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numerical control machine operates under the direc- tion of a machining
program to automatically machine Technical Field
a workplace to precise selectively determined dimen- sions. Two probes are
used to determine the relative This invention relates to the machining of
airfoils.   5   position of the workpiece holder and the tool holder, as
well as one probe being used to calibrate the pos- Background Art
ition of the other probe and to calibrate the position of the tool cutting
edge. The machining program in- It is desirable to reduce the cost of
manufacturing  cludes selectively determined finished dimensions of
airfoils for gas turbine engines by automating the   10  the part being
made and to which it is desired to ma- manufacturing process to the extent
possible. If the  chine the workpiece. The process requires a mini- shape
of the leading and/or trailing edge of the airfoil  mum of two cuts to
arrive at the finished dimension. (i.e., its radius of curvature or other
shape when the  After the first cut one of the probes is brought into edge
is viewed in cross section perpendicular to the  contact with the cut
surface, compares its dimension airfoil stacking line length) is important
to efficient  15  to the previously input desired dimension, calculates
performance of the airfoil, such edges need to be ac-  the deviation, and
causes the cutter motion to be ad- curately formed. As is well-known,
airfoils are de-  justed to the correct amount so that the final dimen-
signed with a variety of shapes. For example, some  sion will be achieved
on the subsequent cut. This are fairlyflatsuch that their trailing and
leading edges  method (which comprises steps corresponding to are nominally
straight. Or the airfoil may have a de-  20  steps (a), (b) and (e) of
independent claim 1) cannot gree of twist about its stacking line such that
the trail-  be used to machine, sequentially a plurality of the ing and/or
leading edge follows a spiral-like path  same part when the feature to be
machined is in a lo- which may have a small or large degree of curvature,
cation or is oriented differently from part-to-part depending upon the
degree of twist. The airfoil may  when the part is fixtured for machining.
be designed with an edge having variable thickness  25  In EP-A-350 000 a
device is disclosed for repair- or variable radius of curvature along its
length.  ing a worn turbine or compressor blade tip. A laser Often it is
desirable or necessary to form the air-  measuring means senses the blade
tip and sends sig- foil edge to its final shape in a separate operation af-
nals to a computer which controls a welding machine ter the body of the
airfoil has been at least partially  foradding material to the blade tip.
The computeralso formed or machined. For example, hollow airfoils are  30
controls a grinding machine for finishing the blade tip sometimes formed by
bonding pressure and suction   surfaces after the welding operation. side
metal skins to opposite sides of a supporting rib structure. Bonding may be
accomplished by electron  Summary of the Invention beam welding, resistance
welding, diffusion bonding or the like. The airfoil shape may be formed
simulta-  35  The elongated edge of a workpiece is machined neously with
the bonding operation or thereafter by  to preselected dimensions and
tolerances using a nu- coining, for example. In one manufacturing techni-
merically controlled machining system by probing the que, a bead of weld
material is applied overthe length  surface of the workplace along the
length of the edge of an unfinished edge to bond the halves together;  to
be machined to determine edge dimensions and/or and that weld material is
partially machined away to  40  its actual position and orientation at such
preselected form the final desired shape of the edge.          locations
relative to a cutting tool holder and to the If an unfinished airfoil edge
were known to be ac-  workpiece fixture, and generating and storing data
In- curately located, oriented and dimensioned in accor-  dicative thereof,
and machining the edge of the work- dance with its nominal engineering
design, then the  piece under the direction of a machine program which
airfoil edge could be readily machined by current nu-  45  accesses that
data and other known preselected part merical control machining methods.
However, if the  design data which has been stored and causes a cut-
location, orientation, thickness or other features of  ting tool to follow
the actual edge of the part, cutting the edge vary significantly from part
to part (although  the edge to preselected dimensions as the cutting still
within acceptable tolerances), finishing the edges  tool travels relative
thereto, the workplace and the by prior art numerical control machining
methods has  50  cutting tool being reoriented relative to each other as
not been possible. In fact, such edges have some-  the tool moves along the
edge to maintain the tool in times had to befinished by hand, which is very
expen-  appropriate angular and positional relation to the sive and does
not produce consistently reliable re-  workpiece over the length of the
edge. suits. It is desirable to be able to automatically and rel-  The
method of the invention as defined in inde- atively inexpensively and
accurately finish machine   55  pendentclaim 1 is particularly suited to
the machining the edges of such airfoils and features of other parts  of
many nominally identical parts, but wherein the with similar
characteristics.                      permitted tolerances from prior
manufacturing steps In US-A-4,382,215 a programmable computer       results
in significant part-to-part variations in the lo- 2  
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(relative to known reference  and orientation of the edges of airfoil
workpieces prior points on the part) of the portion of the part from  to
machining are accommodated, and the edges are which the material is to be
removed. When such parts  automatically and efficiently machined. are
placed in a fixture In an automated machining sys-  Thus, a single machine
program is used to ma- tem, the portion to be machined Is located and
orient-   5   chine a feature of a plurality of parts which are nom- ed
differently from part to part relative to fixture ref-  inally the same,
per engineering design; but the loca- erence points used to locate the part
in the fixture.  tion and orientation of the feature to be machined may
Thus an airfoil may have its leading edge accu-  vary significantly from
part to part, although within rately machined and positioned relative to
the airfoil  engineering design tolerances. The machine program stacking
line. However, when that leading edge and   10  includes selected nominal
part dimensions. The prob- stacking line are accurately positioned in the
fixture  ing generates part specific data (i.e. actual hardware of an
automated machining system, the unmachined  data) which the machine program
can access. The trailing edge will be located, oriented or shaped dif-
nominal and specific data are used in a machine pro- ferently for each part
simply due to manufacturing tol-  gram to calculate the correct position
and orientation erances.                                     15  of the
cutter during machining of the specific part. The present invention uses a
single machining  Only part specific data is changed as each new part
program written fora particular partwhich is to be pro-  is processed.
