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ABSTRACT 

The high cost of helicopter maintenance has created a great deal of 
interest in the monitoring of the condition of helicopter components. 
In helicopter power trains, which contain both gears and bearings, the 
use of vibration signals to detect the condition of these gears and 
bearings has become of increasing interest in recent years. 

This research program was initiated to investigate the many means of 
using vibration signals to detect the condition of mechanical compon- 
ents, with particular emphasis being placed on gears and bearings in 
the helicopter power train.    An exhaustive literature search was per- 
formed in which specific techniques were identified.    Several visits 
were made to people active in the vibration diagnostics field. 

The techniques which were identified as being potentially useful were 
investigated in detail.    The results of this investigation include a 
presentation of the state of the art of each technique and analysis 
via actual helicopter data, test rig data, and a dynamic model simula- 
tion.    The techniques have been broken down by mathematical function, 
(time domain and frequency domain) and also by the components being 
monitored (gear or bearing).    Both mechanically related and pattern 
recognition techniques are discussed.    An extensive reference listing 
and a listing of companies and agencies active in diagnostics work 
are included in this report. 
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INTRODUCTION 

This section includes a discussion of the objectives of this program, the 
reasons for it, a review of the work performed, and the significant 
results.    The work was performed by The Ohio State University from July 1, 
1972 to June 15, 1973- 

OBJECTIVE 

The primary objective of this program was to perfoim a detailed study of 
all known data analysis and data reduction techniques which might be 
applicable for use in perrorming vibration diagnostics on helicopter power 
train components.    In this context, power train components will refer 
primarily to the gears and bearings in the power train and not directly to 
housings and supports for these components. 

As a portion of this study,  it was necessary to perform a comprehensive 
literature search to identify techniques which have been used for diag- 
nostics and also to identify those individuals, companies, and Government 
agencies who have utilized vibration diagnostics techniques. 

DIAGNOSTIC BACKGROUND 

Over the past 20 years there has been a growing interest in machine vibra- 
tion monitoring.    Much of this work has been related strictly to measuring 
overall vibration levels in order to detect the condition of a bearing, 
gear or other moving part.    However, in recent years there has been a 
specific interest in utilizing vibration signatures to diagnose operational 
problems and the ensuing failure of machine components.    These vibration 
signatures relate specific vibration signal characteristics (normally 
either in the frequency or time domain) to specific moving parts of the 
machine.    Changes in these signal characteristics are then used to deter- 
mine some change in the mechanical condition of specific components. 

The ability to diagnose the condition of mechanical parts may be beneficial 
to anyone who may incur the dangers of catastrophic failures or who must 
perform periodic maintenance on a machine.    Diagnosis of parts could 
reduce catastrophic failures by detecting incipient failures before they 
uccur.    In the case of the helicopter, this ability could save lives and 
save very expensive machines from total destruction.    However, the prime 
financial savings are likelv to be rendered in application to on-condition 
maintenance programs which would replace parts when detected as faulty by 
the diagnostic system.    An increase could be achieved in the time between 
overhauls and thus result in an overall increase in the operating effi- 
ciency.    The ability to prognosticate the lives of parts would also provide 
further maintenance advantages.    A comprehensive study of potential main- 
tenance cost savings on helicopters, if a reliable diagnostic system were 
implemented, has been reported by Northrop Corporation.1 



PROGRAM CONDUCT 

This program was divided into four separate tasks: 

Task 1.    Survey of vibration signal analysis techniques. 

Task 2.    Development of a simplified dynomic model for use in 
evaluating techniques. 

Task 3.    Analysis of vibration data analysis techniques. 

Task k.    Final evaluation and recommendations. 

During Task 1, a comprehensive literature search was performed to obtain 
papers, reports and other information on diagnostic techniques.    The 
facilities of The Ohio Stdt«» University Libraries were used for a large 
portion of this search.    Also NASA and DDC searches were performed. 
Approximately kOO papers, reports, and articles were found in these 
searches.    Companies who were involved in diagnostics work were contacted 
in this task; these contacts were made by phone, mail, and personal visits 
A listing of the companies and individuals who were contacted is given in 
Appendix I.    Based on the literature search and the company contacts, a 
state-of-the-art description of the various diagnostic methods which seem 
appropriate for helicopter transmissions was compiled. 

Task 2 included analysis to establish the types of mechanical failures in 
helicopter transmissions that are likely to influence vibration signals. 
A simplified dynamic model for bearing vibrations was then developed for 
use in evaluating diagnostic techniques.    This model utilized information 
from the failure analysis to ascertain input forces. 

In Task 3 of this study, the various techniques uncovered in Task 1 were 
evaluated in several ways.    First, the techniques were evaluated in light 
of results of other investigations found in the literature.    Second, the 
dynamic model developed in Task 2 was used to evaluate bearing diagnostic 
techniques.   Third, a small test rig was built to test specific bearing 
diagnostic techniques.    Finally, helicopter data from the UH-1 AIDAPS Test 
Bed Program2'3 was used to identify the characteristics of typical vibra- 
tion signals from helicopters, and this data was used to evaluate the 
different techniques. 

A final evaluation of all techniques was made in Task k.    Included in this 
evaluation were the ease of application of the technique, accuracy, 
repeatability, amount of testing required, and ability to diagnose and 
also to prognosticate on the condition of helicopter components  (on a 
line-replaceable unit or component basis). 

REPORT CONTENTS 

This report is divided into seven sections:    INTRODUCTION,  PHYSICAL 
PHENOMENA, MATHEMATICAL TECHNIQUES,  GENERAL DIAGNOSTIC PROCEDURES, 

2 



SPECIFIC TECHNIQUES, EVALUATION OF TECHNIQUES, GENERAL CONCLUSIONS,  and 
RECCMMENDATIONS.    The report has six appendixes.    A short description of 
the contents of each section and the six appendixes is given below. 

INTRODUCTION - See above. 

HIYSICAL PHENOMENA - The physical phenomena which are related to 
bearing and gear failures are discussed.    Included are treatments 
of the types of vibrations generated by faults and a brief discus- 
sion of the vibration transmission paths located between the fault 
and the vibration transducer. 

MATHEMATICAL TECHNIQUES - Mathematical techniques used for analyzing 
the vibre .ion signal are discussed, with the priory emphasis placed 
on time domain and frequency domain anrlysis techniques.    However, 
statistical techniques are also included.    The discussion of digital 
methods of performing the standard analysis techniqves is also pre- 
sented. 

GENERAL DIAGNOSTIC PROCEDURES - This section treats the generalized 
approaches to the diagnostics problem.    Two basic approaches are 
discussed:    (l) the determination of discriminants based on the 
mechanical phenomena related to a given failure mode, and (2) the 
identification of discriminations which are obtained by so -called 
pattern recognition techniques. 

SPECIFIC TECHNIQUES - The state of the art of marv of the specific 
diagnostic techniques which have been used for rotating systems con- 
taining gears and rolling element bearings is presented.    The dis- 
cussion includes information on vendors, users, aid specific appli- 
cation as well as processing techniques and b xrdware used. 

EVALUATION OF TECHNIQUES - An evaluation of the techniques discussed 
is performed.    The test rig data, bearing model data, and test bed 
data are used in the evaluation.    Also presented here are discussions 
of the typical helicopter data which was gathered in the test bed 
program. 

GENERAL CONCLUSIONS - The generalized problem of vibration diagnostics 
in helicopters is discussed and general conclusions are presented. 

RECOMMENDATIONS - A comprehensive set of recommendations are presented 
for future work in the area of vibration diagnostics with application 
to the helicopter power train. 

APPENDIX I - A list of all individuals and canpanies contacted during 
the course of this program; also a brief discussion of the results of 
each contact. 



APPENDIX II - A glossary of terms used in the identification and 
prediction of mechanical failure as produced by the mechanical fail- 
ures prevention group. 

APPENDIX III - A description of data tapes dubbed from the AIDAPS 
Test Bed Program data, 

APPENDIX IV - A listing of some of the frequencies associated with 
particular components of a UH-1D. 

APPENDIX V - A report on an analysis of the data as described in 
Appendix II that was performed by Scope Electronics, Inc. 

APPENDIX ^n  - A technique for determining a numberical evaluation of 
a diagnostic system relative to others is shown. 



PHYSICAL PHENOMENA 

The ability to apply any vibration signal analysis technique as a diag- 
nostic tool is predicated on the existence of characteristic vibration 
signals.    These must be produced or caused in some manner by the system 
component being monitored.    Because of the characteristic frequencies 
produced by gears and bearings, the prime emphasis of diagnostic systems 
to be used on power trains has been directed toward them. 

A brief discussion of physical phenomena as related to gears and bearings 
as well as a general discussion and description of a gear and bearing is 
given.    Typical faults that might be encountered are enumerated,  and 
finally, the typical frequencies that might be encountered are described. 

The last portion of this section discusses transmission paths.    It is 
usually quite difficult to place a sensor directly at the source of a 
vibration signal.   This signal must instead pass through housings, 
mountings, structural members, etc., to reach the sensor.    The path along 
which the signal must travel will have an effect on the final sensor 
reading.    The discussion includes a description of the kind of effects 
the transmission path might have on the signal as well as the common 
manners of analyzing these effects. 

BEARINGS 

by definition, bearings are the elements used in rotating mechanical 
systems to permit relative and controlled motion between two loaded 
members.    Based on their wide usage and basic characteristics, bearings 
are a prime candidate for application of vibration diat^ostic systems. 

In categorizing bearings, they may first be broken into two broad 
groupings:    plain bearings and rolling-element bearings.    Plain bearings 
operate with a sliding motion between two surfaces, generally supported 
by an elastohydrodynamic film.    Since this type of be&ring is not preva- 
lent on helicopters, this study has dealt primarily with rolling-element 
rather than plain bearings. 

Rolling-element bearings, as their name suggests, permit motion through 
relative rotation of their elements.    In describing the major types of 
rolling-element bearings, they are first broken down according to the 
shape of the rolling element, i.e., ball or roller.    They could also be 
classified as to direction of load, i.e., radial, angular, or thrust. 

Figure 1 shows a diagram of a typical radial bearing.    There are four 
major components: 

Inner race;   This component is mounted on the shaft and rotates with 
it.    It contains a track for the rolling elements to 
ian in. 



Outer Race 

Rolling 
Element 

Cage —^\ WN^     ^u/V / —Inner Race 

Figure 1.    Sketch of Typical Rolling-Element Bearing. 

Outer race;    This component is mounted in a housing and usually 
remains fixed.    It also contains a track for the rolling 
elements. 

Rolling element:   These elements rotate between the races. 

Cage (Retainer); This component connects the rolling elements and 
keeps an equal spacing between them. It rotates 
about the shaft. 

Further definitions of parameters which might be needed are; 

Pitch diameter;    Distance from the center of the bearing to the 
center of the rolling element. 

Contact angle;    The angle between the direction of loading force and 
the normal to the shaft. 

As shown in Figure 2, five general types of ball bearings can be described:' 

Deep groove or Conrad;    Standard type of single-row, radial loaded 
bearing. 

Angular contact:    Used when capability to carry thrust as well as 
radial load is desired.    They are easy to dis- 
assamble. 

Self-aligning;   Has outer race groove ground to a spherical shape to 
allow balls to seat themselves, thus providing 
alignment. 
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Duplex;    Refers to bearings manufactured with two sets of rolling 
elements. 

Ball thrust;    Designed to handle thrust loads only. 

Roller bearings differ from ball bearings in the shape of the rolling 
element.    As shewn in Figure 3> four major classes can be discussed:5 

Cylindrical;    Rolling elements are cylinders.    Used with high-spe'^ 
radial loads where more contact area is desired tba. 
that available with ball bearings. 

Tapered:    Rolling element is a tapered cylinder.    Can handle thrust 
as well as radial load. 

Spherical;    Rolling element has rounded contour.    Can be used with 
thrust as well as radial load. 

Needle: Cylindrical rolling element is used without any retainer. 
Usable in low-speed, high-load operations; sometimes used 
without inner race. 

A typical helicopter will contain a wide variety of the various types of 
rolling element bearings. 

Typical Bearing Faults 

There are many bearing faults which are potential candidates for diagnosis. 
These faults fall into the general category of surface failures, which can 
be either fatigue or nonfatigue initiated.6    In the case of nonfatigue 
initiated faults, the ultimate destruction is often the result of a 
fatigue failure induced by the nonfatigue failure rather than by bearing 
operation. 

Contact fatigue failures take one of two forms: 

Spalling  (FlaMng);    Small flakes of the surface are broken off. 
These flakes are often of elliptical shape. 
Continued operation of the bearing can cause 
this flaking to occur over the entire bearing 
surface. 

Pitting;    Small pits are formed on the bearing surfaces.    These do 
not propagate but are local.    This phenomenon can lead to 
spalling. 

Contact fatigue failures may be found on any bearing surface upon which 
contact between two components of the bearing occurs. 

Nonfatigue failures may take a variety of forms.    The following list 
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contains the most common failure modes with the names that appear in 
general usage. 

Mechanical damage; 

Foreign material; 

Faults are often introduced in either manufac- 
turing or installation.    They may be seen as 
dents, nicks, scratches, etc.,which are not a 
result of bearing operation. 

The introduction of foreign material, e.g., dirt 
or metal chips, into the contacting surfaces can 
cause a grinding phenomenon to occur.    The con- 
tacting surfaces will exhibit a dull or matte 
finish. 

True brinelling: This is an indentation which will occur in a race 
due to plastic flow of the metal.   The cause is 
high stress levels induced during operation, e.g., 
by shock loading.    Grinding marks may be discern- 
ible. 

False brinelling (Fretting); 

Electrical pitting; 

Indentations '/hich may be seen as the 
result of fretting corrosion.    This may 
be caused by vibration or small 
amplitude motion of bearing elements 
when they are in static contact. 

An "arc-welding" effect which occurs when an 
electric current is passed through a bearing. 
Annealing of surfaces may occur. 

Corrosion:    Ordinary oxidation corrosion (rusting) which can be 
caused by the introduction of moisture or oil contami- 
nants into the bearing. 

Creeping;    This is a relative motion between the inner race and shaft, 

Skidding,  scuffing, or scoring: Scratching of the bearing surface 
caused by sliding rather than 
rolling of the rolling elements. 
Often, the cause is a breakdown of 
the lubrication film. 

Wear;    General loss of material due to prolonged operation. 

Bearing failures may occur in any of the variety of forms listed. On a 
bearing the failures can be labeled as either discrete or general. A 
discrete failure is one which extends over a small portion of a bearing 
or on a small number of the rolling elements. A general failure occurs 
over a large portion of the bearing surface. This distinction is often 
made in describing the capabilities of diagnostic systems. 
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Characteristic Rotational Frequencies 

One of the properties of bearings which make diagnostic systems usable is 
the characteiistic rotational frequencies which they produce.    Based on 
the position of a given fault, i.e., race or ball, impacts and vibrations 
will be produced at frequencies which are a function of the component and 
the speed of rotation.    For example, if a race is scratched, every time a 
rolling element makes contact with the scratch an impact will be trans- 
mitted through the bearing.    This impact will repeat itself as a function 
of hearing rotation.    Spectral identification at these characteristic 
frequencies is the basis for many diagnostic systems. 

The following parameters are required for calculation of these character- 
istic rotational frequencies: 

d = diameter of rolling element, in. 
D = bearing pitch diameter, in. 
ß = contact angle,  deg 
n = number of rolling elements 
N = operating speed, rpm 

Using these parameters and a kinematic analysis of the bearing action, the 
following equations may be found:7 

Outer race frequency: 

or 

Inner race frequency: 

fir = l * ^(1 + icos ß)'    Hz (2) 

Rolling element  (ball or roller) frequency: 

Cage frequency: 

fe = llj ^ ■ S C0a ß)»    HZ {k) 
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As an example of the values which might be found for these frequencies in 
a typical bearing, the calculations were performed for a Norma-Hofflnan 
L-25, which is a 2-inch, single-row, angular contact bearing.    The 
parameters for this bearing are:    r = 0.15625 in., D = I.5U0 in., 
ß = 15 deg, n = 12, and N = 1750 rpm.    The frequencies calculated are: 
for = 11*0.7 Hz, fir = 209.3 Hz, fb = 138.2 Hz, fc = 11.7 Hz.    It should 
be noted that as well as these fundamental characteristic frequencies, 
harmonics (or multiples) may also be generated by vibration due to faults. 

Resonant Frequencies 

Thf; various "pass" or rotational frequencies discussed previously are a 
result of the rotation of the bearing causing periodic impacting.    This 
impacting can also induce other vibrations to occur in the bearing. 
Structural resonances may be excited, thus causing "ringing," which is the 
continuum vibration response of the bearing structure.    Both races and 
the rolling elements can exhibit this "ringing."    It is characterized by 
an exponentially decaying, high-frequency oscillation.    The "ring" will 
reappear periodically at the "pass" frequency corresponding to the fault 
which excites it.    "Ringing" or resonant frequencies are structural 
characteristics.    Their frequency of oscillation does not depend on the 
speed of rotation of the bearing.    Figure k shows a sketch of a typical 
"ringing" response. 

The rolling element resonance is one of the typical resonances which may 
be excited as the rolling element pulsates as a rigid body due to the 
impact.    The frequency of free resonance of a ball may be calculated by0 

0.8U8    E_ (l.s 
br _    2r      2p w 

where    E = modulus of elasticity, psi 
p = density of rolling element,  slugs/in.3 

For the bearing used as the example before, the ball resonance frequency 
is fu    = 387,500 Hz.    The races will also exhibit resonant character- 
istics.    The equation describing their characteristic free resonant 
frequencies is9 

k(kg - 1)    1   /if (ss frr = -S ^-4 ^\t (6) 

2nNfkjrTl ae 

where    k = order of the resonance 
a = radius to the neutral axis, in. 
I = moment of inertia of cross section,  in.4 

m = mass of race per linear inch,   slugs/in, 
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A given structure will have an infinite number of resonant frequencies, 
i.e., second resonance, third resonance, etc. The number of the resonance 
is referred to as its order. As seen from Equation (6), the orders of 
the resonances do not vary linearly as do the harmonics of the pass 
frequencies. 

