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Gear Crack Detection Using Tooth Analysis

Harry J. Decker
U.S. Army Research Laboratory
Glenn Research Center
21000 Brookpark Road
Cleveland, Ohio 44135
Email: Harry.J.Decker @ grc.nasa.gov

Abstract: Gear cracks are typically difficult to diagnose with sufficient warning time.
Significant damage must be present before algorithms detect the damage. A new feature
extraction and two new detection techniques are proposed. The time synchronous averag-
ing concept was extended from revolution-based to tooth engagement-based. The detec-
tion techniques are based on statistical comparisons among the averages for the
individual teeth. These techniques were applied to a series of three seeded fault crack
propagation tests. These tests were conducted on aerospace quality spur gears in a test
rig. The tests were conducted at speeds ranging from 2500 to 5000 revolutions per minute
and torques from 184 to 228 percent of design load. The inability to detect these cracks
with high confidence may be caused by the high loading required to initiate the cracks.
The results indicate that these techniques do not currently produce an indication of dam-
age that significantly exceeds experimental scatter.

Introduction: There is considerable work being performed in Health and Usage Moni-
toring Systems (HUMS) to reduce maintenance of mechanical components such as gear-
boxes and to increase vehicle safety. Health and Usage Monitoring can be classified into
two major areas: diagnostics and prognostics. Diagnostics deals with the consistent and
accurate detection of damage, while prognostics includes both damage estimation and
estimating the remaining useful life.

A major concern of current HUMS systems is their reliability. A recent report proposes |
that the current fault detection rate of a vibration-based system is 60 percent. A false
alarm is typically generated every hundred hours. [1,2]

Since 1988, NASA Glenn Research Center has been working on improving gear damage
detection using vibration monitoring. Most of the effort has focused on pitting and other
surface distress failures. Later, the testing expanded into both oil debris monitoring-based
HUMS as well as vibration based crack detection and propagation. Gear cracks, although
potentially more catastrophic, are much less common, thus more difficult to study.

Theory: Many different techniques have been proposed to detect damage in mechanical
power transmissions. These methods include vibration, oil debris detection, chemical
element detection, and acoustic emission. The focus of this paper is the analysis of the
vibration.
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One of the processes that virtually all of the existing diagnostic techniques require is syn-
chronous averaging. Synchronous averaging has two desirable effects: (1) it reduces the
effects of items in the vibration signal that are not synchronous with shaft and mesh fre-
quencies; (2) because of this, the amplitudes of the desired parts of the signal are effec-
tively amplified relative to the noise. The averaging technique typically used is
synchronous with time (revolution). This paper presents a different averaging technique
which will be referred to as tooth-based averaging.

Time Synchronous Averaging: A once per revolution tachometer pulse is required to syn-
chronize different parts of the vibration signal. The tachometer signal is used to divide
the digitized vibration signal into blocks representing exactly one revolution of the gear
being studied. The beginning and end data points are interpolated to provide more accu-
rate and consistent averages. Each block’s data record is then interpolated to provide a
convenient number of equally spaced points (typically a power of two, such as 1024) for
the feature detection and extraction process. By interpolating each revolution into an
equal number of points, slight changes in the rotational speed can be accommodated.
Since each point in the signal now refers to the same angular position for all the sampled
rotations, the blocks are simply averaged. A simple linear average is used since experi-
ence has shown that the interpolation method is not significant. [3]

Tooth-based Averaging: Tooth-based averaging is related to time synchronous averaging
and has similar characteristics. The main differences are: 1) more information about the
gear geometry is required, 2) the time relationship between the tachometer pulse and the
engagement of a given tooth on the gear must be known.

In the meantime, the delay from the tachometer signal to when the time the tooth enters
mesh must be taken into account. By measuring the rotational delay between the two
points, it is easy to normalize this delay as a fraction of a revolution as follows:

deg

D rcent =
P 360 (1)

The procedure is the same as for time synchronous averaging except that instead of bas-
ing the averaging on one complete revolution, it is now based on the period that an indi-
vidual tooth is in contact with the mating tooth. It is not difficult to see how important the
gear geometry is. A tooth from a gear that has a high contact ratio will remain in mesh
longer than will a tooth of low contact ratio.