duced in quantity. Using an airfoil as an example,   The forgoing and other
features and advantages each airfoil workpiece is fixtured into the
machining  of the present Invention will become more apparent apparatus and
the feature to be cut, such as the un-  20  from the following description
and accompanying finished trailing edge, is probed to generate data is
drawings. stored in a memory which the machine program can access to
determine exactly where the feature is lo-  Brief Description of the
Drawings cated and how it is oriented relative to a cutting tool holder and
the fixture. Nominal engineering dimen-  25  Fig. 1 is a perspective view
of a compressor air- sions (e.g., from the engineering drawing) to which it
foil having an unfinished trailing edge which is to be is desired to cut
are also input into the memory or is  machined by the method of the present
invention. part of the machine program. The machine program     Fig. 2 is a
sectional view taken along the line 2-2 then controls the machining
apparatus to move the  of Fig 1. Superimposed on the section is a phantom
part and cutting tool relative to each other in a manner  30  outline of
the airfoil at that section, per nominal en- resulting in the correct cut.
gineering design dimensions. More particularly, in a multi-axis closed loop
nu-  Fig. 3 Is a simplified, illustrative view of machin- merically
controlled machining system having a work-  ing apparatus used in
practicing the method of the piece fixture and cutting tool spindle
controllably  present invention, with the part to be machined fix- movable
relative to each other, the method of machin-  35  tured therein and the
probe in operative position. ing a leading or trailing edge of an airfoil
workpiece  Fig. 4 is a view taken in the direction 4-4 of Fig. disposed
within the fixture includes the steps of plac-  3, with certain elements of
the apparatus not shown ing a probe within the cutting tool spindle and
probing  or broken away to more clearly show other elements reference
surfaces on the fixture to generate ma-  located behind them in this view.
chine offset data indicative of the relative positions of  40  Fig. 5 is an
enlarged view of a portion of Fig. 3. the spindle, the fixture and the
probe; storing the off-  Fig. 6 is a sectional view taken along the line
6-6 setdata; and then probing points on the surface of the  of Fig. 4.
airfoil workpiece along and adjacent to the length of  Fig. 7 is a
sectional view taken at the same vert- the edge to be machined to generate
airfoil data indi-  ical location as the view of Fig. 6, but with the probe
cative of the actual position and characteristics of the   45  replaced by
the cutter and the apparatus reoriented edge; storing such airfoil data;
removing the probe  to the appropriate cutting position for the section of
from the spindle and replacing it with the cutting tool;  airfoil shown, in
accordance with the teaching of the and machining the length of the edge of
the airfoil  present invention. workplace under the direction of a machine
program   Fig. 8 is a sectional view taken along the line 8-8 which
accesses the stored data and causes the cut-  50  of Fig. 6 showing the
probe about to contact the airfoil ting tool to follow along the actual
airfoil workpiece  surface. Shown in phantom is the cutter in operative
edge, cutting the edge as it travels relative thereto,  position in place
of the probe, with the same airfoil and causing the airfoil and the cutter
to be continu-  section having been appropriately reoriented relative ously
reoriented relative to each other as the cutter  to the cutter In
accordance with the teaching of the moves along the edge to maintain the
cutting tool  55   present invention. spindle axis and the cutting tool, In
appropriate angu-  Fig. 9 Is a block diagram illustrating the Interrela-
lar and positional relation to the workpiece. By this  tionship between
various portions of the machining technique part to part variations in the
actual position  system of the present invention. 3 
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out the Invention          section to section) between the stacking point
24 and the center point 28 of the trailing edge at each airfoil Fig. 1
shows a compressor airfoil 10 at an inter-  section be maintained to close
tolerance; and that a mediate stage in the manufacturing process. The air-
tangent to the mean chordline of each airfoil section foil 10 comprises a
finished leading edge 12, an un-   5   at the trailing edge is dose to
coincident with a radial finished trailing edge 14, a pressure surface 16,
and  line of the trailing edge radius. These requirements a suction surface
18. integral with each end of the air-  will become more clear as the
method of the present foil are tabs 20, 22, respectively. The tabs are
manu-  invention is further described hereinafter. facturing aids and are
not part of the finished airfoil.  Reference is now made to Figs. 3 and 4
which They are machined off during a later manufacturing  10  shows
programmable numericallycontrolled machin- step. In this airfoil the
trailing edge is nominally of  Ing system generally represented by the
reference constant thickness.                               numeral 100.
