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Abstract. This is a review paper, exampled with several typical applications of thin-walled
dynamics for advanced manufacturing solutions. Theoretically, the mechanical and dynamical
characteristics of thin-walled structures are discussed. Following this, basic principles of
dynamic solutions, including dynamic fixture design for thin-walled structures as well as
dynamic treatments of the machining system, are summarized. Several typical applications of
these principles for practical manufacturing are illustrated and analyzed, followed with
conclusions for the whole paper.

1. Introduction

Machining of thin-walled components made from difficult-to-machine materials like titanium and
heat-resistant-alloy are commonly seen in aerospace industrial, which is one of the most difficult
topics for advanced manufacturing technology [1-3]. Among several key influential factors, the
unstable dynamic performance of thin-walled structure plays an important role in exciting the work-
piece through the machining process, which causes machining problems like machining-chatter,
unsatisfied surface-finish and precision, work-piece distortion and excessive in-workshop noise, etc.
Different thin-walled structures demonstrate different dynamical performances which could require
different fixtures and/or machining methodologies to reach a stable machining process. Based on these
understandings, this paper reviews several successful applications of thin-walled dynamics for
advanced manufacturing solutions. Theoretically, the mechanical and dynamical characteristics of
thin-walled structures are discussed. Following this, basic principles of dynamic solutions, including
dynamic fixture design for thin-walled components as well as dynamic treatments of the machining
system, are summarized. Several typical applications of these principles for practical manufacturing
are illustrated and analyzed, followed with conclusions for the whole paper.

Figure-1 illustrates an aero-engine construction, in which more than 90% parts can be classified as
thin-walled structures: the blades can be classified as thin-walled-asymmetric-open-components and
the engine-casing can be classified as thin-walled-axisymmetric-closed-components, etc. It is therefore
necessary to investigate the different dynamic characteristics from different types of thin-walled
components and then conclude several basic principles for reasonably treating these thin-walled parts
stably through the machining process.

2. Dynamic characteristics of thin-walled structures
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https://core.ac.uk/display/287604897?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:z.geng@sheffield.ac.uk
mailto:k.ridgway@sheffield.ac.uk
http://www.pdffactory.com

Trends in Aerospace Manufacturing 2009 International Conference IOP Publishing
IOP Conf. Series: Materials Science and Engineering 26 (2011) 012011 doi:10.1088/1757-899X/26/1/012011

2.1. Definitions by structural mechanics and dynamics

There are different definitions on thin-walled structures from different theories. Generally, the
following two respectively based on Solid Mechanics and Structural Dynamics can explain the
phenomena occurred in manufacturing area.

(a). More than 90% thin-walled parts. (b). Asymmetric-open-blades. (c). Axisymmetric-closed-casing.
Figure-1. A typical aero-engine construction

2.1.1. Definition by Solid-Mechanics
According to classical solid mechanics theory [4-5], shell and plate-like structures can be classified
into the followings:

(1) Very-thick-walled structures: Three-dimensional stressed, the so-called solid-structures.

(2) Thick-walled structures: Stretching, bending and higher order shear stressed.

(3) Moderate-thick-walled structures: Stretching, bending and first-order shear stressed.

(4) Thin-walled structures: Mainly stretching and bending stressed, with shear stress negligible.
(5) Very-thin-walled structures: Dominated by stretching-effects, the so-called membranes.

There is also a conventional classification of thin-walled structures in the engineering areas: Structure-
curvature-to-wall-thickness-ratio > 20, with only stretching and bending stresses to be considered and
transverse-shear-stress negligible.

2.1.2. Definition by Structural Dynamics
According to classical structural dynamics theory [5-9], a thin-walled structure can be identified
mainly based on the followings:

(1) Low structural stability and rigidity (Buckling [5-6]).
(2) Structure-borne wave-propagation and acoustic-reverberations [6-9].

Another theoretic issue must be emphasized is that most thin-walled structures are subject to
continuous system modelling, identifications and solutions, through structure-borne acoustics and/or
Statistic-Energy-Analysis (SEA) approaches [7-12], for a better theoretical understanding and
practical engineering applications.

