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Abstract

"~ A flexible, conformable clamping scheme for a steam turbine blade machining cell is discussed. Experiments
that have been carried out to investigate the clamping cfficicncy of this novel design are also described.
Flexible fixtures for turbine bisde machining have been developed and installed to demonstrate the reduction
of human intcrvention for workpicce sctup in the laboratory at Carnegic-Mcllon University. The key features
of the clamp design and the cell configuration are described. Subsequently, the theory of vibration is reviewed
and the experimental results of damped natural frequencics of the clamped blade are presented. For future
rescarch a cell model may be cstablished and simulated. Improvements in the clamp mechanism and an
intensive study of vibration are also expccted.é—'-
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1. Introduction

The concept of Hexible machining cells has been described by a number of investigators and the goal is to
produce batches of different parts without human intervention {1, 2, 3,4}, Although CNC machine waols,
industrial robots and supervisory computers are currently availuble and may combined to construct a flexible
machining cell, the success of a truly flexible machining cell that runs without human assistance depends on
several additional developments of cell functions such as inspection, ol scup. workpicce scwup. chip
removal and ol monitoring, etc.

Most current flexible machining cells employ pallets [1. 5] to reduce human assistance for workpicce setup

during a batch run. Ideally human intervention between batch runs should be climinated but since there are

difficultics involved in aligning and clamping parts, this is hard to achicve. Wiih pallets, the fixturing
becomes identical at cach machine tool regardiess of variations in shape and size between different
workpicces. At some point, however, parts must be accurately aligned and clamped to the pallets. In today’s

pitot flexible machining cells this is done manually but it is desirable to devise an automatic clamping system.

In this paper., flexible conformable clamps for a stcam turbine blade machining cell are discussed to
climinate human assistance between batch runs. There are many other factors to prevent the completion of

the truly unmanuned cell, however, we can approach one step closer to the ideal system by this attempt.

In a conventional steam turbine blade manufacturing plant, there are 6000 different blade designs cach
requiring different jigs and fiatures.  ['his represents an enormous capital invesiment and provides a strong
motiv.iion for devising a flexible machining cell. The blades arrive at CNC machining centers s closed-die
forgings. These taper-twisted shapes are aifficult w clamp without specially designed jigs and fixtures. the
important roles of the clamping arc rapid fixturing, stitffness against cutting forces. good vibration
characteristics and holding accuracy. In the manufucturing scquence at prcs,cnti . a low melting point alloy,
cerubin, is cast around the airfoil of the blade to provide efficient and secure clamping (Fig.2-2). 'l'o machine
out stubs (Fig.2-1) near the center. of the blade span. a special cradle fixture is used to climinate chatter
(Fig.2-3).

There arc a number of reasons for moving away from this system involving the casting of cerubin around
the turbine blades and heavy cradle type fixtures. The cerubin is very expensive and labor involved in
accurately fixing the blade and then pouring the alloy around the blade is expensive. At the end of the
process. the alloy must also be remcelted and retricved. In addition. the blade with cast or cradlc fixture is too
heavy to be handled by a current industrial robot.

In order to maintain flexibility of clamping and climinate the need for the casting process a
programmable, conformable clamp has been developed [6).

las carried out in a Westinghouse 'ectric Co. plant at Winston-Salem N.C.
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2. Steam Turbine Blade Manufacturing Processes |

In order to get a better understanding of the machining process during a blade production sequence, cach |
operation is briefly examined.

2.1. A sequence of blade production

There are several possible ways to produce steam turbine blades. A typical sequence inuoduced in an
actual manufacturing plant is listed. This procedure is used to produce large taper-twisted turbine rotor
blades for electric power generation. Simpler shaped blades are machined from extruded bar stock and more
complicated blades such as gas turbine blades, arc made by casting. However, the sequence below is typical
for the mid-range of complexity such as stcam turbine blades.

1. Raw material - Cylindrical billet

2. Open die forging - .S'waging2

3. Closed precision die forging

4, Trimming

5. Heat treatment

6. Inspection - Hardness and Dimension

7. Remedy distortion by press and rcpeat inspection
8. Machining

9. Grinding - Airfoil surface

10. Inspection - Dimension, Weight and Vibration

2.2. Machining process

The machining process is examined in detail to design an appropriate fixture. Fig.2-1 shows each area to
be machined corresponding to the following list. Typical milling condiions are also lisred in accordance with
Machining Data Handbook [7] for a solution heat trcated precipitation hardening stainless steel of Brinell
hardness 275 - 325. [d = depth of cut, v = speed, f = feed per tooth]