The particular machining system used In Fig. 2 the solid line depicts a
typical section  in this exemplary embodiment is a Model HN63B nu- taken
through the airfoil 10 in a plane perpendicular  merically controlled
machining center manufactured to the airfoil stacking line 24. The point
24' where the   15  by Niigata Engineering Company, Ltd. of Tokyo, Ja-
stacking line intersects the section plane Is referred  pan. In the drawing
the machining system 100 is to as the stacking point of that airfoil
section. The  shown and described illustratively, in simplified fash-
stacking point of a typical airfoil section is the point  ion, and only
eith sufficient detail to explain its oper- about which the airfoil section
is positioned. The  ation in conjunction with the method of the present in-
stacking line contains all the stacking points of all the   20  vention. It
will become clear that the method of the airfoil sections. In this
embodiment the stacking line  present invention does not require the use of
a spe- 24 is a straight line, but it may also be a curved line.  cific type
or model of numerically controlled machin- In the airfoil section shown in
Fig. 2 the stacking point  ing system. The one described herein happens to
be falls within the confines of the airfoil section; how-  a five axis
system, but three and four axis systems ever, that is not necessarily true
for every section   25  may be suitable depending upon the requirements of
along the length of the airfoil.                  the part being machined.
The trailing edge 14 of the airfoil 10 is to be ma-  With reference to Fig.
3, the machining system chined by the method of the present invention. In
Fig.  100 comprises a stationary bed 102, a fixture support 2 the planes E
and F intersect along the stacking line  bed 106, a workplace fixture 108,
and cutting tool 24 and represent the coordinate system used on the   30
support column 120. The stationary bed 102 has a engineering drawing to
define the nominal size,   channel 104 therein. Disposed within the channel
104 shape and position of each airfoil section relative to  is the fixture
bed 106 which slides within the channel other airfoil sections. The dotted
line in Fig. 2 repre-  104 along an axis perpendicularto the plane of the
pa- sents the outline of the airfoil at the section shown,  per and which
is herein referred to as the X axis. in accordance with the nominal
engineering drawing   35  Mounted on the slidablefixture bed 106 and
rotatable dimensions of the airfoil. The airfoil in this example  relative
thereto about a vertical Y axis parallel to the is designed such that the
center points 26' of the lead-  plane of the paper is the workpiece fixture
108. The Ing edge at every airfoil section fall within a common  fixture
108 comprises a base 110, a support frame plane which is parallel to the
stacking line 24. How-  112, a rotatable plate 114, workplace holding
appara- ever, the leading edge center points 26' do not form   40  tus
generally designated by the reference numeral a straightline in that plane.
K; is the distance between  115, and a gage block 116. The support frame
112 is the point 26' and the stacking line 24 at each section.  fixedly
secured to the base 110. Rotatably mounted In machining the leading edge
12, the distance Kwas  on the frame 112 is the circular plate 114. The
plate maintained to close tolerance at the appropriate nom-  114 rotates
about an axis herein designated as the C Inal (per engineering design)
value K' for each se-  45  axis which is perpendicular to the Y axis and to
the tion.                                             face 118 of the plate
114. As can be seen in Fig. 2, the unfinished trailing  The tool support
column 120 slides in a channel edge 14, like the leading edge 12, is not
located ac-  121 in the stationary bed 102 is the direction of an curately
with respect to the engineering nominal pos-  axis herein referred to as
the Z axis, which is perpen- ition. More importantly, the relative position
between  50  dicular to the X and Y axes. Within the column 120 is the
trailing edge 14 of the actual partially manufac-  a vertically extending
spindle track 122. Disposed for tured airfoil 10 and the nominal
engineering design  movement in the Y direction within the spindle track
position may vary randomly from section to section,  122 is a spindle 124.
The spindle axis 125 is parallel and might fall on one side of the nominal
position in  to the Z axis. one section and on the other side in another
section.  55  Disposed in the spindle 124 is a probe 152. The What has been
determined to be important to the per-  probe axis is essentially
coincident with the spindle formance of this particular airfoil is thatthe
engineer-  axis 125. The probe includes a stylus 154 extending ing design
nominal distance D' (which can vary from  along the axis 125 and
terminating at a spherical tip 
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in Fig. 6. In this example, the probe  the machine tool zero or home
position. Further, each is a Renishaw Model MP7 touch trigger probe with an
time the probe 152 touches a point on the workpiece optical transition
system, made by Renishaw, Inc. of  (e.g., airfoil 10) or on the gauge block
116, data indi- Schaumburg, Illinois.                            cative of
the machine tool position at that instant is Referring, now, to Figs. 3, 4
and 5, the workpiece   5   placed in the storage means. holding apparatus
115 is secured to the face 118 of  During operation the computer accesses
the ma- the plate 114. The holding apparatus 115 comprises  chine program
and selected data in the storage a pair of spaced apart knife edges 128,
130 precisely  means, performs certain calculations on the stored located a
predetermined distance from the face 118.  data, and either sends newly
calculated data to the The face 118 is a precise, known distance from the Y
10  storage means for later use or sends instructions to axis. A locating
member 132 includes a locating sur-  the machine control 202 which operates
the machine face 134 at a known distance from the C axis. Also se-  tool
200 according to those instructions. cured to the plate 114 are lateral
locators 138, 138  Prior to actual machining of the airfoil the ma- that,
in conjunction with the knife edges 128, 130, lo-  chine program instructs
the machine tool 200 to move cate the airfoil such that its stacking line
24 is parallel  15  the probe and fixture such that the probe contacts the
to a known distance from the Y axis. The locator 138  gauge block 116 on
several surfaces, such as the sur- is best shown in Fig. 6.