2.2. Dynamic characteristics of typical thin-walled structures

2.2.1. Example-1 with open and/or closed thin-walled parts: Satic/Dynamic buckling

Figure-2 shows a typical test with the classical buckling theory [4-5], which is applicable both for
thin-walled open structures like a slender blade and closed structures like an engine-casing shown in
the Figure. Within a pre-buckling-limit which is determined by the structure’s mechanical properties
[4], a linear relationship between the testing-load and displacement is roughly maintained. When the
testing-load reaches up to the buckling-limit, a slight transverse perturbation could induce the structure
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into a full collapse, so as to loss a minimum structural rigidity which supports the component for the
relevant machining work. Mainly from this consideration, adaptive and/or active design of fixtures is

becoming a popular topic in the area [1-2, 15-18].
r
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Figure-2. A thin-walled cylinder, stable within the buckling-limit and buckling formation with a
minor perturbation at the buckling-limit

2.2.2. Example-2 with 2-D and 3-D axisymmetric thin-walled parts: Multi-eigen induced instability.
Figure-3 shows a 3-Dimensional axisymmetric thin-walled component, with identified dynamic-
responses both in time and frequency domains. According to classical theory of structure-borne
acoustics and vibration [5-9], there will be a multi-eigen (structural resonances, triple-eigens from 3-D
and double-eigens from 2-D structures) problem which induces modulated vibration and travelling-
wave-propagation around the disc, so as to put the work-piece under an unstable dynamic condition
through the machining process. A practical unstable machining example is shown in Figure-4.
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Figure-3. Triple-eigen induced travelling-wave propagation along a 3-D axisymmetric part
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(a). Machine-tool power fluctuation (kW, 0-3.2 sec) (b). Modulated vibration (mM/S*, 0-60 Sec)
Figure-4. Double-eigen induced machining-instability in grinding a 2-D axisymmetric disc-part

Figure-5. Double-eigen induced travelling-wave propagation around an axisymmetric 2-D disc and
working-mechanism of ultrasonic-motors

Figure-5 and equations (1) to (4) explain the happening of multi-eigen problem with random
travelling-wave-propagation in unstable machining processes, and with controllable travelling-wave-
propagation as the working-mechanism of ultrasonic motors [9-10], as follows:

Theoretically analyzing an annual thin-walled plate with axisymmetric boundary conditions, in a
continuous-structural-modelling procedure, its out-of-plane Eigen solutions can be expressed as:

icoslkqg) k=0,12K
W (r.a) = A, R, (1) <)

isin(ng) n=123,K M
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Where R, (r) is Bessel function and A, are modal constants determined by initial boundary
conditions in two nodal directions K and n. Considering the cosine and sin modesW, andWw,

corresponding to the same Eigen-frequency W,, of multiplicity-2 to be linearly independent, then

equation (1) can be further derived as:

wr.a.t ) =w, +w,

= AR(I‘ )cos(kq )cos(wt) + BR(r )Sin(kq )Sin (Wt + ) (2

Or, in another form:

NC/

W(r ot ) ( )e(A+ Bcosj )cos(kqg - wt) 3

Q_,_ (A- Bcosj )cos(kq +wt)+2Bsinj sinkq cosvvtL<I
The first and second terms of equation (3) correspond respectively to a bending wave travelling in the
positive (anti-clockwise) and negative (clockwise) Q directions, and the third term represents an
unmovable standing-wave-oscillation (dominant modes of the structural vibration). This equation
demonstrates a random combination of standing-wave-oscillation and uncontrollable travelling-wave-
propagations around the disc in clockwise and anti-clockwise directions, which frequently happens in
the unstable machining process as shown in Figure-4.