1. Root (Fig.2-2)

a. Bottom surfacc milling - Face cutter [d = 4 mm, v = 105 m/min, f = 0.18 mm]

b. Rough milling - Tapered side cutter [d = 4 mm, v = 70 m/min. f = 0.13 mm]

2A Flexible Swaging Cell has been developed and insialled at the Turbine Components Plant, Westinghouse Electric Co. NC (4]
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¢. Pre-finish milling - Formed cutter [¢ = 4 mm, v = 14 m/min, f = 0.15 mm]

d. Finish milling - Formed cutter[d = 0.2 mm, v = 50 m/min, f = 0.15 mm]

" 2. Sides of Root (Width) - Face cutter [d = 4 mm, v = 105 m/min, f = 0.18 mm]

3. Side edges - End mill cutter [d = 1.5 mm, v = 64 m/min, f = 0.15 mm]
4. Tip of blade
a. Tip edge - Face cutter[d = 4 mm, v = 105 m/min, f = 0.18 mm]
t. Tenon - End mill cutter [d = 1.5 mm, v = 64 m/min, f = 0.15 mm)]
5. Stub (Fig.2-3)
a. Face - Face cutter [d = 4 mm, v = 105 m/min, { = (.18 mm]
b. Contour - Ball end mill cutter [v = 64 m/min, f = 0.15 mm]
6. Stellite brazing groove - End mill cutter [ = 3 mm, v = 14 m/min, f = 0.05 mm]

7. Locking piece hole - End mill cutter [v = 14 m/min, f = 0.05 mm]

Figure 2-1: Areas to be machined for a typical turbine blade

e A e

MUNICEPUET SR TPE S TS U AU Ui Gy Uiy WA, PRI I, I T G I To O SN UOF WP U U PGy il vig VPP U VO URGLIP G S U WO Gl WOu W, W




| Figure 2-3: Stub Machining in the Cradle Fixture
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3. Clamp Design

3.1. A flexible Clamping System
In keeping with the above considerations a flexible clamping system has been devised for a machining cell

in the author’s laboratory (Figs.3-1.3-2). The design is able to cope with the complex three dimensional form

of the blades and the absence of obvious orientational features such as holes or square edges. Additional
requirements tor a successful clamping system may be listed as follows:

o ‘I'he clamps should be light and compact enough to travel with the blade so that the process of
alignment nced be done only once.

¢ T'he clamps should handle as many as possible of the different blade styles.

e I'he clamping should be rigid enough against cutting force and have good vibration characteristics

to prevent chatter.

e ‘T'he clamps should facilitate automatic clamping and unclamping.
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Figure 3-2: Blade Clamps Sctup-on the NC Machining Center

3.2. Clamp Design

‘e clamp design shown in Figs.3-3.3-4 climinatcs the shortcomings of the clamps heing used at present
but rctains the adaptability of the cast alloy clamp system. ‘The clamps consist of octagonal frames that are
hinged so that they may be opened to accept a blade and then closed. The clamps may be placed alimost
anywhere along the wirbine blade. Usually two or three clamps will hold the blade rigidly. Using «ctagonal
shapes rather than a square alfows the blade-clamp assembiy to assume more orientations about the blade’s
longitudinal axis. Since the blade cross sections twist substantially from one end of the blade to thie other this
is a necessary feature to obtair an appropriate clamping angle between a blade and plungers (Iig.3-2).

‘The lower half of cach clamp employs plates or plungers that. when released. are free to conform to the
profilc of the turbine blade. A similar technique has been used for prozrammable powder metal dics and for
sheet metal forming. [8. 9] A high strength beit is wrapped over the convex surfuce of the blade and is used to
hold the blade against the plungers in the lower half of the clamp. ‘The plungers arc forced against the turbine

blade using air pressure. Once a profile has been sct, the plungers are mechanically locked in place and then

!'.’t air supply may be disconnected. ‘The belt is then tightened and the clamps are free to travel with the blade. If
;: the position of a clamp must be changed during the machining process it is possible to allow a new clamp to
g conform to the blade in a new location and then to remove the clamp from the old location so that the
d orientation of the turbine blade is never lost.
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To experiment with different plate shapes and sealing materials of the air chamber in the lower half, a
small box containing just a dozen stecl plungers was first constructed. In the original design, every other steel
plate was alternated with a teflon plate. The purpose of the teflon plates was to allow the steel plates to slide
freely and to embed any small particle that might gall or scratch the steel plates. Because of the soft and
elastic nature of the thick teflon plates ( 1/16 of a inch ), the teflon plates have been abandoned in favor of
coating the steel plates with a thin (0.001 of a inch) film of teflon to improve the dimensional accuracy and
stability of the clamps. Tests with different scaling materials have shown that loss of air, while the clamps are
connected to an air supply, can be kept low. The required air pressure is about 40 psi.