For the sample bearing. Table I gives a list of the race resonances for 
the inner and outer race. 

TABLE I. RACE 
FOR 

RESONANCES AS CALCULATED 
BEARING                | 

i                                    i 

|  k(order) 
f(frequency) 

(Hz)       1 
1 Inner race 

i     2 
i     3 

k 

\           6 

3,9^0     j 
ll,lUo     I 
21,360 
3^,5^0 
50,660 

Outer race 

i     2 
1     3 

k 

9,7^0 
27,560     a 
52,830 

l           ,.,___    — ...   .1 

In the equations presented, the free or unmounted resonances were found. 
These represent the frequency of oscillation if the ball or race is 
standing alone without the rest of the bearing. This is not the case 
in operation since mounting will change the exact frequency of "ringing". 
However, these frequencies will remain neax the frequencies calculated 
for the free case. 

GEARS 

Gears are machine elements which are used to transfer power between shafts 
while retaining fixed speed ratios.    They can be used to change speed or 
torques while operating efficiently Up to 98^).    Pitch-line speeds of up 
to 1+0,000 ft/min are attainable, and an almost unlimited size permits a 
greater load capacity than other power transmission elements. 

Based on these characteristics, gears appear in a wide variety of drive 
systems and are used almost exclusively as the speed change elements in 
the drive systems of helicopters.    There are a variety of gear types used: 
spur, bevel, helical, etc.    A typical helicopter will contain spur gears 
and spiral bevel gears as well as planetary systems for speed reduction. 
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Due to their wide usage and rotational characteristics, gears, along with 
bearings, are prime candidates? for diagnostic evaluation.    Also, their 
crit icality for flight safety Las made gearing an important maintenance 
item and a piime target i'or maintenance cost reductions. 

Typical Faults 

In gearing, there are number of faults for which diagnostics are hoped to 
be useful.    A listing of these includes: 

Wear:    A surface phenomenon in which layers of metal are removed or 
"worn away" more or less uniformly fron regions of the con- 
tacting surfaces of the gear teeth. 

Pitting:   A surface fatigue failure which occurs when the endurance 
limit of the material is exceeded.    A failure of this 
nature depends on the surface contact stress and the 
number of stress cycles, and results in small surface 
fatigue cracks which propagate about the surface, causing 
the loss of material and the -formation of pits. 

Spalling:    Similar to pitting except that material is removed in 
larger areas. 

Scoring:    Rapid wear resulting from a failure of the oil film caused 
by overheating of the mesh, permitting metal-to-metal 
contact.    This contact produces alternate welding and tear- 
ing, which removes metal rapidly from the tooth surfaces. 

Fracture:    Failure caused by breakage of a whole tooth or a substan- 
tial portion of a tooth.    This failure can result from 
overload, or more ccmmonly, by cyclic stressing of the 
gear tooth beyond the endurance limit of the material. 

Plastic flow: Cold working of the tooth surfaces,  caused by high 
contact stresses and the rolling and sliding action 
of the mesh.    It is a surface deformation resulting 
from the yielding of the surface and subsurface 
material and is usually associated with softer gear 
materials.10 

Characteristic Rotational Frequencies 

The primary rotational frequency asGcniated with geared systems is the 
gear mesh frequency.    It is a function of the number of teeth and the 
rotational speed.    The frequency corresponds to the motion induced by the 
consecutive meshing of the teeth.    The definition of frequency is 
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vlrn' Hz (7) 

vrtiere    N = shai't speed, rpm 
n = number of teeth 

If a fault occurs on a tooth surface, a vibration will be induced at this 
frequency. 

Along with the meshing frequency, mesh frequency harmonics and sidebands 
may occur. 

Sidebanding 

Sidebanding is a phenomenon which is induced by modulation of a signal, 
either by amplitude modulation  (AM) or by frequency modulation (FW).    It 
is a cominon occurrence in geared systems.    Before discussing the phenomenon 
in more detail with respect to gearing, a brief mathematical description 
follows. 

A sinusoidal signal may be represented in general form by the equation 

f(t) = A cos(2rtfct + <p) (8) 

where    f(t) = signal as a functirn of time 
A = amplitude of signal 

fc = carrier frequency, Hz 
cp = phase angle, rad 

In the case of amplitude modulation of the signal, A becomes a function 
of time.    In the case of frequency modulation, cp becomes a function of 
time. 

For a typical AM signal, we can describe the amplitude modulation as 

A(t) = K(l + m • cos 2rtfmt) (9) 

where   K = constant 
fm = modulating frequency, Hz 

m = fractional extent to which the amplitude is modulated 

Thus, 

f(t) = K(l + m  •  cos 2iTfmt)cos(2nfct + cp) (10) 
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This expression may be expanded by the laws of trigonometry, 

f(t) = it j cos(2rtfct + cp) + | .  cos[2iT(fc - fti)t + cp] 

+ | •  cos[2rt(fc + fm)t + cp]j (n) 

Figure 5 shows spectra of the signal before and after modulation.    The 
two new spikes are the sidebands. 
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Figure 5.    Spectra of a Typical Sinusoidal Signal 
Before and After Modulation. 

This type of analysis (with trigonometric expansion) for amplitude modula- 
tion may be performed for any modulating time function by simply expanding 
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the time function in a Fourier series.    Sidebands will occur at the carrier 
frequency plus or minus the modulation frequency. 

For a typical FM signal, we can describe the phase angle as a function of 
time by 

$(t) = ß sin 2fmt (12) 

where fm = modulating frequency 

ß = modulation index (represents the ma-'.Amum phase shift exhibited 
by the carrier frequency during a cycle). 

Thus, 

f(t) = cos(27tfct + ß sin 2fmt) (13) 

This expression may be expanded to give 

f(t) = J0(ß) cos 2itfct - J1(ß){cos[2rt(fc - fm)t] - 

co8[2n(fc + fm)t]} + J2(ß){cos[2]t(fc - 2fm)t] + 

cos[2jt(fc + 2fm)t]}   ... 

+ (-l)kJk(ß){cos[2rt(fc - kfm)t] 

+ (-l)kcos[2n(fc + kfm)t]) (11+) 

where    Jk(ß) = kth order Bessel function of ß 
k goes from 0 to » 

It should be noted that the amplitudes of both the carrier and sideband 
frequency components are functions of ß.   And since Jo(ß) is always less 
than one, the amplitude associated with the carrier frequency is lessened 
by modulation as contrasted to the AM case.   An infinite number of side- 
bands is possible.11 

Modulations in gearing usually occur with the mesh frequency as the 
carrier and shaft frequency or one of its multiples as the modulating 
frequency.   An example of a mode of amplitude modulation would occur in 
a gear mesh having an eccentric gear.    By periodically forcing the teeth 
into the mesh, a cyclic loading pattern occurs, with a minimum and maxi- 

mum mesh force occurring once per shaft rotation.    As the eccentricity 
increases, the sideband amplitudes will increase. 

Frequency modulation may be present as the result of errors in gear 
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manufacture.    If there is a spacing error in the cutting tool, the tooth 
spacing on the gear could change as a function of tbe rotation, thus 
producing a frequency modulation. 

Modulation effects appear to occur with a wide variety of gearing faults. 
The exact physical relationship of the fault to the modulation is not 
known, but it has been observed in experiments by many investigators. 

SIGNAL TRANSMISSION PATHS 

Both good and faulty gears and bearings generate forces at their moving 
interfaces which are, in turn, transmitted through the helicopter structure 
to a given transducer location.    Since the transducers are rarely located 
directly at the fault location, the structural dynamics between the force 
generation point and the transducer location are of utmost importance. 
This is particularly true when data is being taken at more than one oper- 
ating speed or where speed cannot be held constant. 

The effects that the structure has on the transducer output readings and 
means of analyzing helicopter structures in order to predict the instru- 
ment system's response under different load and speed conditions will be 
discussed briefly. 

Mechanical Transfer Function 

As with electrical systems, mechanical system models may be expressed in 
the form of transfer functions.    A very simple example of this is shown 
with the simple single-degree-of-freedom system shown in Figure 6, where 
F is the input and Y is the system response.    The parameters are 

k = spring constant, lb/in. 
c = damping coefficient, lb-sec/in. 
m = system mass, lb-sec/in. 

f(t) = input force, lb 
y = output displ' cement, in. 

When Newton's Law is applied, the following differential equation results: 

^+cf+kJ = f(t) (15) 

By Laplace transforming the above equation with zero initial conditions, 
we get 

(ms2 + cs + k)Y(s) = F(s) (16) 
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Figure 6.    Sample Single-Degree-of-Freedom 
Spring Mass Damper System. 

The transfer function between the input and output is then 

m- 
F(s)     ms2 + cs + k (17) 

which is a second-order transfer function, which, when written in standard 
form is 

K 

^      ^n 

(18) 

K = r = static sensitivity 

u^ = - = natural frequency rad/sec 

P = 
2-Jlm 

= damping ratio 
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Another means of expressing the above transfer function is with frequency- 
response techniques where the force f (t) is a sinusoidal force 
f (t) = F sin ait.    This can be easily evaluated by making the substitution 
s = Ju (j = '•Pi) into the transfer function and then evaluating the ampli- 

tude ratio   HU   and the phase angle cp, between Y and P.    This would result 

in a frequency response plot shown in Figure 7. 
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Figure 7.    Frequency Response of Second-Order System. 
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The shape of the above curve is a function of the damping ratio, with the 
high-amplitude resonant peak increasing as the damping ratio is decreased. 

In more ccntplex systems, such as in machine tools, constraction equipment, 
or helicopter transmissions, similar transfer functions may be obtained 
between forces and motions at any location on the structure.   The transfer 
function will be considerably more complex than the example above and will 
be more difficult to examine analytically.    Also, for a given input force, 
there may be several paths which tne signal may follow to arrive at the 
output motion, thus further complicating the fonn of the transfer function. 

The frequency response plot of the simple second-order system can be used 
in an explanation of the importance of the dynamics of the machine element 
being tested.    Since most force Inputs from gears and bearings are 
periodic, they can be expressed as a series of summations of sinusoidal 
term:?  (Fourier series) as shoim below. 

f(t) = Fi sin(ü)Lt + <(>]_) + Fa sin(u2t + cpa) + F3 sin^t + cpa) +  ... 
(19) 

The output will be of the form 

Y(t) = Yi sinCuiLt + qpi + flpi) + Y2 sin^t + CP2 + cpa) 

+ Y3 sln(u3t + cps + (pa) +  ... (20) 

Y 
where    ^    is the amplitude ratio at 00^ and cpi is the phase angle at uu 

etc., for u)2» UJ3,....    One can see that the output amplitudes Y]., Y2, Y3 
are strongly dependent upon the frequency response shape.    If one of the 
frequencies should be near the natural frequency, a large amplification 
may occur.    In physical structures, which are typically lightly damped, 
this amplification may be a factor of 100 or more.    In more complex struc- 
tures, amplitude reduction by a factor of 100 is not uncommon at anti- 
resonant frequencies.     With structural magnification effects of this 
order, it becomes apparent that the path from the signal source can be 
very critical and can greatly affect the transducer output. 

These large variations in amplitude become increasingly apparent when 
speed changes occur in the subject machine.    Frequency normalization 
becomes inaccurate if the resonances are near one of the source frequen- 
cies.    Changes in speed of a constant force input could greatly change 
the output amplitude as it moves through the resonant peaks.    Often the 
effect of speed changes is eliminated by taking data at only a single 
speed.    This procedure works out well if this is possible.   However, 
speeds must be carefully watched since speed changes of 2-% can cause 
amplitude ratio changes of one to two orders of magnitude. 
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Sinusoidal transfer functions can be obtained from models or by physical 
testing.    For complex structures,  such as a helicopter transmission,  the 
modeling approach becomes very complex and difficult to apply.    Therefore, 
testing is typically performed to obtain accurate transfer functions.     In 
the traditional testing technique, a sinusoidal force is applied at one 
position on a structure and the response  (usually acceleration) is measured 
at a second point on the structure.    By sweeping the sinusoidal force 
through a range of frequencies and plotting amplitude ratio and phase angle, 
an experimental transfer function is obtained.  2 

In structures where it is difficult to obtain the overall transfer function 
(because of shaker or transducf,>" nlacement difficulties), it may be possible 
to test individual components individually and then, using mechanical 
impedance techniques, combine the individual responses to give the overall 
response.13    This has been successfully done for a truck frame and body. 
It is likely that much further development of this technique would be 
necessary in order to apply it to a helicopter transmission. 

The use of transient pulse excitation has, due to the availability of 
improved computational facilities, become an increasingly popular method 
of obtaining mechanical transfer functions.14    In applying this technique, 
the system is forced with a sharp pulse at the forcing point and the 
response is measured at some other point.    The transfer function between 
the response and force can be obtained from the spectral density calcu- 
lations involving the input force and output mchion.    Estimates of system 
linearity and transfer function accuracy can be Jiade by observing the 
coherence function between the two signals. 

Finally, another common technique for finding system resonances, but not 
transfer functions, is to start up or shut down a piece of rotating 
machinery. Here, the speed of the machine is either increabed jr slowed 
down at a fairly constant rate. The vibration amplitude is plotted as a 
function of speed. Amplitude peaks on this plot indicate speeds where 
resonances exist. These resonances are often excited at the shaft rota- 
ting frequency and are often related to the critical lateral frequencies 
of the shafting system. 

Transfer Functions in Geared Systems 

In analyzing geared systems,  two types of excitation might be considered: 

1. Force excitations at the gear mesh 
2. Force excitation due to faulty bearings 

Gear Mesh Excitation 

Gear mesh forces are transmitted from the tooth mesh to the housing 
through the shafting and bearings via both lateral and torsional 
vibrations of the shafting system.    These vibrations, in turn, excite 
the bearing, which then excites the housing upon which the vibration 
transducer is typically mounted.    This problem has been studied by 

23 



Wang,15 Laskin, et al.,16 Badgley and Laskin,17 and Badgley euid 
Chiang.18 

The experimental transfer function analysis between the gear mesh 
and transducer location,  in the opinion of the authors, has never 
been accurately applied on a helicopter gear transmir ion due to 
scoie physical problems in locating the vibration exciter at the 
gear mesh.    However, these problems may be circumvented by placing 
the exciter at the transducer location and measuring the resulting 
forces at the gear mesh.     Perhaps the most promising me.uis of 
measuring the mesh transducer transfer function is with impulse 
testing, where a force pulse is applied at the gear meeii and, 
through appropriate data reduction,   the transfer function is ob- 
tained.    This technique assumes system linearity, which must be 
ascertained before pulse testing results can be relied on. 

Bearing Dynamics 

Transducers may be located very close to bearings on the periphery 
of gearboxes,  thus eliminating some of the transfer dynamics prob- 
lems which may occur in gearing.    However,  seme of the helicopter 
main transmission bearings are located ii. central portions of the 
gearbox, where transducers are difficult to locate or must be built 
into the unit.    When external transducers are used in an attempt to 
detect faults from these inner bearings, the transfer function 
between the bearing and transducer again plays an important role. 
Resonances will amplify vibrations and antiresonances will attenuate 
vibrations in certain frequency ranges.    If test speeds should 
change, serious errors may result in the data analysis. 

Bearing transfer functions can be determined theoretically, but 
again actual physical testing is the best way to obtain accurate 
transfer functions. 

Where the number of transducers to be placed on a given transmission 
is a limiting factor, the transfer dynamics between the transducer 
and the several bearings it is monitoring become even more important. 
In this instance, the use of transfer function analysis would be a 
systematic way of selecting optimum transducer locations for the 
monitoring  of several bearings. 
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MATHEMATICAL TECHNIQUES 

A typical vibration diagnostic system is of the form shown in the block 
diagram of Figure 8.    Normally, a vibration transducer is placed on the 
vibrating structure at a position on or near the part which is being 
monitored.    In recent years the piezoelectric accelerometer has been the 
most popular transducer, but this has not ruled out the use of noncon- 
tacting displacement transducers or velocity pickups for motion measure- 
ment.    The vibration transducer produces a time-varying signal which is 
fed into a processor which performs seme form of mathematical analysis on 
the time function.    There are many forms of signal analysis which this 
processor may perform, but they can essentially be broken into either time 
domain techniques or frequency domain techniques.    Also, purely statistical 
techniques could be treated as a separate class.    However, in this report, 
they will be  included in the discussion of time and frequency domain tech- 
niques.    Specific characteristics of the new mathematical function which 
results from the processor are then identified and used to classify the 
system's condition.    These characteristics are identified as discriminants 
and are the number or set of numbers which is used to identify a part's 
condition.    These discriminants either are obtained from prior knowledge 
of the mechanical behavior of the system or are determined by purely 
statistical techniques, which wi]l be called pattern recognition discrimi- 
nants hereafter.    The discriminants are then compared in some manner with 
past data or with some mechanical basis to decide the condition of a 
component or system. 

In thi? section, time and frequency domain processing of time series data 
will bt HscussedjWith primary emphasis placed on the means of mathemati- 
cally analyzing transducer signals. A short section on digital processing 
techniques will be included since this form of processing is becoming more 
prevalent in the signal analysis field. Different techniques for obtain- 
ing discriminants and the methods of applying discriminants are discussed 
later. 

Many books and publications have been written on these topics.    Among them 
are books by Bendat and Piersol,19 Jenkins and Watts20 and Enochson and 
Otnes.21    Information contained in these books will be summarized.    This 
summary will not become involved with the complex mathematical and statis- 
tical details which are necessary for a complete understanding of the 
various techniques. 

TIME DOMAIN TECHNIQUES 

In this report, time domain technique will refer to all techniques which 
perform simple computations directly on the time signal and those mathe- 
matical techniques which give a parameter output in which time is the 
independent variable.    Techniques which fall into this category and which 
will be discussed are: 
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1. Mean square values. 
2. Probability density functions and other statistical representa- 

tions . 
3. Correlation functions. 
k.    Time averaging. 
5.    Band-pass filtering prior to items 1-k. 

