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1. ABSTRACT

The goal of this project was to investigate the feasibility of a new non-contact technique for directly and
continuously monitoring peak strain in rotating components. The technique utilizes the unique strain-
sensitive magnetic material properties of TRansformation Induced Plasticity (TRIP) steel alloys to measure
strain. These alloys are weakly magnetic when unstrained but become strongly ferromagnetic after
mechanical deformation. A computer study was performed to determine whether the strain-induced change in
the magnetic material properties of a TRIP steel gage bonded to a rotating component would cause significant
perturbations 1n the magnetic flux of a stationary electromagnet. The effects of strain level, distance between
the rotating component and the stationary electromagnet, and motion-induced eddy currents on flux
perturbation magnitude were investigated.

The calculated results indicate that a TRIP steel strain sensing element can cause a significant perturbation in
the magnetic flux of a stationary electromagnet. The magnetic flux perturbation magnitude was found to be
inversely proportional to the distance between the magnet face and the TRIP steel element and directly
proportional to the TRIP steel strain level. The effect of motion-induced eddy currents on the magnetic flux
was found to be negligible. It appears that the technique can be successfully applied to measure peak strain
in rotating components, however, the sensitivity of the magnetic flux perturbation magnitude to the distance
between the strain sensing element and the electromagnet may require making an independent proximity
measurement.

2. INTRODUCTION

The project described in this report investigated a new technique for directly and continuously monitoring
peak strain in rotating components. Current techniques for monitoring the structural condition of rotating
components use an indirect indication of structural degradation, such as abnormal noise due to excessive
vibration, or use a direct indication obtained by examining the rotating component during shutdown.
Although failure of rotating components is relatively rare due to conservative design and intense maintenance
and inspection programs, occasional failures can have severe economic or safety consequences. An example
of steam turbine blade failure at the Fermi-2 nuclear plant on December 25, 1993 is estimated to have cost
Detroit Edison in excess of $35 million.' Continuous monitoring of rotating components could possibly
eliminate some of the currently performed maintenance and inspection procedures, while increasing the
reliability of these components.

The technique combines the use of a TRIP (TRansformation Induced Plasticity)” steel strain sensing element
attached to the rotating component, a stationary magnetic coil to provide a magnetic field, and a stationary
magnetic field sensor to measure changes in the magnetic field caused by magnetic property changes in the
strain sensing element. This technique uses the metastable structure of TRIP steel to measure maximum
strain. TRIP steels are initially in a metastable austenitic face-centered cubic phase. When subjected to




deformation, the crystal structure changes to a martensitic body-centered tetragonal phase, with the amount of
material undergoing the phase change being proportional to the peak strain.* The martensitic phase is
ferromagnetic while the austenitic phase is paramagnetic; thus, the magnetic properties can be used to
determine the prior peak strain a part has experienced. TRIP steel sensors have been applied to measure
strain in stationary components such as bridge members and for structural mining applications.* The
innovative aspects of this project are the extension of this application to rotating components and the use of
TRIP steel sensors to perform continuous strain monitoring.

The TRIP steel sensing elements are used to indicate high strain levels in rotating components in the
following way (Figure 1):

1) Attach the TRIP steel strain sensing element to the rotating component at the location where peak
strains or failure are known or are predicted to occur. The sensing clement may be a strip located inside
the rotating component or a foil bonded to the surface.

2) Mount a stationary magnetic coil so that the magnetic field produced will interact with the TRIP steel
strain sensing element during part of the component's rotation.

3) Mount a stationary magnetic field sensor, such as a Hall effect probe, to measure the coil's magnetic
field strength.

Initially, with the strain sensing elements unstrained, the magnetic field sensor should detect little or no
change in the coil's magnetic ficld when the strain sensing element is within the region occupied by the
magnetic field. As the strain sensing elements deform, making the strain sensing element more
ferromagnetic, it is anticipated that magnetic field perturbations will occur when the strain sensing element
passes through the magnetic field. These perturbations should be measurable for sufficiently large strains.
The magnetic field fluctuations can be related to the amount of ferromagnetic martensitic material in the
strain sensing element and thus to the
amount of strain experienced by the

Magnetic field Rotating component rotating component.
\\ LT T The feasibility of the technique was
B e == < | investigated by applying the
R - \MP steel gage ElectroMagnetic Analysis System

(EMAS) computer code, developed and
distributed by the MacNeal-Schwendler
Corporation, to calculate the magnetic
fields near the magnetic coil.* The
effect on the magnetic field caused by

' Electromagnet variations in the magnetic properties of
< ) the TRIP steel strain sensor, the gap
] between the coil and the strain sensor,
\ and the rotation speed were examined.
Rotor A description of the EMAS model and
the parametric study is presented in
Section 3. Section 4 presents the
calculation results, and conclusions are
presented in Section 5.

Magnetic field sensor

Figure 1. A typical application of a TRIP steel sensor to
measure strain in a rotating component.




