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EDDY CURRENT SYSTEM AND METHOD
FOR CRACK DETECTION

ORIGIN OF THE INVENTION

Pursuant to 35 U.S.C. §119, the benefit of priority from
provisional application 61/077,255, with a filing date of Jul.
1, 2008, is claimed for this non-provisional application, and
the specification thereof is incorporated in its entirety herein
by reference.

This invention was made in part by an employee of the
United States Government and may be manufactured and
used by or for the Government of the United States of
America for governmental purposes without the payment of
any royalties thereon or therefor.

FIELD OF THE INVENTION

The present invention relates generally to non-destructive
testing, and, more particularly, relates to non-destructive test-
ing using eddy currents.

BACKGROUND

The Space Shuttle Reaction Control System (RCS) pro-
vides thrust to the vehicle for attitude and translational
maneuvers during flight using both forward and aft RCS
thrusters. The reusable Primary RCS (PRCS) thrusters are
designed for a minimum of 100 missions, with fourteen for-
ward and twenty-four aft PRCS thrusters on the orbiter pro-
viding redundancy to the system. A discovery of stress cor-
rosion cracking in the PRCS thrusters has been identified as a
potential failure mechanism of the critical flight hardware and
has triggered an extensive non-destructive evaluation (NDE)
effort to identify techniques capable of detecting potential
damage throughout the thruster inventory. Over the life of the
shuttle program, cracking in the relief radius area of seven
thrusters has been isolated. Due to unknown variables includ-
ing crack growth rates, failure modes, and the population of
potentially compromised thrusters within the shuttle fleet, it is
desirable to develop a system and method for detecting such
damage. As the outer surface of the thruster is inaccessible
without extensive disassembly, it is desirable to enable on-
vehicle or routine depot level inspection of thrusters for relief
radius stress corrosion cracking.

SUMMARY OF THE INVENTION

An eddy current system and method enables detection of
deep reliefradius cracks in a cylindrical object. The technique
incorporates a dual frequency, orthogonally wound eddy cur-
rent probe mounted on a stepper motor-controlled scanning
system. The system is designed to inspect for outer surface
damage from the interior of the cylindrical object. Extensive
testing results have shown that flaws extending to a distance
equal to or less than one-third of the inside diameter of the
cylinder (ID/3) from the inner surface can be detected.

In one embodiment of the invention, a system for detecting
damage below a surface of a cylindrical object comprises an
eddy current probe, a scanning mechanism, and a dual fre-
quency eddy current instrument. The eddy current probe
comprises first and second eddy current coils which are
orthogonal to each other and mounted to the scanning mecha-
nism. The scanning mechanism, by way of a stepper motor,
moves the eddy current probe in relation to the surface to be
scanned. The dual frequency eddy current instrument is con-
figured for applying a current to the eddy current probe and

2
measuring a resulting impedance as the eddy current probe is
moved in relation to the surface. The dual frequency eddy
current instrument either (1) concurrently applies a first cur-
rent having a first frequency and a second current having a

5 second frequency to the eddy current probe as the eddy cur-
rent probe is moved in relation to the surface, or (2) alterna-
tively applies a first current having a first frequency and a
second current having a second frequency to the eddy current
probe as the eddy current probe is moved in relation to the

10 surface. The first frequency is selected to penetrate the surface
to a depth greater than or equal to a desired flaw detection
depth, and the second frequency is selected to isolate a probe
wobble and a surface effect. The second frequency is at least
twice that of the first frequency. The first and second eddy

15 current coils are mounted to the scanning mechanism such
that the first eddy current coil is aligned substantially with a
circumferential direction of the surface as the first and second
eddy current coils are moved in relation to the surface, and
such that the second eddy current coil is aligned substantially

20 parallel to a longitudinal axis of the object as the first and
second eddy current coils are moved in relation to the surface.

In one embodiment, the first frequency is between about 10
kilohertz and about 15 kilohertz, and the second frequency is
between about 90 kilohertz and about 110 kilohertz.

25 The system may further comprise a display element for
displaying the resulting impedance. The display element dis-
plays the resulting impedance at the first frequency, at the
second frequency, and at a difference between the first and
second frequencies.

