined as: Voxi =Y -0z 2 - Nyi (7)

Fig. 25 The Five-axis vertical machining center (VMC) type DMG Fig. 26 The ONA AF35 wire electrical discharge machining machine
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Fig. 27 Hexagon coordinate measuring machine (CMM)

Voyi = Zi - y=X; .1y (8)
Voz = Xi. Ny =Vi - Mxi (9)
Sk = ni(Xaxi0) + niy (Vi) + iz (zie—2i0) (10)

This matrix equation can be rewritten in a simple form as:

This equality presents a system of linear equations. The
resolution of this system of equations by least squares gives
the six components of the SDT.

To build matrix A, the six theoretical points (six reference
points) are first taken from the CAD model. Then, an inspec-
tion program based on these six points is developed and ap-
plied on a CMM to measure the real six points (contact
locators/semi-finished blade) for each configuration. A new

Fig. 28° CAD model of the machining fixture in its final phase

@ Springer

location of the semi-finished blade, defined after each
disassembling and reassembling of the semi-finished blade
on the fixture, is measured using the same program (six mea-
suring points P to Pg). The measurements are repeated five
times; this means that the six components of the SDT are
identified five times.

The variability of the six components of the SDT is quan-
tified by an experimental standard deviation. This variability
represents the quality of localization of the machining fixture.

During the measurement, the points to be measured
may be located in places inaccessible to the stylus tip
due to the constraints of contact between locators and
the workpiece. However, according to the property of
the equiprojectivity, the probing of the six contact points
(M;) for the six positioning locators can be taken any-
where on the normal line (&;). Accordingly, the mea-
sured points have been selected along the normal line
(N;) of each contact point (between locators and the
workpiece) but on the opposite side as shown in Figs.
30 and 31.

Figure 32 shows the results of the static stability tests (with-
out disassembly). It can be seen from these results that the
variability of the six measured points is very small which
means that the measurement noise is minimal. Therefore, it
is neglected in the following calculations. This noise can be
due to many sources such as operator, equipment, method,
machine, and environment.

As mentioned above, for each new location of the semi-
finished blade on the machining fixture, the coordinates of 6
points on the blade are measured and the normal vectors #; for
each point are calculated. Furthermore, the error vector be-
tween the measured position and the theoretical position 9,
for each point is calculated and projected according to the
normal.

After solving the linear equation system, the six unknown
components («, 3, v, u, v, w) of the SDT are obtained (Figs. 33
and 34).

The quality of a machined assembly is certified by the
variability of the unknowns. Since the localization test is re-
peated five times, the variability of the components («, 3, 7, u,
v, w) is expressed by an experimental standard deviation and
presented in Figs. 33 and 34.

A closer look at these figures reveals that the variability
of the SDT components is small which indicates the high
localization repeatability of the developed machining fix-
ture. It can be seen also from these figures that the rota-
tional component («) along the X-axis is larger compared
to the two other components. This may be due to the thin-
walled nature of the airfoil and its low stiffness which
distort slightly around the X-axis under the action of the
clamping force. Figure 34 shows also that the maximum
displacement was found along the Z-axis due to effect of
the clamping force.
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Fig. 29 Photo of the
manufactured machining fixture
holding the mobile blade

Fig. 30 Schematic iuustrat.ion of \ Points of
the contact points with their 4 [
associated normal vectors \ measurement
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Fig. 32 Quantification of the measurement noises by an experimental
standard deviation

It is worth mentioning that, in our case, the permissible
error during the machining of the turbine blade is in the order
of 100 to 200 pm.

It is noteworthy that the developed machining fixture proved
to be effective in practice and is currently used in industrial
applications where many references were created with high qual-
ity in the turbine blades every day. Accordingly, the created
reference in the turbine blade is then used to facilitate the posi-
tioning and the holding of the blade during the drilling of the
cooling holes by ECD (Fig. 5) and for machining the tree root of
the blade with wire EDM (Fig. 6).

7 Conclusion

Machining fixture for components with irregular shape (com-
plex surfaces) such as mobile blade of a gas turbine has a
significant impact on the accuracy of the machined parts. In
this paper, a special machining fixture for parts with complex
geometries was designed and fabricated.

The contents and results included in this paper can be sum-
marized as follows:

x 10

o]

(=]

L
=)

SDT rotation components [rad]
&

BN
o

Gamma

Apha  Beta
Fig. 33 Variability of the three small rotations (c, 3, )
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o
o
N

o
o
—_

-0.01¢

DT translation components [mm]
(o]

o -0.02 m v W

Fig. 34 Variability of the three small translations (u, v, w)

» Pliickerian coordinates were used to build the locator
matrix;

* The determinant and the condition number of the locator
matrix were used as criteria for optimization of the fixture
locator positioning;

* Small displacement torsor (STD) concept was used to
evaluate the localization repeatability of the workpiece
on the fabricated fixture;

» The variability of the six components of the SDT after
each disassembling and reassembling of the semi-
finished blade was quantified by an experimental standard
deviation;

* The results obtained from the static stability tests (without
disassembly of the part) showed that the measurement
noise was minimal. Therefore, it was neglected in this
study;

* Results show that the clamping force and the low stiffness
of airfoil zone of the turbine blade were the key factors
affecting the localization repeatability;

* The rotational component («) of the SDT around the X-
axis was found larger compared to the two other compo-
nents. This may be due to the action of the clamping force
and the low stiffness of the airfoil in this direction.

* The maximum displacement was found along the Z-axis
due to the effect of the clamping force;

* Results also show that the variability of the computed
SDT components was small which indicates the high lo-
calization repeatability of the developed machining
fixture.

According to the permissible error from the designer (100
to 200 um), our experimental results show that the developed
machining fixture can locate the workpiece at the right posi-
tion with high repeatability and reproducibility.

Abbreviations FFEA, Finite element analysis; VMC, Vertical machining
center; CMM, Coordinate measuring machine; EDM, Electrical discharge
machining; ECM, Electro-chemical machining; £CD, Electro-chemical dis-
charge; MF, Machining fixture; D, Determinant of a matrix; K, Condition
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number of a matrix; P; , ith point; N, Normal line in_the, ith point; V—(,: ,
Product vector; n_,) , Unit vector of (V;) in the ith point; OP; , Position vector
of the ith point; {P,}, Pliickerian coordinate matrix; R, Coordinate system
reference; S7D, Small displacement torsor; ny;, 1y, n.; Three components
of ﬁi); X; Vi % Three components of P;; Vo, Vi Vo Three components
of V,;
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