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Gear Fault Detection in Rocket Engine Turbomachinery

S.J. DiMaggio,*S. Rubin,” and B. H. Sako*
The Aerospace Corporation, Los Angeles, California 90009-2957

A method for detecting anomalous gear behavior in rocket engine turbomachinery during acceptance hot firing
is presented. The diagnostic procedure is based on a cepstrum analysis of steady-state gearbox accelerations. In
this application, the cepstrum is defined as the inverse discrete Fourier transform of the log of the two-sided
autospectral density. The vibration measurements used in the analysis are acquired during static hot fire tests
from accelerometers mounted on the external surface of the turbopump gearbox. Following the ground tests,
the cepstrum technique is used to provide insight into the differences between turbopumps that have functioned
nominally and those with out-of-family signatures. The effectiveness of the method is demonstrated by comparing
analysis results from an engine in good condition with a similar engine that suffered complete gear failure during its
development test. This example is used to suggest that the cepstrum method cannot only help detect out-of-family
vibration characteristics, but can also provide insight into the nature of a defect. A source mechanism is proposed
to explain the unique spectral characteristics that appear due to the presence of the gear fault.

Nomenclature
A = amplitude of force input, Ibs
A = amplitude of force input, Ibs*>/Hz
C,, = outputcepstrum
F = inputforce, Ibs
F = autospectral density (ASD) of input force, 1bs?/Hz
fx = discrete frequencies, Hz
frox = frequency of liquid oxygen (LOX) shaft rotation, Hz

Iu natural frequency, Hz

H, = systemdefecttransfer function

H; = systemi transfer function

H* = conjugate transpose of H;

J = integers

N = number of data values per segment

n = outputnoise, g

ny = number of segments per data record
S;s = ASD of defectinput, g%/Hz

Si; = ASD ofinputi g?/Hz

Sy = cross-spectraldensity of i and k, g*/Hz
S.. = ASD of noise, g?/Hz

S,, = ASD of output, g>/Hz

S;’V = ASD of defect output, g>/Hz

S;’\ = ASD of nominal system output, g>/Hz
T = length of single data record segment, s
X,, = Fourier components of mth record

X; = multiple inputs, g

y = output,g

V4 = output due to defect, g

o = pseudoaccelerationscale factor

At = samplingrate, s

3 = dirac delta function

S = coefficient of critical damping

T = periodic time, s

37! = inverse discrete Fourier transform operator
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Introduction

O gain insight into the behavior of a rocket engine prior to

flight, vibration response data are acquired during acceptance
tests known as static firings or hot runs. During these runs, the
engine is fixed in a test stand and ignited. The steady-state data ac-
quired are then analyzed to determine quantitative parameters that
are used to assess an engine’s vibration signature. In many cases of
rotating machinery analysis, particular vibration signatures are re-
lated to specific types of component defects. For example, discrete
gear tooth defects are often characterized in the frequency domain
by the appearance of spectral components at higher order harmon-
ics of the speed of the shaft upon which the faulty gear is located.
It appears that the cepstrum analysis method, in addition to being
helpful in detecting anomalous vibration signatures, also provides
a diagnostic capability that gives information as to the nature of a
defectso that proper corrective actions can be implemented. The use
of the cepstrum method to detect and operate on a periodic family
in the frequency domain has evolved'? since its first introduction
as the autospectrum of the logarithmic autospectrum? In this pa-
per, the cepstrum is implemented as the inverse discrete Fourier
transform (IDFT) of the log of the two-sided autospectral density
(ASD). Regardless of the form of the cepstrum used, the benefit of
the method is its ability to detect and quantify periodic families in
the frequency domain.

Vibration measurements are commonly used in many industries
to evaluate the condition of rotating equipment.*~” There are many
references®™!! thatdiscuss the relative merits of different techniques
for detection and diagnosis of various types of machinery defects.
A comprehensive listing of all of these references is, however, be-
yond the scope of this paper. This review of the relevant literature
will focus on the cepstrum method and on detection of gear faults
similar to the example that will be presented herein. The simplest
fault detection techniques use the change in statistical properties
of the vibration signal itself as a measure of engine health. Rel-
evant vibration parameters that have been used include both the
root mean square value'? and the kurtosis.!® While these parame-
ters provide a single number that can potentially indicate a defect
in the system, they cannot identify the source leading to a change
in vibration level. Some gear fault detection methods'? use the an-
alytic (envelope) signal to provide information on the modulation
of the gear mesh frequency (GMF). Because the operating speeds
of rocket engine turbopumps are extremely high, measurement of
the vibration environment up to the GMF is often beyond the ca-
pability of the data acquisition instrumentation, as will be the case
in the example presented in this paper. More recently, the use of
wavelet transforms has been proposed for gear fault detection.!*
References9 and 10 providea good overview of a variety of methods
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Fig. 1 ASD for static firing of a turbopump during nominal operating
conditions.