30 The system may further comprise a processing element
configured for performing a curve fit of the measured imped-
ance to a predefined function known to represent the mea-
sured impedance for an undamaged object. The predefined
function is determined through experimental and/or simula-

35 tion results and has a minimum number of fitting parameters.
The processing element may be further configured for calcu-
lating and monitoring an error between a best mathematical
fit of the predefined function and the measured impedance as
a determination of damage in the object.

40 The scanning mechanism may be further configured for
varying a distance between the eddy current probe and the
surface. In such an embodiment, the dual frequency eddy
current instrument is further configured for rotating the mea-
sured impedance such that changes in the impedance caused

45 by motion of the eddy current probe radially toward and away
from the surface is along a predefined axis for both the first
and second frequencies.

In addition to the system for detecting damage below a
surface of a cylindrical object, as described above, other

50 aspects of the present invention are directed to corresponding
methods for detecting damage below a surface of a cylindrical
obj ect.

BRIEF DESCRIPTION OF THE DRAWINGS
55

Having thus described the invention in general terms, ref-
erence will now be made to the accompanying drawings,
which are not necessarily drawn to scale, and wherein:

FIG. 1 is a block diagram of a system for detecting sub-
60 surface damage, in accordance with embodiments of the

present invention;
FIG. 2 is a top view conceptual diagram of the system of

FIG. 1, in accordance with embodiments of the present inven-
tion;

65 FIG. 3 is a top view conceptual diagram of the system of
FIG. 1, in accordance with alternative embodiments of the
present invention;
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FIG. 4 is a top and side view conceptual diagram of the
arrangement of FIG. 2, in accordance with embodiments of
the present invention;

FIG. 5 is a conceptual diagram of the system of FIG. 1 in
use in a Space Shuttle Reaction Control System thruster, in
accordance with embodiments of the present invention;

FIG. 6 is a simplified circuit diagram of the system of FIG.
1, in accordance with embodiments of the present invention;
and

FIG. 7 illustrates the curve fitting procedure of a method
for detecting sub-surface damage, in accordance with
embodiments of the present invention.

DETAILED DESCRIPTION

FIG. 1 is a block diagram of a system for detecting sub-
surface damage (herein termed an "eddy current inspection
system"), in accordance with embodiments of the present
invention. The eddy current inspection system of FIG.1 com-
prises a computer 10, an analog to digital converter 20, a dual
frequency eddy current instrument 22, and an eddy current
probe 23. The eddy current probe 23 comprises two eddy
current coils 24, 26. The computer 10 comprises a display 12,
a processor 14, memory 16, and software 18. The dual fre-
quency eddy current instrument 22 controls the two eddy
current coils 24, 26 (as described in more detail below) to
induce an eddy current and measures the resulting imped-
ance. The signal from the eddy current instrument 22 is fed,
via theA/D converter 20, to the computer 10. The software 18,
executed by the processor 14, analyzes the resulting imped-
ance (as described in more detail below). Importantly, the two
eddy current coils 24, 26 are arranged orthogonally to each
other.

FIG. 2 displays a top-view conceptual diagram of the eddy
current inspection system deployed to inspect a cylindrical
object 30, in accordance with embodiments of the present
invention. The system is able to detect sub-surface damage to
the object (i.e., damage within the cross-hatched area).
Matched eddy current coils 24, 26 are arranged orthogonally
to each other. One inspection coil 26 is arranged with its axis
along the circumferential direction of the object. This orien-
tation enables a relatively deep field penetration with a small
diameter coil that is able to fit into small spaces, such as the
acoustic cavity of a space shuttle thruster, and induces current
in a direction that will have a strong interaction with cracking
originating in the exterior surface (e.g., along the relief radius
of a thruster) and growing in a circumferential direction
toward interior of the surface (e.g., toward the acoustic cavity
of a thruster). The second coil is arranged with its axis parallel
with the axis of the cylindrical object. This second coil is
designed to provide a local reference for the inspection coil
while minimally interacting with circumferential damage in
the part. However, the axis of the first coil along the circum-
ferential direction of the object does not intersect with the axis
of the second coil that is substantially parallel with the cylin-
drical object. For clarity and simplicity, some components of
the system that are illustrated in FIG. 1(the computer 10, A/D
converter 20, and dual frequency eddy current instrument 22)
are omitted from FIG. 2.

