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ABSTRACT

In-flight vibration measurements from the transmisof an OH-58C KIOWA are analyzed. In order talarstand
the effect of normal flight variation on signal pleathe first gear mesh components of the planegay system and
bevel gear are studied in detail. Systematic padteccur in the amplitude and phase of these sigmabonents
with implications for making time synchronous aw@s and interpreting gear metrics in flight. Thegeh of the
signal component increases as the torque increéisets on the torque range included in a time $yooous
average may now be selected to correspond to piteseye limits on the underlying signal. For somesees and
components, an increase in phase variation andfapachange in the slope of the phase dependent&que are
observed in regions of very low amplitude of thgnsil component. A physical mechanism for this diwiais
postulated. Time synchronous averages should nobhsgructed in torque regions with wide phaseatim.

INTRODUCTION Thus comparisons can be made between time histories

for gears on any shaft from data records acquimatie

The analysis of transmission vibration is an imaott same flight.

aspect of modern helicopter Health Usage and

Monitoring Systems (HUMS). It is generally hopedtth Many of the metrics developed to detect damage in

flight safety can be improved, and maintenancescosgears, such as FM4, N6A, N8A, N4A, NB4, energy

reduced, by identifying characteristic damage paste ratio and sideband level factor, are based upon

well in advance of in-flight failures. The detectiof characteristics of the shape of the signal, as sgghdo

faults in flight is still a developing area with][finding the amplitude of the vibration signal. Good ded@virs

the need for the improvement of diagnostiof these metrics are summarized in [9, 10]. Thigepa

performance. The authors of this paper believe thatroduces the study of the basic signal shape as a

dynamic flight environment is a major source offunction of the flight state space.

difficulty in the diagnostic performance. Current

diagnostic methods were not found to detect a gerio This work examines vibrations measured in flight o

crack in the planetary gear system of the UH-60A ithe OH-58C Kiowa at NASA Ames Research Center.

flight [2]. The hardware and experiment will be described.
Analysis includes examination of the signal compiine

This study is part of a continuing program at NASAshapes in the time domain.

Ames Research Center into the research of fligetef

on fault detection in rotating machinery [3-8]. Pas OBJECTIVES

studies have shown significant dependence of virat

signal amplitude upon torque [3, 4, 7] and depeodenThe objective of this research is to further the

of the signal amplitude upon flight maneuver [3-8]. understanding of the vibration from transmissions i

new aspect of this study is the use of measurementigcraft during flight. The increased understandaam

made in free flight instead of prescribed maneuvEne then be applied to improve fault detection and cedu

addition of GPS measurements brings more flightstafalse alarms in the dynamic flight environment.