Further controlling the model’s initial and boundary conditions to makej =0 and A =B, then

w(r,g,t) = AR(r)cos(kq - wt) 4)

Equation (4) clearly shows that, by controlling the two independent eigen-modes from the double-
eigen solution in phase with the same amplitude, one can generate a travelling-wave-propagation
rotating around the disc in a controllable direction, clockwise or anti-clockwise, with a controllable
rotating-speed (propagation velocity) W/ K. This is the working-mechanism of ultrasonic-motors [10],
as illustrated in Figure-5.

2.2.3. Example-3 with 1-D slender open parts. Standing-wave-scillation induced machining noise.
Figure-6 demonstrates a 1-Dimensional slender thin-walled component with finite length, coupled
with a theoretic model from Professor M. J. Brennan which describes the standing-wave oscillation
effects inside the part [11]. This model explains why heavy noise (>95 dB) generates from machining
this slender part, also recommends a discrete vibration neutralizer to take the flexural-standing-wave-
oscillation under control.

According to classical theory of structure-borne-acoustics [8-11], another potential solution to reduce
the machining-induced noise could lie in the possibility of transferring the standing-wave-oscillation
inside the finite-length part into a travelling-wave-propagation descending into a man-made infinity.

2.2.4. Example-4 with 3-D closed thin-walled shell parts: Complex acoustic reverberation and mode

congestion

Figure-7 shows a freely suspended engine casing with its modal testing results. This component is a
typical 3-Dimensional closed thin-walled structure and its dynamical characteristic is too complex to
be analytically described with the above-mentioned multi-eigen modelling approach. However, several
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identification rules can still be summarized from the classical theory of structure-borne acoustics [8-
11] and SEA [12], as detailed below.
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Figure-6. A noisy thin-walled part in machining-position and its wave-propagation modes
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(a). A freely suspended engine-casing for modal test. (b). Identified CMIF and mode-ensemble

Figure-7. A freely suspended engine-casing and its statistical structural responses

(1) Heavy structure-borne acoustic reverberations spread over a wide frequency range.
Figure-7(b) shows an experimentally identified mode-ensemble of the freely suspended engine-
casing as shown in Figure-7(a), the lower cluster of FRFs in the Figure as described in Equation
(5). Very clearly, in the low-frequency-range from 0.0 Hz to 573.00 Hz, repeatable and stable
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vibration modes are identifiable. Beyond this frequency range (>570.00 Hz), the identified
resonant frequency at one point is quite different and shifting from that identified at another
point. This random local-mode shifting and moving is an obvious evidence of structure-borne
acoustic reverberations [8-12], which incurs the structure dynamically unstable through the
relevant machining processes.

(2) Obvious mode-congestion identifiable from mode-ensemble and CMIF
The upper part of Figure-7(b) (single curve) is the further calculated Complex-Mode-Indicator-
Function (CMIF) from the experimentally measured mode-ensemble [9, 12-13]. According to the
theory of MA & SEA [9-13], the identified mode-ensemble, or the FRF matrix of the structure
with N, (Output: Structural vibration response in m/ s*) and N, (Input: Excitation-force in N)

degrees of freedom can be expressed as follows:

Ly =rFle @

gw - |

M @)=4 ) §, @

gw - |

et ey ed

r

Where: [H (W)] = [H (W)]Ni, n, 18 the FRF matrix of size N; by N,.

[F] is the mode shape matrix of size N, by 2N (N: mode numbers to be identified).

Q, is the scaling factor for the rth mode.

|, is the system pole value for the rth mode, and
[L] T is the transposed modal participation factor matrix of size N, by 2N (N: mode
numbers to be identified).

Further taking the singular value decomposition of the FRF matrix will result in:
T
[H]=[u][s]lV] (©)

Where: [U] is the left singular matrix corresponding to the matrix of mode shapes.
[S] is the diagonal singular value matrix, and

[V] is the right singular matrix corresponding to the matrix of mode shapes.

From Equation (6), the Complex-Mode-Indicator-Function (CMIF) can be calculated as follows [13]:
[H]T[H]=[V][s]* V] (7)
CMIF, W)=u,(W)=s W)*, k=123, K, N, )

Where: U, (W) is the kth eigenvalue of the normal FRF matrix, and S, (W) is the kth singular value
of the FRF matrix, at frequencyw .