In addition to moving the probe longitudinally through the
inside of the object, the probe may be rotated about the center
of the two coils to scan in all directions.

Advantageously, embodiments of the invention are able to
detect relatively deeply buried defects in cylindrical objects
having a small inside diameter, such as the object illustrated
in FIG. 2. In such structures, the coil size must be small. This
typically reduces the inspection depth of the eddy current

4
technique. The coil configuration (size and orientation) of the
embodiments of the present invention greatly improves the
detection of `circumferential' outside diameter cracking in
these structures.

5 FIG. 3 displays a top-view conceptual diagram of the eddy
current inspection system deployed to inspect a cylindrical
object 32, in accordance with alternative embodiments of the
present invention. While the advantages of using the present
invention to detect defects in cylindrical objects having a

10 small inside diameter is discussed above, embodiments of the
present invention may be used to detect defects in cylindrical
objects having a relatively large inside diameter as illustrated
in FIG. 3. In such an embodiment, the coils may be moved

15 along the inner circumference (as illustrated by the arrow in
FIG. 3) to scan the entire inside surface. While the coils are
moved, the orientation of the probe relative to the inside
surface should be maintained.

FIG. 4 is a top and side view conceptual diagram of the
20 arrangement of FIG. 2, in accordance with embodiments of

the present invention. Circumferential and longitudinal
cracks in the cylinder are illustrated in FIG. 4. An important
aspect of arranging the coils orthogonally is to preferentially
detect a given type of flaw with one coil while the second,

25 reference coil, minimally interacts with the defects. Because
of the induced current direction in the cylinder wall, the
circumferential coil will strongly interact with circumferen-
tial cracks. The impedance of the axial coil however, with
induced current parallel to the crack direction, will be mini-

so mally impacted. In the case of the space shuttle thrusters,
circumferential cracking was the concern that was desired to
be detected. Therefore, the circumferential coil was consid-
ered the detecting coil and was balanced by the axial coil. For
detection of longitudinal cracking, the roles of the two coils

35 would be reversed, with the axial coil sensitive to the damage
and the longitudinal coil acting as a local reference which
minimally interacts with the flaw.

FIG. 5 is a conceptual diagram of the eddy current inspec-
tion system deployed to inspect a Space Shuttle Reaction

40 Control System thruster, in accordance with embodiments of
the present invention. The system of FIG. 5 is able to detect
sub-surface damage to the thruster (i.e., damage between the
acoustic cavity 42 and the relief radius 44). As in FIG. 2, the
deployment of the system illustrated in FIG. 5 comprises

45 matched eddy current coils 24, 26 that are arranged orthogo-
nally to each other (although the eddy current coils are not
individually labeled in FIG. 5). One inspection coil is
arranged with its axis along the circumferential direction of
the thruster. This orientation enables a relatively deep field

50 penetrationwith a small diameter coil that is able to fit into the
acoustic cavity, and induces current in a direction that will
have a strong interaction with cracking originating along the
relief radius of the thruster and growing in a circumferential
direction toward the acoustic cavity. The second coil is

55 arranged with its axis parallel with the axis of the acoustic
cavity. This second coil is designed to provide a local refer-
ence for the inspection coil while minimally interacting with
damage originating at the acoustic cavity. The probe is
mounted on a sensor deployment tool 40 (which may also be

60 termed a scanning mechanism). The sensor deployment tool
40 moves the probe into the acoustic cavity and along the
surface to be scanned. The movement of the sensor deploy-
ment tool 40 may be accomplished using a stepper motor (not
illustrated). As in FIG. 2, some components of the system that

65 are illustrated in FIG. 1 (the computer 10, A/D converter 20,
and dual frequency eddy current instrument 22) are omitted
from FIG. 5.
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The dual frequency eddy current instrument 22 of FIG. 1
applies a current to the eddy current probe 23 and measures a
resulting impedance as the eddy current probe is moved in
relation to the surface being scanned. The dual frequency
eddy current instrument may either (1) concurrently apply a
first current having a first frequency and a second current
having a second frequency to the eddy current probe as the
eddy current probe is moved in relation to the surface; or (2)
alternatively apply a first current having a first frequency and
a second current having a second frequency to the eddy cur-
rent probe as the eddy current probes is moved in relation to
the surface. The first frequency is selected to penetrate the
surface to a depth greater than or equal to the desired flaw
detection depth, and the second frequency is selected to iso-
late the probe wobble and the surface effect. The second
frequency is typically at least twice that of the first frequency.
For example, the first frequency may be between about 10
kilohertz and about 15 kilohertz, and the second frequency
may be between about 90 kilohertz (kHz) and about 110 kHz.