parameters into the study of vibration on the Ol&-58

flight. Also, shaft revolution counting is addedatiow

tracking of the shaft position for all the gear feha
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DATA COLLECTION transmission housing. Accelerometers 1, 2 and & we
horizontal and oriented radial to the transmissiba29
Transmission Description deg, 206 deg and 309 deg from the pinion shatft.
Accelerometers 4, 5 and 6 were on the tri-axial m@t
The OH-58C is a light weight helicopter (Figure The 51 deg from the pinion shaft with number 4 tangent
main transmission on the OH-58C Kiowa contains twithe transmission, number 5 vertical to the transimis
reduction stages. A 19-tooth pinion on the oughaft housing and number 6 horizontal and radial to the
of the engine meshes with a 71-tooth spiral begal ¢gp  transmission housing. Torque was derived from engin
provide the first stage. An epicyclic gearbox witted 0il pressure. Rotational speed was derived from a
ring gear provides the second reduction stage.sline tachometer pulse originating on the main rotor tshaf
gear is on the shaft containing the spiral bevar fmm These six channels of vibration measurements along
the first stage. The planetary gear system comt@th Wwith engine torque and the once-per-rotation taatem
teeth on the ring gear, 27 teeth on the sun gedr3an pulse signal were digitized and stored on a PCdase
teeth on the planet gears. This helicopter modefadgos data acquisition system that is part of Healthwach
four planet gears in two pairs of two gears; eaelarg All signals were digitized to 12 bits at 50 kHz per
pair is spaced 180 deg with about 91.4 deg betwmen channel after an 18 kHz low pass anti-aliasingefilt
pairs. The planet carrier section of the epicysiistem, Gains were set to maximize the signal in the dititj
in turn, drives the main rotor. The turbine engingange while minimizing clipping. Helicopter positio
powering the helicopter contains an output geasbitlx ~ and velocity with respect to the ground are meakure
extensive gearing to provide much of the necessawith GPS. Barszcz [11] contains more information on
speed reduction prior to entering the transmisstof0-  the Healthwatch-2 data acquisition system.
tooth gear on the output of the turbine gearbmnitshe
other end of the shaft that drives the pinion ie thCalibration
transmission. Since the 50-tooth gear is rotatihg a
exactly the same speed as the pinion, it must Ber the accelerometers, sensitivity of the acceteter
considered when testing the 19-tooth pinion gear. (provided by the manufacturer) and a resister value
determine the conversion from voltage to accelenati
The expected accuracy is about 5%. No attempt was
made to track drift. Tap tests were performed om th
mounted accelerometers to look for resonances.
Measurements were made of about 10 averages in the
frequency domain of the accelerometer power spegtru
hammer power spectrum, frequency response function
from hammer to accelerometer and the coherence
between the two signals. Five accelerometers tested
show multiple peaks in the frequency response; all
above 5 kHz (accelerometer #1 was not availabtbeat
time of testing). Since the current analysis isfic@u to
the first gear mesh component, all analyses are @bn
frequencies below the peaks revealed in the tap tes
Also, the resonances found in the tap test aresnot
large as to interfere with analysis at and near the
frequencies of the gear components.

Figure 1 OH58-C Kiowa

The torque measurement was calibrated by applying
pressure to the oil line, reading the torque ofé¢ th
o o aircraft display on the aircraft and measuring tigto
Measurements of transmission vibration, torque,nmakne data acquisition system. Several readings teden
rotor rotational speed (RPM), and aircraft positamd g5 the pressure was first increased from 0 to 78nEs
velocity relative to the ground were made on an OHpen reduced back to 0. Since levels were stalilize
58C Kiowa in flight. Vibration measurements werepefore reading, this calibration is a static calffan. No

taken with three uni-axial and one tri-axialgynamic characteristics were measured. Detailshef t
accelerometers mounted on vertical bolts on thgyque calibration are presented in [11].

Sensors



Table 1 OH-58C Transmission

[

Gear Teeth Shaft ratio Gear mesh, Gear mesh frequency
rotor shaft orderd Hz at 360 rpm of main roto
Planetary
Ring 99 99 594
Planet 35 99 594
Sun 27 99 594
Carrier 1
Bevel 71 (99+27)/27 = 4.6667 331.3333 2772
Pinion 19 (71/19)*(99+27)/27 = 17.4386 331.3333 277
Turbine 50 (71/19)%(99+27)/27 = 17.4386 871.9298 952

Flight Process

This paper presents results from eight flightshef ©H-
58C acquired in October, November and December dfita ranging out in all directions. The increas&iM
2003 at NASA Ames Research Center. All 740 34for lower torque can be seen in these figures. The

second data records were collected on a free ftights,

turned the data acquisition system on at the baygnof
the flight, off at the end of the flight, and didtrinitiate

collection of

individual

data

records.

conditions of individual records were not contrdlli
this set of flights as they had been in previoightt [2,
3]. The pilot flew a standardized mission, Tablefdt,
the first five flights (516 data records), and niag
flights with more variable flight conditions fordhast
three flights (224 data records).

Table 2 Mission Description for Flights 1 — 5.