faces a, b, c and d. (Fig. 3 shows the probe 152, In The airfoil 10 is
positioned into the workpiece  phantom, about to contact the gauge block.)
holding apparatus by urging the leading edge 12      The data put into the
storage means 206 as a re- against the knife edges 128, 130, and
positioning the   20  sult of those probe contacts is accessed and used by
outer edge 140 of the end tab 122 on the locating sur-  the computer 204 to
calculate the length of the probe, face 134. The surface 134 locates the
airfoil in the Y  the size of the styles tip 156, and deviations of the
direction. Lower hydraulically operated rocker arm  position and
orientation of the machine tool compo- 142 urges the lower portion of the
suction surface of  nents from the "home" position. These deviations or the
airfoil against the locating feet 146 of the lateral  25   "machine
offsets" are stored in the storage means locator 138. Similarly, a
hydraulically actuated plung-  206 for use in the subsequent step of
airfoil measure- er 144 urges the upper portion of the suction surface
ment and analysis. of the airfoil against the locating feet of the upper
lat-  In this embodiment, the airfoil 10 is defined on eral locater 136.
engineering drawings by a series of airfoil sections After the airfoil is
secured In its appropriate pos-  30  which are plane sections through the
airfoil perpen- ition by the locating means just described, four addi-
dicular to the stacking line 24 at specified locations tional sets of
hydraulically actuated plungers 148 are  along the length of the airfoil.
The phantom line in Fig. moved into position against opposites sides of the
2 shows one such section. The distance between the central portion of the
airfoil to provide additional sup-  stacking point 24 and the center point
28' of the trail- port for the workpiece. Hydraulic lines are designated
35  ing edge is a given nominal dimension D' for each of by the reference
numeral 150 throughout the figures.  the several sections used to define
the airfoil. The di- With reference to Fig. 9, the machining system
mensions D' for these airfoil sections are input into 100 is depicted
schematically as encompassing the  the storage means 206 (Fig. 9) and are
the nominal machining hardware described above as well as the  engineering
design dimensions referred to above. electronic hardware which controls the
operation of  40  After determining the machine offsets, the airfoil the
machining hardware. The box 200 represents the  surface adjacent to the
unmachined trailing edge Is machining hardware and is labeled "machine
tool". A  probed (per instructions from the machine program) machine
control 202 sends a variety of signals 203 to  at locations corresponding
to the engineering drawing the machine tool 200 to move and rotate the
hardware  sections which define the airfoil. In Fig. 4, each of in a
particular manner. The system 100 also includes  45  these sections are
represented by a pair of horizon- a computer 204, storage means 206, and
the probe  tally spaced apart cross marks 160 which are super- 152. For
discussion purposes, the computer and stor-  imposed upon the drawing for
purposes of illustra- age means are shown as separate from the machine
tion. Each pair of point 160 lies in a plane perpendic- control; however,
they may also be considered part of  ularto the stacking line 24. There are
seventeen such the machine control.                         50  pairs of
points 160 for the airfoil in this example, The storage means 206 is simply
a memory      which represent the seventeen airfoil sections used which is
accessible by the computer 204. In the meth-  to define the engineered
design of the finished airfoil. od of the present invention a computer
program,  For the particular airfoil of this example, which is which is
also referred to herein as the machine pro-  about 432mm (17 inches) long
and 102mm (5 inches) gram, is input into the storage means 206. The ma-  55
wide, the points 160 closest to the unmachined trail- chine program
includes certain preselected nominal  ing edge are approximately 2.5 mm
(1/10 inch) infrom engineering design dimensions of the part to be ma-
that edge; and each pair of points 160 are about 2.5 



chined. Also in the storage means is data relating to  mm (1/10 of an inch)
apart. These distances are 5    9                  EP 0 463 391 B1
10 somewhat exaggerated in the drawing for clarity. The  bisected by the
plane 156 which is perpendicular to probe is also programmed to touch a
point 162 located  the spindle axis. In this example, the pressure and 2.54
mm (1/10 inch) above (i.e., in the Y direction)  suction surfaces of the
airfoil 10 are parallel as the each of the points 160 closest to the
unmachined  surfaces approach the trailing edge. In order for the trailing
edge (see Fig. 8). (The points 162 could   5   cutter 155 to properly cut a
radius into the trailing equally as well be below the points 160. The
machine  edge at each point along the length of the trailing program is
written according to where the program-  edge, the axis 125 of the cutter
must be perpendicular mer desires to have the probe contact the part) Thus,
to the airfoil surfaces adjacent to the trailing edge In for each airfoil
section, three points are probed (one  the plane of the section being cut
at that instant Thus, is actually above the section plane). As the probe
10  if the lead line 158 is tangent to the airfoil pressure touches each
point, the position of that point with ap-  surface adjacent to the
trailing edge in the plane of propriate machine offsets applied, Is stored
in the  the airfoil section containing the spindle or cutter storage means
206.                                axis, the proper machining of the
airfoil of this exam- According to the method of the present invention,
ple requires that the angle A be [err] (or very close to the probe is