The resulting impedance is displayed on the display ele-
ment 12 of FIG. 1. The resulting impedance is typically
displayed at the first frequency, at the second frequency, and
at the difference between the first and second frequencies.

In order to interrogate beneath the surface of the acoustic
cavity toward the relief radius, a low frequency excitation is
required. An estimate of the required operating frequency can
be found using the skin depth equation,

6=1 IJ-'tTFC,	 (1)

with f -excitation frequency, µ-penneability, and
a-electrical conductivity. PRCS thrusters are fabricated from
columbium (also termed niobium) with nominal values of
a-6.7x 106 1/(ohm-m) and µ-permeability of free space-47[x
10-7 Weber/(amp-m). A frequency f =12 kilohertz (kHz) then
gives a skin depth 6-1.8x10 -3 m, or approximately 0.070
inches. The developed inspection procedure incorporates a
dual frequency excitation, with the lower frequency enabling
deep penetration into the part and the upper frequency helping
to mix out responses from surface features such as lift-off and
roughness of the acoustic cavity wall. Based upon the calcu-
lated skin depth and experimental data, 12 kHz and 100 kHz
where chosen as the first and second operating frequencies for
the inspection of the PRCS thrusters.

Initial testing of one embodiment of such a system to detect
damage in a PRCS thruster performed with the sensor design
shown and described above found a good sensitivity to nearly
through-wall flaws, but damage that had not progressed to
within approximately 0.020"-0.040" of the acoustic cavity
was difficult to detect due to the complex geometry of the part.
The presence of varying material thickness, fuel passage-
ways, and a potentially rough surface of the acoustic cavities
was further complicated by the need to deploy the probe
through the injector nozzle, past a narrow throat, and into the
acoustic cavity for inspection. To minimize the combined
effects of these attributes, a stepper motor controlled scan-
ning system was incorporated into the inspection system. The
stepper motor scanning system is deployed in the reaction
chamber and rests on the face of the thruster. Once positioned,
a pre-programmed scan of the sensor through the area of
interest may be performed. The use of the stepper motor
scanning system significantly reduces lift-off effects associ-
ated with probe tilt and wobble, which are extremely difficult
to control under hand scanning. In addition, the stepper motor
scanner provides for indexed scanning such that eddy current
response data can be plotted directly against location of the
probe within the acoustic cavity. Probe responses associated
with edge effects and varying wall thickness throughout the

6
scan region can then be directly accounted for and filtered out,
greatly enhancing the flaw delectability of the system.

The eddy current coils may be mounted in a probe housing
that is attached to the stepper motor. In addition to the eddy

5 current sensor, the probe housing may hold a second, spare,
scanning leg. Two other fixed legs may be attached to the
scanning system to provide mechanical stability during scan-
ning. When the scanner is positioned within a thruster, the
four legs are typically spaced to fit into adjacent acoustic

l0 cavities. After receiving a trigger signal, the stepper motor
pulls the probe housing (along with the eddy current sensor
and spare scanning leg) away from the thruster face, moving
the eddy current sensor through the region of interest. Imme-

15 diately after withdrawing the probe, the stepper motor
reverses, thereby moving the sensor once more through the
region of interest and back to its start position.

Referring to FIG. 1, the system control and data processing
software 18, stored in memory 16 and executed by processor

20 14, initiates a scan sequence by sending a trigger signal to the
stepper motor. Analog output data from the eddy current
instrument are then acquired by the computer as the sensor
scans partially out of and then back into the acoustic cavity.
After the scan completes, the acquired data at 12 kHz, 100

25 kHz, and frequency mix (calculated as the difference between
the 12 kHz and 100 kHz responses) are displayed on display
element 12. Nearly through-wall flaws are typically clearly
detected in the low frequency and mix signals, with a slight
indication of the flaw typically apparent even at 100 kHz.