This type of analysis may detect smaller differences in the vibration from a damaged
tooth that may be masked by data from other teeth that are in good condition. This
method complements the more traditional methods that detect distributed damage. The
combination of the methods may provide a more comprehensive detection capability.

The implementation of this type of analysis, although straightforward, is tedious. In this
work, a once per revolution tachometer was mounted on the input shaft. A measurement
of the angular distance between the beginning of the tachometer pulse and the start of en-
gagement of a reference tooth is required. This, plus the known geometry, allows the
identification of the beginning and ending of the mesh cycle for each tooth on the gear.
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The arc of action is defined to be the distance expressed in radians and/or degrees that a
given tooth is in contact. This answers the question of "how long" for the analysis. The
arc of action is further expanded to include the arc of approach and the arc of recession.
The arc of approach is the angle from initial tooth contact until the point when the tooth
is in contact at the pitch point. The arc of recession is defined to be the rotational angle
from the pitch point until the tooth no longer is in contact. The sum of these is the arc of
action. The computation of the arc of action for external spur gears is relatively straight-
forward. [4,5]

The calculation begins with some basic geometry. The first of these is the addendum of
the pinion (a,, equation 2), which is a function of the diametral pitch of the pinion (Py).

by =
L @
The pitch circle radius is the pitch diameter (D, equation 3) divided in half
D
R, = —£
2 3)

The radius of the highest point on the involute of the pinion (Rob,, equatioﬁ 4) is simply
the addendum added to the pitch circle radius with the edge break or chamfer (B,) re-

moved.

Robp =Rp+ap—BP @)

The base circle radius of the pinion (Rby, equation 5) is a function of the pitch circle ra-
dius and the operating pressure angle ({op).

T
l{bp = Rp COS(¢OP ﬁ)
’ (5)

The arc of approach of the pinion (Bap, equation 6) is the angle through which the gear
tooth travels from the theoretical point where it comes into contact with the mating tooth
to the pitch point.

’ 2 2 . T
RObp “‘Rbp "-Rp Sll’l(q)opi—s‘a)

Rb, ©)
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The arc of recession of the pinion (Bry, equation 7) is the angle through which the gear
tooth travels from the pitch point to the end of contact.

2 2 . T
1/Robg —-Rb, _RgSIH(q)ogEa)

Rb, %)

Br, =Pa, =

The arc of action (B) is the sum of the arcs of approach and recession, and is the total
angular distance that the tooth is engaged.

The above calculations are for the pinion of a spur gear set. To calculate the values for
the gear, simply substitute the appropriate subscripts. It is interesting to note that the arc
of approach for the pinion is the same as the arc of recession for the gear. Since the gears
used in this case have the same dimensions, the angles of approach and recession are
equal.

The resultant averaged signals are then analyzed using the following techniques: root
mean square (RMS), Crest Factor (CF), and the kurtosis (Kurt). In an attempt to eliminate
speed and torque effects on the various parameters, a simple technique of normalizing the
parameters to one of two methods is also examined. The parameters are normalized to the
mean and a chosen distance from the mean. By normalizing to the condition of the other
teeth, the time varying effects should be factored out. This chosen distance is the 90 per-
cent probability level of a normal distribution.

The root mean square (RMS) is a simple measure of the effect of a fluctuating signal and
is defined to be the square root of the average of the sum of the squares of the signal.

The Crest Factor [6] is calculated by dividing the maximum positive peak value by the
RMS value of the signal.

The kurtosis [7] is the fourth moment of the signal normalized by the square of the vari-
ance of the signal. The kurtosis is a statistical measure of the number and amplitude of
the peaks in a signal. A signal with a Gaussian distribution has a kurtosis of approxi-
mately three.