A number of mechanisms for locking the plungers, for locking upper and lower frames and for tightening
the high strength friction belt have been investigated. The plungers are locked by a series of set screws with
locking picces inside the air chamber. For locking the upper and lower frames, a toggle type clamp is devised
and placed at the other end of the hinge pin. The toggle clamp is easy for a robot to operate by one touch
action whereas a bolt-and-thread type mechanism amounts to an assembly task for a robot. The belt is
reinforced by Keviar cables and is tightened or relcased by a sliding block moved by a driving screw.
Although Kevlar cables are strong, they are not resistant to abrasion. Alternatively, swivel screw clamps may
be used instead of the belt for cases in which the edge of a workpiece is very sharp'. These mechanisms must
be compact, simple and easy to operate automatically. The last requirement is the mwost difficult to satisfy. In
the development so far, a serics of sct screws and the belt tightening screw may be driven by an air too! held
by a small 3 axis robot installed at the clamping station in the cell.

3.3. The Blade-Clamp Assembly

Once two or three clamps have been fastened to a urbine blade, the blade-clamp assembly becomes a
pallct in the form of an octagonal prism. The outer dimensions of the assembly are well defined and do not
vary from part to part. A single fixturing arrangement can be used on all the machine tools in the cell.
Furthermore, there is no need to modify the fixturing when the cell changes between blade styles.
Figure3-1 shows a blade held by two clamps which are mounted on a fixturing plate. Standard hydraulic
hold-down clamps are used to fix the assermbly in place while it is machined.

The robot which transports the blade-clamp assembly also benefits from a standard octagonal shape. The
robot does not neced to hold the assembly as rigidly as the machine tools, just firmly enough to keep the
asscmbly from slipping while it is being transported. The robot can thcrefore use a simple gripping
arrangement.

3Ke\vlar is a registered trademark of Du Pont.
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Figure 3-4: Photograph of The Flexible Conformable Clamp

3.4. Pre-configuration the Clamps

The discussion thus far has focused on the conformable nature of the clamps. Once a turbine blade is
breught into alignment the clamps will conform to its profile. At other times, when starting a new batch of
blades for example, it is desirable to have the clamps pre-configured to the correct profile for the new part.
To give them this profile the use a "master profile” has been proposed [6]. The master profile would consist
of plates or plungers that are automatically driven to a desired position using stepping motors. The desired
profile would be specified by a computer which would rely upon a database containing the geometrical
representation of the turbine blade. The individual conformable clamps would then be held against this
master profile and adopt to its shape. Since the master profile would not travel with the parts it would not
have to be compact or lightweight. The process of adjusting the master profile would not have to be a rapid
one since it would not occur on line. While the cell was busy machining blades from a current batch, the
master profile wouid be adjusted and additional clamps would be held against it to prepare them for the new
part shape.

Dot abhatatadal




i e e 4
PR

PN
H

‘I

. s W

5, .y 4 4‘1 ., < g}
R Y

4. Vibration Characteristics
Although the main objective of this rescarch is to develop a clamping system for an unmanned Nexible
machining ccll, it is also important to understand the vibration characteristics of the designed clamp with a

blade during metal cutting operation,

In the practical turbine blade machining process large vibrations are often encountered. These give rise to
undulations on the machined surface and excessive variations of the cutting force which endanger the life of
the ool and of the machine. Therefore cutting conditions are chosen lower than the desired salue and

additional pads or fixtures are applied to increase stiftness (Fig.2-2).

As a result of the various kinds of forces which occui during the nachining operation. various

specifications of requirements on stiffness may be stated within the following three categorics.

1. Deformations caused by cutting forces
2. Vibrations cxcited by cutting forces

3. Self-excited vibrations - Chatter

(1): During the cutting operation the cutting torce varics and its point of application moves. In
conscquence, the deformation of the workpicce and/or the frame of the machine will vary, causirg deviations
of the form of the machined surfaces. This effect may be limited by decreasing the cutting conditions and
consequently the output of the operation. In this particular blade machining process. it is assumed that the
least stiff component of the system tool-machine-workpicce is the blade, since we usually choose a machine
tool having a sufficiently rigid spindle. Then the important feature is to know the dynamic stiffness of the
blade-clamp system. In general, experience shows that once a cutting condition without chatter is satisfied,
deformations caused by cutting forces are also within the desired value [10].