30 User controls may be provided to enable the plotting of data
over any region within the complete scan range, as well as of
data acquired during the outgoing or ingoing scan of the
probe. Controls may also be present to adjust the mix signal
parameters for data analysis on the selected portion of the

35 scan data. A micrograph of a stress corrosion-cracking site
dissected from a PRCS thruster may be displayed. The typical
crack profile displayed in the micrograph is useful for inter-
preting the eddy current response in relationship to potential
damage in the hardware.

40 An "Indication Strength" may also be displayed. This
value is calculated by fitting the eddy current response to the
anticipated profile for the sensor scanned through an
unflawed acoustic cavity region. Due to the edge effect as the
probe nears the acoustic cavity opening, a sharp increase in

45 the low frequency signal level is typically seen in this region.
As the sensor moves into the cavity, a minimum in the low
frequency vertical response is typically detected, most likely
due to increasing wall thickness in this area. As the probe
passes deeper into the cavity, an increase followed by a final

50 slight decrease in the probe output is detected.
FIG. 6 is a simplified circuit diagram of an eddy current

inspection system in accordance with embodiments of the
present invention. The system uses a bridge type circuit. Zl
and Z2 are impedance circuit elements internal to the eddy

55 current instrument which are adjusted to balance the bridge
before a data set is acquired. The eddy current probe com-
prises the two coils (i.e., the axial and circumferential coils)
on the remaining two legs of the bridge. By combining the
two coils in the bridge configuration shown in FIG. 6, high

60 signal gains can be applied to the detector which is nominally
measuring a `null' or zero voltage condition.

Subtracting the high frequency vertical component from
low frequency vertical component helps to remove other arti-
facts, such that subsequent analysis is performed on this dif-

65 ference signal. Analysis of this signal profile has led to a
signal processing technique employing curve fitting to a
cosine modulated exponential function. The vertical compo-
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nent of the low frequency probe response minus that of the
high frequency is fit to a curve of the form

V(x)=cos(2=IL)xexp(—x/A)	 (2)

with L=the secondary peak location, x=scan position inside
the cavity, and A—the curve fit parameter. The fit is also
constrained to match the data at each end of the scan. FIG. 7
displays the results of applying this curve fitting procedure to
an unflawed acoustic cavity (left plot) as well as a region
where a notch approaches an acoustic cavity to within 0.040"
remaining wall thickness (right plot). The difference between
the raw data and the curve fit highlights the flawed region in
the plot on the right. This technique is particularly useful for
flaws growing at a steep angle, projecting to an intersection of
the acoustic cavity near the cavity opening. It has been found
that a calculation of the peak amplitude in the plot of the
difference between the curve fit and the raw data correlates
well with remaining wall thickness between the acoustic cav-
ity and damage originating in the relief radius area. This
calculated peak amplitude is the "Indication Strength" dis-
played by the system.

Based upon experimental data, a clear threshold can be
established between unflawed thruster regions and areas with
notches approaching to within 0.060" of the acoustic cavity
wall. It should be noted that the experimental data corre-
sponded to notches originating directly across from the
acoustic cavity. As the eddy current coil is aligned in this
direction, the sensor has maximum sensitivity for flaws in this
orientation. As a part of the reference standard development,
flaws originating at an off angle have also been fabricated.
Test results have shown that the signal response for flaws
originating between cavities as opposed to directly across
from a cavity does drop, although flaws up to 0.060" away
from the acoustic cavity are still typically detectable.

Naturally occurring stress corrosion cracking in PRCS
thrusters has also been studied. The indication levels from this
naturally occurring damage have been found to be as high or
higher than those for simulated damage created using an
electric discharge machine (EDM). The likely cause for the
increased signal levels on naturally occurring damage is the
flaw profile. All naturally occurring damage sites identified to
date have shown a very high aspect ratio of crack length to
crack depth. The notch standards were all fabricated with a
two-to-one aspect ratio, and therefore likely underestimate
the crack length at a given remaining wall thickness. The
natural crack profile with a long circumferential direction
also makes the occurrence of deep cracking between cavities
with little damage directly across from the cavity unlikely. It
therefore is reasonable to anticipate flaw detection capabili-
ties for naturally occurring stress corrosion cracking to be at
least as reliable as those for the calibration data.