It is noticed that, the full mode shape matrix [H (W)] = [H (W)]Ni, N, has been introduced into the
calculation of CMIF at every spectral line, and the singular value decomposition procedure described
in Equation (5) to (7) automatically transforms the initial linear-modal-expression in Equation (5) into
an nonlinear power, or Statistical-Energy-Analysis expression [12], which is a continuous system
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modelling procedure and very suitable in analyzing or describing the dynamical characteristics of thin-
walled structural systems [8-13].

An important dynamic characteristic of complex thin-walled structures can be found from the further
calculated CMIF as shown in Figure-7(b) (single curve), that is, within a very low frequency range
from 0.00 Hz to 573.00 Hz, repeatable and stable rigid-structure modes are identifiable which means a
solid-structural vibration solution (increase of structural stiffness, etc) still achievable in improving the
fixture and machining process, while in the higher frequency range (>573.00 Hz for this component),
an obvious mode congestion phenomenon is noticed which means too many unstable vibration modes
congested together to be distinguished and identified for a realistic vibration solution. In an academic
sense, this frequency border-line (573.00 Hz for this component) represents the division of two
research areas, structural vibration and structure-borne acoustics. In the higher frequency range
beyond the border-line, effective structure-borne-acoustic solutions such as acoustic-energy-
absorption and/or global-damping application via SEA approach should be taken into serious
considerations in improving the fixture and machining processes of the thin-walled components.

2.2.5. Example-5 with high profile-to-wall-thickness-ratio parts: Continuous modelling & solutions
for continuous structures

In explaining the dynamics of complex thin-walled structures as shown in Figure-7, the MA (Modal-
Analysis) and SEA (Statistic-Energy-Analysis) concepts as described in Equations (5) to (8) are
introduced. These methods are parts of the continuous modelling & designing solutions for continuous
structures (not the conventionally simplified lump-mass models). Another typical application example
for advanced manufacturing solution is illustrated below:

Figure-8(a) shows a large-size tombstone fixture for advanced manufacturing (profile-to-wall-
thickness-ratio > 50) and its lowest 6 vibration modes from FE simulations. In order to make the
fixture dynamically strong enough, in support of a stable machining work on the attached work-piece,
Tuned-Mass-Damper (TMD) could be a solution, according to the classical theory from J. P. Den
Hartog [14].

However, the classical theory of TMD [14] is based on a simplification assumption of Single-Degree-
Of-Freedom (SDOF) Lumped-Mass system. For the Multi-Degree-Of-Freedom (MDOF) continuous
structure shown in Figure-8(a), a continuous-system-modelling-approach via SEA [12] as shown in
Figure-8(b) could be more effective and realistic for engineering applications.

Assuming a series of discrete dynamic-resonators elastically installed on a flexible thin-walled

component, through a specifically designed connecting-end-coupling as shown in Figure-8(b), then the
dynamic input-output relations of the system can be expressed as:

Discrete dynamic-resonators: F = [F11 ,Fn K, Fln]T , V| = [V11 WV, K,Vm]T (9-1)
Couplings of resonator to main structure: F, = [F21 KR, T V, = [V21 Vo, K,Vzn] T (92
Flexible thin-walled main structure: F, = [|:31 KGR, T , V, = [V31 Vs, K,V3n]T (9-3)

Where: N is the numbers of discrete-dynamic-resonators or mode-numbers to be controlled.
F = [Fi1 FL KGR, T is the excitation-force-vector in RMS, i =1,2,3.
V, = [Vi1 Vi, K,Vin]T is the vibration-response-vector in RMS, velocity (m/s), i =1,2,3.
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(a). The lowest 6 vibration modes of a large-size continuous structure
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(b). A schematic of SEA modeling procedure for continuous structures
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FRF before SEA
FRF after SEA

