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Abstract

This paper describes the analytical results concerning the detection of a crack in arotating disk. The
concept of the approach is based on the fact that the development of a disk crack results in a distorted
strain field within the component. As a result, a minute deformation in the disk’s geometry as well as a
change in the system’s center of mass occurs. Finite element analyses were conducted concerning a
notched disk in order to define the sensitivity of the method. The notch was used to simulate an actual
crack and will be the method utilized for upcoming experiments. Various notch sizes were studied. The
geometric deformations and shifts of center of mass were documented as a function of rotational speed. In
addition, a rotordynamic analysis of a 2-bearing, disk and shaft system was conducted. The overall
response of the system was required in order to design the experimental system for operation beyond the
first critical. The results of the FE analyses of the disk indicated that the overall changes in the disk’s
geometry and center of mass were rather small. The difference between the maximum centrifugal radial
displacements between the undamaged and damaged disks at 8000 RPM was 0.00014 in. for a 0.963 in.
notch length. The shift in center of mass was also of this magnitude. The next step involves running
experiments to verify the analysis.

I ntroduction

Rotor health monitoring and on-line damage detection are increasingly gaining the interest of
manufacturers of aircraft engines. This is primarily due to the fact that there is a necessity for improved
safety during operation as well as a need for lower maintenance costs. Applied techniques for damage
detection and health monitoring of rotors are essential for engine safety, reiability and life prediction.
Recently, the United States set the ambitious goal of reducing the fatal accident rate for commercial
aviation by 80% within ten years [1]. In turn, the Nationa Aeronautics and Space Administration
(NASA) in collaboration with Federal Aviation Administration (FAA) and other federal agencies,
universities, as well as airline and aircraft industries, responded by developing the Aviation Safety
Program (AvSP). The AvSP provides research and technology products needed to help the aerospace
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industry achieve the challenge to improve aviation safety. The Nondestructive Evaluation (NDE) Group
at the NASA Glenn Research Center at Lewis Field in Cleveland, Ohio is currently addressing the
development of propulsion system specific technologies intended to detect damage prior to catastrophe
under the propulsion health management task.

Currently, the NDE group is assessing the feasibility of utilizing real-time vibration data for detecting
cracks in turbine disks. The data is obtained from radial blade tip clearance and shaft clearance
measurements using capacitive or eddy current probes. The concept of the approach is based on the fact
that the development of a disk crack results in a distorted strain field within the component. This, in turn,
causes a small deformation in the disk’s geometry as well as a possible change in the system’s center of
mass. The geometric change and the center of mass shift are indirectly characterized by monitoring the
amplitude and phase of the first harmonic (i.e., the 1x component) of the vibration data. Spin pit
experiments and full scale engine tests have been conducted while monitoring for crack growth using the
above crack detection methodology [2, 3]. Even so, published data is extremely limited and the basic
foundation of the methodology has not been fully studied. This foundation should include a theoretical
basis and experimenta data to support the models. In addition, the few tests that claimed success have
been limited mostly to the spin pit facilities. In spin pits, a vertical, hanging shaft is utilized with only the
top having a bearing support. The disk or disks of interest are usually located near the bottom end of the
shaft. Because the bottom end of the shaft is unconstrained, it is relatively free to move as a result of any
dynamic forces. Therefore, it is assumed that any physical changes in the rotor will induce larger
displacement variations in a spin pit set-up than in a more constrained, two bearing system. The analytical
model studied here, and the upcoming related experiments, deal with a horizontal shaft supported with
end bearings and a centrally located disk. It should be noted that this system is somewhat unique in the
arena of spin testing due to the fact that the horizontal shaft is supported by bearings on both ends of the
rotor. Thisis amore redistic representation of an actual turbine as compared to atraditiona spin pit.

As mentioned above, the crack detection methodology has only been characterized in a subjective
fashion. In addition, the methodology is lacking an in depth modeling campaign. A deeper understanding
of the relationship between damage progression and the change in the rotor’s center of mass due to the
geometric modifications of the damaged disk can be achieved with the implementation of subscale rotor
tests with controlled damage levels. The objectives of this study included the design of an optimal
subscale disk to represent a full scale turbine disk; finite element analyses of undamaged and damaged
disks in order to define the disk’ s deformation and the resulting shift in center of mass; and rotordynamic
modeling of the complete disk and shaft assembly to confirm operation beyond the first critical. The
analytical results will be verified in an upcoming experimental study focusing on the design of the
laboratory and the implementation of unique and innovative sensors along with the accompanying
acquisition/analysis software packages.