used specifically to identify gear defects. A comprehensive review
of the methods used in general machinery analysis and monitoring
is given in Ref. 15.

Ground Test Data

The purpose of this paper is to propose a method that uses vi-
bration measurements acquired during static firing tests to develop
screening parameters that are related to the condition of turboma-
chinery components. These parameters are developed by operating
onan accelerationmeasured during steady-statetest conditions. The
main difficulty is that these measurements are acquired on the exte-
rior of the gearbox and, thus, vibrations induced by small defectsin
the internal components are often hidden within the high amplitude
signal that is inherent in nominally operating rocket engines.

A representative ASD plot correspondingto a 4-s time frame and
data acquired at a rate of 25,575 samples per second is shown in
Fig. 1. These data were acquired during the final static firing of a pro-
duction engine that operated nominally during its acceptance tests
and later performed successfully during flight. The ASD is calcu-
lated via the finite Fourier transform method using 8192 data points
and a Hanning window to suppress sidelobe leakage. Several dis-
tinct peaks can be seen in the low frequency regime that are a result
of known forced system responses due to shaft rotation. Depending
on the constructionof the turbopump, other forced responses due to
rotating components or flow-induced vibrations are often observed.
In the case of this engine, the ASDs did not change significantly
over the series of hot runs performed.

The results from the aforementioned engine will be compared to
results obtained from a similar development engine that exhibited
a failure of its liquid oxygen (LOX) gear at the end of a series
of twenty-seven static firings. In the following sections, the final
three static firings, denoted SF25, SF26, and SF27, will be used
to demonstrate the method proposed in this paper. Subsequent to
the failure during SF27, analysis and laboratory testing attributed
the failure to a fatigue crack that progressed from the root of a
single tooth on the LOX gear. Thus, the theoretical development
will focus on developing a source mechanism that correlates the
vibrationinducedby a discrete gear tooth fault to the unique spectral
characteristics that appear in SF25-SF27.

Theoretical Development

This section focuses on the developmentof a simple input-output
model that will be used to suggest a source mechanism for the
spectral characteristics observed on an engine with a gear tooth
fault. Following directly from Ref. 16, consider a data record x(¢)
thatis divided into n, contiguoussegments of length 7'. Each record
segment X, () can be represented in digital terms, with a sampling
interval of Az, by N data values {x,,,}, wheren =0, ..., N — 1 and

m=1,...,n,. The two-sided ASD is then defined
ng

1
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where X, are the discrete Fourier components of the mth record.
In all cases where the ASD is presented graphically, the one-sided
ASD will be used.
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Fig. 2 Multi-input single-output (MISO) system.

As suggested in the abstract, measurements obtained from a par-
ticular accelerometer, or output, mounted on the exterior of a rocket
engine turbopump are used to aid in the development of screen-
ing criteria for an engine. This output is a function of the vari-
ous vibration-producing mechanisms, or inputs, within the gear-
box. Therefore, this system can be described using the multi-input
single-output (MISO) model shown in Fig. 2. For a more detailed
derivation of the MISO model that follows, the reader is again re-
ferred to Ref. 16. Consider g transfer functions for the constant
parameter linear systems H;(f), i =1, ..., g, with g inputs x;(?),
i=1,...,q, and one output y(¢). The output noise term n(t) ac-
counts for all deviations from the ideal model, which may be due
to unmeasured inputs, nonlinear operations, non-stationary effects,
and instrument noise. Assuming that n(¢) is uncorrelated with each
x; (1), the basic frequency domain relation between the output ASD
andthei=1,...,q input ASDs is

q q
Sy() =D Y H(OHOSK() +Su(f) @

i=1k=1

where S (f) is the cross-spectraldensity functionof x; () and x, (¢),
H* is the conjugate transpose of H, and S, (f) is the autospectral
density of the noise.