As will be appreciated by one skilled in the art, the present
invention may be embodied as a system, method or computer
program product. Accordingly, the present invention may
take the form of an entirely hardware embodiment, an entirely
software embodiment (including firmware, resident software,
micro-code, etc.) or an embodiment combining software and
hardware aspects that may all generally be referred to herein
as a "circuit," "module" or "system." Furthermore, the
present invention may take the form of a computer program
product embodied in any tangible medium of expression hav-
ing computer-usable program code embodied in the medium.

Any combination of one or more computer usable or com-
puter readable medium(s) may be utilized. The computer-
usable or computer-readable medium may be, for example
but not limited to, an electronic, magnetic, optical, electro-
magnetic, infrared, or semiconductor system, apparatus,

8
device, or propagation medium. More specific examples (a
non-exhaustive list) of the computer-readable medium would
include the following: an electrical connection having one or
more wires, a portable computer diskette, a hard disk, a ran-

5 dom access memory (RAM), a read-only memory (ROM), an
erasable programmable read-only memory (EPROM or Flash
memory), an optical fiber, a portable compact disc read-only
memory (CD-ROM), an optical storage device, a transmis-
sion media such as those supporting the Internet or an intra-

lo net, or a magnetic storage device. Note that the computer-
usable or computer-readable medium could even be paper or
another suitable medium upon which the program is printed,
as the program can be electronically captured, via, for

15 instance, optical scanning of the paper or other medium, then
compiled, interpreted, or otherwise processed in a suitable
manner, if necessary, and then stored in a computer memory.
In the context of this document, a computer-usable or com-
puter-readable medium may be any medium that can contain,

20 store, communicate, propagate, or transport the program for
use by or in connection with the instruction execution system,
apparatus, or device. The computer-usable medium may
include a propagated data signal with the computer-usable
program code embodied therewith, either in baseband or as

25 part of a carrier wave. The computer usable program code
may be transmitted using any appropriate medium, including
but not limited to wireless, wireline, optical fiber cable. RF,
etc.

Computer program code for carrying out operations of the
so present invention may be written in any combination of one or

more programming languages, including an object oriented
programming language such as Java, Smalltalk, C++ or the
like and conventional procedural programming languages,
such as the "C" programming language or similar program-

35 ming languages. The program code may execute entirely on
the user's computer, partly on the user's computer, as a stand-
alone software package, partly on the user's computer and
partly on a remote computer or entirely on the remote com-
puter or server. In the latter scenario, the remote computer

40 may be connected to the user's computer through any type of
network, including a local area network (LAN) or a wide area
network (WAN), or the connection may be made to an exter-
nal computer (for example, through the Internet using an
Internet Service Provider).

45 The present invention is described herein with reference to
flowchart illustrations and/or block diagrams of methods,
apparatus (systems) and computer program products accord-
ing to embodiments of the invention. It will be understood
that each block of the flowchart illustrations and/or block

5o diagrams, and combinations of blocks in the flowchart illus-
trations and/or block diagrams, can be implemented by com-
puter program instructions. These computer program instruc-
tions may be provided to a processor of a general purpose
computer, special purpose computer, or other programmable

55 data processing apparatus to produce a machine, such that the
instructions, which execute via the processor of the computer
or other programmable data processing apparatus, create
means for implementing the functions/acts specified in the
flowchart and/or block diagram block or blocks.

60 These computerprogram instructions may also be stored in
a computer-readable medium that can direct a computer or
other programmable data processing apparatus to function in
a particular manner, such that the instructions stored in the
computer-readable medium produce an article of manufac-

65 ture including instruction means which implement the f mc-
tion/act specified in the flowchart and/or block diagram block
or blocks.
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The computer program instructions may also be loaded
onto a computer or other programmable data processing
apparatus to cause a series of operational steps to be per-
formed on the computer or other programmable apparatus to
produce a computer implemented process such that the 5

instructions which execute on the computer or other program-
mable apparatus provide processes for implementing the
functions/acts specified in the flowchart and/or block diagram
block or blocks.