Finite Element Analysis: Disk Design and Damage Behavior

The finite element analyses had two goals. The first goal was to design a disk that will achieve the
experimental objectives of flaw detection and at the same time be representative of an actual bladed,
turbine disk. The second goal was to understand the behavior of the isolated disk as a function of damage
state. For this study, the damage was in the form of a notch to be placed in a high stress area of the disk.
Such alocation allows for maximum geometric deformation. Plots of the maximum radial displacement
and shift in center of mass while imposing centrifugal loads were constructed as functions of notch
characteristics and rotational speed. Notch tip stresses were documented and will be utilized to define the
load limits during the experimental stage of the continuing study.
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Figure 1.—Geometry of subscale disk.

TABLE |.—PROPERTIES FOR HAYNES NICKEL ALLOY X-750

Density, Ibfin® 0.3
Modulus of Elasticity, ksi 31000
Poison’sratio 0.31
Shear Modulus, ksi 11830
Ultimate tensile strength, ksi 145
Yield strength, ksi 95

Figure 1 shows the final design of the subscale disk. The design was based on the fact that the disk
should safely handle rotational speeds up to 25000 revolutions per minute (RPM) in the undamaged state
as defined by the materias yield stress. A thinned web area and gear teeth were implemented to imitate
the web area and blades of aturbine disk. Note that the gear teeth were also heeded due to the fact that the
capacitive displacement sensors to be utilized during experimentation were designed to monitor radial
blade tip clearance. The nickel alloy, Haynes X-750, was the materia chosen for the disk. The materia
properties for Haynes X-750 are listed in Table I. The disk’s final design had an outside diameter of
9.25 in. and a bore thickness and outside rim thickness of 1.00 in. and 1.25 in., respectively. The thinnest
portion of the web was 0.10 in., with the cross-section and height dimensions of the blades being
1.25in. x 0.13 in. and 0.33 in., respectively. Lastly, eight holes, 0.20 in. diameter each, were placed
midway in the rim section. The eight holes were spaced every 45°. The holes are to be utilized for
possible mass attachments or used for future notch initiation points. During the design and damage study,
the finite element analyses (FEA) of the disk were conducted using commercially available FE software.
In the analyses, three dimensional brick elements were utilized with an auto-mesh feature to create the
model.

Upon completing the subscale disk design, a parametric analysis of the damaged disk was conducted.
The damage was in the form of a circumferential notch located in the web region as shown in figure 2.
The notch was utilized to represent a crack and is the damage parameter to be implemented in the future
experiments. Note that a notch oriented in this way is opened by radial stresses. The circumferential notch

NASA/TM—2003-212624 3



was chosen on the assumption that it would cause the most dramatic change in radial displacement and
change in center of mass. The notch width of 0.15 in. was based on the wire thickness and burn area of
the electrical discharge machining (EDM) wire.

Figure 2 and Table Il list the dimensions associated with the various notch lengths studied. For dl
cases, the radia distance from the disk center to the plane of the notch was 2.12 in. This corresponded to
the location of the maximum radial stress as obtained utilizing the FE stress analysis of the undamaged
disk. Figure 3 shows the stress state at the notch tip as a function of notch length and the disk’ s rotational
speed in terms of RPM. The results of the figure will be utilized in defining the experimental notch length
and disk speed required to maintain a safe test environment.

TABLE II.—NOTCH DIMENSIONS UTILIZED FOR FINITE ELEMENT ANALY SIS
Angle, degrees 6 12 18 24 26 28 32

Length, in. 0.222 0.444 0.666 0.888 0.962 1.036 1184

Notch location:

.
R=2.12in. ’.T \ agai?
| RIS 975
- M; ]
\"\ ~--. 8 .'II 16°
// \\ -h!
\\
\\
\\
“— R 0.0060

Figure 2.—Notch dimensions for particular case of 1.184 in. notch length (see Table I).
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Figure 3.—Von Mises stresses at notch tip as a function of notch
length and rpm.
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Next, the focus was on the global influence of the notch on the disk’s overall displacement behavior
while subjected to centrifugal loads. In particular, results were documented concerning the change in
maximum centrifugal expansion as measured at the tips of the gear teeth, and the relative shift in center of
mass when in the deformed state. These values correspond to values that will be experimentally measured
using capacitive displacement probes that monitor the radial blade tip clearance and eddy current probes
that monitor radial shaft displacements adjacent to the disk. Figure 4 displays the maximum radial
displacement due to centrifugal expansion as a function of notch length and rotational speed, while
figure 5 displays the net change after subtracting the displacement values of an undamaged disk.