Now consider a system whose output ASD is the summation of
contributionsfrominputsx; (t),i =2, ..., g, due to nominal system
operation and a single input x; (t) = x,(¢) that is the result of some
defectin the system. This system is approximated by assuming that
the input arising from the defect is uncorrelated with the inputs
due to nominal system performance. In mathematical terms, this
approximation means

Sai(f) = Sia(f) =0,
Substituting Eq. (3) into Eq. (2) yields

i=2,....q 3)

q q
Sy (f) =D HHH(HSuF) + Suu () + Ho ()P Sua(f)
i=2k=2
@)

where Sy, (f) is the input ASD resulting from a defectin the system.
Equation (4) can be rewritten

Sy (f) = 8 () + 84 () 5)

where the part of the total output ASD resulting from noise and
nominal system operation is

q q
SL) =YY HOHOS () +Su(f)  (©

i=2 k=2
and the contribution from the defectis
Se.(f) = 1Ha())*Saa(f) @)

Equations (5-7) show that the output ASD is a summation of contri-
butions from nominal system operation, noise and the contribution
from the defect in the system. Note that S,,(f), or the ASD of the
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defect input, is amplified or attenuated by the magnitude of its as-
sociated transfer function | H; (f)|?. This relationship is important
becauseit shows how a relatively low-level input phenomenon aris-
ing from a minor defect can be detected in the vicinity of a system
resonance. A succinct discussion on how this amplification effect
can be used to detect defects in turbopump bearings is given in
Ref. 17 and is reviewed here as it applies to gear fault detection.

In the case of a defect in a gear tooth, a fundamental problem in
detecting the anomaly using vibration measurements acquired on
the pump housing is that the change in vibration level due to the
small defect is often masked by nominal turbopump response at the
fundamental defect frequency. If the force induced by a defectin a
gear tooth is characterizedby a short-durationimpulse, however, the
resulting energy will be spread across a wide region of the output
spectrum. This situation is similar to that which is encountered in
structural modal testing in which the structure is excited by a short
duration force impulse that is meant to excite system resonances
across a wide frequency band. The resonances that are excited de-
pend on the impulse location and the amount of energy imparted
to the system. Similarly, the impulse induced by the gear tooth de-
fect can excite certain system resonances, and thus be amplified,
across a wide frequency range. In this sense, the structural sys-
tem itself acts as a mechanical amplifier for detecting the presence
of the defect. Furthermore, because the response to the impulse is
spread across a wide spectrum, detection techniques can be focused
in frequency regimes where the defect is not masked by nominal
vibratory response of the pump. The use of system resonances to
amplify defects is also discussed in Ref. 18 as it applies to bearing
fault detection. Based on the model proposed in Fig. 2, an addi-
tional consequenceof the system resonance amplificationis that the
signal-to-noiseratio for the output due to the defect is increased in
the vicinity of the resonance.

One goal of a turbopump vibration diagnostic routine is to deter-
mine the nature of a defect by monitoring the change in output char-
acteristicsof the accelerometer.In this case, that means being able to
relate a changein Sy, (f) to a known defect condition. In the MISO
model proposed, the input and output contributionsi =2, ..., g are
associated with nominal system operation. It is therefore reason-
able to expect that, for consistent operating conditions, any major
deviationin the total output, or Sy, (f), will be a result of the single-
input, single-output (SISO) defect system (i =1 =d) described in
the frequency domain by Eq. (7). Therefore, concentrationis placed
on postulating a defect SISO that can be shown to correlate with a
change in the output vibration spectrum for SF25-SF27.

To understand the transmission path effects between the defect
location, or LOX gear, and the accelerometer, system identifica-
tion methods such as tap tests and analytical analyses including the
gearbox could help in estimating the transfer function H,( f) asso-
ciated with the defect SISO. In the case of the following example,
these results were not originally available due to constraintsbeyond
the analyst’s control. Therefore, a simple single degree-of-freedom
(SDOF) modelis proposedto characterizethe defect SISO. It should
be understood that this model is not intended to be a physical rep-
resentation of the turbopump but, rather, is a means by which the
transfer function associated with the defect can be mathematically
described. This SDOF model is governedby the following equation:

Ya+25Quf)ya+ Qufi)ya = (1/m)F ®)

where F is the force input induced by the defect and y, is the
defect contribution to the total response acceleration. The transfer
function relating the input and output is characterized by the nat-
ural frequency f,, the coefficient of critical damping ¢, and the
system mass m. An estimate of the natural frequency that best
describes the physical system is made by performing a waterfall
analysis of the SF25 shutdown time transient shown in Fig. 3. The
SF25 transient is presented in a max-mean-min format that essen-
tially provides the envelope and mean of the time history within
20 ms time intervals. The contour waterfall plot of spectral density
for this transient is shown in Fig. 4, in which the lightest regions
represent the highest spectral density. Between 182 and 183 s the
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Fig. 3 Shutdown transient for SF25.