programmed to touch (in some preselect-  15  it) at all times. Similarly, a
line bisecting the trailing ed efficient order) all the points 160, 162
along the  edge surfaces must be perpendicular to and intersect length of
the trailing edge, thereby placing into the  the spindle axis and also lie
in the plane 156. In a storage means 206 data for the position of every one
more generic sense, a tangent to the airfoil section of those points. Note
that the order of contacting the  mean chordline 163 at the trailing edge
should be per- points is not critical, except the machine program   20
pendicular to the axis 125 and in the plane 156. must be written to access
the correct point informs-  Accomplishing the foregoing with the airfoil
10, tion when doing its calculations.                 which has a curved
trailing edge, requires that, as the In this example, there is no rotation
of the airfoil  cutter 155 moves in the Y direction, the airfoil be con-
during probing. The fixture moves only in the X direc-  tinuously
reoriented relative to the cutter to maintain tion to allow the probe to
contact each of the pair of  25  the appropriate angular orientation
between the cut- points 160 at each section. The probe itself moves  ter
and the trailing edge. Simultaneously, the airfoil only parallel to the Y
axis as it moves from section to  must be moved in the X direction, such
that the dis- section and between 160,162 at each location. No ro-  tance D
at each airfoil section is maintained to the tation of the airfoil 10 is
necessary since the airfoil  nominal engineering dimension D' (Fig. 2). It
is appa- does not have a large amount of curvature at its trail-  30  rent
that the information provided by the probe to the ing edge.
storage means 206 relating to the position of each Some airfoils may have
very large amounts of   pair of points 160 can be used to calculate how
much twist about their stacking line resulting in a highly  the airfoil
must be rotated about theY axis in order to curved trailing edge.
Forairfoils such as that, itwould  orientthe line connecting the points 160
on the airfoil be required that the airfoil be rotated about the stack-  35
surface perpendicular to the spindle axis. Ing line at each new airfoil
section being probed so  The phantom lines in Fig. 8 show the cutter 155
that the surface of the airfoil near the trailing edge  in operation when
the spindle axis 125 is aligned with was always approximately perpendicular
to the spin-  the point 160 adjacent the edge 14 (Fig. 6). The ma- dle axis
125. In some cases, it might also be neces-  chine program has accessed the
data concerning the sary or desirable to use the probe to determine the lo-
40  probed points 160, 162 and caused the airfoil to be cation of the
unmachined edge at each section. This  rotated (from its probed position
shown in full) an ap- would be particularly important for airfoils having
sig-  propriate amount about the C axis, such that the line nificant
variations in width (i.e., chordlength) along  connecting the point 160,
162 on the surface of the their longitudinal extent Once the unmachined
edge  airfoil is perpendicular to the spindle axis. The ma- is located, the
probe could then move, relative to the   45  chine program also adjusts the
location of the spindle airfoil, a predetermined distance inwardly from the
in the Y direction to compensate for the change in the edge so that it is
probing the airfoil surface at the  Ycoordinateofthe point 160 as aresultof
therotation same distance Inward from the uncut edge at every  of the
airfoil about the C axis. section along the length of the airfoil, despite
the va-  In Fig. 7 and 8, during cutting, the points 160, 162 riations In
airfoil width at each section.   50  are a known distance G from a
reference plane 164 Returning tothe presentexample, afterthe airfoil  which
is perpendicular to the spindle axis. The nomi- has been probed, the probe
152 is removed from the  nal thickness of the trailing edge in this example
hap- spindle 124 (such as by a robot arm or by hand) and
penstobeconstantalong the length of the airfoil. This is replaced by a
cutting tool or cutter which rotates  nominal thickness dimension was
previously input about the spindle axis 125. Fig. 7 shows a full-form   55
Into storage means 206. When cutting, the computer cutter 155 in position
in the spindle 124 and In the  continuously positions the cutter such that
its bisect- 



process of cutting the workpiece at the section  ing plane 156 is a
distance from the reference plane shown. The cutter teeth form circular
arcs which are  164 which is equivalent to the dimension G plus one-    11
EP 0 453 391 B1                    12 half the nominal thickness of the
trailing edge.  parts may be machined using only a three or four axis The
computer program also accesses the dimen-  machining center. For example,
if the unmachined sion D for the particular section being cut it the mo-
trailing edge of the airfoil 10 of the example described ment such that the
machine control 202 sets the ap-  above were straight and parallel to the
stacking line propriate distance between the spindle axis and the   5
within certain acceptable tolerances then there would stacking point 24 to
result in the dimension D being  be no need to make the angular adjustment
about the equal to D' at that section. The machine program au-  C axis as
shown and described with respect to Fig. 8. tomatically compensates for Z
and X direction move-  Therefore, a machining system without the capability
ment of the points 160 resulting from rotations about  of rotating about an
axis corresponding to the C axis the Y axis which were required to orient
the line con-  10  could be used. Similarly, for certain airfoil designs,
It necting the pair of points 160 perpendicular to the  might also be
unnecessary to rotate the airfoil about spindle axis.