Mean-Square Values 

Perhaps the simplest means of analyzing time series data is to obtain the 
average amplitude or general intensity of the data.    This is normally 
done with the mean-square value, tx> which, for a time history x(t) may 
be expressed in equation form. 

*x=    ^   £   fT  W^2 dt ^ X     T -. » T  Jo 

The positive square root of the mean-square value is the root-mean-square 
(RMS) value. 

The average or mean value |ix of x(t) may be reprt^nted by 

lim    ,     fT 
^ = i   I     x(t) dt (22) 

T -> a» i   t) 

The dynamic component of x(t) may be described by a variance, ax, which 
is the mean-square value about the mean: 

lim   -,    fT 
4 = if    [x(t) - MX]

2
 dt (23) 

By expanding the above relation 

In computi.ng the above relations, one must have stationary data of suffi- 
cient length to allow little fluctuation in the computed quantities.    If 
the length of computation T is shortened sufficiently, the mean square 
value will fluctuate even though the data is stationary. 
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In vibration data taken frcm accelerometera or velocity pickups, the data 
should always have a mean value Hx = ^ since most machinery is relatively 
stationary and will not have static velocities or accelerations.    Even 
moving bodies, such as helicopters, can be treated in this manner since 
the static velocities and accelerations are small relative to the vibration 
levels of individual components. 

Mean-square values have had some utility in diagnostics, particularly 
where the vibration signal is a single frequency which predominates over 
all others.    This is typical of displacement measurements for which the 
shaft rotational frequency is predominant.    Displacement amplitude is 
often used as an indicator of shaft unbalance.    Root-mean-square values 
can scmetimes be used to sense overall changes in the signal, but only if 
the changes are gross or at the primarv frequency components. 

Probability Density Function and 
Other Statis ..ical Representations 

The probability density function Is a means of statistically representing 
data in an amplitude histogram fonnat.    It expresses the probability that 
the data will be at a value within a given range ?+  any instant in time. 
The equation describing the probability density function can be developed 
with the aid of Figure 9.22 

In Figure 9,  the probability that x falls into the range between x and 
k 
E Ati 

x + Ax is ^-i  . If we let T -*«, we can define the probability as 

E Ati 
Pr(x < x/^ < x + Ax) = lim ^-s  (25) 

The probability density function can now be defined by letting Ax -»0. 

k 

E    Ati 
.  v                     Pr(x < x(t) < x + Ax) i = l 

p(x) =     lim     = — =     lim       lim   —^— 
Ax -* 0 Ax -> 0 T -» oo 

(26) 

The probability density function is plotted as a continuous-amplitude 
histogram as shown in Figure 10 for examples of wide-band random noise 
and a pure sinusoidal signal. 
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Another useful statistical representation of data is the cumulative proba- 
bility distribution which is the probability that x(t) is less than or 
equal to seme value of x and is defined by 

P(x) = Pr[x(t) < x] =   [   p(x) dx (2?) 

Useful relations may be obtained from the probability density function 
such as the mean value nx: 

UX = J x p(x) dx (28) 
— 00 

and the mean-squared value: 

t2 =    |    x2 p(x) dx {29) 

Other statistical treatments of data which may be useful in diagnostic 
systems include number of zero crossings or data crossings at any ampli- 
tude level, distribution of peak (zero slope) values of x(t), and other 
types of ratios, sums, and differences of data statistics. 

All of the probability density techniques have been implemented with 
analog and digital instruments.    The digital processors are particularly 
simple since they require only level detectors and additive memories for 
each amplitude level.    Analog techniques have been implemented on severed 
commercial analyzers.    In performing probability density analysis, care 
must be taken to use long enough data samples  that average and not 
instantaneous statistical data is obtained. 

Correlation Functions 

Both the autocorrelation function and the cross-correlation function deal 
with the time representation of signals.    The autocorrelation function of a 
time signal x(t) is a graph of the similarity between the waveform x(t) 
and a replica of itself x(t + T) displaced by a length of time T from x(t). 
The autocorrelation function is defined by the equation 

rT 

»T   o 
(T) =    lim   i x(t) x(t + t) dt (30) 

31 



I 

where    R^T) = autocorrelation. 

Typical autocorrelation functions for a sinusoidal wave, wide-band random 
noise, and wide-band random noise added to a sine wave are shown in 
Figure 11. 

For the autocorrelation function, the mean value of x(t) may be found from 
Hx = vRx(ao).    The mean-square value may be found from ^fc = Rx(0).    The 
value of the autocorrelation function will be a maxiimrci at T = 0.    Also, 
the function is dependent upon the frequency content of the waveform rather 
than on the actual waveform itself. 

The autocorrelation function has received wide use in extracting periodic 
data from extremely noisy signals.    This would appear to make it a prime 
candidate as a diagnostic analysis technique since much of the usable 
diagnostic information may be deeply buried in noise.    Further discussion 
of the autocorrelation function as a diagnostic tool is given later in the 
report. 

A similar function to the autocorrelation function is the   cross-correlation 
function Rj. (T).    The cross-correlation function compares two different 
signals in a manner similar to the autocorrelation function and is defined 
by the expression. 

rT 
RxvU) =    lim   i  J    x(t) y(t + T) dt (31) 

The cross-correlation function is not necessarily a maximum at T = 0 and 
is not an even function as is the case with the autocorrelation function. 

The  cross-correlation function is a valuable tool for measurement of time 
delays in a system and also for determination of transmission paths of 
signals.    The recovery of a signal which is buried in noise is also 
possible with the cross-correlation function, but only when the desired 
signal one wishes to detect is known.    In this specific case, a greater 
output signal-to-noise ratio will be obtained than with the autocorrela- 
tion function. 

There are several instruments on the market which are specifically designed 
to perform correlation function analysis on raw data.    Both analog and 
digital processing is used in these instruments.    Between 100 and ^00 time 
lags are available on typical analog correlation analyzers,    A more 
powerful and more flexible means of performing correlation function 
analysis is with digital computation, where much higher resolution and 
accuracy can be obtained. 
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Time Averaging 

Time averaging, which is also called time summation, coherent averaging, 
signal enhancement, and ensemble averaging, is another mathematical means 
of improving the signal-to-noise ratio of a periodic signal that is buried 
in noise.    Many instruments are available for time averaging, but most 
diagnostic applications of this technique have been developed by General 
Electric Company.23 

In time averagiug, time blocks of the input function are added to one 
another in such a manner that signals, which are periodic to the block 
length or its multiples, will add to one another.    Random data and 
signals with other periodicity will cancel out.    This is shown schemati- 
cally in Figure 12. 

In following this procedure, the time signal is partitioned into N 
segments of length Ts.    Each of the N periods of length is coherently 
added.    In this manner signals with period Ts will prevail since they will 
be additive in each segment of time.    The procedure is expressed mathe- 
matically as 

N 
F(T) =   X!    fC-r + (n - l)Ts]       0<T<T (32) 

n=l 

where Ts, T and N are defined in Figure 12.    An example of the power of 
this technique is evidenced where an incoming signal with signal-to-noise 
ratio of -30 dB is averaged over 105 summations.    The resulting averaged 
response will have a +20 dB signal-to-noise ratio.24 

Although this technique outwardly appears to be very simple to apply, 
particularly with digital processing techniques,  some difficulties may 
be experienced in obtaining an accurate pulsing signal with period Ts to 
trigger the process.    This is primarily caused in rotating machinery by 
slight speed variations , which can cause difficulties in the phasing of 
higher harmonics of frequencies with period Ts.    An example of this prob- 
lem is shown in Figure 13.    The figure could depict the response of a system 
to repeated bearing impacts resulting from a spall on a bearing race.    If 
time averaging is applied to the system of Figure 13, an error of 0.00005 
sec in T   would cause the 10,000-Hz rings to cancel rather than add as is 
desired.    This obviously would cause gross errors in the resulting analysis. 
An error of 0.00005 sec could be caused by a slight variation in the shaft 
speed or slight skidding in the bearing. 

One of the techniques which has been developed to counteract this problem 
is to use a tachometer signal from the shaft to trigger the summation 
process.   The tachometer signal may be processed through a tracking ratio 
synthesizer to generate a trigger signal which is proportional to the 
shaft speed and, thus, Ts adjusts accordingly.   This process has helped 

3k 



V 

f(t) 

iys| 

77=1     77 = 2     17=  3 
h-T—I—T-H—r-H 

4vt 4 
7,=! 

7,=   2 

^4    :   ^7=3 

t 

■77s N-l       17 =N 
I--T-H—T—I 

Figure 12.    Schematic of Time-Averaging Procedures, 

35 



 T = 0.005 —* 0.005 

V - 2 

V  - 3 

Figure 13.    Errors in Time Averaging Due to Incorrect Synchroni- 
zation. 
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compensate for speed fluctuations,    A farther aid has been to first 
rectify the signal prior to averaging;  this eliminates the problem of 
cancellation of the high-frequency components, but it reduces the 
signal-to-rjise improvement since the randori noise will never totally 
cancel as  it will with an unrectified signal. 

Band-Pass Filtering 

Often the information from a function of time may be heavily affected by 
signals at a particular frequency or range of frequencies.    A typical 
example is the vibration at the upper mast bearing on a helicopter's main 
transmission.    The vibration signal measured at this point shows a strong 
component at the roto. blade pass frequency which, when performing any of 
the above-mentioned time domain techniques, can greatly alter the analysis. 
In particular, this rotor frequency is so low that it makes the analysis 
appear nonstationary in some procedures for ccnpu ing probability density, 
correlation, or time-average functions.    By filtering out this low- 
frequency component, it is possible to obtain a more reasonable analysis. 

Also, high -frequency components can have a similar effect and may require 
low.$ass filtering.    Frequencies within the analysis range may also be 
adjusted or filtered by pre-whitening or other signal conditioning 
techniques. 

FREQUENCY DOMAIN TECHNIQUES 

Analysis of time-series data may be performed in the frequency as well as 
time domain.    The frequency domain is categorized by reference to cycles 
(or events) per unit time rather than time itself.    In the most general 
terminology, this variable is sometimes called sequency, which is defined 
as zero crossings per unit time. 

There axe several frequency domain analysis procedures which will be 
discussed.    Basic to all of these is the frequency-amplitude or frequency 
spectrum calculation.    Using this computation,  several specialized func- 
tions such as coherence, cepstrum(defined on page U6), spectral correla- 
tion,  etc, may be obtained. 

Two basic terms that appear in frequency domain analysis need to be defined 
initially--hertz  (Hz) is cycles per second, and decibels  (dB)  is 20 log10 

As/Aref, where As is the amplitude of signal measured and Aref is amplitude 
of reference signal. Often, the reference signal amplitude i« unity, which 
is used to nondimensionalize the argument of the logarithm. 

Power Spectral Density (PSD) 

The power spectral density is the most generally used measure in frequency 
domain analysis.    It is an indication of the energy of a signal which may 
be associated with a given frequency.    It may be defined in either of two 
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ways: by the Fourier transform or by the autocorrelation function of a 
signal. Autocorrelation has been previously defined, but some discussion 
of the Fourier transform is required before continuing with the discussion 
on power spectral density. 

Fourier transform analysis is a decomposition of a time domain signal into 
the frequency domain. Its simplest form is the Fourier series. If a 
signal x(t) is purely periodic of period T, it may be written as a series 
in the form 

x(t) = a0 + t^ ^n cos 2^t + bn sin ^ (33) 

where 

T 
&n = -   I   x(t) cos ^i^ dt   n= 0,1,2,3...        (3^) 

T 
bn = | f x(t) sin ^ dt   n=l,2,3,U...        (35) 

In cases where the signal is not known to be purely periodic, the more 
general Fourier transform is used. It may be written as follows: 

x(f) =1^/ x(t) e.xp[-j2«ft] dt (36) 

where f = frequency of interest. This function is continuous rather than 
discrete. The Fourier transform may have a real and an imaginary part and 
is often represented in amplitude-phase angle form. 

x(f) = Re(f) + Ö Im(f) 

= A(f)Z(p(f) (37) 

where   A = vRe2 + Im2, function of frequency 
cp = tan'Hlm/Re], function of frequency. 
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Power spectral density may be defined in terms of the Fourier transform 
by the following equation: 

S(f) = J E[X*(f) X(g)] exp[j2n(g-f)t] dg (38) 

where E[X*(f) X(g)] = expectation of the Fourier transform times its 
conjugate. It may also be defined in terras of the previously discussed 
correlation function [Rx(t)] by 

00 

S (f) = [ R (T) exp[-j2itfT] dT (39) 

The PSD may be calculated either by the use of analog filtering or by t. 
direct digital computation of one of the transformations. Two types of 
analog filtering systems that are used to calculate the PSD are (l) banks 
of parallel band-pass filters and (2) swept frequency analyzers that 
utilize a single band-pass filter which is swept through the frequency 
range or the similar effect achieved through heterodyning. The digital 
mechanizations will be discussed later. 

Frequency response of a typical band-pass filter may be seen in Figure ik. 
As can be seen, the filter will allow a range of frequency components (or 
portion of the spectrum) to pass while attenuating the other frequencies. 
In discussing the filter characteristics, we usually speak of three main 
parameters: bandwidth, center frequency, and roll-off. Bandwidth can be 
defined as the half-power interval, i.e.. range of frequencies for which 
filter response will be within 3 dB of the peak. Center frequency is that 
frequency which is in the middle of the bandwidth. Roll-off refers to the 
attenuation rate of the signal. It is generally dimensioned in decibels 
per decade, where a decade is a power of ten change in frequency. 

By passing a time domain sigi.al through a filter, an approximate value of 
Fourier amplitude at that frequency rfill be obtained^ The value is 
approximate since it is obtained for a range of frequencies, i.e., over 
a finite bandwidth, and the input sample is of finite length rather than 
the infinitely long value as used in the definitions. With the output of 
the filter defined as x(t,fc,BW), the PSD approximation may be written as 

/ s    1   fT p/      x     U(t,fc,BW)|
:i       ., , 

(BW)T t) 
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where fc = center frequency of filter    and T = length of data sample.    The 
squaring,  integration, and division are easily performed by analog circuit- 
ry.    A block diagram of the procedure is shown in Figure 15. 

Time Domain Signal 
Filter 

x(t.fc.BW)[ 
■j X 

**(t,fc,BW) 

o          1 x(t) 

1 w 
(BW)T 

Figure 15.    Block Diagram of Calculation of PSD via an Analog 
Filter. 

There are some constrednts on any analysis which utilizes this filtering 
procedure.    It has been found, through experience, that the bandwidth of 
the filter must be less than or equal to one-fourth the desired analysis 
bandwidth.    Thus, if an analysis bandwidth of 20 Hz is desired, a filter 
with a bandwidth of 5 Hz or less is required.    Since a broad bandwidth 
filter and a finite integration time is used, a static error is introduced. 
This error can be expressed in terms of the standard deviation of the 
measured power density function. 

T[Sx(f)] Sx(f) 

\f(BM)T 
(Ul) 

where   T[Sx(f)] = the standard deviation of the measured power spectrum. 
A ratio is usually defined. 

T[Sx(f)] 

SxU) \/(BM)T 
(U2) 

Thus, 

e « 
N/(BW)T 

(U3) 

This means that for a given measurement of the power spectral density, the 
error between the measured power density and the true power density will 
be ± e with a confidence level of 67%; i.e., two-thirds of the measurement 
will be within ± e.    This formula is an approximation which holds for 
e < 0.2.    If the error becomes greater than 0.2, the deviation takes on a 
chi-squared distribution and must be found from it. 
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To utilize the chi-squared tables, a parameter called the degrees of 
freedcm (n) of the analysis must be found. 

n = 2(BW)T (Wt) 

Going to a chi-squared table or chart, which is available in almost any 
statistics book, the value of the ratio of the true mean square to the 
observed mean square may be found for a variety of confidence levels.y5 

These considerations axe all that are essential to the operation of the 
most simple PSD analyzers, i.e., those analyzers which do not use swept 
frequency analysis.    These devices will give a discrete PSD, i.e., a set 
of PSD values at individual frequencies.    Often, lines are drawn between 
the points to give an extrapolation to a continuous PSD. 

A PSD plot can also be produced using a single filter.    In this type of 
machine, the filter is "swept" through the frequency range of interest 
either by actually changiiifc the center frequency or heterodyning on the 
signal.    The output of the filter is the Fourier component, which may be 
manipulated to give PSD.    However, the time required to produce the 
analysis is greatly increased.   The filter must not sweep at a rate faster 
than that at which the filter can respond.    The filter has a finite rise 
time based on its dynamic characteristics, which is approximated by 

Tr = i , ^c (^) 

For true averaging, the sweep rate is 

S.R. <2Si , Hz/sec (U6) 

The time required to produce a spectrum depends on this sweep rate and the 
frequency range of interest.    If the frequency range is F Hz wide, analysis 
time required (Ta) is 

Ta - Ä (^7) a      SR 

This value is a function of filter characteristics and allowable error as 
well as the frequency range of interest.26 Also, if a long sample of data 
is not available, the data may be put into a tape recorder loop. 

h2 



To overcome the difficulties which may axise from such a long analysis 
time, time-compression devices (so-called real-time analyzers) have been 
developed.   The input data is digitally sampled and then speeded np. 
This speedup causes a frequency translation.    For example,  speeding up by 
a factor of 100 would translate a 1-kHz bandwidth signal to one of 100 
kHz.    As the signal bandwidth is increased, the filter bandwidth can also 
be increased and still give the same effective resolution.    Since pro- 
cessing time is inversely related to bandwidth, the time required for the 
analysis is greatly reduced. 

Figure 16 shows a block diagram of a time-compression device.    The input 
signal is sampled via an A/D converter, speeded up, and then fed through 
a D/A converter.    This signal is then analyzed via a heterodyne analog 
filter.   The memory is recycled a given number of times and the hetero- 
dyning adjusts the effective filter position for each sweep.    The number 
of recirculatiuas of the data (or, equivalently, the number of center 
frequencies set for the filter) is the number of "lines" of the real-time 
analysis.    These "lines" sire the number of Fourier components found.    It 
should be noted that "real-time" analyzers do not actually operate in 
"real time" but are much faster than swept-frequency analyzers.27 

Power spectral densities may also be found by the use of analog correlation 
function instrumentation.    However, in practice, these devices are seldom 
used. 