Fig. 4 Contour water-
fall plot of SF25 shutdown
transient.
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engine is shut down and the high-amplitude forced responses due
to shaft rotations and flow-induced vibration are no longer evident.
Following the shutdown, however, significant vibration at system
resonances can still be observed in the regions of 4200 Hz and, to
a lesser extent, at other frequencies. Because the relatively wide-
band peak at 4200 Hz appears consistently in the shutdown water-
fall plots, regardless of engine operating condition, it is believed
that the 4200 Hz resonance is probably a gearbox housing struc-
tural resonance. This belief is reinforced by the observation that
the measured output ASDs at all observed operating conditions
are characterized by a shape containing a wideband maximum at
4200 Hz (see Fig. 1). Therefore, this structural resonance is be-
lieved to be in the transmission path between all mechanical and
flow-induced inputs and the output. This belief has been further
reinforced by results obtained from a tap test of limited scope in
which 22 locations on the turbopump exterior were impacted with
an instrumented force hammer. Regardless of impact location, the
frequency response function magnitude relating the accelerationre-
sponse on the gearbox to the short duration force impulse was con-
sistently characterized by a peak at 4200 Hz that dominated the
spectrum. Thus, due to lack of additional system identification in-
formation that could be used to uniquely define the defect SISO,
a value of 4200 Hz is used for the natural frequency of the SDOF
defect model. Note that the frequencies observed in the waterfall
contours are actually the damped natural frequencies of the system.
For this applicationand at critical damping values of less than 10%,
the difference between damped and undamped natural frequencies
is negligible. A value of ¢ =0.04 is used for this system based on
curve-fitting the results of this theory with ground test results to be
presented in a later section. Values for ¢ from 0.01 to 0.10 were
investigated, with the value of 0.04 seeming to best fit the actual
data. At this point, the SDOF transfer function magnitude squared,
or |Hy(f)|?, is defined for a unit mass of 1 pound as shown in
Fig. 5.

Now considera LOX gear containing a tooth defect that induces
a short-durationforce impulse once per revolution of the LOX shaft.
Mathematically this means that the forcing function is defined

F(t) = AS(t — j/frox) C))

where A is the amplitude of the force impulses, § is the dirac delta
function, j is any integer, and fiox is the frequency of rotation
of the LOX shaft. This input forcing function is characterized by
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Fig. 5 Transfer function magnitude squared for SDOF defect model
with unit mass.
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Fig. 6 ASD of SDOF response to series of impulses for o = 100 plotted
on the same scale as the healthy turbopump ASD of Fig. 1.

constant amplitude impulses spaced at the reciprocal of the LOX
shaft rotation rate. The corresponding ASD of this defect input is
characterizedby energy spread across the entire frequency spectrum
and contained in constantamplitude spikes located at the fundamen-
tal and integer multiples of the LOX shaft rotation rate. Mathemat-
ically, this ASD can be defined

F(f) = AS(f — jfuox) (10)

where A is the amplitude of the spikes in the ASD. The response
of the SDOF oscillator to the input in Eq. (9) is governed by the
following equation:

Ja +26Quf)ya + Quf) ya = ad(t — j/ frox) (1)