Experiment Configuration:

A spur gear fatigue test stand at the NASA Glenn Research Center in Cleveland, Ohio,
was used to perform the testing. This facility, shown in Figure 1, allows the study of ef-
fects of gear tooth design, gear materials, and lubrication on the fatigue lives of aerospace
quality gears. The test stand operates using the closed loop torque regeneration principle.
The test gears are connected by shafts to a pair of helical gears that complete the loop.
The torque is applied through a hydraulic loading mechanism that twists one slave gear
relative to the shaft that supports it; therefore the torque is usually reported as a function
of the hydraulic pressure. The drive motor only has to supply enough power to overcome
the losses in the system. The test gears are lubricated with an independent oil system. The
speed, torque, and input oil test temperatures can all be controlled.
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Figure 1. Spur Gear Test Apparatus Figure 2. Accelerometer mounting locations

During health monitoring tests, an infrared optical sensor monitors the input shaft using a
timing mark. Typically, there are two accelerometers used for HUMS research, one
mounted on the outside of the test housing, with the other mounted in the test section di-
rectly on the bearing cover plate.

The once per revolution tachometer signal is generated using an infrared optical sensor
that is located on the input shaft to the test gearbox. The sensor detects a change in the
reflectivity of an infrared light. The connecting shaft has a piece of highly reflective sil-
ver colored tape cemented to the black oxide coated shaft. This provides a reliable signal
that has good dynamic performance.

Two research accelerometers were mounted on the test gearbox. The first one, (and only
one for the first test) was located on the housing of the gearbox. The location was chosen
based upon previous modal analysis testing on an identical gearbox. [8] In this paper, this
accelerometer is noted as the “Case” accelerometer. It is piezoelectric with a frequency
response from 20 Hz to 50 kHz. The second accelerometer is also piezoelectric, but
smaller and has a frequency range from 1 Hz to 10 kHz. This is mounted 30 degrees
clockwise from the vertical centerline for the right (driven) shaft on the bearing retention
cap inside the gearbox. The location is in the load zone of the bearing and provides the
most direct transfer path for the vibration to travel. This accelerometer is referred to as
the “Shaft” accelerometer. The configuration is shown in Figure 2.

The test rig uses a pair of spur gears having 28 teeth, a pitch diameter of 88.9 mm

(3.50 inch), and a face width of 6.35 mm (0.25 inch). During a surface fatigue test, the
gear faces are offset by 2.8 mm (0.11 inch) to allow a higher surface stress without a cor-
responding increase in the bending stress. For these tests however, the gears were in con-
tact across the full face width. The tests were also run at a higher torque than normal. A
photograph of a test gear is shown in Figure 3. The test gear geometry produced an arc of
action of 0.342 radians (19.59 degrees).
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Figure 3. Representative gear for crack tests

A notch was machined in the root area of the gear to provide a concentrated flaw from
which a crack could initiate. This location was chosen since this is the point of highest
tensile stress on the gear tooth surface. The higher stress provides the best opportunity
for crack propagation.

The notch traversed the entire face width of the gear and was created usin g electrical dis-
charge machining (EDM); this process was chosen for its ability to control the size of the
notch. The size of the notch is controlled by both the shape and electric current of the
electrode and is typically 0.254 mm (0.010 inch) deep.

Results: These tests were run at an overloaded condition to accelerate testing. It will be
shown that it is difficult to determine crack initiation on these gears. It would be benefi-
cial to run the tests at overloaded conditions to initiate a crack, and then reduce the load
to observe stable crack growth. This would allow a more accurate study of the vibration
signature during the critical crack growth period.

During the first test, only the case mounted accelerometer was used. The “shaft” acceler-
ometer was installed between the first and second tests, and was available for the remain-
der of the tests.

