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Acceptance Screening of Turbopump Gears
Using the Cepstrum Method

S.J. DiMaggio*
The Aerospace Corporation, Los Angeles, California 90009-2957

Vibration measurements are used to assess the health of components in rotating equipment across a wide range
of industries. The typical practice in most machinery analysis is to establish a baseline for a specific machine
and subsequently implement a regular monitoring schedule. In a process known as trend analysis, changes in
relevant parameters are then tracked over the life of the machine. In some cases the comparison of measurements
between different machines is not recommended because of variability in transmission path effects caused by
either manufacturing tolerances or differences in the instrumentation setup. Although these concerns are valid,
the constraints imposed by the particular application to acceptance screening of rocket engine turbomachinery
make a comparison between engines useful. It is suggested that engine-to-engine comparisons of vibration-related
parameters can be used to provide information on abnormal gear behavior. Support for this proposal is presented
in the context of parameters developed from a cepstrum analysis of gearbox vibration data acquired during actual
ground-test acceptance firings of a rocket engine. The results obtained are also used to verify the ability of the
cepstrum method to diagnose gear tooth damage in turbopumps. In this application the cepstrum is defined as the

inverse discrete Fourier transform of the log of the two-sided autospectral density.

Nomenclature
C,, = outputcepstrum
Jr = discrete frequencies, Hz
frox = frequency of LOX shaftrotation, Hz
N = number of data values per segment
ny = number of segments per data record
Sy, = auto spectral density of output, g*/Hz
T = length of single data record segment, s
X; = multiple inputs, g
) = fourier components of mth record
y = output,g
F~' = inverse discrete Fourier transform operator
At = samplinginterval,s
T = periodic time, s
Tox = LOX periodictime, s

Introduction

N an effort to increase performance, expendable launch vehi-

cle (ELV) rocket-engine turbopumps are sometimes operated at
speeds and loads for which they were not initially designed. The
consequenceof this is that structural margins are decreased and the
potential for hardware damage or catastrophic failure increases. In
the case of a particular ELV engine, two cases of liquid-oxygen
(LOX) gear damage, including a catastrophic failure, have been ob-
served during acceptance and development ground testing of the
hardware. To mitigate the risk associated with the decreased struc-
tural margins, a drive-train diagnostic procedure has been imple-
mented using gearbox vibration measurements. To date, the main
goal of this process has been to prevent reoccurrence of the LOX
gear failure during a mission by evaluating the preceding ground-
test vibration signatures. To do this, the primary requirement is to
provide an accurate technical explanation, supported by a credible
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mathematical foundation, for the unique vibration signature associ-
ated with the progression of the LOX gear defect toward failure. A
secondary requirement is to describe this unique signature using a
quantitative parameter that can be tracked over the operating life of
a turbopump and also stored in a database and compared to other
engines. These requirements are met using the cepstrum analysis
method, which is used to provide a single quantitative parameter
that appears to be directly related to the health of the LOX gear.!
This parameter is stored in a database and used to assess the health
of a gearinrelation to other engines that have been previously char-
acterized by known operating conditions and flight history. Unlike
qualitativeassessmentsthat depend completely on the experienceof
the analyst, easily interpreted quantitative parameters serve to make
acceptance or rejection of hardware a more logical process.

In conjunction with vibration measurements acquired during test
or operation of a rotating machine, digital signal processing tech-
niquesare used extensivelyin conditionassessmentprogramsacross
awide range of industries?~'° The cepstrum method,'!"!? in particu-
lar, hasbeenusedto detectdamage in bothrollingelementbearings'?
and gears.'*~1¢ Partly because of the susceptibility of engine and
transmission components to fatigue failures,'” there has been a con-
siderable amount of research directed at effective detection of gear
tooth damage.!8~2!

Unlike typical rotating machinery that can be compared to its
baselineover an expected operatinglife measuredin years,an ELV’s
rocketengine turbopump life, including acceptance testing and mis-
sion requirements, is measured in minutes. For the engine in this
study, a turbopump must be test fired at least twice prior to delivery
to the customer in order to show that acceptable performance limits
are met. These test firings generally last for several minutes each,
and because of limited available engine life it is desirable to per-
form as few tests as possible to assure nominal performance. From
a diagnostics perspective a consequence of this is that there is often
a very limited amount of operating time on the engine during which
to assess changesin the vibration signature. Therefore, whereas tra-
ditional trend analysis is always performed on a single engine it
appears to be useful to be able to compare a specific engine’s pa-
rameters to other engines whose parameters are characteristic of
known operating conditions. The drawbacks inherent when com-
paring different pieces of hardware®? are mitigated by maintaining
a database of earlier comparisons between known hardware health
and associated vibration characteristics. For example, the variabil-
ity in vibration characteristicsfor engines that perform in a nominal



DIMAGGIO 573

fashion can be established with some simple statistics. Additionally,
if a correlation has already been established between documented
hardware damage and a unique vibration signature this informa-
tion can be useful in providing an early differentiation between a
nominally operating engine and one that contains a defect.