1.2x10-3 krpm
—0— 2
) —0— 4
£ 10 —A— 6
e —— 8
£ —O— 10
g 08—
@
a
0
o 0.6M
©
S
o
g 04—
5
2 Ma—a—-’ﬁ
é 0.2 —
. 0 - — {0

tO—f——4-0—4———04——F—CG—0+0—+—
0'00.2 03 04 05 06 07 08 09 10 11 1.2
Notch circumferential length, in.

Figure 4.—Maximum radial displacements as a function of notch
length and disk rpm.

3.5x10-4

3.0
2.5
2.0

1.5

Variation, in.

1.0

0.5

1.0 141
Notch circumferential length, in.

Figure 5.—Net radial displacements after subtracting displacement
values from undamaged disk.
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05 N N N N N B
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Notch circumferential length, in.

Figure 6.—Radial shift of center of mass as a function of notch
length and disk rpm.

Viewing figures 4 and 5, it was apparent that the notch induced changes in maximum displacement
were rather small. For example, the net change in the maximum radial displacement of a notched disk
(notch length = 0.962 in.) at 8000 RPM was 0.00014 in. This particular set of parameters was of interest
due to the fact that it will be experimentally feasible to test these conditions since the notch tip stress was
maintained below the yield strength of the material (see figure 3).

Next, parameters from the FE model (e.g., the mass matrix and node displacements while in the
deformed state) were utilized together with the equations of basic engineering mechanics to calculate the
disk’s shift in center of mass [4]. Figure 6 shows the approximate shift in the center of mass as a function
of notch length and rotational speed. The values were similar in scale to the net change in radia
displacement (see figure 5). Therefore, the global influence of the notch was reveded both in the
deformation of the disk, asindicated by the change in the disk’s maximum radial displacement, and in the
isolated disk’s center of mass shift. If other factors relating to the single disk system studied here were to
remain unchanged (e.g., shaft, bearings, etc.), the change in the disk’s center of mass should equivalently
influence the center of mass shift for the total rotor system.

Rotordynamic Analysis

The following rotordynamic analysis was conducted to further understand the dynamic behavior
of the experimental set-up. In most aviation based turbines, the system is expected to operate
at some speed above the first critical. The disk spin simulation system being assembled for this continuing
study consists of a shaft having a diameter of 0.79 in. and a length of 30.75 in., supported by precision
angular contact ball bearings that are assumed to provide isotropic stiffness. The single disk, as
seen in figure 1, is mounted at the mid-span of the shaft. The disk’s diametral and polar moments of
inertiaare 63.27 and 126.53 |bm-in?, respectively. The weight of the disk is 10.75 Ibf.

NASA/TM—2003-212624 6



The equations of motion for the rotor system are
Mg+C(€)q+Kag=F(t) 1)

where g denotes the displacement vector; M is the symmetric mass matrix; C(2) is an asymmetric
matrix that includes an antisymmetric, speed-dependent gyroscopic matrix; and K is the
symmetric stiffness matrix. The right hand side of equation (1) represents the force excitation
vector resulting from the system's residua imbalance as well as any additional imbalance that
may result from the disk damage (i.e., notch).

The system’s natural frequencies are the result of the solution of homogeneous version of
equation (1), and can be written as

A =i+ }V; 2
or, inasingle degree of freedom form as

A=- i Wi

W t joygi 3

where wy =v;is the i damped natural frequency, and & -9 the corresponding modal damping

JuZ+v?
1

ratio. The values of wy are directly used for the construction of the whirl speed map (i.e., Campbell
diagram). Thereal part of 4 indicates the possible instability of the system.

Figure 7 is the Campbell diagram for the current experimental system. The intersection
points of synchronous excitation line 1X with the loci of natural frequencies determine the critical speeds.
It should be noted that the rotor set-up utilized here resembles a Jeffcott rotor [5] with the
rigid disk located at the center of the flexible shaft, and therefore, the translationa and rotational motions
were statically and dynamically decoupled. Concerning the trandational motion, the first two
natural frequencies of whirl (forward and backward) were independent of the rotor spin speed
due to the absence of gyroscopic moments. The first synchronous critical speed, i.e., the rotor spin speed
associated with a resonance condition, was 2610 RPM. During this condition, the maximum shaft
displacement was at the shaft midpoint as seen in Figure 8. The second forward critica
speed was at 28153 RPM. This value was beyond the operational speed of the test system which is
approximately 10000 RPM.