its stacking line during the cutting operation. As set forth above, nominal
engineering dimen-    Although this exemplary embodiment was direct- sions
for the finished airfoil is input into and stored in  ed to the machining
of the trailing edge of an airfoil, the storage means 206 only for the
seventeen airfoil  15  it is equally as applicable to the machining of the
lead- sections corresponding to the location of the pairs of  ing edge of
an airfoil, the edge of a rotor blade plat- points 160 shown in Fig. 4. And
the cutting tool 155  form, or even the outermost tip of an airfoil, such
as is positioned correctly at those sections based upon  the tip of a
compressor or turbine rotor blade. Actual- calculations made by the
computer 204 utilizing the  ly, the method is readily adaptable and useful
for ma- stored machine offsets, engineering dimensions and   20  chining
any elongated feature of a part, the location probe generated data for
those sections. The cutting  and orientation of which cannot be accurately
predict- tool is programmed to travel along the airfoil trailing  ed when
the part Is fixtured for the machining opera- edge at a constant rate of
speed in Y direction. Thus  tion. If many of such parts are to be made in a
pro- It takes the cutting tool a known length oftime to move  duction
operation, the present method of manufac- from one airfoil section to the
next. When it reaches  25  ture accommodates these part to part variations
and the next section It and the airfoil are positioned cor-  allows
automated machining using a single computer rectlyforthe cutatthatsection.
The machine program  programforthe entire production run ofthat particular
causes all the linear movements of the airfoil and cut-  part. It should
also be noted that the step of determin- ting tool in the X Y and Z
directions, and the rotations,  ing machine offsets by probing a gauge
block need If any, of the airfoil about the C and Yaxisto be atap-  30  not
be done prior to cutting each new piece. Only an propriate constant rates
of speed between adjacent  occasional resetting of the offsets is likely to
be re- airfoil sections, such that the cutting tool and airfoil  quired.
simultaneously arrive at the next section appropriate- ly positioned. By
thattechnique the cutting of the trail- ing edge smoothly transitions from
one section to the   35  Claims next In this example, the cutter 155 is a
full-form cut-  1. Method for machining an elongated edge of a ter. In the
machining of certain parts, it may be pre-  workpiece utilizing a
numerically controlled ma- ferable or necessary to use a half-form cutter,
how-  chining system (100), comprising the steps of ever, that would
require each of two cutters to make   40  (a) positioning the workpiece
(10) in fixture a pass along the length of the airfoil trailing edge,
means (108) of the system (100); each cutter forming half the trailing edge
shape. Half-  (b) positioning a probe (152) in a holder (124) form cutters
may be particularly useful when, for ex-   which is part of the system
(100) and move- ample, the trailing edge is highly curved, or when the
able relative to the fixture means (108); thickness of the trailing edge is
variable either by de-  45  (c) moving, under the direction of a machine
sign or due to significant manufacturing tolerances     program, the holder
(124) and fixture means which cannot be ignored. In the case of a variable
(108) relative to each otherto causethe probe thickness edge, it may be
required to probe points on   (152) to contact a plurality of points on the
both the pressure and suction surface of the airfoil.   workpiece (10)
along the length of and adja- The machine program would be designed to use
that 50    centtothe edge (14) to be machined, and gen- information to
calculate a point equidistant from both   erating by such contacts data
indicative of the surfaces at each section, and thereby determine the
position of such contacted points relative to center point of the trailing
edge (e.g., corresponding  the fixture means (108); to point 28' In Fig.
7), soas to enable the machine con-  (d) storing in a memory of the system
(100) trol to correctly position the cutter as it moves along  55  such
contacted point position data; the edge.
(e) storing in a memory of the system (100) 



Although in this example a five axis machining       preselected data
indicative of desired dimen- system is described, it should be apparent
that some    sions after machining of the workpiece; 7    11
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thickness of the trailing edge.  parts may be machined using only a three
orfour axis The computer program also accesses the dimen-  machining
center. For example, if the unmachined sion D' for the particular section
being cut at the mo-  trailing edge of the airfoil 10  of the example
described ment such that the machine control 202 sets the ap-  above were
straight and parallel to the stacking line propriate distance between the
spindle axis and the   5   within certain acceptable tolerances then there
would stacking point 24 to result in the dimension D being  be no need to
make the angular adjustment about the equal to D' at that section. The
machine program au-  C axis as shown and described with respect to Fig. 8.
tomatically compensates for Z and X direction move-  Therefore, a machining
system without the capability ment of the points 160 resulting from
rotations about  of rotating about an axis corresponding to the C axis the
Y axis which were required to orient the line con-  10  could be used.