The purpose of this paper and the research documented here is
twofold. Primarily, the results are intended to provide supportfor the
suggestion that the cepstrum method is an effective gearbox moni-
toring tool for the particular turbopump failure described in detail in
Ref. 1. Although this reference provides a technicalrationale for the
use of the cepstrum method, the usefulness of the achieved results
has previously been difficult to evaluate because the limited number
of engines analyzed provided poor statistics. Second, the results are
alsousedto supportthe argumentthatengine-to-enginecomparisons
can be useful, provided that a database comparing hardware health
to specific vibration characteristics is maintained. This suggestion
is evaluated by comparing the parametric results from 14 different
turbopumps (of similar manufacture), two of which exhibited gear
tooth defects and 12 of which performed nominally.

Theoretical Development

As suggested in the preceding section, measurements obtained
from an accelerometer mounted on the exterior of a turbopump
gearbox are used to aid in the developmentof an acceptance screen-
ing criteria for the LOX gear in a particularrocket engine. Discrete
time periods for these accelerationsare expressedin the time domain
by a data record y(¢) that is divided into n, contiguous segments
of length T'. Each record segment y,, () is represented in digital
terms with a sampling interval of Az by N data values{y,,,}, where
n=0,...,N—1landm=1,...,n,. These data records are then
assessed in the frequency domain using the two-sided auto spectral
density (ASD) defined by

nd
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In all cases where the ASD is presented graphically in this paper,
the one-sided ASD will be used. For a detailed discussion of the
mathematics involved in these computations, the reader is referred
to Bendat and Piersol.>?

A qualitativeassessmentof engine health can sometimes be made
by visual inspection of the ASD. In the case of discrete gear tooth
defects, the damage can often be seen in the frequency domain as a
family of spectral peaks that are spaced at integer multiples of the
speed of the shaft upon which the faulty gear tooth is located. In the
case of the gear failure discussed here, the source mechanism for
this is a system resonant amplification of short-duration impulses
spaced at time intervalscorrespondingto the disturbanceinduced by
a LOX gear defect. This source mechanismis discussed at lengthin
Ref. 1. For example, the differencebetween the ASD foranominally
operating turbopump and one that is several seconds away from
catastrophic failure of its LOX gear is shown in Fig. 1. Figure la
is the ASD corresponding to a 4-s time frame and data acquired
at a rate of 25,575 samples per second during the final acceptance
test firing of a production engine that operated nominally during its
acceptancetests and later performed successfully during flight. The
ASDiscalculatedviathe finite Fourier transformmethod using 8192
data points and a Hanning window to suppress sidelobe leakage. In
comparison, Fig. 1b is a similarly computed ASD taken just prior
to catastrophic failure of the LOX gear on a development engine.
Notice the existence of spikes in the ASD that are spaced at integer
multiples of the LOX shaft rotation rate, which was 241 Hz during
the data record analyzed.

Although the difference in spectral characteristics between the
two ASDs of Figs. 1a and 1b is helpful in diagnosing the failure
mechanism imminent in Fig. 1b, the goal of any diagnostic routine
is to identify a defect as early and reliably as possible. To do this,
it is desirable to quantify the degree of abnormality of the vibration
signature. It is further useful if this abnormality can be quantified
using a single parameter that can be stored in a database and used to
make comparisons between engines that have operated nominally

and those engines that have exhibited known defects. The cepstrum
methodis presentedas atechniquethat providesa single quantitative
parameter that appears to be related to the presence and growth of
a gear tooth defect.