Pressure Altitude, ft Target Speed, K Flight Céindi

3500 100 Cruise
3500 75 Cruise
3500 45 Cruise

3500 to 9500 45 Climb at 100 fpm
9500 45 Cruise
9500 60 Cruise
9500 75 Cruise

9500 to 8500 75 Descend at 500 fpm
8500 85 Cruise
8500 65 Cruise
8500 45 Cruise

8500 to 2500 45 Descend 1000 fpm
2500 45 Cruise
2500 65 Cruise
2500 85 Cruse

2500 to 1000 100 Descend 500 fpm
1000 100 Transition

The flight

of data points falling within the bin, darker reofges
contain more data. Note that most data fall inrdrege
40% to 80% torque and 356 to 362 RPM, with some

discrete mission flight conditions produce a fewnske
in which the system collects, processes and stbaies clusters in the torque-RPM plane. Note that alttoug
then immediately collects the next data record. fiile  most of the flight conditions fall in a band comiaig

these clusters, some instances fall far outside lihnd
in torque-RPM space.
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Figure 2 Distribution of Torque and RPM for 5
flights with standardized mission.

Figure 2 and 3 show distributions of RPM and torque
for the first five and the last three flights resipeely.
Each rectangle represents a bin colored by the aumb
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successive samples have identical values, excluding
473 +2047 and -2048. Plateaus exceeding four pointg lon

- are considered suspicious.

369 DATA ANALYSIS

367 Flight State Space

365

263 For this research, flight state parameters wereqased
= outside of Healthwatch-2 in order to include measur
o 361 from the GPS system. The measurements relatinggeto t
o-

state of the aircraft available in these flightg dhe
torque of the transmission, the rotational speedhef
357 main rotor (RPM), the latitude, longitude, heigbbae
sea level, vertical velocity (rate of climb, RO@jpund
velocity east, ground velocity north and numbemaiin
353 rotor rotations from the start of the data collecti
program. All parameters were processed to yield one
datum per each main rotor rotation. Torque was
349 ' : : collected through the 50 kHz digitizer and procdsse
/o188t 48 85 67 78 9 into mean torque, variance of torque and central
Mean Torque % difference of torque. RPM was derived from the
tachometer signal. The position and velocity
Figure 3 Distribution of Torque and RPM for 3 information were collected through the GPS, time
training flights. tracked by the main rotor revolution count (frome th
tachometer) and interpolated to give one value per
Signal Quality rotation of the main rotor. The ground speed was
derived from the north and east velocities. Airexpés
Various data quality checks were performed on thgreferred to ground speed, but was not derivataen fr
archived flight data. File integrity checks involvethe available measurements. The number of rotations
examining the size of the file and computingrom the start is a variable related to the grosgt: as
checksums. Each file has an internal header thaie flight progresses the rotation number increases
contains information about the contents of the. filethe weight decreases. The relationship betweensgros
Header values such as the main rotor revolutiomicouweight and rotation count is not exactly linear dae
are checked for consistency across the entire tflighchanges in fuel consumption with changes in trghfli
Other header fields are used to compute the ammfuntcondition. The gross weight is preferred, but not
data that should be present and compared agaiaest Hvailable.
actual amount.

358

35571

3517

Preprocessing to Construct Averages
Integrity checks of the sampled signals vary witle t
type of data collected over the channel. No tesés For analysis of the components of the transmissiua,
performed on the torque data. For the tachometgibration samples are resampled from a time base to
channel, revolution boundaries are determined &ed tgear shaft revolution base and averaged. The résmmp
number of revolutions computed. This number igs done with a cubic spline using the tachometdsepu
compared against the values of the revolution @unt signal as reference and placing sampling locations
recorded at the start and end of each samplinggerievenly between the pulses. For the planetary §482
and stored in the header. In addition, the dumatd samples are used in each rotation of the carrirife
each revolution is computed and any outliers flagge  bevel gear, 2048 samples are used for each rotafion
its shaft. All of these resamplings conform to the
For vibration data channels, the number and size dfyquist criteria without additional filtering.
clipped regions are counted. A point is clipped fas
a value of either +2047 or -2048 for 12-bit dafBhe Averages were constructed with the Healthwatch-2
size of a region is determined by the number ofystem [11] operating in the off-line mode. Time
successive points that are clipped. In additiodiftped  synchronous averages were constructed for the ugrio
regions, plateau regions are counted. Similar to gears. With time synchronous averaging, noise and
clipping region a plateau region is where two omeno discrete frequency signals not commensurate wieh th