The flowchart and block diagrams in the figures illustrate io
the architecture, functionality, and operation of possible
implementations of systems, methods and computer program
products according to various embodiments of the present
invention. In this regard, each block in the flowchart or block
diagrams may represent a module, segment, or portion of 15

code, which comprises one or more executable instructions
for implementing the specified logical function(s). It should
also be noted that, in some alternative implementations, the
functions noted in the block may occur out of the order noted
in the figures. For example, two blocks shown in succession 20

may, in fact, be executed substantially concurrently, or the
blocks may sometimes be executed in the reverse order,
depending upon the functionality involved. It will also be
noted that each block of the block diagrams and/or flowchart
illustration, and combinations of blocks in the block diagrams 25

and/or flowchart illustration, can be implemented by special
purpose hardware-based systems that perform the specified
functions or acts, or combinations of special purpose hard-
ware and computer instructions.

"Computer" or "computing device" broadly refers to any 30

kind of device which receives input data, processes that data
through computer instructions in a program, and generates
output data. Such computer can be a hand-held device, laptop
or notebook computer, desktop computer, minicomputer,
mainframe, server, cell phone, personal digital assistant, 35

other device, or any combination thereof.
The terminology used herein is for the purpose of describ-

ing particular embodiments only and is not intended to be
limiting of the invention. As used herein, the singular forms
"a", "an" and "the" are intended to include the plural forms as 40

well, unless the context clearly indicates otherwise. It will be
further understood that the terms "comprises" and/or "com-
prising," when used in this specification, specify the presence
of stated features, integers, steps, operations, elements, and/
or components, but do not preclude the presence or addition 45

of one or more other features, integers, steps, operations,
elements, components, and/or groups thereof.

The corresponding structures, materials, acts, and equiva-
lents of all means or step plus function elements in the claims
below are intended to include any structure, material, or act 50

for performing the function in combination with other
claimed elements as specifically claimed. The description of
the present invention has been presented for purposes of
illustration and description, but is not intended to be exhaus-
tive or limited to the invention in the form disclosed. Many 55

modifications and variations will be apparent to those of
ordinary skill in the art without departing from the scope and
spirit of the invention. The embodiment was chosen and
described in order to best explain the principles of the inven-
tion and the practical application, and to enable others of 60

ordinary skill in the art to understand the invention for various
embodiments with various modifications as are suited to the
particular use contemplated.

Further discussion of the present invention is provided in
Wincheski et al., Development of Eddy Current Techniques 65

for the Detection of Cracking in Space Shuttle Primary Reac-
tion Control Thrusters, NASA/TP-2007-214878, June 2007;

10
Wincheski et al., Development of Eddy Current Techniques
for the Detection of Stress Corrosion Cracking in Space
Shuttle Primary Reaction Control Thrusters, Review of
Progress in Quantitative NDE, Jul. 30-Aug. 4, 2006; and
Wincheski, Validation Test Results for Orthogonal Probe
Eddy Current Thruster Inspection System, NASA/TM-2007-
215087, November 2007; the contents of each hereby incor-
porated by reference in their entirety.

What is claimed as new and desired to be secured by
Letters Patent of the United States is:

1. A system for detecting damage below a surface of a
cylindrical object, the system comprising:

an eddy current probe comprising first and second eddy
current coils, each coil being orthogonal to the other
coil;

• scanning mechanism to which the first and second eddy
current coils are mounted, the scanning mechanism con-
figured for moving the first and second eddy current
coils in relation to the surface; and

• dual frequency eddy current instrument configured for
applying a current to the eddy current probe and mea-
suring a resulting impedance as the eddy current probe is
moved in relation to the surface; the dual frequency eddy
current instrument further configured for either (1) con-
currently applying a first current having a first frequency
and a second current having a second frequency to the
eddy current probe as the eddy current probe is moved in
relation to the surface, or (2) alternatively applying a first
current having a first frequency and a second current
having a second frequency to the eddy current probe as
the eddy current probe is moved in relation to the sur-
face;

wherein the first frequency is selected to penetrate the
surface to a depth greater than or equal to a desired flaw
detection depth, and the second frequency is selected to
isolate a probe wobble and a surface effect, the second
frequency being at least twice that of the first frequency;

wherein the first eddy current coil comprises a first axis and
the second eddy current coil comprises a second axis,
and wherein the first and second eddy current coils are
mounted to the scanning mechanism such that the first
axis is aligned substantially with a circumferential direc-
tion of the surface as the eddy current probe is moved in
relation to the surface, and such that the second axis is
aligned substantially parallel to a longitudinal axis of the
object as the eddy current probe is moved in relation to
the surface, and wherein the first axis and the second axis
do not intersect;

wherein the scanning mechanism is further configured for
varying a distance between the eddy current probe and
the surface; and

wherein the dual frequency eddy current instrument is
further configured for rotating the measured impedance
such that changes in the impedance caused by motion of
the eddy current probe radially toward and away from
the surface is along a predefined axis for both the first
and second frequencies.