3. FINITE ELEMENT MODEL AND PARAMETRIC STUDY DESCRIPTION

The finite element models used to investigate the magnetic flux perturbations caused by the strain-induced
phase transformation in the TRIP steel strain sensing element are described in this section. Axisymmetric,
two-dimensional static, and two-dimensional transient models were used in the analysis. The axisymmetric
models were used to calculate the three-dimensional magnetic flux density when the TRIP steel strain sensor
{which was modeled as a 0.635 mm thick disk) was centered over the magnet. These results were used as the
base analysis results. The three-dimensional magnetic flux and the two-dimensional magnetic flux are
expected to be affected in quantitatively similar ways by motion-induced eddy currents. Thus, by comparing
the calculated magnetic flux densities for the two-dimensional static and two-dimensional transient models,
the effect on the three-dimensional magnetic flux could be estimated. A three-dimensional transient model
could not be run to verify the validity of this assumption because of a lack of computer resources.

The finite element model is shown in Figure 2. The model was created by meshing a cross section of the
three-dimensional geometrical model of the system. The model is composed of an electrical steel armature, a
coil, the TRIP steel disk, and a cylindrical volume of surrounding air. The magnetic flux was constrained to
be tangent to the outer surface of the air region and a steady-state excitation was applied to the coil regions to
account for current flow through the coil. The coil excitation equals the total current flowing out of the
cross-sectional area of the coil, which is calculated by multiplying the number of coil turns by the coil current.
The value used for the coil excitation, C_ is given by

0.7854,4
Ccs = _—"A—m 4 1)
where A, is the total coil cross-sectional area,
A, is the cross-sectional area of the wire,
A, is the maximum current capacity of the wire, and
0.785 is the coil space factor for round wires. >

Assuming AWG #17 wire (diameter = 1.23 mm, 4,,,. = 2 amperes), the maximum value for C_, is 700
amperes. A value of 650 amperes was used in the analysis to stay within the maximum coil excitation..

Additional structural constraints and initial conditions were needed for the transient models. All nodes were
constrained to be fixed in the x and z directions. The rotation of all nodes in the three coordinate directions
was also constrained. All nodes except those on the TRIP steel disk and nodes comprising the elements of air
surrounding the TRIP steel disk were also constrained in the y direction. This combination of constraints
allowed the TRIP steel disk to move in the y direction and for the air elements surrounding the disk to deform
as a result of the motion. An initial velocity and an initial displacement equal to the distance the disk would
move over the analysis time was specified for the nodes comprising the TRIP steel disk. These initial
conditions resulted in the centers of the disk and the magnet coinciding during the final time step. The
magnetic flux density of the corresponding magnetostatic case was used as the electromagnetic initial
condition.

Quadratic quadrilateral elements were used in the axisymmetric models and linear quadrilateral elements were
used in the two-dimensional static and transient models. Quadratic elements are preferable to linear clements
because they give more accurate results for the same number of elements. However, limitations inherent in
the EMAS code prevented quadratic elements from being used in the transient models; because the two-
dimensional transient model used the two-dimensional static model results as initial conditions, linear
clements were also used in the two-dimensional static models. The regions with the greatest mesh density,
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Figure 2. The finite element model.




the TRIP steel disk regions and the bottom of the coil region, were meshed first. The steel armature was
meshed next and the air region was meshed last. After placing the electromagnetic boundary conditions and
excitations on the model, an input file for EMAS was created.

If an input file for a transient model was being created, the initial EMAS input file was modified to include
the structural constraints, the transient calculation control information (start time, end time, and time step)
and the initial electromagnetic and structural conditions. The resulting file was then ready to be used to
calculate a coupled electromagnetic/structural transient solution.

The parametric study examined the effects of air gap, TRIP steel element magnetic properties, and TRIP steel
disk speed on the magnetic flux density. Air gaps of 2.54 mm, 12.7 mm, and 25.4 mm were used in this
study. The TRIP steel magnetic properties, which were provided for 100% strained material, were modified
to simulate the properties of lower strain. The flux density (B) values for reduced strain cases were calculated
by multiplying the 100% strained TRIP steel B values by the strain level for low values of magnetomotive
force (H). At large values of H (i.c., for values of H beyond the “knee” of the B-H curve), the B-H curves
were given a slope of p,. This practice makes the modified B-H curves conform to those provided by the
MacNeal-Schwendler Corporation and results in more rapid convergence of the numerical solution. However,
solutions containing flux densities greater than that corresponding to the “knee” of B-H curves modified in
this way must be discarded. The resulting B-H curves are shown in Figure 3. Strain levels of 10, 25, 50, 75,
and 100 percent were used in the analysis. In the transient cases, TRIP steel disk velocities of 2.54 m/sec,
12.7 m/s, and 25.4 m/s were used.