block size are reduced in amplitude so the perioditl6. Figure 4 shows a sample time synchronous geera
components of the signal are emphasized. Averagand filtered vibration signal. The analytic sighals the
contain 99 carrier rotations for the planetary ggad 19 appearance of an oscillatory signal with both atagé
rotations for the bevel. The number of epochs used and frequency variation. In general, these caniésad
based upon three criteria, noise reduction, statipn as the amplitude increasing as a planet gear sestdo
and gear meshing cycles with mating gears. Thedlge sensor and the frequency varying as a result of
criteria are discussed in [6], particularly wittspect to changing interference among the vibration fromtiad
the pinion gear on the OH-58C. The number of epochanet gears. Changing interference among the tiglora
chosen meets all three criteria for the bevel géhe signals from all the planet gears also contribtitethe
number of epochs chosen for the planetary gear ordynplitude variation.
meets the noise reduction and mating gear meshing
criteria; the number of epochs is too large forvilimg  The amplitude of the first gear mesh component is
good stationarity; yet, for much of the data, tbeg evaluated as the root mean square of the filtered
time sample is not far from stationary. vibration signal containing the even harmonics fuf t
carrier shaft orders from 78 through 116. The phafse
The time synchronous averages from the tri-axiahe first gear mesh component is evaluated at edfix
accelerometer were rotated based upon principtame index in the carrier shaft rotation corresgogdo
component analysis similar to the analysis by Tumdhe maximum of the average of the amplitude of the
[5]. For these data, a rotation matrix was comsédi analytic signals over all flights. By picking thechtion
separately for each of the gears, carrier and bevel of the maximum of the average analytic signal (see
applied to each separately. Each rotation matriweca vertical line in Figure 4), this location is expedtto be
from the covariance matrix of the gears timeat or near the passage of a planet gear by thersdhs
synchronous average for the entire eight flightseSe an arbitrary index, such as the first time sterewesed,
rotated signals will be referred to as PC1, PC2R@a. the amplitude of the signal could be very low
contributing to a noisier phase measurement.
Amplitude and Phase of First Gear Mesh
Component 20

The amplitude and phase of the first gear mes o

component are simple parameters relating to thpeshe @ g
of the vibration signal. By studying these, we start 3

to understand the effects of flight state uponghape 3 -10
of the vibration signal. Processing of the planeggar £
system is described, followed by processing ofidneel < 207
gear. ant

The planetary gear system generates vibrations aith  -40
complicated spectrum when measured at a sensat fix 5
on the transmission housing and not rotating wlith t
planet gears. References [12-14] contain descriptad
this complicated signal. Reference [14] descriles t
model that is used here to isolate the vibratignaii
associated with the first gear mesh harmonic of tr
planetary gear system.

a 2000 4000 5000 8000

Amplitude

To derive an amplitude and phase associated wih t
first gear mesh harmonic, first the analytic signa < Phase MeasurementHere

containing the frequency components near the ge 2000 4000 5000 3000
mesh frequency that contribute to the idealize
planetary signal is constructed. The analytic dignthe
analytic continuation of the real signal; the atialy

signal is a complex valued vector in which the et Synchronous Average, b) Time Synchronous

is the vibration signal and the imaginary part & t ayerage of selected frequencies around gear mesh
Hilbert transform of the vibration signal. For thefrequency.