20.00 Hz 800.00

(c). Dynamic response before (red-line) and after (yellow-line) a SEA solution

Figure-8. An application example of continuous-system-modelling & SEA solutions
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Further correlating the system’s inputs and outputs, then the power-flow of the flexible system can be
expressed as:

i 1V, ud
rel{mE AR VTV 09

| 1Vsbp

Equation (9-4) represents a continuous model for a flexible continuous system shown in Figure-8 (a).
Taking this equation as a target-function for structure optimization [12-13, 19], the structure’s
dynamic behavior can be, and has been significantly improved, with the FRF-amplitude suppressed
down to 20 to 40 dB through a wide frequency range (a lumped-mass-solution only for a single
frequency), as shown in Figure-8-(c).

3. Dynamic fixture solutionsfor thin-walled structures

From the above discussions, several basic principles can be summarized on how to reasonably design
a dynamic fixture solution for the machining of thin-walled structures in the advanced manufacturing
area, with some typical examples as below:

3.1. Principle-1: Dynamic design for dynamic use.

Dynamic fixture solution is a key-concept in reasonable support of a thin-walled component through
the machining process. Figure-9 illustrates the importance of this concept through an unsuccessful
static fixture solution for thin-walled engine-casing application.
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(b). Static fixture solution for dynamic use

Figure-9. An application example of static fixture solution for dynamic use

Figure-9(a) demonstrates a traditional mechanical fixture solution which statically clamps on both
sides of a thin-walled beam for tip-machining. This design is based on the traditional structural

10
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mechanics theory [4] which is a successful application and can be concluded as ‘static fixture solution
for static use’.

Figure-9(b) demonstrates the same mechanical fixture which statically supports on one side of the
thin-walled beam for tip and surface machining on the other side. This static fixture is obviously
unable to stably hold the work-piece through the dynamic machining process. Under the dynamic
machining-force excitation, this thin-walled part is bouncing against the supporter and making the
machining process even more unstable. A practical FRF test is carried out with a thin-walled engine
supported by a similar static fixture, as shown in Figure-9(c), where heavy clearance-induced impacts
are identified from the testing results. This unsuccessful fixture solution can be concluded as ‘static
fixture solution for dynamic use’.

In the following contents, a successful ‘dynamic fixture design for dynamic use’ example will be
further discussed.

3.2. Principle-2: Continuous modelling & solutions for continuous structures.

As theoretically explained and practically exampled in Equations (8), (9), figure-6, 7 and 8, taking
most thin-walled components as continuous structures and seeking a dynamic fixture solution via
continuous system modeling, identification and designing procedures will be another key-concept.
Statistic-Energy-Analysis [12] and Adaptive/Active fixture design [15-18] for an improved global
performance as introduced below will be a strong supporting evidence of this concept.

3.3. Principle-3: Adaptive/Active supports for a higher structural stability & rigidity.

Adaptive/active global support with damping-capabilities is an ideal fixture solution for thin-walled
components [15-18]. Where an accurate structural dynamics model is achievable, the active fixture
and active-control-algorithm can be designed for the practical applications [16-18]. In most industrial
applications, however, the passive global-supporting-fixture with adaptive capabilities is playing a
more and more important role for thin-walled structures machining [15, 18].

Figure-10 shows a patented pneumatic-adaptive-global-supporting-fixture for the machining of thin-
walled engine casings [15]. Comparing the MA testing results of the same part with and without the
support of this adaptive-fixture, as respectively shown in Figure-7 and -10, the low dynamic-stability
and heavy acoustic-reverberation caused vibration-mode-congestion phenomenon as shown in Figure-
7(b) has been much improved into a sparse-distribution of vibration-modes, as shown in Figure-10(b).
This represents a significant improvement on the casing’s dynamic stability & rigidity, in support of it
through the relevant machining process.