Cross-Power Spectral Density 

The cross-power spectral density is a property which is used in frequency 
domain analysis.    It is related to power spectral density but involves a 
calculation using two input signals.   The definition may be phrased in 
terms of Fourier spectra or correlation as follows: 

00 

Sxy(f) = 2    [   Rxy(t) exp(-j2JtfT) dx (U8) 
-00 

where Rxy^) = cross-correlation of x(t) and y(t) 

-,  f" -, |x*(f)Y(f)| 
Syv(f) = i | E{X(f) Y(g)} e.q?[-j2n(f-g)] ^ - ^ 

{h9) 
X*(f) = conjugate of Fourier component 

2rt   ~0 

The calculation is usually performed digitally.    The results show an 
indication of the commonality between two signals in the frequency domain. 
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Transfer Functions 

Another of the properties calculated via PSD analysis is the transfer func- 
tion,  discusfied earlier,  of some machine or signal transmission path. 
With a system as shown in Figure 17,  a transfer function may be found in 
the following forms: 

or 

TF(f) = ¥i£i 
X(f) 

TF(f) = ^£1 
sxx(f) 

(50) 

(51) 

The second form is found to be the better estimate in the case of systems 
with internal noise generation. 

These transfer function analyses can be performed via analog analyzers or 
digital processors. 

x(t) 

x(f) 

Sxx<f) 

System 

Sxy(f) 

y(t) 

"T" 
y(f) 
JL_ 

syy(f) 

Figure 17.    Block Diagram of Transfer Function Analysis. 

Coherence Functions 

The coherence function {y2) is a frequency domain analysis which gives an 
indication of the interrelationship of two signals.    By definition,  it is 
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^ (f) ' sx(^ sy(fT (52) 

Tt^e value of the coherence function always lies between 0 and 1.    If a 
coherence of value 1.0 is achieved,  the signals are considered coherent 
or completely related,  i.e.,  the output is completely determined by tne 
input.    As the coherence drops toward zero,  this relationship lessens. 
A coherence of zero would indicate totally unrelated signals.28 

The  coherence function is often used in transfer function analysis to de- 
termine the points of maximum validity of a transfer function.    At frequen- 
cies where high coherence exists,   the transfer function amplitudes may be 
considered usable.    Where low coherence exists,  the validity of the trans- 
fer function is doubtful.    The coherence function has also been used to 
determine the sources of noise components.    In the case of an environment 
with several noise sources,  a coherence function can be performed between 
the  signal received with a nondirectional microphone and an accelerometer 
mounted on the piece of equipment of interest.    The noise spectrum can 
then be weighted by the values of the coherence function.29 

Cepstrum 

The language of this cepstrum analysis is a takeoff on the language of 
spectrum analysis.    An equivalency would show: 

Spectrum «^t    ^ cepstrum 
frequency-«—*- quefrency 
filtering-«—»-liftering, etc. 

A cepstrum is defined as a power spectral density of a power spectral den- 
sity and is used to pick fundamental periods out of a signal.     If a signal 
contains a strong periodic component other than a pure sine wave, the 
spectrum will show "spikes" in amplitude at the fundamental frequency and 
its harmonics  (multiples).    If a PSD analysis of the spectrum is run, the 
result will be in the quefrency domain where 

quefrency = —cyc es—   = sec 
cycles/sec 

The resulting peaks in the cepstrum will show the fundamental periodicity 
between peaks. 

The cepstrum analysis is generally performed digitally.30 

Spectral Correlation 

Spectral correlation is another analysis to determine periodic relation- 
ships between spectra. Auto- or cross-correlations may be performed de- 
pending upon the desired results.    A definition is 
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QxxCF) =   lim X{f + F) X(f) df (53) 

Qxy(F) =    lim      [   X(f + F) Y(f) -if (54) 

The autocorrelation (QxxCF)) will show peaks at values of frequency delay 
which could be caused by harmonics or sidebanding. The cross correlation 
(QvyW) will determine if two signals contain the same harmonic content. 

Here, again, processing is usually digital in nature. 

DIGITAL ANALYSIS 

While digital analysis is not to be condidered a separate analysis domain 
from the time or frequency domain,  certain special considerations are re- 
quired.    Of special interest is an analysis of sampling requirements of 
digital systems as well as the limitations imposed by sampling. 

There are seme procedures and analyses which are unique to digital sy.cterns, 
A discussion of the use of Fast Fourier Transform (FPT) Analysis is Riven 
as well as a brief discussion of both Walsh Functions and Comb Filtering. 
Functions, such as the probability density function    and correlation func- 
tions, may also be computed digitally.   However, since there is nothing 
particularly unique about the.:.r digital computation, no special discussion 
will be included. 

Sampled Data Analysis 

Any system which utilizes digital components must include some sampling 
process Involving an A/D converter.    In such processes, the input data is 
sampled periodically at the sampling interval and these digital values are 
the inputs to the analysis procedure.    In utilizing any sort of sampled- 
data analysis,  several considerations must be made. 

The first of these considerations is that the input signal must have a 
finite frequency limit; if it does not, a low-pass filter must be used to 
limit the frequency content.    Such filters are called "anti-aliasing" 
filters.    Their need becomes apparent as seen from a sampled sine wave 
shown in Figure 18.    If the sample rate l/Ts is used, the two sine waves 
of obviously different frequency will be indistinguishable.    To avoid 
this problem,  sampling must be done at least at the Nyquist frequency, 
where the Nyquist frequency is defined as twice the highest frequency con- 
tained in the signal.    In general practice,  a sampling rate somewhat 
higher than the Nyquist frequency is used (normally 2.5-5 times higher). 
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This rate is used because of the finite roll-off characteristics of the 
anti-aliasing filter which allows a frequency somewhat higher than the 
filter breakpoint to pass, even though these components are attenuated. 
This characteristic may be seen in Figure 19. 

Another problem involved with sampled-data analysis is leaJtage, whereby 
energy contained at a given frequency appears to "leak" to surrounding 
frequencies.    The process of sampling over a finite interval of time 
causes the data to be effectively multiplied by the "boxcar" function. 
This function produces a convolution in the frequency domain and thus, the 
leakage.    Figure 20 graphically illustrates this effect.    The technique 
used to overcome the leakage difficulties is to weight the time signal in 
some manner other than the "boxcar" weighting.    Figure 21 shows a typical 
response with a "Harming" weighting.    The amount of energy which "leaks" 
to side lobes is diminished, but the effective bandwidth increases,31    Some 
typical weighting sequences32 are shown in Figure 22. 

There are other special considerations which must be made when sampling 
of data is part of an analysis procedure, but aliasing and leakage are 
the two most important by far. 

Fast Fourier Trams form 

Most of the frequency domain analyses proceed from the calculation of a 
Fourier cransform.    In a digital transform, spectral amplitudes are calcu- 
lated for a finite number of frequency points (sometimes called bins) 
rather than continuously.    If a Fourier transform is written digitally, 
it takes the form 

n-1 
X(f ,T) = At   £   xn exp(-ö2nnfAt) 

n=0 

n-1 
= At    ]£   xn{cos(2nnfAt) + j  • sin(2rtnfAt)} (55) 

n = 0 

where   T = length of data sample 
At = sampling interval 
^ = nth data point 

N = number of data points 

To perform the calculations using the standard discrete Fourier transform, 
the following steps are required: 

1.    Calculate en = 2jtnfAt for all N data points 

k9 

2,    Calculate cos 9n and sin 9n 
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3.    Perfonn multiplication of Xn(cos 9ri),Xn(sin 9n) 

k.    Perform stunmation 

This calculation procedure will require approximately N2 calculations. 
The frequency resolution is a function of N: 

fr = W (56) 

where    fr = effective bandwidth.    An enormously large Computing burden is 

encountered and in this format    the Fourier transform becomes expansive. 

However, the development of the Fast Fourier Transform algorithm has 
greatly diminished this problem.    While a development of the algorithm 
would be superfluous here, a brief description of the kind of savings it 
performs might be of interest. 

The manner in which the computation savings are achieved may be illustrated 
with the use of the following equation: 

a(b +c) = a«b+a«c (57) 

If this operation is performed in the following manner:    add b and c, then 
multiply the sum by a, one multiplication and one addition are required. 
If instead, the multiplication of a times b and a times c are done and 
that sum added, two multiplications and one addition are performed.    The 
first mode of operation saves a multiplication and, in terms of computer 
operation, almost   halves   computation time.33   This distributive-type 
operation is,  in essence, what the FFT algorithm does.    In terms of time 
savings,  an approximation may be used where the speed ratio S.R.  is the 
ratio of computing time via standard Fourier Transform to FFT. 

s-R- = ir|r- (58) 

where r^ = prime factors of N. For example, if N = 28 = 2.2«7> rj, =2, 

T2 = 2, r3 = 7. 

If the number of input sampled data points are constrained to be a function 
p 

of 2, N = 2 , where P = some integer, all calculation of expontials in 
the transformation are eliminated and further computation savings are 
achieved. This is the form of the algorithm which is used in most 
processors. 
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Fast Fourier Transformation processors use an A/D converter on the input 
and either a mini-computer, which is programmed to the algorithm, or hard- 
wired digital circuitry designed to perform the calculation. 

Their capabilities are a function of the processing mode, i.e., hard-wired 
analyzers are generally faster.    Computations are generally performed in 
a few seconds and are conparable to real-time analyzers in a frequency 
reuige up to 50 kHz. 

The power spectrum is calculated directly from the Fourier coefficient 

Sx(f) = ir lx(f)l2 (59) 

Other frequency domain characteristics are similarly calculated from the 
Fourier coefficients. 

Walsh Functions 

Some consideration has been given to using a Walsh Transform rather than 
a Fourier Transform,  i.e., expanding terms of Walsh functions rather than 
exponentials.    The Walsh function has a sal and cal component analogous 
to the sine and cosine of the exponential.    An example of Walsh functions 
is seen in Figure 23.    The values are always either +1 or -I.34    The trans- 
form into the Walsh domain would not require any multiplication by weight- 
ing functions;  the only operations would be addition and subtraction. 

In using Walsh transformations, the ordinate is sequency or the generalized 
frequency since the analysis i.s not tied to sinusoids. 

Comb Filtering 

In the case where the energy of a signal contained at the fundamental 
frequency and all harmonics is desired,  digital characteristics may be 
used in a "comb" filter which utilizes the aliasing or fold-over charac- 
teristics of digital processing. 

As seen in Figure 19,  a digital frequency response is a continuous super- 
position with a folding over about the sampling frequency and its multi- 
ples.    If designed as shown in Figure 2k, the comb filter may be achieved. 
Here a digital band-pass filter is used.    Sampling frequency is set at 
the fundamental of the desired frequency.    Thus,  fundamental frequency 
energy, as well as the "aliased" energy due to the harmonics,   is passed 
through the filter.     By changing sampling rates,  different fundamental 
frequencies may be chosen. 

An analog mechanization of a comb filter is possible as shown in Figure 25. 
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The number of harmonics of the sampling (or clock)  frequency which is 
passed is equal to the number of capacitors used or,  in other terms, the 
number of stages of the filter.    This filter effectively performs time 
averaging.35 
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GEMERAL DIAGNOSTIC PROCEDURES 

In this section, the overall diagnostic problem including short discussions 
of transducers, data analysis techniques, and potential discriminants for 
differentiating between good and faulty components will be discussed. 
Means of normalizing data will be discussed,  as will the general pattern 
recognition approach.    Problems which are peculiar to helicopters will be 
interjected. 

The number of possible types of diagnostic systems is indeed endless.    The 
number of means of reducing time series data is very extensive.    Then 
including the different types of transducers, the different transducer 
placements, and the different means of analyzing the reduced data, it can 
be seen how the number of diagnostic possibilities becomes large.    This 
section will be general in nature, as specific techniques will be discussed 
in a later section. 

GENERAL DIAGNOSTIC SY3TEM 

As illustrated in Figure 8,  a generalized diagnostic system is composed 
of a sensor,  a data-gathering and -reduction facility, analysis of the 
reduced data to evaluate discriminants, and comparison of discriminants 
to ascertain the condition of the device being tested.    In an effort to 
obtain an overview of many of the systems which are possible for vibration 
diagnostics, a block diagram of potential diagnostic systems and techniques 
is shown in Figure 26. 

This diagram will be discussed in individual sections, with primary dis- 
cussion centering around the transducers, their location, the mode of 
taking data,  and the discriminants which result.    In all of these discus- 
sions} it should be realized that there is no one best technique, trans- 
ducer, or discriminant.    For a given discriminant,  one type of transducer 
may be required; while for another discriminant,  the choice of transducer 
may be different. 

Transducers 

The most popular transducer used for vibration diagnostics work has been 
the piezoelectric accelerometer.    The accelerometer has the advantages of 
being lightweight and easy to mount, has a wide dynamic range,  and provides 
a strong self-generated signal which may be integrated to give velocity and 
displacement information.    The accelerometer measures absolute motions and 
is not capable of measuring relative motions directly.    Problems encountered 
with piezoelectric accelerometers include their inability to measure static 
motions and the requirement of special charge amplifier-type signal condi- 
tioning.    They are also somewhat sensitive to transient temperatures. 
Accelerometers are available for measuring frequencies over 100 kHz. 
Typical accelerometer accuracy, under normal operating conditions, is ±1 dB 
over the operating frequency range. 
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Seismic mass velocity pickups have received much use as vibration monitors 
on gas turbine engines.    They provide a high output and do not require 
sophisticated signal conditioning.    Velocity pickups are quite rugged but 
are physically larger than accelerometers.    Relative to accelerometers, the 
dynamic range of velocity pickups is somewhat limited. 

Noncontact pickups  (typical of the capacitive,   inductive, reluctance, or 
eddy current type) are used to measure relative displacements between two 
parts.    Their primary use in diagnostics has been in measuring relative 
motion between bearings and shafts in heavy machinery vhere sleeve bearings 
are commonplace.    One problem encountered in the use o.' these devices for 
measuring helicopter vibrations is the fact that they   ire very insensitive 
to high-frequency vibration and would be usable at shaft frequencies and 
their lower harmonics only.    A primary reason for this is that displacement 
parameters favor the low-frequency end of the spectrum,  whereas accelera- 
tion favors the higher end of the spectrum.    Displacement measurements are 
the standard for determining shaft imbalance difficulties. 

Since noise from a piece of machinery emanates from structural vibrations, 
the microphone can be considered as a form of vibration transducer.    Micro- 
phones can be obtained with very high-frequency response  ( %100 kHz) and 
with varying degrees of directionality.    They are exceptionally easy to 
mount, and because they may be multidirectional, they would appear to be 
ideal as diagnostic transducers.    In fact, because of these fine character- 
istics, one diagnostic tool, the Curt iss-Wright sonic analyzer, has been 
extensively investigated for use in helicopter transmission diagnostics. 
One particular difficulty with microphone data is that the acoustics prob- 
lems associated with microphone location, background noise,  and the large 
number of acoustic inputs make the extraction of diagnostic information 
rather difficult. 

It would appear that the piezoelectric accelerometer offers the greatest 
advantages for helicopter use.    Based on data to be given later,  it can 
also be shown that accelerometers tend to give a fairly flat frequency 
spectrum from 0 to 5 kHz.    For helicopter data, velocity pickups tend to 
attenuate the amplitude of frequencies above 2 kHz, thus limiting the range 
of their use.    Velocity signals can be obtained from accelerometers by 
simply integrating the accelerometer signal, but because of noise diffi- 
culties the differentiation of velocity signals to obtain acceleration is 
not as feasible. 

Transducer Location and Mounting 

Equally as important as the transducer itself is its location and the means 
by which it is mounted.    Transducer location is often a function of the 
diagnostic discriminant being measured.    For instance,   some bearing dis- 
criminants require that the transducer be located on the bearing housing, 
whereas other techniques may have other critical location restraints. 
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One obvious deduction is that the transducer should be as close to the 
part or parts being monitored as possible.    However, problems crop up 
when one desires to monitor more than one component with the same trans- 
ducer.    Here, it will be necessary to optimize transducer location in some 
manner.    One means of doing this is to utilize the mechanical transfer 
function techniques discussed earlier. 

In the helicopter, the number of transducers is a function of the number 
and levels of faults which one desires to detect.    In the  test bed program, 
the object was to ascertain the condition of line-replaceable units  (LRLJ's)^ 
with little concern being given to fault isolation of individual gears and 
bearings.    If possible, the ideal would be to have a single transducer for 
each LRU.    In the case of the main transmission on helicopters, this would 
seem very optimistic since a typical main transmission (UH-1H as an example) 
contains over 20 gears and many bearings. 

When locations of the transducers are determined, it is necessary to mount 
the transducers to the structures.    The mounting technique can be very 
crucial, as a poor mount can result in both amplitude and frequency range 
losses.    Typical means of mounting transducers include the use of (a) hand- 
held probe,  (b) epoxy cement,   (c) wax,   (d) steel stud,  (e) isolated steel 
stud, and (f) permanent magnet.    Figure 5.^8 of Mechanical Vibration and 
Shock Measurements36 shows typical accelerometer frequency responses for 
these types of mountings.    It is noted from this figure that the best 
frequency response is obtained for the steel stud and wax mountings.    The 
other mounting techniques resulted in downward shifts in the transducer's 
resonant frequency which reduced the transducer's dynamic range.    Since 
wax is a very temporary mount which cannot be used at high temperatures, 
the steel stud is the advisable technique for helicopters.    Still, care 
must be taken in preparation of the surface for monitoring the steel stud 
such that the accelerometer mounts flush to the surface.    R. Misialek37 

has proposed a method where a carefully machined steel block is welded to 
the part to be measured to obtain a consistently flush transducer mount. 