Figure 9 displays the amplitude and phase of the 1x component in the form of Bode plots.
The firgt critical a 2610 RPM is indicated by the frequency at which the amplitude peaks and
a phase inversion occurs. Also, note that for this particular system that the radial displacements
at the disk location settled to arelatively constant value after the first critical speed was traversed.
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Figure 7.—Campbell diagram for rotor test system.
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Figure 8.—Mode shape of vibration for rotor at speed of 2610 rpm.
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Figure 9.—Bode plot of 1 x component calculated using an assumed
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The critical speed map, which plots the critical speeds of the system versus the range of bearing
stiffness, is presented in figure 10. It isalog-log plot showing the variation of critical speeds for a bearing
stiffness range of 1x10° to 1x10’ Ib/in. Note that for values above a stiffness of 1x10’ Ib/in., the first
critical speed did not increase.

Based on the results of the rotordynamic analysis, the experimental system was correctly assembled
to operate beyond the first critical speed. Note that the second critical speed was defined by the shaft
having an “S’ shape with zero displacements at the shaft mid-point and the end bearings. Therefore,
similar to the Jeffcott rotor analysis [5], the system’s synchronous radial displacement at the center of the
shaft should stay constant beyond the first critica and be a function of the system’s residua imbalance.
It has been proposed that a cracked disk may have a changing imbalance due to the crack opening as a
function of rotational speed [2]. This is contrary to the assumption of a rigid disk. As a result, the
amplitude of the synchronous displacement may grow as a function of speed when operating beyond the
first critical as opposed to being constant. This aso will be explored during the experimentation as a
possible indicator of disk damage. An upcoming analytical study by the authors will address the speed
dependence of the disk’s eccentricity vector and the influence it may have on the post critical speed
behavior.

Based on the results of the rotordynamic analysis, the experimental system was correctly assembled
to operate beyond the first critical speed. Note that the second critical speed was defined by the shaft
having an “S’ shape with zero displacements at the shaft mid-point and the end bearings. Therefore,
similar to the Jeffcott rotor analysis [5], the system’s synchronous radial displacement at the center of the
shaft should stay constant beyond the first critical and be a function of the system’s residua imbalance.
It has been proposed that a cracked disk may have a changing imbalance due to the crack opening as a
function of rotational speed [2]. This is contrary to the assumption of a rigid disk. As a result, the
amplitude of the synchronous displacement may grow as a function of speed when operating beyond the
first critical as opposed to being constant. This also will be explored during the experimentation as a
possible indicator of disk damage. An upcoming analytical study by the authors will address the speed
dependence of the disk’s eccentricity vector and the influence it may have on the post critical speed
behavior.

105 —
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Figure 10.—Critical speed map as function of bearing stiffness for
three lowest critical speeds.
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Conclusions

Due to an increased interest concerning the health monitoring of cracked disks in turbine engines, a
study was required to address the feasibility of utilizing vibration data as a tool for recognizing disk
damage prior to catastrophic failure. The concept of the approach is based on the fact that the
development of a disk crack results in a distorted strain field within the component. This may cause a
measurable deformation in the disk’s geometry and a corresponding change in the system’s center of
mass. The geometric change and the center of mass shift are indirectly characterized by monitoring the
amplitude and phase of the first harmonic (i.e., the 1x component) of the vibration data. The experimental
data can be captured by monitoring displacements at either the shaft or blade tips. Because of the limited
publications concerning the technique and the lack of a basic methodology, the authors undertook the task
of conducting a modeling campaign as well as preparing the ground work for the experimentation.

The objectives were met by designing a subscale disk and anayzing the stress states in the
undamaged state and the notched condition. The disk’s maximum radia displacements and shifts in
center of mass were defined as functions of notch length and rotational speed. It was seen that the relative
changes in these parameters were on the order of 0.00014 in. for a0.962 in. notch in the web area of the
disk while rotating at 8000 RPM. This value is close to the resolution limits of the displacement sensors
to be used during the experimentation. The rotordynamic analysis revealed that the experimental system’s
first critical, assuming a flexible shaft and rigid disk, is 2610 RPM. At this point, it is assumed that the
experiments will be operated in the range of 0 to 8000 RPM. This allows for plenty of post critical
operation and at the same time staying within the notched disk’ s material limits.

Upcoming studies from the authors concerning this topic, will include an in depth experimental study
to verify the above anaytica results as well as modifying the Jeffcott rotor anaysis to include a speed
dependent eccentricity vector for the disk. As mentioned above the finite element modeling effort
indicated relatively small global deformations close to the resolution limits of the existing sensors. The
subscale experiments, with the inclusion of naturally existing mechanical and electronic noise, will help
define the true sensitivity of the damage detection methodol ogy.
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