Figure-11 presents another strong evidence on the effectiveness of this adaptive fixture for thin-walled
structures. By applying a static-load from a load-cell on the casing (kN), the corresponding casing-
displacement (mm) is recorded and the averaged linear-supporting-stiffness (kN/mm) is calculated,
denoted as K1, K2 and K3 with pneumatic-pressure to be 0.0, 1.0 and 2.0 Bars. Apparently,

K 3/K1»3.40 represents a significant increase of global-supporting-stiffness from the adaptive
fixture on to the thin-walled casing to be machined.

3.4. Principle-4: Adaptive/Active damping for a higher structural & machining stability.

The patented adaptive fixture [15] includes a pneumatic element which supplies a global-adaptive-
support onto the thin-walled part. Also from this adaptive capability, the pneumatic element applies a
sophisticated but very effective adaptive damping on the thin-walls, mainly from the energy-
absorption-effects of the pneumatic-cavities [19].

11
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(a). Adaptive-fixture in an engine-casing for MA test. (b). Identified CMIF and mode-ensemble
Figure-10. A Patented [15] adaptive fixture for engine-casing machining

Static loading tests of thin-walled cylinder with adaptive fixture

—— 0.0 Bar K1=155.36 (kN/mm)
=== 1.0 Bar ’/!' .
- Ado
. 4 K22360.38 (kN/mm)
g P
§ 10 . i i
€ A K 3=523.20 (kN/mm)
é ‘¢-_ ““
x ""
: e
© .
£ f |
> >
[ R S pSasitttinl SOt 47 4 Sttt 1
o o
8 ™| @ |
& 2
N
3
e 3
—. il ‘ ‘ L
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Static Load: F (N)

Figure-11. Loading-test on the engine-casing with adaptive fixture installed

As the authors investigated [19], accurate measurement, identification and modelling of the
sophisticated adaptive damping effects from a pneumatic-cavity have been a very difficult and
advanced topic. According to classic damping theory [4-9, 19-22], when damping is small (loss-
coefficient h <0.01) and the whole structure is excited near to resonance, a convenient correlation
between different measures of damping effects can be estimated from a FRF and/or loading tests, as
follows:

h »R» 2X »9» tany »l (10)
2p p Q

12
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Where: X is the damping ratio, measurable from FRFs.
d is the logarithmic decrement, measurable from time-domain impulse-responses.
h is the loss-coefficient, D is the proportional-energy-loss-per-cycle, Y is the loss-angle
and Q is the quality-factor, measurable from static and/or dynamic loading-tests.

When damping is large (loss-coefficient h >0.01) and beyond the generally accepted viscous and/or
proportional damping assumptions [19-22], the damping measures as correlated in equation (10) will
be not equivalent any more. A practical and reliable measure is assessing the hysteresis-loop from a
static or dynamic loading test, with outputs as h , D,y and Q, etc [15, 21].

Figure-11 demonstrates an incremental loading-and-unloading testing-loop on the engine-casing with
the adaptive pneumatic fixture in-support. It is noticed that, when the pneumatic-pressure is set
respectively at 0.0 Bar and 1.0 Bar, the adaptive-damping-effects on the casing are mildly small, when
the pneumatic-pressure reaches up to 2.0 Bar, however, a very well developed hysteresis-loop forms
from the testing process which means a significant adaptive damping applied on the casing from the
fixture. From this practically measured hysteresis-loop, the Loss-Coefficient h can be calculated as

below:

As shown in Figure-11, the left-side triangle-enclosed shadow-area represents the elastic-energy stored
from the loading-test process, which can be approximately expressed as:

\Fmax 1
U=qQ" FdX »§K3X§m (11-1)

The hysteresis-loop enclosed area (Elliptic-enclosure) represents the energy dissipated in the adaptive
pneumatic fixture from the loading-test process, which can be exactly expressed as:

DU =¢ FdX (11-2)

Then the Loss-Coefficient h , the energy loss per radian divided by the maximum elastic-energy (also
called as the total vibration energy throughout all frequencies), can be calculated as:

h = v = b = é » 0.18 (For the loading-test in Figure-11) (11-3)

2pU - 2p

Where: F is the incremental loading-and-unloading force and F_, is the maximum loading-force

X

from the loading-test-loop (kN).
X and X are the corresponding engine-casing surface deformation (mm).