Mode of Taking Data 

The speed and load conditions which are prevalent when data is taken can 
have a significant effect on the output readings from a diagnostic system. 
In a helicopter, one has several choices of test conditions when data may 
be taken.    Two speeds are typically available:    ground idle and operating 
speed.    In addition to these two speeds, load is adjustable by controlling 
the flight condition, i.e.,  either light on skids, ground hover, steady 
climb, or high-speed level flight.    Data for these conditions will be 
compared later.    In general, it was found that the information available 
in each of these flight modes was essentially the same.    The flight mode 
to be utilized is then only a function of the amount of data needed, the 
compatibility of test equipment to the flight mode, and the required 
frequency of occurrence of testing. 

The applicability of different types of operating modes of diagnostic 
systems will have a considerable effect on the test mode used.    If the 
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diagnostic equipment is to be portable and data is to be taken every few 
hours of flight time, it is likely that some type of ground run or hover 
test might be most useful.    However,  if the monitoring of parts is neces- 
sary at all times, the diagnostic system would have to be flown with the 
helicopter, thus allowing recording of data in all flight conditions. 
These tradeoffs have been extensively studied by Northrup in the AIDAPS 
Program.38    In general, our investigators would tend to question the net 
conclusion of Northrup, which says that the system that flies with the 
helicopter is the most powerful diagnostic tool.    Our experience has been 
that mc-.c mechanical failures which might be detected with vibration 
diagnostics are not instantly catastrophic and axe, therefore, more 
amenable to testing periodically in ground run or hover conditions.    The 
use of the hover condition allows one to run at nearly the same load and 
speed during every test.    It also allows the use of portable instrumenta- 
tion which can be shared with many vehicles and the connection of data 
directly into a central processing system, if necessary. 

A final technique for data gathering which may be useful in diagnostics 
is the use of variable speed run-ups and run-downs.    These transient speed 
changes allow the use of structural resonances to amplify certain input 
vibration characteristics.    One problem with this mode is the difficulty 
in interpretating the nonstationary data which is produced. 

Data Acquisition Processing Systems 

Various approaches to data acquisition were also covered extensively in 
the AIDAPS study by Northrup.    The type of data acquisition system depends 
largely upon the mode of diagnostic system being used (on-board or 
portable) and the type or processor being used (either small on-board, 
portable ground based or large-scale ground based).    Processers depend 
primarily on the types of data reduction techniques being used and the 
discriminant complexity. 

Data Analysis and Discriminants 

Following the initial reduction of data by techniques discussed previously, 
various additional data analysis techniques are required to obtain discrimi- 
nants which can be used to distinguish between good and bad parts.    Figure 
26 shows many of these analysis techniques and also lists some of the 
resulting discriminants. 

A discriminant is defined as a single numerical value or set of numerical 
values which, when compared to some reference value or set, is capable of 
determining the condition of an individual part of LRU. The discriminant 
is the key to the success of the diagnostic system and must be capable of 
not only flagging bad components but also not diagnosing good components 
as being bad. Discriminant levels which are set to designate the faulty 
condition of a component must almost always be obtained from experimental 
data. The amount of data and the number of different types of tests re- 
quired are largely a function of the  statistical accuracy desired and the 
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amount of physical modeling upon which the techniques are based.    The 
more completely a technique can be modeled physically, the less data 
required for verification. 

Typical parameters which are related directly to physical phenomena are 
frequencies of bearings and gears,  structural resonant frequencies, and 
harmonic and sideband frequencies.    Even though these frequencies or 
related parameters are known and can be directly related to specific 
faults in gears and bearings, the means of analyzing and interpreting data 
related to these frequencies requires ingenuity in physical modeling and 
data processing.    These same frequencies can be observed or manipulated 
by many mathematical techniques,  including correlation, time averaging, 
and demodulation, in order to obtain different discriminants. 

Other discriminants can be obtained from statistical reduction of the 
vibration data.    Included here are the shape of the probability density 
function, peak value distribution, ratio of peak to RMS values, etc. 

PATTERN BECOGNITIQN 

Another means of obtaining discriminants is by the method of pattern 
recognition, where the mathematical functions for good ard bad components 
are statistically compared.    Parameters which are found to be statistically 
sensitive to faults in a given component are chosen to form a mathematical 
discriminant. 

Pattern recognition has received a large amount of interest in the follow- 
ing areas:       alphanumeric recognition, speech processing, medical diag- 
nosis, antisubmarine warfare (ASW), radar and sonar identification, and 
fingerprint identification.    In all of these areas the basic task is to 
separate and identify various patterns.    The method of achieving this goal 
is the development of a classifier which statistically differentiates 
between classes of data with a high degree of statistical confidence. 
This task is typically done by applying a training set of data to the 
chosen classifier.    In the case of a diagnostic system, this training set 
would consist of both good component data and data for all types of bad 
components.    Sufficient data for each class of failure and good parts are 
necessary to obtain statistical confidence; sufficient, in this context, 
might refer to 10-15 different data sets for each failure mode.    Likely 
parameters to be used in the classifier of a vibration diagnostic system 
are specific frequency bands from power spectral density functions or time 
lags from correlation functions. 

Many pattern classification techniques have been used.    Most are linear in 
nature.   However, some of the more complex schemes may also classify in a 
nonlinear manner.    Many of these techniques are dis. ossed in Nagy,39 

Tou,40 Mendel and Fu,41 and Nilsson.42   Some of the more common methods 
of linear categorization include maximum likelihood, correlation, minimax 
decision rule, Bayes classification, and discriminant analysis. 
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The first element in developing a pattern classification technique for a 
diagnostic system is the selection of parameters which are most indicative 
of a change in state of a particular ccmponent.    In the frequency domain, 
these parameters may be amplitudes of given frequency bands,  the ratio of 
amplitudes of bands,  or the sum of amplitudes of several bands or any of 
a great number of other combinations or permutations of discrete frequen- 
cies  in the vibration spectrum.    The parameters are usually chosen on a 
statistical basis as the most likely parameters to differentiate between 
good and bad classes. 

Once the parameters are selected,  they are used in some form of classifier, 
which,  as mentioned previously, may be of a linear or nonlinear nature. 
This classifier typically tries to fit the test data into the class which 
is statistically the most probable or,  from the other point of view, the 
class which is least likely to be in error. 

A typical pattern recognition scheme is shown in the block diagram of 
Figure 2?. 

Parameters 

Input 

Data 

X| 

Parameter 
x2 

• Decision 

Extractor • Classifier 

Figure 27.    Typical Pattern Recognition Block Diagram. 

One difficulty encountered with pattern recognition schemes is that they 
require an extensive amount of data to develop the classifier and determine 
its va]"' Uty.    An example of the reasoning forming this statement might be 
made by considering pitting in a gear as a failure mode.    If the classifier 
is trained with pitch-line pitting,  it is possible that the classifier 
might have difficulty in detecting pitting at other points on the gear due 
to the greatly different loading characteristics at these points.    There- 
fore, the size of the required training set could became quite large. 

NORMALIZATION PROCEDURES 

Several types of normalizations may be applied in order to make the selec- 
tion and use of diagnostic parameters less sensitive to speed and load 
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changes in a system. 

Perhaps the most often used normalization in a PSD analysis is that of 
normalizing frequencies of rotating components whose speed tends to change 
with time.    In the helicopter, for instance,  it is difficult to compare 
vibration frequencies of two spectra taken at two different operating 
speeds since most of the predominant frequencies are determined as a 
function of speed.    By normalizing the frequency axis to multiples of 
shaft speed or some other nondimensional feature,  the changes in engine 
speed can be reduced consideiably.    The easiest means of normalizing 
speed is to simply plot frequency on a logarithmic axis.    Then, by simply 
sliding one plot with respect to another,  superposition of speed-related 
frequencies in the spectrum can bo made.    This technique does tend to 
compress frequencies in the upper ranges and is,  therefore,  little used 
in practice. 

A more popular means of normalizing frequency effects is to control the 
sampling rate in digital schemes or to change the frequency sweep rate in 
analog schemes so that the frequency axis is normalized.    Devices are 
available on most digital and analog frequency analyzers to accomplish 
this.    One precaution which should be taken into consideration is that if 
the engine speed changes considerably (tp'l/o)>the effects of structural 
resonances may greatly change individual spectra. 

A final means of assuring that speed change effects are insignificant is 
to  take data only when speed is within a specific range.    When the tests 
are of a controlled nature, as would be the case in a helicopter hover 
test, this may be possible.    However, small speed variations may still be 
enough to slur frequency bands in a typical frequency spectrum.    For 
example,  a one percent speed variation of an engine will cause smearing 
across 4-5 frequency bands in the higher 100-frequency bands of a 500-line 
frequency analysis. 

In taking correlation data, time lags must be normalized in a similar 
manner as with frequency.    Since most correlation techniques are digital 
in nature,  correlation functions can be normalized by controlling 
data sampling rates as a function of engine speed.    This will eliminate 
smearing of correlation peaks across several time delays when averaged. 

Normalizing loading conditions is not as straightforward as is speed 
normalization.    Again the easiest safeguard would be to always record data 
at the same load.    When this is not possible, a means of taking ratios of 
the amplitude of frequency spectra to obtain meiningful data is necessary. 
Ratio in the time domain may also be useful in normalizing loads. 
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SPECIFIC TECHNIQUES 

Many companies in the process of analyzing diagnostic procedures , or 
while studying the dynamic characteristics of machinery camponets, have 
developed techniques or discriminants which they feel have special merit. 
Based on their judgment of possxble successful applications, they either 
have      built systems which utilize these techniques or have proposed pro- 
grams to develop the diagnostic capabilities of them.   The development 
work has been of both the "in-house" variety to develop a diagnostic 
capability for a specific internal application and the type based on out- 
side  contractual obligations.    A number of specific systems that have 
been built or proposed will be discussed. 

The diagnostic techniques discussed here are in various stages of develop- 
ment .    Some are being marketed as a product line and have undergone exten- 
sive testing.    Others have been assembled as Laboratory prototypes and 
have undergone some experimental verification.    There are others which 
have not gone beyond the planning stage.    The specific utilization 
employed by the various techniques discussed are quite diverse, with 
some being developed to monitor one specific machine element,  i.e., gear, 
bearing, etc., while others will diagnose a complete machine's health, 
e.g., a helicopter transmission.    The basis of the analysis procedure is 
quite varied.    There are some techniques which are based on an analysis 
of the physical phenomenon which ib occurring, while others utilize 
pattern recognition schemes. 

An attempt has been made, on the basis of information available, to detail 
a number of basic points concerning each technique.    First, of course,  is 
the use to be made of the technique; i.e., does it diagnose gear failures, 
bearing failures, trf-nsmission failures, turbine failures, or any combina- 
tion of these.    Next, the developer or vendor of the system is identified 
as well as purchasers, if any are known.    The physical phenomenon or 
mathematical technique which forms the basis of the analysis is then dis- 
cussed.    The processing mode is then covered,  including the equipment used, 
the mode of operation, and the type of output which is produced.    The 
testing and application to which this system has been put   are discussed, 
and the final item is whether there are any special difficulties which may 
be encountered due to signal contamination by noise or variations due to 
speed or loading changes in the machine. 

It is quite probable that all diagnostic techniques are not included 
here.    Probable reasons for techniques not being included are: 

1. The investigators in this study failed to identify a technique 
in their literature search. 

2. Techniques of a proprietary nature were not made available to 
the investigators or, if made available, were not publishable 
herein. 

3. Some systems are not diagnostic systems as interpreted by the 
investigators.    This category includes advertised diagnostic 
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Systems which are simply data reduction systems and do not deter- 
mine any specific discriminant for use in diagnosis. 

k.    Many diagnostic systems are essentially the same and may all be 
classified under the title of general narrow-band analysis. The 
same basic analysis procedure is employed by all with the use of 
slightly different instrumentation and diagnostic hardware. A 
discussion of general narrow-band analysis as a group is included, 
with only a few specific systems mentioned for example purposes. 
Note is made in Appendix I if a company contacted had made use of 
narrow-band analysis as discussed in this context. 

Since all of the techniques discussed have been developed by some company, 
they will often carry the company's name in their title. The techniques 
are listed in alphabetical order by the company name of their developers. 

CURTISS-WRIGHT SON?, A'ALiZER 

This diagnostic tool was devexoped by the Curt iss-Wright Corporation for 
use as a condition indicator with gas turbine engines. Later, its capa- 
bilities were expanded to allow it to be used with other types of rotating 
machinery, e.g., transmissions and gearboxes. It is presently available 
as a package which may be purchased. 

The analyzer makes use of acoustic signatures of the machine biing 
analyzed. It has often been shewn that the acoustic signals emanating 
from a machine sire directly related to the vibration of the machine 
itself. The procedure consists of measuring the spectral content of 
specific frequency bands in the acoustic signal. These frequency bands 
are chosen to correspond to components of the machine monitored, e.g., 
ball bearing and race pass frequencies, turbine blade pass frequencies, 
shaft rotational frequencies, etc. The amplitudes measured in these bands 
are then referenced to amplitudes which were measured for "good" machines, 
i.e., those which were just overhauled or visually inspected. If the 
amplitudes measured exceed the reference amplitudes by a significant 
amount, the part may be judged as defective.43 

Figure 2&  shows a simplified block diagram of the workings of the analyzer. 
The input is supplied by one of three condenser microphones that may be 
manually selected. This signal is then fed in parallel through a phase- 
lock loop and a band-pass .Mter. The phase-lock loop is used to provide 
normalization of speed variations of the machine being tested. Some very 
strong spectral component, e.g., a blade pass frequency on a turbine or a 
gear mesh frequency on a transmission is used as a speed reference for 
frequency tracking. This reference is used to control the center frequency 
of a 15-Hz crystal band-pass filter. The center frequency is set at some 
multiple or fraction of the reference signal (which corresponds to the 
frequency of interest) through the use of a tracking adapter. The acoustic 
signal, after some initial conditioning, is then fed through the band-pass 
filter and the output of the filter is fed into a detector.  The detectors 
read the amplitude of the frequency component on a 1-10 scale which is 
calibrated so that a "good" engine will register approximately 5-44 
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The analyzer may operate in either a manual or an automatic mode.    In the 
manual mode, the spectral components are selected by dialing in specific 
frequencies to be tracked.    The output is then read off the meter.    Thus, 
the operator cycles through the frequencies of interest to him and records 
the results.    A paper tape system may be used as the automata mode.    In 
thib mode, a tape is made which will cycle the analyzer through the desired 
frequencies.    The detector output is read,  and amplitudes which deviate 
significantly from the baseline are recorded on tape. 

The results of interest are the measure of deviation of the spectral com- 
ponents from baseline amplitudes.    By periodic measurement, the increase 
in this deviation may be followed as a component's condition degrades. 
The absolute amplitude which signals the necessity of component replace- 
ment must be provided for the operator through further analysis or testing» 

The sonic analyzer was originally developed for use by the Navy to monitor 
jet engines.    The Navy has been a primary user since that time.45    The 
Army has also used the analyzer on both its UH-1 and CE-h'J type heli- 
copters.48    Also, National and Eastern Airlines have bought units.    Pub- 
lished results of the effectiveness of the analyzer run from   oi to 100% 
diagnostic accuracy with an average of Uo%-60%. 

The system may be used at various machine speeds due to the phase-lock 
mechanism and tracking adaptf.r.    It will hold the frequency ratios for 
speed variations to +3</o.    However, the results are load sensitive and 
monitoring must be done under the same loading conditions each time. 
Extraneous noise appears to be a serious problem.    Since nondirectional 
microphones are used, the analyzer will pick up background noise.    In a 
testing environment such as a flight line, this background noise may 
include strong spectral conponents from engines other than the one being 
monitored. 

NOISE-CORRECTED SPECTRUM ENERGY 

This analysis procedure is directed solely at diagnosing the condition of 
the gears in the power train of a UH-1 helicopter.     It was developed by 
engineers from the Curt iss-Wright Corporation for use with the sonic 
analyzer.    The program was conducted in conjunction with an evaluation 
program performed at USAAMRDL, Fort Eustis, Virginia. 

The technique is used specifically for gear condition monitoring based on 
the increased sidebanding and modulation which tend    to occur in degraded 
gearing.    An analysis of this effect was performed on acoustic signals 
produced by vibration of the power train and transmitted to a microphone. 
The parameters used to determine condition are the spectral amplitudes of 
the gear meshing frequency, the first upper and lower sidebands of the 
mesh frequency, and the first harmonic    of the gear meshing frequency. 
These specific amplitudes were obtained by dialing in the desired fre- 
quencies on a Curtiss-Wright sonic analyzer and recording the amplitudes 
read off the meter. 
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A basic assumption made in this procedure is that amplitude levels of a 
given spectraJ. frequency for a gear pair of the same mechanical condition 
vary linearly with the extraneous noise levels.    Using this assumption, 
the following normalization procedure may be followed : 

Ac(f) = Cx   (1.5 - n) + A(f) (60) 

where    f = frequency of interest 
Ac(f) = corrected spectral amplitude, dB 

C\ - constant 
n = noise level, dB 

A(f) = measured spectral amplitude,  dB 

The noise level was determined by monitoring areas of the spectrum where 
no frequencies or harmonics related to power train components  (gears, 
bearing, etc.) could be found.    Ci was found experimentally and refers to 
a given gear mesh, i.e.,  each gear mesh could have rts own constant  (Cx). 

Once the amplitudes of the frequencies of interest for an individual, gear 
mesh were found and the amplitudes corrected for noise,  the amplitudes  (in 
decibels)  /ere added.    This decibel amplitude was used as the discriminant. 
If the summed amplitudes exceeded limits set by the experiment, the gear 
was judged to be faulty.47 

It is interesting to note that in the normalization procedure, decibel 
amplitudes are being multiplied by constant factors.    This is not the 
same operation as multiplying actual amplitudes.    It is,   in fact, a non- 
linear procedure.    Also,  in the analysis,  amplitudes in decibels are 
added, which has the effect of multiplying the actual amplitudes level 
together. 

As developed, the technique utilized the sonic analyzer in its manual mode 
of operation and the corrections and calculations were performed manually. 
However, the same procedure could be performed automatically if the 
analyzer's automatic mode were implemented. 