As a gear faultevolves, the harmonic patternin the ASD can often
be identified visually as shown in Fig. 1. However, by performing
a cepstrum analysis the strength of an entire family of harmonics
is primarily related to a single component in the cepstral domain.
This can aid the analyst in quantifying the severity of the defect
and monitoring the defect evolution using the magnitude of a single
cepstrum component. Two additional advantages of using the cep-
strum are that the frequency spacing of a periodic structure 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
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Fig. 1 Comparison of ASD for a nominally operating engine with a
turbopump just prior to failure of its LOX gear.
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Fig. 2 Comparison of cepstrum for a nominally operating engine with
a turbopump just prior to failure of its LOX gear.
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Fig. 3 LOX cepstrum parameters during nominal turbopump operation. The - - - - and - - - - lines in the plots are the mean value and the mean plus
3-0 value, respectively, for all nominal engine LOX cepstrum parameters.
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at the discrete periodic times 7, =n/NAf, where Af is the
line spacing of the ASD and F~' denotes the inverse discrete
Fourier transform (IDFT) operator. The cepstrum differs from the
autocorrelationfunctiononly by virtue of the logarithmicconversion
of the ASD before the IDFT is performed. Because the cepstrum is
the IDFT of a function of frequency, its independent variable t, is
actually time. However, the parameter t, can better be thoughtof as
adelay time, as for the autocorrelationfunction. Therefore, although
most researchers refer to 7, as “quefrency,” it seems more appro-
priate to use the term “periodic time,” as suggested by Randall? If
the log of the ASD is periodic in nature with a frequency spacing of
fLox, the contribution of all of the harmonics will be concentrated
in the single cepstrum component C,, (T ox) at a value of

Tox = 1/frox (3)

The cepstrum defined in Eq. (2) is a real-valued, two-sided even
function that is computed using the two-sided ASD defined in
Eq. (1). Whenever the output cepstrum is presented graphically in
this paper, the magnitude of only one side is shown.

The cepstrumplots correspondingto the ASDs shown in Figs. 1a
and 1b are presented in Figs. 2a and 2b, respectively. Notice the
existence of an easily identified spike in Fig. 2b that correspondsto
a periodic time of 7 ox = 1/fLox = 0.00415 s. These plots indicate
that this componentis related to the growth in the frequency domain
of the spectral components at fundamental and integer multiples
of the defect frequency. Furthermore, by virtue of the correlation
between the growth of these harmonics in the spectral domain and
a defect in the LOX gear tooth! this single parameter appears to be
directly related to the evolutionof a LOX gear fault. Henceforth, the
value of the cepstrum at a periodic time equal to the reciprocal of
the LOX shaft speed is referred to as the LOX cepstrum parameter.

Turbopump Acceptance Screening and
Engine-to-Engine Comparisons

In this section the ability of the LOX cepstrum parameter to diag-
nose discrete gear tooth defects is evaluated. This is done by com-
paring the LOX cepstrum parameters for 12 nominally operating
turbopumps to the corresponding values for two engines that exhib-
ited catastrophicfailure and excessive gear wear and tooth chipping,
respectively.The LOX cepstrumparameters for the 12 nominally op-
erating pumps are shown in Figs. 3a-31. The dotted and dashed lines
in the plots are the mean value and the mean plus 3-o value, respec-
tively, for all nominal engine LOX cepstrum parameters. Nominal
engines are defined as those that met both ground-test and mission
requirements. The x axis in the graphs is run time on the partic-
ular engine build under consideration, and each engine is given a
generic number in the plot titles. The total run time for the ground
tests varies from engine to engine. The reason for this is that some
engines required more than the minimum two ground tests because
of performance, hardware, or instrumentationanomalies during the
first two test firings. Also the time interval between discrete data
points is not a constant because the data records available for as-
sessment were not always of the analyst’s choosing. Additionally,
the high samplerates and hardware memory requirements prevented
a continuous (in time) calculation of the parameters.

From a trend analysis standpointthe LOX cepstrumvalues for the
nominally operating pumps do not increase significantly as operat-
ing time increases on a particular engine. Because of the variation
of operating parameters (speed and pressure for example) during a
ground test, the LOX cepstrum values exhibit an expected disparity
over the life of a particularengine. There is also a considerable vari-
ation in the value of the LOX cepstrum parameter when different
engines are compared to one another. This variation is not unex-
pected and is partly a result of engine-to-enginehardware variabil-
ity. Possible contributorsto this variation are residual imbalancesin
the LOX shaft or slight gear mesh imperfections.