where o = A/m is a scale factor that can be thought of as a pseu-
doacceleration that depends on the amplitude of the force impulses
and the unknown system constant associated with the reciprocal of
the SDOF’s mass. The time domain response of the SDOF oscil-
lator, described mathematically by Eq. (11), is characterized by an
exponentially decaying oscillatory response at the 4200 Hz natu-
ral frequency that repeats at the impact spacing of 1/fiox. Using
Eq. (7), notice in the frequency domain that the output ASD due
to the defect, or Sd (f), is the product of the input defect ASD
and its associated transfer function magnitude squared (shown in
Fig. 5). This output ASD due to a theorized LOX gear defect at a
shaft rotation rate of f ox =241 Hz and a pseudoaccelerationlevel
of @ =100 gs is shown in Fig. 6 with a dotted line. To facilitate
discussions later in the paper, the ASD of the nominally operating
turbopump (shown in Fig. 1) is also presented in the figure with
a solid line. While it may initially be counterintuitive, Fig. 6 indi-
cates that the contribution to the output spectrum due to the defect
is smallest at the fundamental defect frequency and largest at signif-
icantly higher frequencies near the system resonance. Figure 6 also
shows that the change in S, (/) due to a defectin a LOX gear tooth
can be characterizedby an increase in the spectrum at fundamental
and integer multiples of the LOX shaft rotation rate. Furthermore,
the increase at these LOX harmonics will not be uniform across
the spectrum but, rather, will be amplified and/or attenuated by the
transfer function associated with the defect.

The consequence of this non-uniform increase is that the defect
signal-to-noise ratio will be largest in the regions surrounding the
system resonance and smallest at the fundamental frequency of the
defect. It is therefore reasonableto expectthat, if a gear fault were to
existin an actual turbopump, the harmonics of the defect frequency
would be most evident near the system resonance. This relationship
is also indicated in Fig. 6 by observing that the peaks due to the the-
orized defect are larger than the ASD levels corresponding to nom-
inal system response only in the region of the structural resonance.
It will be shown that this region is the one in which the LOX gear
harmonics first appearin the actual engine containing the gear fault.

In order for a particular mechanical or flow-induced input to be
amplified by the 4200 Hz resonance, it must have an inputspectrum
containing energy at that frequency. On the one hand, inputs associ-
ated with nominal operation of the turbopump consistently contain
energy in the lower frequency regime whereas the energy content
in the higher frequency regime (ie. near the 4200 Hz resonance) is
typically not as large. On the other hand, the short duration, albeit
low amplitude, inputs that characterize the disturbance induced by
a discrete gear tooth defect are characterized by a spectrum with
potentially significant energy content at higher frequencies. In fact,
as one approaches the theoretical dirac delta input that is proposed
in Eq. (9), the energy contentis equally distributed across the entire
frequency range and is contained in spikes at the fundamental and
integer multiples of the defect frequency. By virtue of this argu-
ment, it can be suggested that identification of defects near 4200 Hz
may be more effective because the defects are not hidden or masked
by the inputs due to a nominally operating engine (as they might
in the lower frequency range). Therefore, it is suggested that gear-
box acceleration outputs be processed over a frequency range that
includes system resonant frequencies that may be helpful in identi-
fying faults. As a case in point, prior to the failure described in this
paper, data analysis was carried out only to 2000 Hz, a procedure
that reduced the ability to detect impending failure, as will be seen
in the next section.

Gear Failure Example

As previously mentioned, actual ground test data from static fir-
ings SF25-SF27 are used to assess the defect model postulated in
the previous section. Recall that this engine was characterized by
a complete failure of its LOX gear at the end of SF27. It is postu-
lated that, as engine operating time increased from SF25 to SF27,
a local LOX gear tooth defect grew until the gear failed. It is also
suggestedthat, as the defectevolved, the force induced by the defect
consequently increased. In relation to the theoretical development
in the previous section, these relationshipsimply that, as the defect
becomes more severe, the amplitude A of the force impulses defined
in Eq. (9) and thus, the scale factor « in (11), become larger. The
solid lines in Figs. 7-9 are the output ASDs taken during consis-
tent operating conditions for SF25-SF27 respectively. Additionally,
the dotted lines in Figs. 7-9 show the ASDs corresponding to the
theoretical contribution of the defect for values of &« = 70, 100, and
200 gs respectively.In these three figures, the rotation rate, and thus
the defect impulse rate, of the LOX shaftis approximately 241 Hz.
Recall from Egs. (4-7) that the theoretical portion of the figures is
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Fig. 7 Comparison of SF25 ASD with theoretical prediction of defect
contribution corresponding to a = 70.



DIMAGGIO, RUBIN, AND SAKO 229

LN I B L I B

ASD (g*/Hz)

‘
'
]
¢

'
'
'
'
'
'
'
I
' 4 ' [
R A T A A P k R
RIS LN B I T Sl TR LU PRI BTN

0 1000 2000 3000 4000 5000 6000 7000
Frequency (Hz)

Fig. 8 Comparison of SF26 ASD with theoretical prediction of defect
contribution corresponding to o = 100.