The axisymmetric magnetic flux calculated for the 100% strained TRIP steel disk located at 2.54 mm is
shown in Figure 4. The results show the magnetic flux confined primarily in the electrical steel armature,
with flux concentrations at the corners of the coil slot and in the TRIP steel disk between the inner and outer
magnet poles. The difference in the axisymmetric magnetic flux densities for a case with no TRIP steel and a
case with 100% strained TRIP steel located at 2.54 mm is shown in Figure 5. Figure 5 shows the spatial
perturbation in magnetic flux caused by the TRIP steel disk. These results show that the optimum location
for the flux density instrumentation is on the front face of the magnet because this location experiences a
larger flux perturbation than any other portion of the air region. Therefore, the magnetic flux density
averaged over the face of the magnet inside the coil (i.c., the inner pole), B, will be used as the measure of
magnetic flux when presenting the analysis results.

4. CALCULATION RESULTS
The results of the parametric study are presented in this section. The results for the axisymmetric static cases

are presented first, followed by the results for the two-dimensional coupled electromagnetic/structural
transient cases.

4.1 Axisymmetric Magnetostatic Results

The axisymmetric magnetic flux density averaged over the inner pole face, B, for TRIP steel disk strains
ranging from 0 to 100% and air gaps of 2.54 mm, 12.7 mm, and 25.4 mm is shown in Figure 6 and listed m
Table 1. The results show that B is very sensitive to air gap and somewhat sensitive to TRIP steel strain
level. Neglecting the effects of motion-induced eddy currents (which will be examined in the next section),
the difference between each case and the all air case is the maximum perturbation magnitude one would
measure for the TRIP steel disk passing the stationary magnetic coil.
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Figure 3. B-H curves used in the analysis for TRIP steel .

Table 1

Effect of TRIP Steel Strain and Air Gap on Average Inner Pole Flux Density

B for 2.54 mm air gap | B for 12.7 mm air gap | B for 25.4 mm air gap

Strain Level (%) (tesla) (tesla) (tesla)
o 0.0423 0.0423 0.0423

10 0.0432 0.0424 0.0423

25 0.0452 0.0426 0.0424

50 0.0479 0.0428 0.0424

75 0.0504 0.0429 0.0424

100 0.0525 0.0430 0.0425
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Figure 4. Flux density for 100% strained TRIP steel with a 2.54 mm air gap.
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Figure 5. Magnetic flux perturbation caused by the presence of 100% strained TRIP steel with a 2.54 mm air gap.



4.2 Two-Dimensional Magnetostatic and Nonlinear Transient Results

The two-dimensional model was used to examine the effects of motion-induced eddy currents on the magnetic
flux density. The transient cases were given an initial velocity and an initial displacement such that during
the final time step the TRIP steel elements were centered over the magnet. The calculated values of B for
initial velocities of 2.54 m/s, 12.7 m/s, and 25.4 m/s are shown for a 2.54 mm air gap in Figure 7, fora 12.7
mm air gap in Figure 8, and for a 25.4 mm air gap in Figure 9. For each air gap, the effect of the initial
velocity is negligible; the curves showing the average pole face flux density for different velocities are
virtually indistinguishable from each other. This similarity is believed to be caused by the small thickness of
the TRIP steel disk, by the magnetic flux density not being particularly large in the TRIP steel disk, and by
the small rate of change in magnetic flux density over the range of motion examined in this study (i.e., near
the centerline of the magnet).

Figure 10 shows the two-dimensional, zero velocity results calculated for the three different air gaps.
Comparison of Figures 6 and 10 show qualitatively similar behavior; the flux density is highly dependent on
the air gap thickness and somewhat less dependent on the TRIP steel strain level. The main conclusion that
can be reached from the transient case results is that because the effect of motion-induced eddy currents is
negligible, the axisymmetric results shown in Figure 6 give an accurate indication of the magnetic flux
perturbations caused by the presence of the TRIP steel disk.
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5. CONCLUSIONS

The calculated resuits indicate that the strain-induced change in TRIP steel disk properties can cause
significant flux density perturbations as the disk passes the magnet face. The perturbation magnitude is
affected by the air gap thickness and by the magnetic material properties of the TRIP steel disk; decreasing
the air gap results in a greater sensitivity of the magnetic flux to TRIP steel disk material properties. Finally,
it appears that the effect of motion-induced eddy currents on the magnetic flux density perturbations is
negligible.

The calculated results suggest that strains in rotating components can be measured by using a TRIP steel
gage bonded to the rotating part. The measurement will be most accurate for small air gaps, (approximately
6.4 mm or less) because the measurement sensitivity increases rapidly as the air gap thickness decreases.
Thus, the measurement could be made most easily on systems that allow small air gap thicknesses. Because
of the rapid change in measurement sensitivity with air gap thickness, a system that can experience significant
air gap thickness fluctuations will require an independent proximity measurement.

The negligible effect of motion-induced eddy currents on the flux density perturbations allows future
analytical studies to be performed using simple axisymmetric or two dimensional models. Thus, any future

design or analysis work can be expected to be performed faster and may even be performed using smaller,
less sophisticated analysis codes.
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