The specific procedure was developed using data taken from helicopters 
whose condition was known.    However, no further testing was performed on 
helicopters with unknown gearing conditions.    All of the data which was 
available was used in the development of the system, i.e., calculation of 
constants and setting of limit values.    With this data base, the analysis 
procedure proved lOO/o effective.    However, as mentioned previously, test- 
ing was not extended to any vehicles outside the training set. 

Due to the normalization hypothesis, this technique should be usable on 
any helicopter despite background noise characteristics.    Speed changes 
in the system should have little effect on the results due to the phase- 
lock loop inherent in the sonic analyzer.    Since analysis did not extend 
outside the training set,  the effect of varying load is unknown. 
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CORRELATION ANALYSIS 

This procedure has been proposed by Ensco,  Inc., of Springfield, Virginia, 
for use in diagnosing the condition of helicopter power trains.    It con- 
tains two procedures:    one for use on bearings and one for use on gears. 
The bearing procedure makes use of time-domain correlation, while the gear- 
ing technique makes use of correlation in the frequency domain.4e 

The procedure for bearing failure detection utilizes the autocorrelation 
function.    By observing the peaks having time lags corresponding to the 
periods associated with specific bearing components,  a judgment on a 
specific bearing failure is made.    A procedure which Ensco calls "stochas- 
tic correlation"  is used in computing the correlation function.    According 
to Ensco,  this procedure has the capability to adjust the analysis to 
negate the effects of speed fluctuations in the helicopter.    Bad part 
baseline data is used to deduce limit values for the correlation amplitudes, 

The gear detection technique is based on the fact that as gear wear or 
other failure modes occur,   the vibration signal becomes  increasingly rich 
in harmonic content.    The first step in the analysis is to develop a set 
of "good" and "bad" baseline spectra of the vibration signals.    To help 
amplitude normalize these  spectra, pre-whitening is suggested.    To deter- 
mine the condition of a helicopter,  a spectrum of the vibration signal is 
obtained and a spectral correlat-5 :>n with the baseline data is calculated. 
If the signals are related,  peaks in the correlation function should be 
seen at frequency shifts  corresponding to the frequency difference between 
harmonics of the gear mesh frequency in the signal.    A statistical measure 
of the extent of correlation will be found and used as the discriminant. 

The technique, as presented, uses entirely digital processing.    The signals 
from accelerometers mounted on a helicopter or a microphone on the ground 
would be fed into a ground-based digital cemputation system which would 
analyze the data and provide the results. 

This diagnostic procedure was presented as a proposed program.    The mathe- 
matical   procedures have been used in various pattern recognition work for 
vehicle identification,  ajitisubmarine warfare,  etc., but application to 
condition monitoring has not been made. 

Ensco expects that the processing procedures outlined here are powerful 
enough to overcome noise difficulties.    Speed variations will be accounted 
for by using logarithmic speed axes which could be shifted to provide com- 
pensation.    The results of these procedures, as well as loading effects on 
the analysis, are not known because of the lack of verification testing. 

COMPOSITE EXCEEDANCE 

This diagnostic technique is a statistical procedure to be used for con- 
dition monitoring of any type of rotatiig machinery.    It has been developed 
by Airesearch Manufacturing Company, The Garrett Jorporation under a 
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prognosis research program sponsored by Eustis Directorate, USAAMRDL 
(report not yet available).49 

The technique is based upon the amplitude distribution of the peak values 
of acceleration of the system being monitored.    It is hypothesized that in 
the case of normal operation, i.e.,   "good" operating condition, the peak 
value amplitude distribution will exhibit Gaussian behavior.    However, when 
a fault OCJUTS, the distribution tends to change shape.    If the fault is 
not too severe, the distribution may still look Gaussian but will have 
larger means and standard deviations.    If the fault is severe enough, the 
distribution may appear to have a non-Gaussian shape.     (See Figure 29.) 

To be implemented, reference distributions must be acquired.    Since most 
physical data is somewhat nonstationary, a set of these distributions will 
fall into a band.    This reference band will be used as the "good" condition 
case.    Significant deviation from the reference band will be used to signal 
a degraded component condition. 

The generation of amplitude distributions is performed digitally. It 
involves the digitization of the acceleration signal,  quantization of 
amplitude bands, and the counting of peaks occurring in each band.    The 
distribution can then be obtained in the following manner: 

»(i.) - ^M m 

where |j_ = amplitude level 

Mi(li) = number of peaks occurring in the band about |j[ 

M = total number of peaks 

In the case of nonstationary operation, i.e., varying speed or operating 
conditions, a weighting is used to get a weighted average exceedance: 

NwUi^^NUi) (62) 

where    Nid^) = weighted distribution value 

T-i = time of operation at condition j 

T = total time of operation 

The results produced will be the peak amplitude distributions.   As 
described, the determination of good or bad condition must be made by the 
system operator on the basis of change in distribution shape or deviation 
from the reference curves.49 
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According to the information at hand, no great amount of testing of this 
technique has been performed. 

It is expected that load and speed variations in the monitored system 
should not present great difficulty because of the weighting character- 
istics.    The amount of extraneous noise could provide a problem.    If over- 
all signal levels axe significantly greater than those caused by the 
degraded part, the amplitude distribution change could be buried in the 
signal.    This statement is simply conjecture because of the lack of 
testing. 

LIKELIHOOD AMLYSIS 

This diagnostic procedure is a statistical pattern recognition technique 
developed in conjunction with the TEDS (Turbine Engine Diagnostic Systems) 
project for the Air Force Aero-Propulsion Systems Laboratory, Wright- 
Patterson Air Force Base.    The work was performed by Airesearch Manufac- 
turing Company of the Garrett Corporation.50 

The technique is based on the statistical characteristics of the vibration 
signal and is a variation of the likelihood recognition technique as it is 
generally known ..r; the pattern recognition field.    In this case, the vibra- 
tion signal, whicn ranged from 0-26 kHz, was divided into 128 partitions 
each having a 200-Hz bandwidth.    A large amount of data was gathered both 
for engines in "good" condition and for those containing failures.    Based 
on this data, amplitude distributions were produced for each of the 128 
partitions or parameters of the analysis.    This information provided the 
baseline reference for further use. 

When an engine of unknown condition is monitored, the amplitude of each of 
the 128 parameters is found.    The probability of this parameter's lying in 
the  "good" category as well as the "bad" category is found.    The Likelihood 
Index of that parameter is then formed by taking the ratio of the proba- 
bility of indication of a failure to the probability of "good" condition. 
An index value greater than one shows a greater probability of failure 
than of "good" condition.    Figure 30 shows a typical result for one param- 
eter.    In a general sense, any monotonic function of the two probabilities 
may be used, such as differences,  sums, weighted ratios,  etc, 

A spectral analyzer or band-pass filter is required in developing the 
reference distributions.    The operation is probably easiest to perform in 
a total digital manner using a computer.    Once the reference distributions 
are found, the total analysis may be automated with a bank of band-pass 
filters or a swept-frequency filter and logic circuitry. 

A diagnosis of failure is made on the basis of the values attained for the 
Likelihood Index.    Limit values are set for the index number for each of 
the parameters.    Based on experimental work, it was found that if a given 
number of parameters have index values which exceed their limit values,  a 
diagnosis of failure can be made. 
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Figure 30.    Typical Calculation of Likelihood Index for One 
Parameter, 
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A screening procedure is used to eliminate the effect of some of the 
statistical variations in the data.    A number of index values for each 
parameter are calculated,  either by taking more than one set of sample 
data or by using more than one reference data set.    An index value for a 
given parameter is considered to be an indicator only if all the values 
calculated using the various data sets exceed the limits. 

With  spectral windows being used as indicators,  the analysis will show 
a sensitivity to speed variations.    Either the spectral analysis must con- 
sider this condition or the tests must always be run at the same speed 
conditions.    The effects of loading variations and noise in the system are 
not entirely clear because of the lack of testing.    A faulty bearing 
provided an interesting result:  all parameters with large index values 
turned out to be at the bearing frequency or one of its harmonics. 

BEARING IMPACT INDEX 

This analysis procedure has been developed by the General Electric Company 
under the names impact index or crest factor.    It is designed to monitor 
bearings and has been implemented in numerous applications, one of which 
is in the TF-3^ analyzer. 

The basis of this technique is the impact ^wc^omenon which occurs in a 
bearing when a discrete fault appears.    In monitoring the acceleration of 
the bearing, a periodic peak is seen to occur in "uhe time signal.    As the 
discrete fault becomes worse, the amplitude of this peak grows.    However., 
the average (RMS) value of the time signal is affected little since the 
peak is of short duration,    A ratio of peak acceleration amplitude to tho 
average amplitude is formed and is called the crest factor.        In the 
case of the TF-3^ analyzer,  the ratio of half the peak to the average 
value is defined as the impact index. 

T „  .   inAa„       Peak acceleration Impact index = —7—— :; ——7 
2(EMS acceleration) 

Experimentally, the following ranges of the index have been foun^l to be 
indicative of beari^'' condition:    2-3, normal bearing; 3-8, spall initi- 
ation; 8-10, growth of spall.    It has been found that after the index 
reaches about 10, further bearing degradation causes the index to decrease. 
The spalling spread all over the bearing surface after this level of spall 
occurred, which caused the R1C acceleration levels to rise significantly, 
thus reducing the index values.52 

To properly implement this diagnostic system, an accelerometer is required 
for each bearing to be monitored.    A single analyzer with a multiplexer 
may handle a number of bearings.    A flow diagram of the analyzer used in 
the TF-S1* system is shown in Figure 31.    The acceleration signal passes 
through an AGO (automatic gain control) device and then through an average 
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absolute detector.   The averaged signal is then compared to a fixed refer- 
ence, and the error signal is used to control the gain.    When the average 
is equal to the reference, the gain stays constant and the output is moni- 
tored for peaks.    This peak reading is proportional to the impact index 
since the average value is always kept constant,    This value may be read 
directly off the meter,  or the signal may be used in an automatic system 
to trigger an alarm. 

General Electric Co. has done testing work with the crest factor and impact 
index (both names have been used) for the Air Force and Navy as well as 
for industrial concerns and internal use.    Some of the Air Force work, 
which concerned monitoring antenna bearings, was quite successful.53 

Their TF-S^ analyzer was used on a TF-3^ engine mounted in a Navy test 
cell.   A crest factor meter is also being marketed. 

Background noise is one problem associated with the impact index analysis. 
If the overall system noise levels (where noise is considered to be both 
discrete frequency and broad-band vibration from everything other than the 
bearing being monitored) are much greater than the peaks being produced by 
the bearing faults, the faults will not cause a significant increase in 
the impact index.    In these cases, time averaging has been used with the 
impact index.54    This procedure has proven successful but is very sensitive 
to speed variations and requires accurate speed synchronization.    Loading 
does not appear to have too much effect on the analysis, as the ratioing 
tends to normalize loading effects. 

FRByJENCY OF BINARY WORDS   (FOBW) 

This diagnostic technique is a pattern recognition scheme developed in 
conjunction with the "Data Analyzer" developed by the Electronics Labora- 
tory of the General Electric Company.    It was used both for "in-house" 
projects and with some analysis work for the Navy. 

The FOBW analysis uses sonic or vibration data from a piece of rotating 
machinery.    The first step, upon receiving the dcta, is to define an 
encoding algorithm.    The processing is in a binary digital format,  and the 
data must be put into this form.   Thus, an A/D(analog-to-digital) converter 
which is programmable is used to reduce the analog signal to a string of 
1's and O's.    Polarity coding algorithms have been used,  assigning a 1 or 
0 to the input point depending upon whether it or its slope is positive 
or negative.    The type of encoding algorithm used will depend in large 
part on the baseline data wnich is generated in the design of the system. 

Once the coding is done, binary words must be defined.    These words are 
strings of 1's, O's,  and M's ("don't care" bits).    "Don't care" bits 
signify that the word is tne same no matter what bit fills that space. 
For example, the word defined by 1-M-M-O may be written as 1-1-1-0, 
1-1-0-0,  1-0-0-0, or 1-0-1-0.    Once the words are defined,  the frequency 
of occurrence of these words in the incoming vibration signal is found. 
For example,  if we defined our word of interest as 1-0 and the incoming 
data string for 1 second looked like 
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1-1-0-1-1-1-0-0-1-0-1-0-0-0-1-1-0-0 

the frequency of occurrence of the word would be six times per second. 

Based on the words selected, various characteristics of the incoming data 
may be discerned.    A few definitions which will prove useful are: 

P = Length of the binary word in bits 
n = Number of active bits in the word  (those that are not "don't 

care" bits) 
fs = clock (sampling) rate of A/D converter 
fo = fs/P 

Words which begin and end in the same bit are called even, e.g., 1-0-M-l, 
0-1-C, or 1-M-M-l.    Words which begin and end in different bits are called 
odd, e.g., 1-0, 1-1-M-O, 0-1-0-0-1. 

The binary word analysis now makes use of the frequency characteristics 
peculiar to it.    If a sinusoidal test were run with frequency of occurrence 
of a given word as the amplitude measure, frequency response as seen in 
Figure 32 would be found.    Three statements can be made about the frequency 
characteristics from this figure; 

1. A cyclic filtering characteristic is obtained from the analysis 
(comb filtering effect). 

2. The points of maximum response are a function of f0 and may be 
found in the following manner: 

In f0 odd words 
n - 0,1,2,... 

(n +  .5)f0 even words 

3. Frequency selectivity is a function of the number of active bits 
in a word.    If the bandwidth (BW) is defined as the half-power 
level of each peak, 

»'AT 
It has been found experimentally that there is an aaplitude sensitivity. 
If the amplitude of an incoming spectral canponcnt is large, the frequency 
of the given binary word will be large.   And, as long as the signal-to- 
noise ratio is less than one, increasing the bit size of the word will 
increase this amplitude sensitivity.55 

Based on the characteristics which were described, an analysis procedure 
could be Implemented.    Binary words would be chosen in order to use their 
frequency characteristics in a type of frequency analysis.    For example, 

81 



>- o z 
Ul 
D s 
cr 
u. 

o 
5 

o 
c 
00 

c 
> 
UJ 

30N3ayn00OdO A0N3nD3Hd 

X) o 

o 

•H 
m 

1 
m 
0) « 

0) 

o 
•H 

X3 <*> 
O 
^ • 

OJ >% CO 
t- 
o Q) c U 

03 S) 
*H 

T3 & 

3DN38ynODO JO  ADN3n03yj 

82 



to detect an inner race malfunction, the binary word would be tuned to the 
inner race-pass frequency.    The choice of encoding algorithm would depend 
upon baseline data.    The hardware uaed is shown in Figure 33»    A pro- 
grammable A/D converter puts the incoming data in the form of binary 
strings based on the sample rate and encoding algorithm.    These strings 
are fed into a shift register equal to the length of the words being 
detected.    The register is tied to the same clock mechanism as the con- 
verter.    The output of the register goes into logic circuitry, which counts 
the frequency of occurrence of the given words.    An output is provided 
which triggers an alarm at limit levels determined by previous testing. 

General Electric has tested the POBW analysis procedure to detect failures 
in rotating machinery with the effective filtering used to monitor the 
frequency corresponding to various gears and bean.igs.    It was used on an 
American Airlines jet engine in overhaul as well a.; on various Navy 
engines.    It could discern a spalled beari.ig but had difficulty because 
of spurious signals.58 

A major difficulty is found with noise contamination of the signal. The 
"jitter" or "hash" on a signal can cause encoding errors ar.d, thus, 
incorrect frequency counts. Speed variation in the monitorti system can 
be handled quite easily through tachometer control on the A/D converter. 
It is unknown whether load variations would cause a major difficulty, but 
because of the amplitude sensitivity, it is expected that problems could 
occur. 

GEAK DISCRIMINANT ANALYSIS 

These techniques were developed to diagnose gearing failures.    The General 
Electric Company developed the analysis techniques in conjunction with two 
programs:     the TF-S^ analyzer to be used by Naval Air Systems Command on 
turbine engines and a second Naval Air Systems Command project to diagnose 
failures in helicopter power trains. 

The three gear discriminants utilized in these programs are all based on 
the deviations from pure sinusoidal mesh frequency vibration caused by 
faulty gears.    If a failure is present in a gear, these deviations from 
perfect operation will become quite apparent as harmonics of the mesh 
frequency and sidebands of both the mesh frequency and its harmonics. 
The three discriminant values used were:57 

1. Ratio of peak value of vibration signal to the average value. 

2. Ratio of total energy content at the gear mesh frequency's 
harmonics to the  fundamental. 

3. Ratio of total energy contained at sidebands to that contained 
at the mesh frequency. 

All three discriminants are implemented in the TF-3^ analyzer system as 
shown in Figure 31+-'5fl 
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The impact index analysis is performed in a manner quite similar to that 
performed for a bearing, the major difference being that the signal now 
comes from a transducer which is mounted in close proximity to the gear 
(this is still likely to be in close proximity to some bearings). 

The ratio of the harmonic energy to the gear mesh energy is  found through 
the use of a digital comb filter  (DCF) which is tuned to the mesh fre- 
quency.   Due to the characteristics of the DCF, all the energy at the 
harmonics will be passed through the filter.    A band-pass  filter may then 
be used at the mesh frequency,   and a dividing network is used to produce 
the harmonic ratio.    For a normal gear, the ratio should be slightly less 
than one,  and the value will rise as the malfunction becomes more severe. 
Both the impact index and this harmonic ratio are used as indicators of 
discrete failures in the gear.    Discrete failures occur on a small portion 
of the surface area of the gear tooth as distinguished from gross 
failures. 

The ratio of total sideband energy to gear mesh frequency energy is used 
as an indication of a gross defect in the gear.    The output of the DCF 
set at the shaft frequency is passed through an automatic gain control 
(AGC) to a synchronous detector set to the gear mesh frequency.    This 
device has the effect of folding the signal about the gear mesh frequency 
and then translating the gear mesh frequency to zero, where  it appears as 
a DC bias in the signal.    This translation causes the modulation energy to 
appear at shaft frequency intervals.    By using a low-pass filter on the 
ovtput of the synchronous detector, a signal proportional to the carrier 
energy controls the automatic gain control.    The signal which is finally 
measured is proportional to the ratio of total sideband energy to that 
of the mesh frequency carrier. 