K, is the averaged structural stiffness (kN/mm).

X

For a metallic thin-walled structure, its loading-tested loss-coefficient is generally in the range of
h £0.01 [21]. For a metallic thin-walled structure with plastic or polymeric damping-coats, such as
the Constrained-Layer-Damper (CLD) [22], its loading-tested loss-coefficient is approximately in the
range of 0.01 £h £ 0.05. As calculated with equation (11), the loading-tested loss-coefficient of the

engine-casing with adaptive-fixture support, h » 0.18 , which is more than 3.6 times higher than the
engine-casing with CLD-damper and 18 times higher than the engine-casing without any damping
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applications. Obviously, this is a significant improvement on the dynamic performance of the thin-
walled engine-casing. Practical machining (testing and massive-production) of similar thin-walled
parts with varied-dimensions in a wide range and different hard-to-machine materials in real industrial
environments proves this patented invention [15] to be a robust and reliable engineering solution.

4. Summary

As a summary of the whole paper, an ancient music instrument, the violin, and a very well developed
dynamics theory [8], can be taken as a good example to simulate a dynamic machining system for
thin-walled structure, as shown in Figure-12. From this comparison, another important principle of
dynamic machining solutions can be well concluded, that is, taking the whole machining system
including cutting-tool, work-piece, fixture and machine-tool as a mutually linked dynamic integrity
and improving the weakest dynamic link for an optimal dynamic machining solution.

*  Flexible string is sensitive to pre-
tension stress, tuneable for higher <
structure-stiffness and resonances.

*  Bow-string interaction introduces the
concept of self-excited-vibration
(Machining-Chatter). \

e Cavity-resonators to amplify the self-
excited-vibration & structure-borne-

acoustics. —_— |

. Continuous enclosure to tune the tones
of music (Wave-propagation). ~— ———

Figure-12. A simulative dynamic machining system: Dynamics of music instruments

(1) Flexible string is sensitive to pre-tension stress, tuneable for higher stiffness and resonances.

As shown in Figure-12, the flexible string is comparable to thin-walled flexible structures.
Therefore, continuous modeling, identification and dynamic solutions are essential for it [8-14]. As the
string is very sensitive to pre-tension stress (resonant frequency proportional to the square-root of pre-
tension force [14]), naturally, pre-stress-tuning for a higher structure-stiffness and resonances could be
a dynamic fixture solution for thin-walled structures.

(2) Bow-string interaction introduces the concept of self-excited-vibration.

The original definition of self-excited-vibration was defined by Lord Rayleigh, from his famous
works by investigating the bow-string interaction in playing a violin [8]. This is the same working-
mechanism of machining-chatter in advanced manufacturing, redefined in a more contemporary way
by some contemporary scientists [1-2]. The main differences lie in the facts that, the contemporary
scientists [1-3] are more focused on solving the machining chatter problem by improving the tooling
dynamics, while the original finding [8] supplies a more profound theory including the whole dynamic
system.
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(3) Cavity-resonator to amplify the self-excited-vibration and structure-borne acoustics.

Comparable to the violin dynamics, cavity-resonators in a dynamic machining system could be
part of the work-piece, fixture and/or machine-tool itself. In most cases, the cavity-resonators amplify
the self-excited-vibration and structure-borne acoustics, and make the machining process unstable.
However, in some occasional cases, well designed cavity-resonators will disturb the existing structural
acoustic-field and suppress the machining-induced vibration and noise, such as the well-known
Helmholtz-resonators in controlling sound propagation in porous media [23].

(4) Continuous enclosure to tune the tones of music (Wave-propagation).

Existence of continuous enclosure or cavity in an elastic solid material is always a source of noise and
acoustic-wave-propagation, which amplifies a well-tuned music from the violin or a badly tuned noise
from the machining process. The above-discussed patented fixture [15] supplies a good solution for
this example.
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