(2): Forced vibrations are now considered. This problem was studied by Tlusty [10] etc. to analyze the
vibration characteristics of machine tool structures. The key feature to prevent vibrations excited by the
cutting force is to choose cutting speed that do not coincide with the natural frequency of the system tool-
machine-workpicce. If cutting speeds in the range 200 - 700 ft/min used for carbide cutters when milling steel
and cutters with a comparatively tine pitch of 2 inches are assumed. the tooth frequency will be in the range
20 - 70 Hz. In general, the significant modes of relative vibration between tool and workpicce in milling
machines have natural trequencics in the range 136 - 300 Hz. Therefore, the basic harmonic component of the
cutting force acts far from resonance wiih the significant modes of the structure. The particular results for this
turbine blade machining are discussed in the later section.

(3): Sclf-excited vibration - Chatter is discussed detail in the following subscction,
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e 4.1. Theoretical overview of Chatter

e 4.1.1. A single-degree-of-freedom vibrating system

e A single degree-of freedom system is introduced 0 obtain the basic idea and to define basic variables.

Diagrammatically such a system may be illustrated by Fig.d-1, as 0 mass attached o a massiess beam subject
to bending. [ Much of the theoretical work reviewed below has been based on the texes by Koenigsberger and

Tlusty {10] and Den Hartog [11] and the reader is refered to these for fuller descriptions. |

o

Figure 4-1;  Single degrec-of-trecdom system

Movement of mass /. which is assumed possible only one dircction denoted (). is resisted by a force
resolvable into two components, one proportional to the displacement and the other propottional to the
velocity of the mass. 'The governing equation which describes this system is given :

mx+cx+ kx=p
0y
where m, ¢, &, p are mass, damping cocfficient, stiffness and external force respectively, f deflected by .‘(0 and
released, and if damping is small, the mass m performs natural vibrations described thus:

X = Xoe(-a +jy N

(2)
‘Ihie frequency of this vibration is:
Vo _ Y o
(3)
where @ = (k/ m)“ Zis the circular natural frequency of the undamped system and § = ¢/2m.
The concept of the relative damping
d=clc,=3§/Q
4)

is used to express the ratio of the damping cocfficient ¢ to the critical value of ¢, = Z(km)“2 for which the
movement of the system would just cease periodic.
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- If an input force p = P&“! acts on the mass in the direction (X), the system performs steady vibrations:

p x = X where X = Ae®.

b

b .

= The amplitude of the output vibration is .1 and the phasc shift between the applied force and the resulting

displacement is ¢, both these quantities being implicit in the factor X. Substituting x and p into the cquation
(1), X for harmonic excitation with frequency w is obtained.

Rra'ds

x=F. &  _p.ow

k Q—w*+2dw

: )
The function ®(w) is called the receptance or dynamic compliance (inverse of dynamic stiffness) of the
systern. Its absolute value F(w) is expressed in Fig.7-1 in unit: :f 1/%, for various values of d. The real part of

N ®, as a function of w, is expressed by: |

(02—

Re(@) = G =1 Tz -c(oﬂ)2+(2zsw)2
- (6)
The imaginary part of @ is given by:

02

Im(P) = H = —1%' NCE —a;;)zéf(zéw 5
. ¥
2 The phase shift ¢ of X with respect to P is given by:

H 26w

. Bng =G ="t
- . @®)
- Expressions (6), (7) are called real and imaginary receptance respectively. The real receptance, thc imaginary
N receptance and the phase shift are indicated in Figs. 7-2, 7-3, 7-4.

Significant points of the receptance curves appear at the following values of the frequency of the exciting
force:

L. @ = , phase shift is exactly ¢ = -#/2.

o= .Q\/l-—Zd2 , or approximately @ = (1 —d?%
maximum of the absolute receptance, F .

lo=041-d =v
(frequency of natural vibrations of the system) no special signilicance for response curves.

4. 0 = Q1/1+2d, or approximately w = (1 =d)
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maximum and minimum points of the real rcceptance G max min"

1 1

= —————— G ® T T
Grsx = Zg=apk " ™0 T dd(1+ K

S o= .Q—1,3‘\/l—-Za"—’+2’.\/1—d?+3I , or approximately w = 24/1-d* =y,
‘v/

minimum of the imaginary response H_. = -1/2dk.

If a real reccptance curve is given the damping ratio d is calculated by:

d =~ wmin'z"(;’mu
%)

wherew . and w . are frequencics at which G attains its minimum and maximum respectively.