TT [T TIE

ASD (g’/Hz)

h
|
'
|
I
'
s
'
‘
‘
il

i r:}\””: “I %“\ ;“\‘I bl Lot ™ :E K e
0 1000 2000 3000 4000 5000 6000 7000
Frequency (Hz)

4
[T
TR

Fig. 9 Comparison of SF27 ASD with theoretical prediction of defect
contribution corresponding to o = 200.

the defect’s contribution to the total ASD. This portion of the re-
sponse must be added to the ASD of the nominally operating system
to get the total ASD of the output. Also, recall that an ASD for a
nominally operating engine is shown in Fig. 1. Note the increase
in amplitude of the spectral components corresponding to integer
multiples of the defect frequency as engine operating life increases
from SF25 through SF27. These spectral components are indicated
with arrows in Figs. 7 and 8. Further, note that the initial and most
pronounced changes occur not at the fundamental defect frequency
(241 Hz), but, rather, above 2000 Hz, as the frequencies increase
toward the system resonance identified using the waterfall contour
plot of Fig. 4. In fact, the spectral lines corresponding to the fun-
damental frequency of LOX shaft rotation and its lowest harmonics
do not appear to increase at all until SF27. This is consistent with
the theoretical development.

Based on the results presented in Figs. 7-9, it appears that the
postulatedmodel provideshelpfulinsightinto the physics of the pro-
cess. There are two possible reasons why the hypothesized model,
involving an ideal delta function force and a single transmission
resonance of 4200 Hz, leads to an overestimation of defect-based
harmonics above the 4200 Hz range relative to those in the 2000~
4200 Hz range (see Figs. 7-9). One reason is that the use of an
SDOF model may lead to an overemphasisof the frequencyresponse
function associated with the defect in the region near 4200 Hz. The
other possibilityis that the defect forcing function has a very short,
yet finite, pulse duration, rather than the assumed ideal delta func-
tion. This may, in turn, lead to a frequency spectrum characterized
by spectral components with diminished amplitudes at frequencies
above 4200 Hz. Nevertheless, the model presented does lead to re-
sults that provide reasonably good correlation with the actual data.

Cepstrum Method

Although the change in visual characteristics of the ASD is help-
ful in providing a qualitative indication of a potential defect, it is
desirable to quantify the degree of abnormality of the vibration sig-
nature. Itis further usefulif this abnormality can be quantified using
a single parameter that can be stored in a database and used to make
comparisons between those engines that have operated nominally

and those engines that have exhibited known defects. The cepstrum
method is presented as a technique that provides a single quantita-
tive parameter that appears to be related to the presence and growth
of a discrete gear tooth defect.

In many cases of machinery analysis, fault developmentappears
in the frequency spectrum as a family of harmonics or sidebands
that are spaced at multiples of the fundamental frequency of the dis-
turbance induced by the defect. This relationshipwas demonstrated
in the previous section for the particular case of a LOX gear tooth
defect. The cepstrum method has been used to detect and quan-
tify these harmonics in cases of damage to both rolling-element
bearings'® and gears2’~?? As a gear fault evolves, the harmonic pat-
tern in the ASD can often be identified visually, as shown in the
previous section. By performing a cepstrum analysis, however, the
strength of an entire family of harmonicsis expressedin one compo-
nent in the cepstral domain. Using the cepstrum can aid the analyst
in quantifying the severity of the defect and monitoring the defect
evolutionusing the magnitude of a single cepstrumcomponent. Two
additional advantages of using the cepstrum are that the frequency
spacing of a periodic family can be precisely determined, and the
appearance of harmonics can often be detected earlier than by using
visual inspection of the ASD.