The results of the three discriminant analyzers are read on meters as 
values from 1-10.    This output may be monitored manually or automatically. 
Trending is easily observed.    Absolute values to be used as indicators 
have not been sufficiently studied. 

These discriminants were developed on the basis of deviation from sinus- 
oidal action.    Testing, which was done for helicopters,   ^hows the possi- 
bility of their use as an indicator of failures.    Howevei, the data base 
which was used was very small and was developed from +cct stand experiments 
rather than flight conditions.    Testing is also being done in conjunction 
with the TF-3^ analyzer.     The number of implanted gearing failures has not 
been very large.    Thus,  the results at this time are not conclusive. 

One problem associated with the analysis, particularly the use of the 
impact index, is extraneoua signals.    If the extremeous signals are large 
enough, the index may hs meaningless.   To overcome this difficulty, time 
averaging may be incorporated into the analysis.    Accurate synchronization 
with speed signals is thus required.    The effect of load variations is 
not known at the present time. 
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GEAR WEAR DISCRIMIMMTS 

This analysis procedure is used to monitor the amount of wear which has 
occurred on a gear.    It was initially developed by the Electronics Labora- 
tory of the Generell Electric Company and Mechanical Technology, Inc., in 
a joint program for the Office of Naval Research.    Further developmental 
work on the technique has been carried out by the General Electric Research 
and Development Center. 

The basic premise of this technique is that gear wear causes a deviation 
from pure sinusoidal action in gears.    Because of this deviation, and 
accompanying modulations of the vibration signal, the spectral amplitudes 
related to harmonics of the gear mesh frequency should grow in amplitude 
as  some function of the degree of wear experienced.    The prime indicators 
used were the ratios of the second and third harmonic to the fundamental 
gear meshing frequency. 

A piece of hardware was built to produce the desired discriminants.    It 
consisted of three band-pass filters to find the spectral amplitudes of 
the three monitored frequencies and dividing networks to calculate the 
ratios.    A phase-lock loop is used to set the center frequency of the 
filters, thus eliminating the effects of speed variations. 

The operation of this device is quite straightforward.    Periodically the 
ratios are read and plotted as a function of service time of the gear.    As 
wear occurs, the ratios will tend to grow in amplitude.    A level must be 
set at which replacement is required.    This is,  in part, up to the judgment 
of the operator based on trending and previous experience. 

The technique was initially developed through the experimental evidence pro- 
duced by the ONR project.    Gears were lapped to simulate varying degrees of 
wear, and the ratios were found to be increasing.    An analytical develop- 
ment by MTI showed that the third mesh frequency harmonic vibration ampli- 
tude should increase with increased levels of wear.    This trend was veri- 
fied experimentally, but the amplitude changes were not predicted with any 
degree of accuracy.  9>6 

A problem has been found when the overall system signal is great and gear 
signals get buried in it.    In these cases, time averaging has been employed 
with some success.61    Little difficulty is encountered with speed variation 
due to the phase-lock loop and the ratioing procedure appears to minimize 
problems due to varying loads. 

GENERAL NARROW-BAUD ANALYSIS 

This discussion applies to a wide variety of diagnostic schemes performed 
by a large number of different companies.    It has been applied as a condi- 
tion-monitoring tool for many types of rotating machinery. 

The technique is based on the fact that given spectral frequencies of a 
vibration signal may be related to the characteristic frequencies of 
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components of the machine being monitored.   For example, a given bearing 
will exhibit its particular ball and race pass frequencies as shown in 
Figure 35.    By observing the spectral amplitudes and their changes at 
these bearing frequencies, information relative to the condition of the 
bearing may be obtained. 

Frequency ( Hz) 

Figure 35.    Typical Narrow-Band Spectrum for a Bearing. 

In general, what is needed for the analysis is a vibration transducer, 
usually an accelfvrometer or velocity pickup, and a spectrum analyzer, e.g., 
bank of band-pass filters, swept frequency analyzer,  real-time analyzer, 
or digital FFT processor.    The amplitudes may be compared to some reference 
automatically, but they are most often canpared manually by the operator. 
The operator must have some knowledge or skill related to the analysis of 
the frequency spectrmr.    Trending analyses mty be performed on the ampli- 
tude characteristics, or absolute limits might be set, which could trigger 
the diagnosis of components as faulty. 

Federal Scientific Corporation ran such an analysis with Avco-Lyccming, 
which will be considered as an example.62   They uted a Federal Scientific 
real-time analyzer and tracking adapter in a quality control operation.   A 
bearing was mounted in a flywheel-driven test stand,    A tracking adapter 
corrected the frequency analysis for speed variations and normalized the 
resulting spectrum.    Faults on given parts of the bearing,  i.e.,   inner race, 
outer race, or balls, were apparent due to the spectral amplitudes at the 
corresponding frequencies. 
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IRD Mechanalysis uses narrow-band analysis on various machines.    Overall 
(RM3) levels are monitored untii  ret levels are exceeded.    At that time, 
a narrow-band analysis is done using a real time analyzer or tunable 
narrow-band analyzer, and the part which is causing high vibration levels 
is then determined from the specti-um.63 

These are just two examples of uses of the narrow-band analysis.    There are 
a wide variety of companies using various pemutations of the technique 
with varying applications.    The effectiveness of use ranges from very good 
to very poor depending upon the application.   A critical part of the 
analysis  concerns interpretation of the spectra.    A large part of the suc- 
cess of such an analysis is usually attributable to the person doing this 
interpretation. 

There are several difficulties associated with narrow-band analysis.    There 
is a need for speed noimalization.    The frequencies of interest are nearly 
all functions of some input shaft speed.    For this reason, monitoring must 
be done at the same operating speed each time or when possible;  e.g., when 
digital sampling of the data is done,  a tachometer signal should be used 
to normalize frequency.    Another major problem occurs with unwanted signals 
in the analysis.   The frequency ranges in which the components occur are 
such that many component frequencies appear in the same frequency region; 
e.g., harmonics overlap, broad sidebanding, structural resonances,  etc. 
For this reason, it is often difficult to separate desired amplitudes from 
the rest of the vibration signal.    This is particularly true of bearing 
component signels, which are often deeply buried in noise and other periodic 
signals.    Another problem associated with -this analysis is the effect of 
various loading conditions.    Such changes can cause differences in spectral 
amplitudes without any change in component health.    Thus, all monitoring 
must proceed under identical loading conditions. 

HAMILTON STANIARD TEST-BED TECHNIQUE 

This diagnostic procedure is a statistical pattern recognition technique 
developed for the UH-1H helicopter engine and power train.    It was 
developed by the Hamilton Standard Division of United Aircraft Corporation 
for USAAVSCOM as part of the AIDAPS Test Bed Program.64 

The goal of this program was to develop working hardware to be used in 
detecting faulty engine and power train components at the line-replaceable 
unit  (KRCJ) level.    The techniques were first developed on the basis of 
test stand runs in which both good LRU's and those containing implanted 
faults were tested.    Further testing was later run on actual helicopters 
in the ground idle, hover, and flight operational modes.    Finally,  the 
last phase  (E) of the project tested the techniques that had been devel- 
oped on parts with condition unknown to the system designers.    This test- 
ing was performed to measure the validity of the technique. 

The following number of velocity and acceleration transducers were located 
on the engine and power train:    engine - 3; transmission - h; 90°  gearbox - 
2;  1+2°   gearbox - 1. 
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These vibration signals were digitized and their power spectral density 
components were calculated via an FIT  (Fast Fourier Transform) computing 
procedure.    The frequency range of the analysis was 0-5000 Hz,  and 3^1 fre- 
quency points  (or bins as they were called in the Hamilton-Standard report) 
were calculated, giving an effective filter bandwidth of lk.6 Hz,    The 
amplitudes corresponding to particular frequency bins were used as indi- 
cators in the analysis procedure.    However, not all of the frequency bins 
were included in their final analysis.    The following were considered: 
shaft rotational frequencies, all harmonics of shaft rotational fre- 
quencies , gear meshing frequencies, second harmonic of the gear meshing 
frequency, and first two upper and lower sidebands of gear meshing fre- 
quency.    Amplitudes in all other frequency bins were discarded before 
applying the rest of the analysis. 

As in all pattern recognition procedures, baseline characteristics are used 
in the analysis.    Using data from ten to twelve "good" helicopter engines 
and power trains, arithmetic means and standard deviations of the PSD 
amplitudes were calculated for each of the frequency bins of interest and 
were used for baseline data.    When compared with the signal produced from 
a helicopter of unknown condition, an amplitude in a given frequency bin 
was considered "bad" if it exceeded the  "good" baseline mean amplitude by 
more than four standard deviations  {her). 

To rate the given frequency bins,  a weighting scheme was developed.    If a 
ka exceedance in a given frequency bin is unique, a weighting of 2 is given. 
If the frequency bin shows an exceedance in an interference band,  a weight- 
ing of 1 is used.    Weightings were also given with respect to the position 
of the given frequency bin,    A weighting factor of 2 was used for the 
following:    gear mesh frecuencies,  its first two upper and lower side- 
bands,   shaft rotational frequencies,  and the first two h-uinonics of shaft 
rotational frequencies.    All other frequency bins of interest received a 
weighting of 1.    As can be seen, weightings ranging from 1-k could be 
given for frequency bins which showed greater than ha exceedances. 

Once the weighting and ha exceedances were found, the procedure was rela- 
tively simple.    The number of exceedances per LRU were counted,  and if a 
given bin had a weighting of 2,  it counted as two exceedances,  and so 
forth.    By experimental work, using LRU's known to contain failures,  the 
following limits were set:     engine - 7;  transmission - 38;  90°  gearbox - 8; 
k-20  gearbox - 10,    If the LRU showed a number of hu exceedances which was 
greater than this limit,  it was judged to be faulty. 

In the test bed program,  the analysis was performed by mounting the trans- 
ducers directly on the engine and power train.    The vibration data was 
tape recorded in flight.    (The final analysis used data from the hover mode 
of flight.)    This taped data was then analyzed using a large digital com- 
puter; however, the hardware required could be assembled into a package 
which could be flown with the helicopter. 

In the development of the analysis, an operator was required to take the 
data; this would not be required with an entirely on-board system.    The 
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results are produced in terms of a "good" or "bad" LRU with a listing of 
kcr exceedances. 

After the technique was developed, a testing phase (Phase E) of the program 
was run.    On the basis of eight flights or a total of 32 possibilities  (3 
flights times k LRU's), the technique produced a 90$ accuracy.    The eight 
flights did not include any faulty gearing. 

The testing does not require a constant level of engine speed.    In the 
digitization process, a tachometer reference signal controlled sampling 
rates to negate any frequency shifts caused by speed fluctuations.    Load 
fluctuations did cause difficulty, as it was found that the technique 
developed from data of one flight mode could not be used successfully on 
another mode.    Initially, test stand data was intended to be used for base- 
line information, but, because of variations in loading, this was found to 
be impractical. 

BEARING "RING" ANALYZER 

This diagnostic technique uses a structural ringing of a bearing which is 
caused by an internal fault as the indicator of bearing condition.    It has 
been developed and prototype systems have been built by Mechanical Tech- 
nology, Incorporated (MTl). 

When a bearing ejchibits a discrete fault,  e.g.,  scratch, pit,  L ■ spall,  an 
impact is produced every time the fault passes through a ball-race  inter- 
face.    By experimental work,  it was found that this impact can excite what 
is believed to be a high-frequency resonance of the mounted bearing.    It 
appears that the frequency excited is a higher order race resonance, but an 
absolute determination has not yet been made.    By monitoring the spectral 
amplitude of the resonant "ring" and observing its forcing function,  a deter- 
mination of bearing condition is made,63 

A piece of hardware has been built to perform this analysis.    Figure 36 
shows a block diagram of its operation.    The initial step in implementation 
is a determination of the characteristic frequency at which a particular 
bearing will ring.    This may be done experimentally by scribing the 
bearing, running it, and monitoring the spectra.    Presently,  a completely 
analytic prediction procedure is not available.    Once the frequency is 
detemined, the vibration signal from that typo of bearing is passed 
through a band-pass filter with the center frequency set at the "ring" 
frequency.    The output of ■this signal is then envelope detected.    If the 
amplitude of the envelope is significant,  a defect is said to exist. 

The next step determines the position of the defect.    The filtered and 
envelope-detected signal is passed through three more band-pass filter 
circuits ; one for the inner race-pas    frequency, one for the outer race- 
pass frequency, and one for the ball-pass frequency.    The output from these 
circuits is monitored.    If only the "ring" frequency filter shows signifi- 
kant levels,  a general wear or surface degradation is diagnosed.    If one 
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of the other filters shows signffleant amplitude levels, the fault is 
diagnosed as discrete and occurring in the respective bearing member.    Once 
the frequency of the "ring" is determined,  discrete triggtring levels may- 
be used, thus automating the analysis.    The procedure requires one acceler- 
ometer per bearing and diagnoses each bearing Individually.    Due to the 
preprocessing before the envelope detection, amplitude calibration is not 
possible.    Thus,  it is not possible to determine whether one bearing is 
worse than another on ajiy absolute scale—only that it has a fault. 

The technique was initially developed during a quality control program for 
use on gyro bearings by NASA at the Marshall Space Flight Center.6® 
Further quality control application studies have continued as well as in- 
house studies at Mil.    The testing has been quite successful on quality 
control type tests, i.e., run on a test stand.    No significant amount of 
testing has been done to determine the effectiveness of the procedures when 
th? bearing is a part of a large, complicated structure. 

One strong point of this procedure concerns the frequency ranges of the 
analysis.    In the data taken, the "ring" occurred above 20 kHz.    Since 
there are not many other spectral components in this frequency range, the 
signal is easy to discern.    The resonance, being a structural character- 
istic, is not speed dependent.    If only the indication of a fault is 
desired, i.e., the specific position (race, ball, etc,)  is not desired, 
testing can occur at any operating speed.    From experimental evidence, load 
variations do not appear to have a significant effect on the signal. 

Some analysis of the high-frequency components in the spectra of 
bearings has been performed by a number of investigators.67'68'69    How- 
ever, none of these investigators have developed the analysis procedure 
much beyond simply looking at the spectra, 

TEST-BED RATIO TECHNIQUE 

This diagnostic procedure is a pattern recognition technique developed for 
uae on the UH-1H helicopter engine and power train.    It was developed by the 
Northrop Corporation Electronics Division for USAAVSCCM during the UH-IH 
AIDAPS Test Bed Program and was performed as a parallel study to the study 
done by Hamilton-Standard. 

A simple procedure was developed.    Power spectral density plots of the 
output from an accelercmeter mounted on one of the LRU's of the drive 
system,  i.e.,  engine, main transmission, h20 gearbox, or 90° gearbox, were 
prepared for a number of "good" systems as well as for a number of systems 
containing faulty parts.    It was observed that in some frequency bands, 
peak amplitudes rose when faulty parts were installed, while in others the 
amplitudes fell.    These observations were made by manually scanning the 
data.    Ratios of the peak amplitudes in these bands were used ^s indicators 
of the system condition.    Figure 37 shows a sketch of this tj^e of occur- 
rence.    In Figure 37(a), where all components are "good", the ratio of peak 
amplitude in band X to that in band Y Is 
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X _ _1_ 
Y      1.5 

0.667 
(63) 

In Figure 37(b), where the syatem has a faulty component, the ratio is 

X _  3.2 
Y    i.o 3.2 (64) 

If a limit is set at 2.0 for the ratio of a good part,  the fault would be 
diagnosed.    Table II shows the ratio and threshold limits finally selected 
for the test bed program.    It should be noted that this procedure was de- 
veloped specifically for the UH-1H helicopter with a given set of failure 
modes. 

TABLE ] CI.    RATIO AND THRESHOLD LIMITS 
1                                                                                                                                1 

Component Ratio Threshold Lower Band (Hz) Upper Band  (Hz) 

Engine B/A 
F/D 
G/F 

1.0 
4.5 
1.0 

(A)  605-695 
(D) 1670-1890 
(F) 234O-266O 

(B) 755-875 
(F) 2340-2660 
(G) 4000-4200 

k2° Gearbox M/L 
J/K 

1.0 
2.0 

(L) 2400-2700 
(K)  1400-1700 

(M) 4600-5000 
(J) 1300-1400 

Transmission Q/P 1.0 (P)  800-1000 (Q) 3300-3600 

90° Gearbox e/ß 

e/a 

10 
k 
0.5 
0.25 

(ß) 1535-1581 
(ß)  1535-1581 
(a) 140-456 
(a) 140-456 

(e) 2046-2139 
(TI) 3023-3162 
(9) 2046-2139 
(T)) 3023-3162 

                                                                                     

Once the ratios are determined,  the mechanization of the system is quite 
straightforward.    Heterodyne tracking filters are used to sweep through 
the frequency ranges of Interest.    Peak-hold networks pick off the peak 
amplitudes in each range, and divide networks produce  Ihe ratios.    The 
system implementation uses only one transducer per LRU;  it was found that 
the technique could be used for either flight or hover mode operation, but 
the same ratios could not be used for both test stand and flight modes. 
The operation of this system will be completely automatic.    When the thresh- 
old limits are exceeded, alarms will be triggered. 

The testing and development of this technique were entirely associated with 
the AIDAPS Test Bed Program.    In Phase E (the testing phase of the program 

94 



CM 

CVllO 
K>   - 

o 
0) 

o 

iD 

O 

(O 

o 
0) a 

2C 
o 
0) 

-p 
CO 
>> 

a) 
PQ 

o 
5 
o 

cd 
-p 

ct» 
p 
o 

•H 

•s 
K 
Ti 
Q) 

PP 
I 

-P 
CO 
(U 

0) 

(^ 

95 



with severely degraded parts), the technique produced an 80)6 effectiveness 
on the main transmission, k20 gearbox, and 90° gearbox.70 

The use of ratios generally provides some normalization factor.    In the 
testing of this technique, the ratios tended to negate the effects of both 
system noise and the varying load on the helicopter.    Speed variations 
will cause difficulty by shifting the frequency bands.   Thus, the bands 
are selected for one flight mode, and all analysis must be done in that 
mode.    Because of the broad bandwidth of the frequency bands, small vari- 
ations in shaft speeds should not present much difficulty. 