4.1.2. Systems with many Degrees-of-freedom

For the general case, systems wigh many masses, located quite gencrally in threc-dimensional space, partly
interconnected with many springs. may be assumed. A two-dimensional diagraminatical representation of one
such system is shown in Fig.4-2. This system may have many natural frequencics, 2, damping factors §, and

corresponding modal shapes, To cvery modal shape there corresponds a particular direction (Xi) in which a
particular point, say a, of the system vibrates in the given mode. If a variable excitation force p = P! acts
on one point a of the system, and if a particular direction (Y) is chosen, the angle between () and P being 8
‘ and the angles betwcen (Y) and individual modal directions (Xi) being a;, then vibration of the point a in the
y . direction (Y) will be:

y= Ye]wl
where
_ im=n u; Qf
Y= P,‘g & Q2 —w?+2jd0 (10)

The "directional factors U, " are:

u = cosaicos(ai -B)

(11)
and ki arc stiffncsses corresponding to the individual modes and to the chosen point g in the system, for the
casc in which the individual modes would be excited by a harmonic force acting on point a in the directions
(Xi) of the individual modes respectively. Fquation (10) may be written using /, G and H, as:
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Figure 4-2: Diagram of system with many degrecs-of freedom
Y = PYuG, + juH, = P(G + jH) = PO
=1 (12)
where

G=XuG and H=) uH
i ¢ b1
(13)
vhere G, and H; are of the forms by egs. (6) and (7) respectively.

It is to be understood that the partial real and imaginary responses Gi and Hi of the individual modes
correspond to cases where the individual modes would be excited in their corresponding directions (Xi)' They
are direct-receptances. Functions @, G and H are called cross-receptances.

The system tool-workpicce-machine has infinite number of degrees- of-freedom. The higher the natural
frequency of the mode, the higher the value of its stiffness and also the value of damping is usually higher in
higher modes. Therefore, the higher the mode the smaller is its participation in the resulting vibration. It
follows that for practical significance of metal cutting vibration all but several lower modcs of the system can
be neglected.

4.1.3. Basic thaory of Self-excited Vibration in Metal Cutting

The basic diagram of the process of self-excited vibration in metal cutting is presented schematically in
Fig.4-3. It is a closed loop system including two fundamental parts, the cutting process and the vibratory
system of the machine. It indicates that the vibration. Y between tool and workpiece influernccs the cutting
process so as to cause a variation P of the cutting force which, acting on the vibratory system of the machine,
creates again vibration Y.

The relationship expressed in Fig.4-3 is written thus:

P=-RY or P=-brY

A TS YTy . PP SN U S O PP W s ¥ —
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Figure 4-3; Basic diagram of chatter

(14)
The coefficient R expresses the intensity of the coupling between vibration and cuting force, or the “gain” in
this part of the loop. The coefficient b is the chip width and ris a coefficient, depending on al! other cutting
conditions (b, r are real positive). If the amplitude of vibration in the direction of the normal to the cut
surface in the i th cut was Y0 and in the (i + Dth cutit is Y, then the amplitude of chip thickness variation is

(Y - Yp). This model is shown in Fig.4-4.Consequently, instead of ¢q.(14), eq.(15) must be used for actual
metal cutting operation:

P=-b(Y-Y)
(15)
r
|
|
I
|
|
i
1
(
[
Figure 4-4: Basic diagram for the process of self-excited vibration
Equations (12) and (15) can be combined into
Y/® =-b(Y-Y) =b1Y,-Y)
(16)

and, after modification
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Equation (17) describes the closed-loop systeim of sclf-excited vibrations. If the amplitude Y of vibrations in a
cut is larger than the amplitude YO of vibrations in the preceding cut, the system will be unstable. The
condition for the limit of stability can be expressed as:

Yo ljbr+ @
|‘1|-’70.-,/q) =1
S i
(183)
which signifies that ¥ will be cqual to Yo. Equation (18) will be transcribed according to (12) to
gl = |+ GHH
i G+jH (19)

Since values b and r are real positive, the value of 1/br is real and positive. Thus the vectors in the numerator
and in the denominator of ¢ in €q.(19) have the same imaginary part jH. lquation (19) requires that the
moduli of the vectors in the numerator and in the denominator of g be equal. Then the absolute values of the
real parts of both vectors are equal.