The initial purpose of the implemented drive-traindiagnostic pro-
cedure was to prevent reoccurrence of the catastrophic LOX gear
failure that occurred during the development phase of a particular
engine program. The LOX cepstrum parameters for the final build
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Fig. 4 LOX cepstrum parameters for cases of LOX gear hardware
damage. The - - - - and - - - - lines in the plots are the mean value and the
mean plus 3-o0 value, respectively, for all nominalengine LOX cepstrum
parameters.

of the failed engine (Engine 13) are shown in Fig. 4a. Notice the
increase in the LOX cepstrum parameter as run time increases. The
magnitude of these parameters after approximately 220 s of run
time are higher than the mean plus 3-o value. This indicates an out-
of-family condition when compared to the database of nominally
operating engines. The mean and standard deviation are used here
to provide commonly accepted and well-defined values that are re-
lated to the distributionof LOX cepstrum parameters. The data have
not been verified to be Gaussian, nor is it believed necessary to do
so. The mean plus 3-0 value is used as a threshold simply because
ithas some statistically meaningful properties. The maximum value
of the LOX cepstrum parameter for all nominally performing en-
gines could just have easily been chosen as the threshold. In fact,
as evidenced in Fig. 3a the maximum value of the LOX cepstrum
parameter for nominally operating engines is, in fact, very similar
to the mean plus 3-o value.

One reason that the LOX cepstrum parameters do not increase
monotonically in time for the damaged engines is that the oper-
ating conditions during the discrete data records analyzed are not
necessarily the same. For example, the propellant mixture ratio of
oxidizer to fuel is varied during the ground-test operations, thus
leading to changes in pump speeds. If the data records are evalu-
ated at relatively consistentoperating conditions, the increase in the
LOX cepstrum values tends to be more monotonic. Because of the
complex nature of engine operation, however, evaluation of the pa-
rameters at a set of truly consistent operating conditions is difficult
to achieve. Nevertheless, the increasing trend, even at varying op-
erating conditions, suggests that the cepstrumis a robust diagnostic
tool for detection of the LOX gear fault in the turbopump.

In addition to Engine 13 that failed, there is one other engine in
the database that exhibited significant LOX gear tooth damage. In
the case of Engine 14, six ground tests were conducted before the
gears were inspected. At that time excessive gear wear and chip-
ping were observed on the LOX pump assembly. Subsequent to this
observation, the gear train was completely rebuilt and the turbop-
ump used successfully on an actual mission. Figure 4b contains the
LOX cepstrum parameters for the Engine 14 test firings previous to
the rebuild. The LOX cepstrum parameters for this engine are also
out-of-family high and increase with operating time in a fashion
similar to that observed in the catastrophic failure of Engine 13.
The magnitude of this parameter for Engine 14 at the end of its run
time is approachinga value nearly as large as the value just prior to
failure in Engine 13. It is believed that if the Engine 14 LOX gear
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was subjected to any significant additional run time the risk of po-
tential failure would have been high. Finally, it is suggested that an
additional parameter related to the change in LOX cepstrum values
over the operating life of a particularengine might actually be more
useful than the magnitude of the LOX cepstrum value relative to the
mean plus 3-0 value for the nominally operating dataset. Although
such a parameter is not defined explicitly here, the distinctevolution
and growth of the LOX cepstrum parameterfor the damagedengines
in Fig. 4 are quite pronouncedin comparison to the relatively stable
values observed for the nominally operating engines in Fig. 3.

Conclusions

The results presented here provide confirmation that the cepstrum
method is an effective diagnostic tool for gear damage assessment.
Supporting data were acquired during ground-test operation of 14
actual rocket engines. Many diagnostic methods are validated us-
ing test rigs in which there are often few vibration inputs and the
transducersare mounted in close proximity to the defect source. The
verification of the cepstrum effectivenessin this paper, however, has
been performed using a gearbox-mountedaccelerometer to identify
geartooth defectsimmersed within the violent, multi-inputvibration
environment characteristicof a typical rocket-engine turbopump.

Based on the acquired data, the LOX cepstrum parameter ap-
pears to increase with operating time in engines containing LOX
gear defects while the same parameter remains relatively constant
in nominally operating pumps. Additionally, in the cases of docu-
mented hardware damage the LOX cepstrumparameteris larger than
the corresponding values for nominally operating turbomachinery.
These observations suggest that, in addition to the trend analysis
always performed, engine-to-engine comparisons of vibration pa-
rameters can provide additional diagnosticinformation that can add
confidence to a risk assessment that is dependent upon a limited
amount of test data.
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