OH58C, this analytic signal contains the even
harmonics of the carrier shaft orders from 78 tigtou

Time Index

Figure 4 Planetary System Vibration, a) Time



For the bevel gear, only the single frequency camepb
of 71 times the bevel shaft frequency is used topge
the amplitude and phase of the first gear shafnbaic.
The first gear mesh amplitude is the amplitude haf t
bevel gear mesh frequency in the spectrum. Theeph
of the gear mesh frequency is the phase of theytimal
signal at the first time index in the time synchoos
average.

average and filtered vibration signal for the beyehr.
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Figure 5 Bevel Gear Vibration, a) Time Synchronous

Figure 5 shows a sample time synchrong

Table 3 Fraction of Data Points Clipped

1 clip 2 clip 3clip > 3 clip
Accel 1 | 0.000E+0Q  7.003E-10 0.000E+0DO  0.000E+00
sl@ccel 2| 1.401E-09| 0.000E+0p 0.000E+D0 0.000E+00
Accel 3| 0.000E+00 0.000E+0p 0.000E+DO  0.000E100
Accel 4 | 2.526E-04| 7.594E-05 1.315E-06 0.000E+00
uscel 5| 0.000E+00 0.000E+0D 0.000E+PO  0.000E+100
Accel 6 | 2.941E-08| 1.401E-09 0.000E+DO 0.000E+00

Table 4 Fraction of Data Points with Plateaus

4 consecutive| 5 consecutive| >5 consecutive
points points points

Accel 1 1.996E-07 2.101E-09 0.000E+00
Accel 2 1.555E-07 2.101E-09 0.000E+00
Accel 3 8.333E-08 7.003E-10 0.000E+00
Accel 4 2.101E-09 0.000E+00 0.000E+00
Accel 5 1.646E-07 2.101E-09 0.000E+00
Accel 6 9.104E-09 0.000E+00 0.000E+00

Flight State Space

The flight parameters are assumed to have a redtip
with the vibration. The measured flight parametdsn
have some relationship to each other. The coroglati
coefficients among the parameters (Table 5) give an
indication of the linear relationship among the
parameters. Other aspects of the relationshipsbean
gleaned from the scatter plots in Figure 6. Thenmai
diagonal subplots in Figure 6 contain histogramshef
flight parameters. Even though revolution count loas
correlation with other flight parameters (Table 8)e

Average, b) Time Synchronous Average gear mesh other flight parameters have very systematic change

with revolution count because of the mission peofil

frequency.

Table 5 Correlation Coefficients among measured
Parameters found to be important in modeling
RESULTS amplitude of gear signal components.
Signal Quality Torque| RPM/| Height Rev | Ground | ROC
Count Speed

. Torque | 1.000 [ -0.619 [ -0262 | -0.055 | 0.426 0.593
A small amount of clipping occurred, mostly O Rrpm | -0.619 | 1.000 | 0498 | -0.027 | 0.096 | -0535
accelerometer 4. Table 3 lists the fraction of guaifnts | Height | -0.262 [ 0.498 [ 1.000 | -0.259 | 0.101 0.030
clipped; the columns group clippings by how manyRev | -0.055 | -0.027 | -0259 | 1.000 | -0.005 | -0.269
consecutive data points are clipped. A small nunatfer_SPeed | 0.426 | 0096 | 0.101 | -0.005 | 1.000 | 0.004
plateaus occurred. Table 4 lists the fraction ofada ROC | 0.593 | -05% | 0030 | 0269 | 0.004 | 1.000

points with plateaus. The plateaus are not extensiv

enough to indicate open or short circuit problems.
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Figure 6 Scatter plot of selected flight parameteror the first flight.

Amplitude and Phase of First Gear Mesh studied. First, findings for the planetary geartayswill
Component be shown.

Planetary Gear System The amplitude of the first gear mesh componentef t

. ) lanetary system increases with torque, for allhtig
Igr?]pngepr:Itt%ijeth:T/(;rigS:S;ea?; ;”eshgﬁtagvee?;ng?i#’ghts and six accelerometers. The first gear mesh

. component amplitude from accelerometers 1, 3 and 4
functional dependence upon torque. Although thgnd the PC1 and PC3 display a highly linear
vibration signal of the first gear mesh compondthe dependence upon torque as can be seen in uppén plot
planetary gear system is more complex with mor