Similarly, for certain airfoil designs, it necting the pair of points 160
perpendicular to the  might also be unnecessary to rotate the airfoil about
spindle axis.                                     its stacking line during
the cutting operation. As set forth above, nominal engineering dimen-
Although this exemplary embodiment was direct- sions for the finished
airfoil Is input into and stored in  ed to the machining of the trailing
edge of an airfoil, the storage means 206 only for the seventeen airfoil
15  it is equally as applicable to the machining of the lead- sections
corresponding to the location of the pairs of  ing edge of an airfoil, the
edge of a rotor blade plat- points 160 shown in Fig. 4. And the cutting
tool 155  form, or even the outermost tip of an airfoil, such as is
positioned correctly at those sections based upon  the tip of a compressor
or turbine rotor blade. Actual- calculations made by the computer 204
utilizing the  ly, the method is readily adaptable and useful for ma-
stored machine offsets, engineering dimensions and   20  chining any
elongated feature of a part, the location probe generated data for those
sections. The cutting  and orientation of which cannot be accurately
predict- tool is programmed to travel along the airfoil trailing  ed when
the part is fixtured for the machining opera- edge at a constant rate of
speed in Y direction. Thus  tion. If many of such parts are to be made in a
pro- it takes the cutting tool a known length of time to move  duction
operation, the present method of manufao- from one airfoil section to the
next. When it reaches  25  ture accommodates these part to part variations
and the next section it and the airfoil are positioned cor-  allows
automated machining using a single computer rectlyforthe cutatthatsection.
The machine program  program forthe entire production run of that
particular causes all the linear movements of the airfoil and cut-  part.
It should also be noted that the step of determin- ting tool in the X, Y
and Z directions, and the rotations,  ing machine offsets by probing a
gauge block need if any, of the airfoil about the C and Y axis to be at ap-
30  not be done prior to cutting each new piece. Only an propriate constant
rates of speed between adjacent  occasional resetting of the offsets is
likely to be re- airfoil sections, such that the cutting tool and airfoil
quired. simultaneously arrive at the next section appropriate- ly
positioned. By that technique the cutting of the trail- ing edge smoothly
transitions from one section to the   35  Claims next. In this example, the
cutter 155 is a full-form cut-  1. Method for machining an elongated edge
of a ter. In the machining of certain parts, it may be pre-  workpiece
utilizing a numerically controlled ma- ferable or necessary to use a
half-form cutter; how-  chining system (100), comprising the steps of:
ever, that would require each of two cutters to make  40  (a) positioning
the workpiece (10) in fixture a pass along the length of the airfoil
trailing edge,   means (108) of the system (100); each cutterforming half
the trailing edge shape. Half-  (b) positioning a probe (152) in a holder
(124) form cutters may be particularly useful when, for ex-   which is part
of the system (100) and move- ample, the trailing edge is highly curved, or
when the  able relative to the fixture means (108); thickness of the
trailing edge is variable either by de-  45  (c) moving, under the
direction of a machine sign or due to significant manufacturing tolerances
program, the holder (124) and fixture means which cannot be ignored. In the
case of a variable      (108) relative to each other to cause the probe
thickness edge, It may be required to probe points on   (152) to contact a
plurality of points on the both the pressure and suction surface of the
airfoil.   workpiece (10) along the length of and adja- The machine program
would be designed to use that  50   centtothe edge (14) to be machined, and
gen- Information to calculate a point equidistant from both  erating by
such contacts data indicative of the surfaces at each section, and thereby
determine the     position of such contacted points relative to center
point of the trailing edge (e.g., corresponding  the fixture means (108);
to point28' in Fig. 7), so as to enable the machine con-  (d) storing in a
memory of the system (100) trol to correctly position the cutter as it
moves along  55  such contacted point position data; 



the edge.                                               (e) storing in a
memory of the system (100) Although in this example a five axis machining
preselected data indicative of desired dimen- system is described, it
should be apparent that some    sions after machining of the workpiece; 7
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~~~~~~~~~~~~~~~~c   L  N  s (f3 removing the probe (124) from and posi-
stems (100); tioning a cutting tool (155) in the holder (124);  e)
Abspelchern von vorgewAhiten Daten, die and
gewflnschte Abmessungen nach der spanab- (g) machining the elongates edge
(14) of the      hebenden Bearbeltung des Werkstfickes an- workpiece (10)
under the direction of a ma-   6   geben, In elnem Speicher des Systems
(100); chine program which accesses the stored          f3 Enffernen des
MeofUlhlers (124) aus dem data and causes the cutting tool (155) to fol-
Halter (124) und Positionleren elnes Schneid- low the elongated edge (14)
of the workpiece      werkzeuges (155) in dem Halter, und (10), cutting the
edge (14) to preselected di-    g) spanabhebendes Bearbeiten der langge-
mensions as the tool (155) travels relative   10  streckten Kante (14) des
Werkzeuges (10) thereto, the fixture means (108) and holder       unter der
Leitung ehnes Maschinenpro- (124) being reoriented relative to each other
gramme, welches au( die gespelcherten Da- as the tool (155) moves along the
edge (14) to    ten zugreift und das Schneidwerkzeug (155) maintain the
tool in appropriate angular and      veranla~t, derlanggestreckten Kante
(14) des positioned relation to the workpiece (10) over  15  Werkastfckes
(10) zu folgen und die Kante the length of the edge (14).
(14) auf vorgewahite Abmessungen zuzu- schneiden, wenn slch dasWerkzeug
(155) re- 2. Method according to claim 1 for machining the        lativ zu
derselben bewegt, wobei die Ein- leading or trailing edge of an airfoil
workpiece     spanneinrichtung (108) und der Halter (124) having an airfoil
stacking line, wherein the step of  20  relativ zuelnander reorientlert
werden, wenn positioning the workpiece (10) comprises fixing     sich das
Werkzeug (155) lAngs der Kante (14) said airfoil workpiece within the
fixture means      bewegt, um das Werkzeug In geelgneter win- such that the
location and orientation of the        kelmi~iger und positionsmiBiger
Relation zu stacking line of the workpiece relative to the fix-
demWerkstOck(10)OberderLangederKante ture means is known within
predetermined toler-  25  (14) zu halten. ances, and the location, relative
to the fixture means, of at least one point on the workpiece not  2.