1/br+G |
i19'l = l—/—G—‘ i =1
| ! (20)
Condition (20) can be satisfied only if:
Vbr+ G=-Gor1/2br, =- Gwy)
(D)
Ae'
WHim

Figure 4-5: Rcal cross-receptance G and its minimum

Equation of (21) is the form of the condition for the linit of stability. If the real receptaince curve G{w) was
given and r was constant, the maximum chip width blim for which cutting can be stable, is obtained as [<ig.4-5.
Assuming the larger chip width (the valuc of - 1/2br is larger than point B). the chatter could occur at any
points between D and E.
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4.2. Experiments and results

The aim of the experiments carried vut so far was to find the damped natural frequencies of the clamped
turbine blade. A piesociectric accelerometer was mounted on the blade and an impulse input was given by
"impulse response testing” (a sharp hammer blow).  The load cell which was mounted on the hammer
triggered the measurement of the output response from the turbine blade. The output waveforms in the time
domain were measured and recorded by a Nicolet Digital Osciaoscope which was cquipped with an 170
interface with a Hoppy disk drive device. ‘The stored response waveforms were directly transferred w the
VAX 11/750 computer of the Mechanical Fngineering Department and analvzed by the Fast Fourier
Transtorination (1) methed to find the primary peak of the acceleration amplitude in the frequency
domain. The frequency value at the primary peuak is significant because it represents the damped natural
frequency of the clamped blade system. The value of acceleration amplitude is significant only in cach
individual experiment because an impulse input is given by a manual hammer blow and the resultant
acceleration amplitude is not normalized by an impulsc input.

A blade of 22 inches length was set up on the two conformable clamps 12 inches apart. The whole
blade-clamps assembly was then sct on the work table of a Brown & Sharpe vertical spindle CNC machining
center (Fig.3-2). The vibration amplitudes were measured tor both belt clamps and swivel screw clamps. The
vibration was also measured tor the same blade in the cradle type fixture with rigid fixed clamps (Fig.2-3) of

12 inches clamping span and the results were compared with the new conformable clamps cases.

‘The results are shown in Fig.7-5. Fig.7-6 and FFig.7-7 as frequency versus aceeleration amplitude plots. In
the cradle type fixture with rigid clamp forms (Fig.7-7) a very sharp peak of the acceleration amplitude is
observed at 490 Hy. and three other minor peaks of Iess than one third of the primary amplitude are observed
at 320 My 1530 Hz and 2670 Hys. On the other hand. in the new conformable clamps (Fig.7-5) the primary
pcak is obtained at 1000 Hz and minor peaks are b >rved at 280 Hz, 1540 Hez and 2900 Hz. In comparison
with the above two results, the primary sharp peak at 490 Hs in the cradle fixture has disappeared in the
newly developed conformable clamps. This fact iltustrates another advantage of the new conformable clamps
over the héa\ry cradle fixture. For the case of using swivel screws instead of belts Fig. 7-6, the primary peak is
at 1590 Hz and the secondary peak is at 610 Hz. The primary peak at 490 Hz has also disuppeared in this case.

Considering the typical machining conditions shown in section 2.2, frequencics of external cutting forces
applied tw the blade are the range from S Ho (pre-finish milting of the root) to 200 Hz (conteur milling at the
root of the srub). If a roughing end mill cutter were used o higher frequency could easilv attained. For
cxample a roughing end mill of 2 millimeters tooth pitch was sclected for side edge milling and cutting speed
was sct as 64 m/min, the frequency of this cutting force is 533 Hz. There is a possibility that the frequency of
the external cutting force could comncide with the natural frequency of the clamped blade in the cradle fixture
with rigid clamp forms. We may conclude that the cradle type fixture is not appropriate for this operation.

In the experiments described so far, the clamping span was chosen to be 12.inches in order to compare the
natural frequency of the conformable clamps with that of the cradle type rigid fixed clamps. For the
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5 conformable clamps, clamping positions can be casily changed to the desired span. To demonstrate the effect

™
*

of changing the clamping span a span of 16 inches was tested. "Fhe result is shown in Fig.7-8. 1n this case, the

™

primary peak is observed at 245 Hz which is lower than the 12 inches span case as expected.

Py

3 5. Conclusion

i This rescarch is concerned with the deselopment of flexible conformable clumps for a steam turbine blade
machining cell. The design presented here has the flexibility to conform various complex shapes of
-Z" workpicces by introducing plungers and high strength belts.  Additional orientational 1lexibility is provided
by the octagonal shape of the clamps. These flexibilitics, together with light-weight design or the clamps,

make it possible to construct an unmanned workpicce setup station. A number of interesting possibilitics are

oceur at this point. For example, the sctup station can be combined with an inspection station. A non-contact
mcasuring device mounted on a precision industrial robot could serve for this purpose.