. . Eigure 7. The amplitude dependence on torque on the
components, the dependence of its amplitude ansleph%tger channels aEceIeromeFt)ers 2, 5 and 6qand PC 2
upon the flight state is simpler than for the otigear ' ' '




contains curvature as can be seen in the upperoplot 1.5
Figure 8. Note the amplitude has a greater spreaidei
mid-torque range. This will be discussed in greate

detail with data from the bevel gear.

o
E 0.5
The phase of the first gear mesh component of tt
planetary system increases with torque, for allhtig 0
flights and six accelerometers. The reference tiare

the average is the pulse from the magnetic pickupea
rotor head. The rotor mast extends between thig-onc
per-rotation pulse generator and the planetary ge
system. As torque is applied to the system, thdt sh: 2
connecting the rotor head to the carriage on tr.&

47124

planetary gear system can be expected to experlerg 31416k

tortional strain. An increase in phase at the phaye
gear relative to the rotor head is consistent tattional
strain in the mast as the torque from the engine
transferred through the planetary gear before tter.r
The relationship of phase to torque looks quitedin
(lower plots in Figure 7 and Figure 8) with some
curvature on some channels. 0

g,

0
©
=
o

1.5708

To examine the relationships in greater detailedin
regressions of phase on torque and amplitude quéor
were made for the signals on all six accelerometacs
all three rotated signals across all flights. Tlopas and
the correlation coefficients are shown for all thes
regressions in Table 6. Note that all the corretetiare
high, especially for the phase.

1.5708

Phase, radians

-1.5708

Figure 8 Measures of Planetary System First Gear
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Mesh Harmonic for Accelerator 1.
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Table 6 Properties of Planetary System First Gear
Mesh Harmonic Dependant upon Torque.

Slope, Correlation, | Slope, | Correlation,
Amplitude Amplitude Phase Phase
Accel 1 0.0123 0.9308 0.0476 0.9817
Accel 2 0.0051 0.881 0.0314 0.9421
Accel 3 0.0175 0.9469 0.0492 0.9802
Accel 4 0.0059 0.8979 0.04884 0.9804
Accel 5 0.0077 0.8492 0.0262 0.9536
Accel 6 0.0075 0.9146 0.031 0.9699
PC1 0.0078 0.9312 0.0471 0.9799
PC 2 0.0082 0.8637 0.0284 0.9614
PC 3 0.0048 0.8426 0.03§ 0.9743
Bevel Gear

The relationship of amplitude and phase of the §esar
mesh harmonic of the bevel gear is more complicate
than for the first gear mesh component of the page
gear system.

The amplitude of the bevel gear mesh frequenc
component increases sharply at the lower torqueldev
below about 15% for all eight flights and all 6
accelerometers. Above about 20% torque the amplitus
decreases then increases. A local maximum in ge
mesh harmonic amplitude exists in the 15% to 20¢
torque range for all accelerometers and flightse Th
location, depth and steepness of the local miniarg v
among the signals from the six accelerometers. F
accelerometer number 1, the local minimum is broa
and located around 60 through 80 % torque, seerupg
plot in Figure 9. Local minima on the other
accelerometers are more pronounced. On accelerome
number 3, the minimum is near 43% torque (uppet plt
Figure 10); on accelerometer number 4, the miningim
near 41% torque (upper plot in Figure 11); and

regions as with the planetary gear. For all of the
accelerometers except the first, there is a torqnge

with either flat or steeper phase at the same ilmtats

the local minima in amplitude. The general upward
trend of phase with torque has about the same slope
above and below the torque range with flat or steep
phase. When examined in some detail, the difference
between the two generally linear parts of the terqu
phase curve is about a jump of abowtdians.

The jump in the phase curve is believed to be due t
change in the vibrational response of the structure
resulting in the accelerometer being on one side of
node below the jump and the other side of a nodeeb
the jump.
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op. .
accelerometer number 5, the minimum is near 35(%|gure 9 Measures of Bevel First Gear Mesh

torque (upper plot in Figure 12). In all casese th

armonic for Accelerator 1, Flight 2.

amplitude between about 60% and 80% torque shows a
larger range; the amplitude data appears to be spli

between an upper and lower range in the 60% to 80%
torque region.