The form of the cepstrum used by different researchers tends to
vary depending upon the specific application. After investigation
of several cepstrum implementations, the form of the two-sided
cepstrum, consistent with the notationin Eq. (1), that is used in this
paper is defined by

N/2

C,y @) =3 (loglS,, (SOl = A Y (loglS,, (f)lle’™

k=—N/2+1
n=-N/2+1,...,N/2 (12)

at the discrete periodic times 7, =n/NAf where Af is the line
spacing of the ASD and I~! denotes the inverse discrete Fourier
transform operator. Note that the cepstrum differs from the autocor-
relation function only by virtue of the logarithmic conversion of the
ASD before the IDFT is performed. Since the cepstrumis the IDFT
of a function of frequency, its independent variable 7, is actually
time. The parameter 7,, however, can better be thoughtof as a delay
time, as for the autocorrelation function. Therefore, although most
researchersrefer to 7, as “quefrency,” it seems more appropriate to
use the term “periodic time,” as suggestedin Ref. 2. Note that, if the
log of the ASD is periodic in nature with a frequency spacing of f»,
the contribution of all of the harmonics will be concentrated in the
single cepstrum component C,, (tp) at a value of 7p =1/fp. The
cepstrum defined in Eq. (12) is a real-valued, two-sided, even func-
tion that is computed using the two-sided ASD defined in Eq. (1).
Whenever the output cepstrum is presented graphically, however,
the magnitude of only one side will be shown.

Most analysts use the one-sided ASD and the one-sidedcepstrum
for computation purposes. By using the two-sided ASD in the cep-
strum definition in Eq. (12), however, the resolution of the cepstrum
is increased by a factor of two, while the characteristicsof the ASD
itself remain relatively unchanged. This resolution is important in
the current application of the cepstrum due to the high operating
speeds of the turbopump and the wide range of component defect
frequencies that are of interest. In what follows, the magnitude of
the two-sided cepstrum components, or |C,,(z,)|, will be used to
identify and track the LOX gear fault of the previous section. To
establish a baseline, the cepstrum corresponding to the nominally
operating turbopump ASD shown in Fig. 1 is presented in Fig. 10.
The absence of an identifiable peak at the LOX periodic time in the
figure should be noted.

The cepstrumplotscorrespondingto the ASDs shownin Figs. 7-9
are presented in Figs. 11-13 respectively. Notice the increase
in the cepstral component corresponding to a periodic time of
1/fLox =0.00415 x 1073 s. These plots indicate that this compo-
nent is related to the growth in the frequency domain of the spectral
components at fundamental and integer multiples of the defect fre-
quency. Furthermore, by virtue of the previous correlation between
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Fig. 10 Cepstrum for nominally operating turbopump. Note the ab-
sence of a significant cepstrum component corresponding to the recip-
rocal of the LOX shaft frequency (1/241 or 0.00415).
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Fig. 11 Cepstrum for SF25. Note the emergence of the defect-induced
component.
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Fig. 12 Cepstrum for SF26. Note the growth of the defect-induced
component.
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Fig. 13 Cepstrum for SF27.Note the continued growth of the cepstrum
component corresponding to the reciprocal of the defect frequency.

the growth of these harmonics in the spectral domain and a defect
in the LOX gear tooth, this single parameter, therefore, appears to
be related directly to the evolution of a LOX gear fault.

A major benefit of the cepstrum method is its ability to provide
insight into the nature of a defect, as opposed to indicating only
that a problem exists. More specifically, the periodic time at which
the cepstrum component grows is directly related to the frequency
of the particular shaft containing the defect. If there were a defect

in a gear tooth on a shaft other than the LOX pump’s, it would be
reasonable to expect a similar growth of the cepstrum component
associated with the inverse of that shaft’s rotationrate. In this sense,
the cepstrum method is not only a detection technique, but also a
diagnostic tool.

Conclusions

The cepstrum method has been shown to be capable of detecting
anomalous gear behavior in a particular rocket engine turbopump.
The method has been used to generatea parameter that can be stored
in a database and that appears to be directly related to a gear defect.
A source mechanism has been proposed to explain the appearance
of higher order harmonics inherent in an ASD for a turbopump
with a faulty gear. This source mechanism provides a reasonable
expectation that similar defects in other turbopump gears may also
be detected. This identification would be accomplished by track-
ing the cepstrum component corresponding to the inverse of the
rotation rate of the shaft supporting the gear in question. The the-
oretical development also provides a rationale for suggesting that
certain types of component defects may be more easily detected in
frequency regimes correspondingto known systemresonances than
at the fundamental defect frequency. Additionally, an understand-
ing of the source mechanism appears to provide information about
the most effective placement of instrumentation when designing a
rocketengineacceptance screening program. Based on the previous
discussion, it seems advantageous to place several accelerometers
in locations on the exterior of the gearbox housing that are charac-
terized by significant system resonances.
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