2. The system of claim 1, wherein the first frequency is
between about 10 kilohertz and about 15 kilohertz, and
wherein the second frequency is between about 90 kilohertz
and about 110 kilohertz.

3. The system of claim 1, wherein the scanning mechanism
comprises a stepper motor.

4. The system of claim 1, further comprising a display
element for displaying the resulting impedance.
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5. The system of claim 4, wherein the display element
displays the resulting impedance at the first frequency, at the
second frequency, and at a difference between the first and
second frequencies.

6. The system of claim 1, further comprising a processing
element configured for performing a curve fit of the measured
impedance to a predefined function known to represent the
measured impedance for an undamaged object.

7. The system of claim 6, wherein the predefined function
is determined through experimental and/or simulation results
and has a minimum number of fitting parameters.

8. The system of claim 6, wherein the processing element is
further configured for calculating and monitoring an error
between a best mathematical fit of the predefined function
and the measured impedance as a determination of damage in
the object.

9. A method for detecting damage below a surface of a
cylindrical object, the method comprising:

providing an eddy current probe comprising first and sec-
ond eddy current coils, each coil being orthogonal to the
other coil, wherein the first eddy current coil comprises
a first axis and the second eddy current coil comprises a
second axis, and wherein the first axis and the second
axis do not intersect;

moving the first and second eddy current coils in relation to
the surface via a scanning mechanism to which the first
and second eddy current coils are mounted;

applying a current to the eddy current probe via a dual
frequency eddy current instrument; and

measuring a resulting impedance as the eddy current probe
is moved in relation to the surface;

wherein a distance between the eddy current probe and the
surface is varied and the measured impedance is rotated
such that changes in the impedance caused by motion of
the eddy current probe radially toward and away from
the surface is along a predefined axis for both the first
and second frequencies;

wherein applying a current to the eddy current probe via the
dual frequency eddy current instrument comprises either
(1) concurrently applying a first current having a first
frequency and a second current having a second fre-
quency to the eddy current probe as the eddy current
probe is moved in relation to the surface, or (2) alterna-
tively applying a first current having a first frequency

12
and a second current having a second frequency to the
eddy current probe as the eddy current probe is moved in
relation to the surface;

wherein the first frequency is selected to penetrate the
5 surface to a depth greater than or equal to a desired flaw

detection depth, and the second frequency is selected to
isolate a probe wobble and a surface effect, the second
frequency being at least twice that of the first frequency;
and

10 wherein the first and second eddy current coils are mounted
to the scanning mechanism such that the first axis is
aligned substantially with a circumferential direction of
the surface as the eddy current probe is moved in relation
to the surface, and such that the second axis is aligned

15 substantially parallel to a longitudinal axis of the object
as the eddy current probe is moved in relation to the
surface.

10. The method of claim 9, wherein the first frequency is
between about 10 kilohertz and about 15 kilohertz, and

20 wherein the second frequency is between about 90 kilohertz
and about 110 kilohertz.

11. The method of claim 9, wherein the scanning mecha-
nism comprises a stepper motor.

12. The method of claim 9, wherein the method further
25 comprises displaying the resulting impedance on a display

element.
13. The method of claim 12, wherein displaying the result-

ing impedance on the display element comprises displaying
the resulting impedance at the first frequency, at the second

30 frequency, and at a difference between the first and second
frequencies.

14. The method of claim 9, further comprising performing
a curve fit of the measured impedance to a predefined function
known to represent the measured impedance for an undam-

35 aged object.
15. The method of claim 14, wherein the predefined func-

tion is determined through experimental and/or simulation
results and has a minimum number of fitting parameters.

16. The method of claim 14, further comprising:
40 calculating and monitoring an error between a best math-

ematical fit of the predefined function and the measured
impedance as a determination of damage in the object.
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