Verfahren nach Anspruch I zum spanabheben- on the stacking line is known
within predeter-    den Bearbelten der Vorder- oder Hinterkante ei- mined
tolerances.                                 nes FlOgelprofil aufweisenden
WerkstOckes, wo- 30      bei der Schritt des Positionierens des Werk-
stOckes (10) belnhaltet Elnspannen des FlOgel- Patentanspruche
profail aufwelsenden Werkst~ckes in der Emn- spanneinrichtung so, daB die
Lage und die Orien- 1. Verfahren zum spanabhebenden Bearbeiten ei-
tierungderStapelliniedesWerkstickes relativzu ner langgestreckten Kante
eines Werkstfickes  35  der Einspanneinrichtung innerhalb von vorbe- unter
Verwendung eines numerisch gesteuerten      stimmten Toleranzen bekannt ist
und daB die La- Bearbeitungsaystems (100), beinhaltend die        ge von
wenigstens elnem Punkt an dem Werk- Schritte:
st(ick, der nicht auf der Stapellinle lieggt relativ zu a) Positionieren
desWerkstuckes (10) in einer  der Einspanneinrichtung Innerhalb von vorbe-
Einspanneinrichtung  (108) des Systems   4o    stimmten Toleranzen bekannt
ist. (100); b) Positionieren eines MeofUlhlers (152) in ei- nem Halter
(124), derTell des Systems (100)  Rovendlcatlons und relativ zu der
Einspanneinrichtung (108) bewegbar ist;                          45  1.
Proced6 d'ushnage d'un bord allong6 d'une piece c) Bewegen des Halters
(124) und der Ein-      en utilisant un systeme d'usinage (100) a
spanneinrichtung (108) unter der Leltung ea-   commande num6rique
comportant les etapes nes Maschinenprogramms relativ zu ehnan-
consistant der, um den MeoUffhler (152) zu veranlassen,      (a) A mettre
en position la plece (10) dane une eineVlelzahl von Punkten auf dam
Werkstfick  5o   monture (108) du systeme (100); (10) Ober der i-Ange und
benachbart zu der        (b) A mettre en position une sonde (152) dans
spanabhebend zu bearbeitenden Kante (14)          un support (124) qui est
une partie du syste- zu berfihren, und Erzeugen von Daten durch        me
(100) et qui est mobile par rapport a la 



diese Ber0hrungen, welche die Position die-       monture (108); ser
ber0hrten Punkte relativ zu der Einspann-  55  (c) A deplacer, sous la
direction d'un program- einrichtung (108) angeben;
me d'usinage, le support (124) et la monture d) Abspeichern dieser
Positionsdaten der be-      (108) I'un par rapport a l'autre, afin d'amener
rfhrten Punkte In einem Speicher des Sy-          lasonde (152) Aveniren
contactavecune plu- 8    A 15                 EP0453391B1 1i1Is ralit6 de
points sur la plece (10), sulvant sa longueur, cos points tant voisins du
bord (14) devant Atre usinb, et a produire, A partir de tels contacts, dos
donn6es repr6sentatives de la position de tes, points de contact par   5
rapport a la monture (108); (d) A stocker dans une m6moire du systeme (100)
los donn6es des positions des points de contact; (o) A stocker dans une
mbmolre du systhme   lo (100) des donn6es preselectionnoes ropr6-
sentativos de dimensions desiribes apros l'usinage de la plAce; (f) A
enlever la sonde (152) du support (124) et a placer un outil de coupe (155)
dans ce  15 support; et (g) A usiner la bord allonge (14) do la pibco (10),
sous la direction du programme d'usina- go loquel a accbs aux donnbes
stockees ot amone l'outll de coupe (155) A suivre le bord  20 allonge (14)
do la plice (10), en coupant ce bord (14) a des dimensions pr6s6lectionnies
tandis quo l'outil (1 55) se deplace par rapport A ce bord, la monture
(108) et le support (124) etant r6orlntbs l'un par rapport a I'autre tan-
25 dis quo l'outil (155) se deplace Is long du bord (14), afln do maintenir
l'outil dans uno relation angulaire et do position appropri6e par rap- port
a la plce (10) sur touts la longuour du bord (14).
30 2. Procodi suivant la rovendication 1 pour l'usinage du bord d'attaque
ou de fuite d'une pibce consti- tues par un profil aorodynamlque, dans
lequel 'dtape do miss en position do la plice (10)  36 comprend la fixation
do cettb pibeo formant un profil aerodynamique dans la monture do toile fa-
con quo l'emplacement et l'orientation de la ligne d'empilage de Ia piece
par rapport A la monture solent connus dans des limites de tolirance pre-
40 determinoes St quo l'emplacemont, par rapport A la monturo, d'au mons un
point sur la pbcoe, ne se trouvant pas sur la ligne d'empilage, soit connu
dans dos llmites de toleranco predotormi- n6es.
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