The relationship between the phase of the bevel gea
mesh frequency and torque is even more complex. In
general, the phase increases as torque increates wi
steeper slope than for the first gear mesh comgaofen
the planetary gear. Several systematic deviatioos f
the general upward trend occur. For all signalsthi
torque region of about 45% to 80%, the phase values
have a broader range and appear to split into two



Amp, g

7854 F

5.2832
47124

31416

Phase, radians

-1.5708
-3.1418

47124

Figure 10 Measures of Bevel First Gear Mesh

1.5708 T

0 20 40 60 80 100

Torque, %

Harmonic for Accelerator 3, Flight 3.

5]

Amp, g

0
94248

7.854 r
2832 r

47124
31416
1.5708

-3.1418
47124
-6.2832

Phase, radians

-12.5664
-14.137¢2

Figure 11 Measures of Bevel First Gear Mesh

O -
-1.5708 1

-7.854
-94248 7
-10.9956 - #

0 20 40 60 80 100

Torque, %

Harmonic for Accelerator 4, Flight 1.

7.854
5.2832
47124 1
314161
1.5708

-1.5708
-3A418
471247
-6.2832 1

-7.854
-94248

Phase, radians
L]

Torque, %

Figure 12 Measures of Bevel First Gear Mesh
Harmonic for Accelerator 5, Flight 2.

A larger range of values of the phase and amplitfde
both the planetary first gear mesh component andlbe
gear mesh frequency exists over the range of &ibta
80% torque. Also, the data over this torque rangid

like it could be split into two separate groups. To
investigate these observations, some cluster amlys
were done on the phase data. Over limited torque
ranges, the phase was fit to a linear curve, ara tw
clusters were fit to the residuals by the k-means
clustering method [15]. The amplitude and phaseewer
then both viewed as functions of torque, RPM, ROC
and speed for the two clusters. The clusters wauwad

to belong to two very different fight regimes, onéh

the helicopter in climb at a lower ground speedhwit
lower RPM, and the other with the helicopter indev
flight at a higher ground speed with higher RPMyuUre

13 shows the two clusters for one example.
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Figure 13 Cluster Analysis for Flight 1 Acceleromegr 1, dark + = level flight, light square = climb & lower

speed.

DISCUSION
Summary of Findings

1. The amplitude and phase of the first gear mesh
components of both the planetary gear system
and bevel gear display strong functional
dependence on the torque.

2. Regarding amplitude of first gear mesh
component:

a. Amplitude of the first gear mesh
component of the planetary gear
system displays very high linear
dependence on torque, increasing as
torque increases.

b. Amplitude of the bevel gear mesh
frequency shows highly nonlinear

functional dependence upon torque
with a local maximum and minimum
in the torque range. The location,
steepness and depth of the local
minima vary with accelerometer.

3. Regarding phase of first gear mesh component:

a.

Phase of the first gear mesh
component of the planetary gear
system displays very high linear
dependence on torque, increasing as
torque increases.

Phase of the bevel gear mesh
frequency contains a strong linear
component dependant upon torque.
Measurements on five of the six
accelerometers also contain a
nonlinear component to the phase
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variation with torque. This nonlinear inside the structure, the more complicated the
component is either a section with ainterference pattern becomes. Any changes in the
steeper slope or a section with flatfrequency, force location, stress tensor decomposit
slope and wider range. The location ofor boundary conditions result in changing the
the nonlinear component coincidesinterference pattern. At some locations in the
with the local minima in the interference pattern, called nodes, there is zespanse.
amplitude of the bevel gear meshThe response on one side of a noda fadians out of
frequency. phase with the response on the other side. Theopeap
explanation for the jumps in phase is that in dightf
4. Wider ranges in the phase and amplitudstate the accelerometer is on one side of a nodiénaam

values were observed in the torque range dfifferent flight state the accelerometer is on tther

about 45% to 80%. The wider range was spliside of the node due to changes in the interference

with a cluster analysis into a region of levelpattern.