The turbine blade clamped by the conformable clamps has good characteristics for forced-excited
vibrations. The basic harmonic component of the cutting force acts far from resonance. In future rescarch,
the modal analysis and displacement measurements will be repeated in order to {ind the performance against
self-excited vibrations (chatter).
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Figure 7-1:  Absolute rcceptance - from Tlusty
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Figure 7-4: Phase shift between force and vibration -from Tlusty

. R oL . . L. Se . . FEEN - . N L
. gte e . AL SRR - + .o Y RN I * . ’ o
[N . a2ty L T T UL T TR L S S P TS IS U S AT Wi W G S, Sy S Ve . YU U I ST UL IR I L




21

- W T W W T W TN R TTw Tw T % T RN, E oW W 80
O Rt N M N o v e T . .

Ll hdintibdn il Jivatl 4n Siaf -

s Jaeiei e TR 3 S Ry

g ... : - . ...... oo \- ', .-a\w-\.ﬂ e - AN P . e v ... -...x...... - . ] 4.. ... ..-4. .4... L S . .... ......‘. A ...... ) ......-.
LN - SO A RIS LIEBON elndd . W :

v

i aiale et alataiad

dwej 110g - (sdwe) sjqews0ju0)) 8prig @y Jo Aouanbail jeintejy G-2 “Oi4
(ZH) Aouanbaiy

000s 0oost 000r 0ose 000¢ oo0cc 000¢c 0CSt 000!} 00s o

oV

et

" . oY

4
AR TN T
MY O TP - VA WY %A

]
q*L‘

8

™~

. s

0s1

aadat

.-l
Py .

s

—teat et

L

P PR

-
A

Bl

o B B

-
.

(6) apn)dwy uojress[aooy

,.'{. .

Ly}
.b
S e

o

.
S, -
® -
P




v

sdwejD maidg - (sdwej) ajqewiojuo)ape|g ay} 40 Aouanbai4 jeinyen 9-£ 614

(ZH) Aouanbaig
000§ oos?r 000y 00s¢e 000¢€ 00s2

S et

0cce 006Gt 000} 00s 0

B

P VO R T, S

PG

¥ 00}

ooc

BazaSalalazasa o' n’

ﬁ
ﬁ T TN

oog

O T e
o«
At St B

e P N

:

P
PR .

-

e )

00s

PR TR N S

ad

3

e -

ORI

.‘-"

WL Nl VRSV

AR ]

at el e a o

N~
(6) apmyydwiyy uoeas|ad9y

NN W NTRTw

.
. ’ .
......................

.........
...............

LI

et

..................................
....................




— — M
: ajiy01d poxiy pibiy - (dwed sjpesd)apelg ayp jo Aouanbai4 jeimeN -1 614 4
g (ZH) Aouanbai4 1
" 000§ 00S? 00C¥ 00S¢ ooog cosZ 0002 006Gt 0004 00S 0 "
| M - [ 1 - 1 L i _ PP ~ T 0 } |
. A 14 ' i 3 ’ A,

1

. L _
\ b _ a\\\a TR R _ V| . ,\*

T

m——r
—1

j

= 00!
_‘ | \
M. g
: 002
.
a
oog
b .
L]
{

<

8
<

RSt

(6) oapniidwy uoyjes31993y

Lyt srac pi iy AdnL ara St A iR Ir Kt



1

N A

000s

ueds ‘uj gg-sdwen j1og - «mQEﬂU ajqewiojuod)apelg ayy 40 Aousnboi4 jeim}eN g8-2 .m\.&
(ZH) Aouanbaly

0o0sy

0oQor

00se

000¢

0052

000<¢

006G}

0001

00S

k!

]

AT Ve

r

N

-

oc

= M I .

"
o

or

TR
‘-‘5—\“

09

—

fo

(f

{oo1

oct

ori

091

..........
ST

(6) apmydwy uoyjes8189oYy




Vv v NOHLOAT

s e vty rdn . i H

* YRETERTAL LY 2 4] & .n
v por oM 1IN 3ws d s
4 NV MOV T <
. WAV LY TIAVRMO INO D sdio .
. .._

¥

r
’ LA ey eh / - s -
‘ .. ’ Ty T
A w . ﬂ.:, o B 757y 1 szc0
B N
Pt N v
. M2
LA |
1Y teag ey -
~ ——— .
. ve o - w + . - s790 [ l_ 1
O C D ¢ T IR W - BN
vm—.v T %Wav@%%%\% ~ —_ 10 4 IN
. .o ¥y 7wy )G —mm AT
B . 13 . wﬂqﬂ: e - e[ _ !
. , | e s : a
St
. o _ ! . 1
. e . ©
. o3 ' _ ' § l.u
| 3
T7vwy W E -
SWAT 3] 43 o I TR T
L L0 ]
_ o$to iy
¢ - e -
e 1 roed. 5550 )
ey IR T3
il § ..
\'(
b
' abpSHigc i
N J1ON
.
-
|.-
h
.
P P .
R - AN N e . . 4 . o r [ . .