Test 1: This test, run at 125-155 Nm (92-114 ft-1b) torque and 2500 rpm produced a tooth
fracture (Figure 4) after almost 237 hours. The original notch is readily visible in the fillet
on the left side of the gear tooth. The crack initiated at the edge of the notch and pro-
gressed to the fillet on the right.
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Figure 4. Gear tooth fracture after test 1 ~ Figure 5. Test 1, case accelerometer analysis

Figure 5 shows the result of computing the RMS, Crest Factor, and kurtosis on the vibra-
tion signal of each tooth during its arc of action. The chart on the top of the figure (and all
subsequent) is the maximum value for any of the 28 teeth. The middle plot shows the re-
sult of normalizing the maximum by the mean of the remaining teeth. This is intended to
give a measure of how the one tooth is performing compared to the remaining teeth at
exactly the same conditions. The lower plot is the result of normalizing the maximum by
the sum of the mean and a statistical confidence value.

Figure 5 also shows the results of when the facility accelerometer lost power and shut the
facility down (at approximately 70 hours), and an unexplained set of conditions at about
170 hours. Experience has shown that several of the diagnostic parameters take a signifi-
cant amount of time to settle back into steady state like conditions after an interruption, if
at all. It is important to note the amplitude of these disturbances for comparison later on.
During a shutdown, the temperature decrease may change the system dynamics by alter-
ing the clearances and contact stresses from the previous conditions. In this figure there is
no obvious indication of crack initiation, progression or separation of the gear tooth.

Test 2: Test 2 was conducted at 5000 rpm and 155 Nm (114 ft-Ib) torque. This test ended
at 1.7 hours with a fracture through the rim (Figure 6), which may have been caused by
operation near a gear resonance condition. At 1.25 hours, high vibration levels caused

an automatic test shutdown. The gear was examined and a mark taken to be dirt or fuzz
was noticed. This may have actually been the crack that eventually propagated through
the rim.
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Figure 6. Gear rim fracture after test 2
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Figure 7. Test 2, case accelerometer
analysis, 5000 rpm
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Figure 8. Test 2, shaft accelerometer
analysis, 5000 rpm

Figures 7 and 8 present the results of applying the parameters to the vibration recorded by
the two accelerometers. In this test, almost all of the techniques examined indicate some-
thing at 1.25 hours. The variations due to the shutdown and subsequent startup are readily

visible.

The ideal parameter would show a step change at initiation of damage, a linear increase
during damage progression with another step increase to a hi gh level to indicate the loss
of the tooth for the remainder of the run. In the top chart of Fi gure 8, the kurtosis comes
the closest to being an ideal parameter. It shows an increase before the shutdown and in-
creases as the damage progresses while not reducing to a value less than the undamaged
condition. The kurtosis normalized to the mean shows several of the characteristics of an

undesirable parameter.
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Figure 9. Gear tooth fracture after test 3
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Figure 10. Test 3, case accelerometer Figure 11. Test 3, shaft accelerometer
filtered analysis, 4925 rpm filtered analysis, 4925 rpm

Test 3: This test also produced a fractured tooth (Figure 9). This fracture was not com-
plete and progressed about two-thirds of the width of the tooth. The facility monitoring
accelerometer detected a high vibration level due to the crack and shut down the system
before the loss of the tooth. The shutdown occurred after almost 420 hours of 4925 rpm
at torques of 125, 139, and 155 Nm (92, 106, and 114 ft-Ib) of torque. The gear was later
run at various torques until complete fracture occurred.

Applying the tooth analysis approach yields Figures 10 and 11. Although not definitive,
it appears that the damage is being detected. When isolating the individual tooth, the
kurtosis appears to indicate the damage, especially when normalized to the mean of the

remainder of the teeth.
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Conclusions: The tests conducted in this study reflect other previous experiments that
show that no individual technique routinely outperforms the others for gear crack detec-

tion. Several methods for feature extraction and detection appear to be required. At times

k4

some failures are not detected. This leads to several important conclusions that can be
obtained from this testing:

1.

For the commonly used vibration diagnostic parameters examined here, there is
no single parameter that will reliably and accurately detect gear fractures until
there is significant, possibly secondary damage (complete loss of tooth).

The techniques presented in this paper, while improving on existing techniques,
still do not have sufficient robustness and accuracy. They may, however, provide
the feature extraction necessary for future detection algorithms.

Using current techniques, it is almost impossible to be able to reliably detect a
tooth fracture in sufficient time to be able to monitor its growth.
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