flight and another region of climb at lower

speed. Dynamic Response at Accelerometer

Implications of Findings to HUMS The transfer functions measured in the tap testaare
indication of how the accelerometers mounted on the
The signal shape variations found in this studyehauwransmission will modify the signal. The measured
relevance to the construction of time synchronousansfer function is not the transfer function frahe
averages, the interpretation of gear fault detactiogear vibration source to the accelerometer, se itat
metrics and to the development and refinement wit fa appropriate to use measurements from the tap dest t
detection in flight. In order for time synchronouscorrect the measured vibration signal. The utiiifythe
averaged data to properly represent the vibratdnlse tap test is to estimate the extent of the effecthef
gear under consideration, the phases of the sippefttyy  transducer mounting to the signal. The resonarmewdf
averaged (time shifts in the signals) must be échito in the tap test, indicate the vibration signal wik
reduce cancellation of the signal components by tremplified at some frequencies due to the accelei@me
averaging process. For example, if two signalshef t mount.
same amplitude and a phase shift Tofradians are
averaged together, they will exactly cancel outheacAlso, if the connection between the accelerometer
other. In order to minimize the phase range of aign mount and the transmission changes, the changes need
when constructing an average, limits must be plawed to be considered in fault detection schemes. Tiwngt
the torque range and the flight condition, andnfligtate  vibration could loosen the connection between the
regions of wide phase variation and low amplitudestm accelerometer and transmission, thus moving
be avoided. The torque range limit depends upon tlesonances and changing the transfer charactsristic
slope of the phase, which differed for the two geathe transducer.
systems.
Flight State Space
Elaboration of Proposed Phase Jumping
Explanation The parameters describing the flight state spaee ar
limited to those available in this helicopter
In any dynamic, force driven system that suppodsev configuration. The inclusion of other parameters is
propagation, a dynamic force applied at one locatiodesirable. We know from previous investigation &t
produces different responses at different locatidie sideways flight produces a marked change in the
response to the dynamic force at one locationdssttim vibration signal, so aircraft based direction anddar
of the direct propagation of a wave plus all of theneasurements are desirable. It is highly likelyt tie
reflected waves. In the case of structures, sucthias turbulence induced vibration of the helicopter
transmission, which support multiple types of waveénfluenced the measured transmission vibration,aso
propagation, there will be more than one direct avav turbulence measurement is also desirable.
The multiple, discrete frequency waves propagating
through the structure will form interference pattethat CONCLUSIONS AND FUTURE RESEARCH
depend upon the frequency, stress tensor deconguosit
and location of the driving force, the shape of thén flight vibration measurements from an OH-58C
structure and all of the boundary conditions on thgansmission were studied. Changes in the basipesha
structure. The interference pattern contains localf the vibration were studied by a detailed exaniima
maxima and minima. The more wavelengths that fit



of the amplitude and phase of the first gear mesh
components of the planetary gear system and bevel
gear. Findings are listed below:

1) The amplitude and phase of the first gear medqi]
components of both the planetary gear system
and bevel gear display strong functional
dependence on the torque.

2) The phase variation in the signal must bg2]
considered when making time synchronous
averages. Torque must be limited and the flight
state limited to ensure a narrow phase range.
The specific limitations will depend upon the
gear and the transmission. Some flight regiong3]
will need to be avoided for some gears.

3) The linear component of the phase variation
with torque is most likely due to strain in the
shaft(s) connecting the gear to the timing
signal.

4) Nonlinear components to the phase variatiof¢]
containing wider phase variation and/or range
with torque could be due to interference effects
in the propagation of the vibration from the
source to the accelerometer. Multiple waves
may occur due to multiple wave types
(compressing and shear) and/or direct plufd]
reflected waves.

Current plans include adding inertial measuremémts [6]
the OH-58C and working with an UH-60L. The next
step in studying the changes in the basic shapéeof
vibration is to examine their effect on gear faun#trics.
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