. ISRRL 1] i Aadie KLY
ﬁ lff.i

b0 e TV 2 k)
ﬁ W VRO INOY

(FRENET IS EVERRTTIVER Rk DT

—

oy
-

PR RLLAN

srrrrarans

—or

. >
2
1 ;
" O
(2]

.

ﬂu,

B

]
b
p
b
2

'

-,

b
. sy gz p

Fupodd vsmpin vspee s

w.. I VI TS IR INRUINTY SRS AR SR LR
. s s gmp vrmog pan ondd Buggeatin 130

v , Lopus (aromasr yomgs sem bnowrws
Al . "o W lny e g tvimpans caynpy o

crapry ramp
pnor-toy aqy ¢ gyw
*Mqopme g ey WG

APy S TION

VLR I R P I

R

TR

seeo o

V-

i d

s
fovo'e

IR b X
. o By Al

3 Vg ang ey
Fecsny ¥id SIED

o sy

nrg w1

) saeess 000 #

| *2 moo o

q

I




RN AL &0
S M) N4 3w

MANODY T4 MO T
A v ANOANG )

ST h
\. H — “
e N
. -_ f/
- EN ///
3 _ - .’lvnll.'u.
oy - -
(

vien sy punosf

< mene pow -y smw
e wobapve po vsafiac iy 2

90ISIDHI7

JION

AT IS FUE YT

o fai b

[ty dotl

T oo -vamgamay
53 53 fainastned sy
ki Bary 3w SNTIEy
NP b eyiinm g g

ol o suaciny

[}
204388}
L AR]
LIV RTYIRYY
1o RIG biT
secewr F13 516 o

ozco

WY s vy
~ VIR S

B W a5y

4 ogem

ey vy

Tadg Wiy 1ey
of UPrsey Rroens 4

o S ning Srbtang 4 |
[T )

N T

idag RL P ofyyny
il fion

g srrepe 3y

d

r

w

4

..r

S
- - B QA
:".,....:g.,_ﬁ '
- H . “y

t ‘ {

7o - * . .u . .J

XTE]
- —
revde et
2ata

_\-\_l“,l;‘ R N NS,

{
v
1
-
{
N
i

L e e
.
POV, SRR A

ERRYCIN

»!

ara™

U

~

Ll

? -

AN
-




28

References

L Bjorke,O., “Computer-Aided Part Manufacturing,” Computers in Industry, Vol. 1, January 1979, pp.
3-9.

2. Merchant, M.E.. “The Computer lntegrated Factory,” ASME Publication PED-1. Towards The
Factory of Tl:e Future, 1981, .

3. Weck, M., Zenner,K., and Tucheiman,Y., “New Developments of Data Processing in Computer
Controlled Manufacturing Systems.”  Society of Manmufucturing Engineers Technical Paper, No.
MS79-161, 1979, .

4, Wright,P.K., Bourne,D.A.. Cotyer,J.P.. Schatz,G.C. and Isasi,J.A.E., “A Flexible Manufacturing Cell
for Swaging,” The I14th CIRP Seminur on Flexible Manufacturing Systems, June 1982, , Trondheim,
Norway

5. Groover M.P., Automation Production Systems and Computer Aided Manufacturing, Prentice-Hall Inc.,
Englewood Cliffs, NJ, 1980.

5. Cutkosky,M.R., Kurokawa,E. and " WrightP.K., “Programmable Conformable Clamps,”
AUTOFACT4 Conference Proceedings, November 1982, pp. 11.51-11.58, Society of Manufacturing
Engineers, Decarborn, MI

7. Metcut Rescarch Associates Inc., Machining Data Handbook, Metcut Rescarch Associate Inc., 3980
Rosslyn Drive Cincinnati, Ohio 45209, 1980.

S. Wright,P.K., Holzer. AJ, “A Programmable Die for the Powder Metallugy Process.” 9th North
American Manufacturing Research Conference at State Ccllege, PA (NAMRC IX), May 1981, pp.
65-70.

\0

Gossard,D.C., Hardt.DD.F., McClintock.F.A., Allison,B.T., Gu.i. and Stelson, K., “Discrete Die Surface
For Sheet Mctal Parts,” IC.1M End of Contract Briefings, Wright-Patterson AFB, January 1980, .

10. Koenigsberger, F. and Tlusty, J., Machine Tool Structures, Pergamon Press, , Vol. 1, 1970.

11.  Hartog, J.P. Den, Mechanical Vibrations, McGraw-Hill Book Company, 1963.

PO IR Sy S W G |




P —