An extension of this analysis procedure was attempted in a second tech- 
nique, the spectral vector.    In the spectral vector analysis, a number of 
frequency windows in the spectrum were used to form a family of ratios, 
rather than the single ratio employed in the procedure discussed.    Since 
only a small amount of work was completed with the spectral vector, the 
results were  inconclusive. 

OPTIMUM-SEEKING CLASSIFIER 

This pattern recognition analysis procedure is the basis of a diagnostic 
program proposed by Scope Electronics,  Inc.,  for use in diagnosing the con- 
dition of helicopter power trains.71 

This diagnostic system uses acceleration or microphone signals from the 
LRU's being monitored.    Once the signals have been preprocessed to decrease 
noise problems,  spectral components are found via an FFT analysis.    Markel 
filtering,  which would help resolve some of the frequency jitter problems, 
was presented as a possible preprocessing technique.    After the calculation, 
the spectral components are used as the features  in the classification 
routine. 

As in all pattern recognition techniques,  this one requires data from "good" 
helicopters and those helicopters containing faults, to prepare "good" and 
"bad"  statistical baselines.    Once this baseline data is available, the 
classifier routine will determine which features show the greatest distinc- 
tion between "good" and "bad".    This technique arranges the n-features for 
each spectrum into an n-dimensional vector for each helicopter condition. 
The classifier then determines the surface in u-space which best separates 
"good"  from "bad".    The results are presented as an ordering of features 
and are based on the highest probability of successful classification 
using that number of features. 

Once the classifier has been applied to the baseline data and the ordering 
is finished,  a decision as to the probability of success that is desired 
must be made.    Subsequently, the number of features required for success 
will be determined, and hardware,  in the form of some sort of special- 
purpose filtering, will be built to measure these features.    Acceptable 
limits must then be set for these features.    Logic circuitry will be built 
to provide results as to whether or not a system is in "good" condition. 
These results may be presented in whatever form is desired. 
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A sample of data taken during the AI DAPS Test Bed Program was analyzed by 
this method (see page 120 and Appendix V). 

The preprocessing of the data is expected to minimize unwanted noise 
problems.    Speed variations, however, will probably need careful monitor- 
ing because of the strong dependency of characteristic frequencies on 
speed.    The effect of load variations is not known because no testing 
was done. 

SHOCK PULSE ANALYZER 

The shock pulse technique is directly applicable to the detection of faulty 
rolling-element bearings. The technique and instrumentation were developed 
by Aß SKF, Gotherburg, Sweden, and are marketed in the United States by SKF 
Industries Inc. The shock pulse meter is a self-contained package which 
is purported to have the ability to detect faulty bearings. It has been 
marketed extensively in Europe, with the predominant users being members of 
the petrochemical, paper, and steel industries. 

When a bearing race or rolling element contains a discrete fault, such as 
a pit or spall, the rolling contact between this fault and the other 
rolling elements will result in repetitive impacts of very short duration. 
These impacts excite structural resonemces.    Another phenomenon which 
results from these impacts is the propagation of a stress wave through the 
structure.    This stress wave, called a shock wave by SKF, is emitted in 
the direction of the force of the impact, and it travels at the speed of 
sound through the material.    The length of the pulse is equal to the time 
duration of the impact force.    As the wave travels through the part,  its 
energy dissipates through the structure, thus reducing the wave pulse 
amplitude and lengthening its time duration.    The only case of stress wave 
propagation which has been extensively studied in the literature is the 
propagation of stresses in longitudinal bars. 

The shock pulse technique utilizes an accelercmeter which ideal 1 y is placed 
very close to the subject bearing.    The shock pulse travels through the 
bearing and creates a pulse displacement input to the accelerometer.    This 
pulse is of short enough duration that it excites the free resonance of the 
accelerometer (approximately 39 kHz in SKF's system).    This excitation will 
occur only if the shock pulse duration is less than one-fourth of the 
period of the free vibration of the accelerometer (6 usec in this case), 

A simplified block diagram of the shock pulse meter is shown in Figure 38. 
The output of the accelercmeter is passed through a high-gain amplifier 
tuned at the resonant frequency of the accelercmeter.   This amplifier acts 
as a very sharp band-pass filter.    The signal is rectified, averaged, and 
passed through a peak-sample-and-hold network which quantizes the informa- 
tion.    The output is displayed on a counter which provides the frequency 
of peaks above any desired peak amplitude.    Signal RMS values may also be 
displayed, 
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The frequency of occurrence values may be used to provide an amplitude 
histogram of the output  (event per unit time) vs.  amplitude.    It has been 
found (through experience) that the shape of this curve is an indicator 
of bearing health.    If the curve is flat in the high-amplitude range, i.e., 
a higher frequency of high-amplitude peaks, tht bearing is in poor condi- 
tion since a good bearing shows a more or less linear curve.    These two 
curves are shown in Figure 39«    Thus, by monitoring the change in this 
curve, the condition of the bearing can be followed since the change in 
curve shape is gradual as bearing degradation occurs. 
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Figure 39.    Typical Shock Pulse Output. 

A special accelerometer mounting stud and fixture are used to guarantee 
repetitive mounting.    The stud is tapped permanently into the machine 
structure.    It is a simple, but unique, operation to connect the 
accelerometer to this stud. 

The amplitude signals which are received from tht unit are a logarithmic 
value of the input amplitude.    The value is strorgly dependent on bearing 
speed.    Therefore, the measurements must always be taken at the same shaft 
speed.    An amplitude normalization is apparently- not available for two 
major reasons.    The chief reason is the strong speed sensitivity.    All 
bearings in a power-train are not running at the same speed.    It is 
possible that some type of speed calibration could be developed, but to 
date this has not been done.    A second reason is that considerable ampli- 
tude attenuation is caused by the passage of the shock wave across each 
interface.    SKF estimates an average of 1^ dB loss per interface. 
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Consequently, the signal from the same bearing could show a significant 
difference depending on whether the fault occurs on the inner or outer 
race.    Because of these problems, it appears that the bearings must be 
analyzed individually.    Predictions of degradation must come from qualita- 
tive observations of a plot of each individual bearing location.72 

Because of the Interface problem, there is soine question regarding the 
number of transducers which are needed on a single transmission containing 
many bearings.    In an ideal application of this technique, it would be 
desirable to have one accelercmeter stud   located as closely as possible 
to each bearing. 

SUMMARY 

Table III was prepared as a summary of this section.    This table shows the 
major characteristics of the specific techniques  described in an easily 
viewed format.    The table is prepared in the following form: 

Technique;    corresponds to the specific technique. 

Component:    describes component of system to be analyzed, i.e., gear, 
bearing, other, or all. 

Transducer;    type of transducer used, whether vibratic pickup or 
acoustic pickup. 

Processing;    describes whether processing is to be performed via 
analog or digital hardware. 

Baseline;    describes whether baseline data is required and, if so, 
whether good baselines, bad baselines, or both are needed. 

Output;    describes whether an automatic output is available or whether 
a manual (operator performed) analysis is required. 

Normalization;    describes whether normalization on load, speed, or 
noise characteristics is performed. 

Testing;    describes whether technique has been tested in the lab 
~    (experimental tests under controlled conditions) or in the field 

(on actual operating machinery). 

X's are used to indicate the efficacy of the given comment. 
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TABLE III.    SPECIFIC DIAGNOSTIC TECHNIQUES 

Component     Transducer     Processing     Baseline     Output      Normalization     Testing 

Technique 
! 

I 1 
t 

V 

8 1 
Curtiss-Wrlght 
Sonic Analyzer X X X X 

Noise-Corrected 
Spectrum Energy X X 

Correlation 
Analysis X X X X 

Composite 
Exceedonce X X X X 

Likelihood 
Analysis X X X X 

Bearing 
Impact Index X X 

FQBW 
(G.E.) X X X X 

Gear 
Discriminant X X 

Gear Wear 
Discriminant X X 

General 
Narrow-Band X X X X X 

Ham-std 
Test Bed X X X X 

Bearing 
"Ring" X X 

Northrop 
Test Bed X X X X 

Optimum-Seeking 
Classifier X X X X X 

Shock Pulse X X 
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EVALUATION OF TECHNIQUES 

This section will present the analyses of data that were performed by OSU 
in an effort to evaluate the various diagnostic techniques and methods of 
signal analysis.    Several approaches to vibration data analysis were taken: 

1. Analysis of available ATDAPS Test Ber! Program helicop+ar data. 

2. Study of signal analysis techniques for bearing diagnostics using 
a small tcut rig. 

3. Development and evaluation of a relatively simple mathematical 
model of a bearing for use in fault detection evaluation. 

k.    Stress wave analysis. 

The results of the above approaches will be given after a brief presenta- 
tion of the form of typical helicopter vibration data to allow the reader 
to become familiar with the nature of helicopter vibrations. 

HELICOPTER COMPONENTS 

Typical helicopter power trains fall into two classes: the single-engine 
helicopter such as the UH-1, and a twin-engine, twin-rotor vehicle such 
as the CH-V/. 

In the single-engine helicopter, the engine power is transmitted through a 
main transmission which consists of a spiral bevel gear input and a double 
reduction planetary gear train to the main rotor.    Tail rotor power is also 
channeled through a gear reduction in the main transmission and then along 
a shaft to the rear of the helicopter^ where the power is transmitted 
through two gearboxes to the tail rotor.    In the UH-1,  these two gear- 
boxes are termed the k20 and the 90°  gearbox, respectively. 

In the twin-engine, twin-rotor helicopter, power from the two engines is 
combined in a mixing transmission which has shafting going to separate 
planetary transmissions for the fore and aft main rotors. 

Since most helicopter data has been gathered for the UH-1 type transmis- 
sion, discussion will be primarily centered around the UH-1 configuration 
and hardware. 

AVAILABLE HELICOPTER DATA 

One purpose of this study was to investigate sources of helicopter data 
suitable for diagnostic studies.    This data would have to contain an ade- 
quate number of tests with known faulty parts as well as good baseline 
runs.    Several sources of such data were uncovered. 
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Perhaps the most extensive testing of helicopter power trai i containing 
faults was performed in the AIDAPS Test Bed Program sponsored by l^AAVSCOM. 
Data was gathered by two vendors  (Hamilton-Standard and Northrop Corp.) 
from UH-1 helicopter transmission in both a test stand and actual f3 ..ght 
modes of operation. 

Test stand runs were performed on individual LRU's,  i.e.,  the main trans- 
mission and the 9°°  aJ^d h2°   gearboxes were tested separately.    Many implan- 
tations of faulty gears and bearings were used in test runs in addition to 
the test runs of good parts.    In the flight modes, approximately twelve 
good part baseline tests were made.    Faulty part tests were not as exten- 
sive as in the test stand studies and did not contain any faulty gears.    The 
data taken by Hamilton-Standard was made available to OSU by USAAVSCOM for 
analysis in this program.    This  data was limited to the 0-5 kHz frequency 
range. 

Acoustic data on helicopters has been gathered by Curtiss-Wright and 'he 
Eustis Directorate of USAAMilDL.     This data was taken from two microphone 
positions in UH-1 helicopters.     It contains "good" baseline data and data 
from helicopters scheduled for overhaul for which faulty parts were dis- 
covered.    Other data, which is of a quality to be used for diagnostic 
studies, was taken by Boeing-Vertol for the Naval Air Propulsion Test 
Center, Trenton, N.  J.    Under the Boeing study, a CH-U? forward trans- 
mission was placed in a test stanC and operated with the following im- 
planted faults:    spalled roller bearings,  spalled first-stage  sun gear, 
excessive axial play of pinion gear, and insufficient spiral bevel gear 
bolt torque.    This data, which had a frequency bandwidth from 0-20 kHz, 
was  subsequently analyzed by Boeing-Vertol and General Electric Avionics 
Division,    It is on analog tapes and is presently held by G.E. Avionics 
Division and the Navy. 

Other vibration data on helicopters besides those mentioned has been taken. 
The description of the data here was provided because the information con- 
cerning it was readily available to this study. 

TYPICAL HELICOPTER DATA 

In an effort to identify specific data characteristics peculiar to heli- 
copters and their transmissions, a portion of the Hamilton-Standard UH-1 
AIDAPS data was obtained for analysis.    Particular emphasis was placed on 
the hover and high-speed level-flight data,  as these were the flight modes 
which were chosen by both Hamilton-Standard and Northrop for diagnostic 
purposes. 

Five transducer locations were used in the OSU analysis and shall, here- 
after, be referred to with Hamilton-Standard's parameter notation: 

Parameter 6l:    Accelerometer located at k20 gearbox output quill. 

Parameter A:    Velocity pickup located at 90° gearbox input quill. 
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Parameter 123:    Velocity pickup located on main transmissions at 
the upper mast shaft. 

Parameter 125:    Accelerometer located at the input quill of the 
main transmission. 

Parameter 126:    Accelerometer located at the tail rotor output 
of the main transmission. 

Time Plots 

Typical time data for parameters 61, 123, 125 and 126 are show:i in Figure 
hO.    It should be noted that most of the data has a characteristic fre- 
quency which tends to overshadow all other frequencies.    In the case of 
parameter 6l on the k20  gearbox,  a low-frequency ccmponent at approxi- 
mately 100 Hz is superimposed on the higher frequency components.    The 
frequency superimposed on parameter 123 data is approximately 30 Hz, which 
is close to three times the rotor blade-pass frequency.    The higher fre- 
quency data is composed predominantly of gear mesh frequencies and 
harmonics. 

Frequency Spectra 

The frequency spectra shown in Figures Ul through kk for the five trans- 
ducers bear out the fact that the highest amplitude components of the data 
are at the gtar mesh frequencies.    Frequencies calculated for a UH-1 heli- 
copter operating at 6600 rpm are shown in Appendix IV.    A higher resolution 
plot  (Fig. hi) to 500 Hz was made for parameter 6l in an effort to identify 
the bearing frequencies.    This spectrum represents a bearing having an 
outer race fault whose computed frequency is 325 Hz.    Whether the frequency 
peak at 325 Hz is the twelfth harmonic of the 90°   gearbox shaft frequency 
or the bearing frequency is subject to conjecture since both are computed 
to be the same frequency.    It should also be noted that the 90° gearbox 
output shaft frequency and its harmonics are very apparent In the h20 gear- 
box spectrum and that the even shaft harmonics are greater than the odd 
harmonics.    These even harmonics correspond to the harmonics of the tail 
rotor blade-pass frequency.    In the 0-5000 Hz plot of parameter 6l, many 
multiples of the U20  gearbox shaft frequency appear.    Also,  sidebands 
about the gear mesh are very apparent. 

Figure k2 shows that the velocity pickup used for parameter 6h is not as 
sensitive to the higher frequency vibrations as it is to the lower fre- 
quencies . 

Prooability Density Functions  (PDF) 

Typical probability density functions for "good" helicopter data are shown 
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Figure ^0.    Typical Time Plots of AIDAPS Test Bed Data. 
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Figure ^2. Spectra for Parameter 6k. 
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in Figures U5 and U6.    In Figure J+5  (parameter 6l), probability density- 
functions for two separate runs are shown.    The differences in the proba- 
bility density function slopes are quite evident.     Both runs had good parts 
near the transducers.    However, there was a bad main mast bearing in the 
second run which may have had some effect on the data.    Figure k6 shows 
data for parameter 126 frctn two runs:    the first with all good parts, the 
second with a faulty tail rotor bearing (located very near tremsducer 126). 
Again, a difference in the shape of the curve is noted; the good bearing 
has a Gaussian shape, while the data with a faulty component yields a 
flatter shaped curve which might indicate more strongly sinusoidal 
vibration. 

The probability density functions for other test runs were of a similar 
nature to the ones shown. 

Correlation Functions 

Autocorrelation functions having 100 time lags were plotted for each of the 
subject parameters.    Samples of these plots are shown In Figures hj and k8. 
All of the autocorrelation functions indicate very little randomness and a 
high degree of repetitiveness in the signals.    This verifies observations 
from the time plots and the frequency analysis. 

Figure Uy depicts autocorrelation functions from two different runs for 
parameter 6l.    The fundamental time lag of the first plot is the inverse 
of the k20  gearbox mesh frequency.    Both of the plots of Figure ^7 are 
for the same time lag, but significant differences in shape are observed. 
Figure k8 shows aata for parameter 126. 

The two plots show a lag of 0.35 msec, which corresponds to the spiral 
bevel gear mesh frequency.    For this parameter,  the correlation function 
shapes varied from run to run. 

DATA VARIATIONS 

Several topics related to data gathering will be discussed in this  section; 
these topics include the number of transducers necessary, the operational 
mode in which data should be taken, the day-to-day statistical variations 
in data from one helicopter, and the variations from one helicopter  to 
another. 

In selecting transducer locations, it would seem that the smaller the 
number of transducers, the better.    However, in uny mechanism as complex 
as the main transmission of a helicopter, it is doubtful whether one trans- 
ducer could adequately identify failures at all locations.    The three 
transducer locations  (input quill, upper mast, and tail rotor) seem to 
yield    extensive information on the components nearest to their location 
without too much overlap.    Whether these transducers are adequate for 
monitoring other internal parts would be pure conjecture at this time and 
would certainly depend upon the discriminant being used.   The 90° and k2° 
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gearboxes appear to be adequately monitored with a single transducer for 
each. 

AIDAPS Test Bed data was taken from test stand and from actual helicopters 
in light-on-skids, hover,  steady climb, and high-speed level-flight condi- 
tions.    Spectra for several of the runs were compared in each of these 
conditions.    Spectra for the test stand data differed considerably from 
the actual helicopter data.    Therefore, extra care must be taken in extrap- 
olating test stand results to actual flight conditions.    The spectra for 
the four helicopter operational modes did not differ considerably in over- 
all shape, but amplitudes of individual spectral peaks varied by as much as 
6 dB and the shaft speeds shifted slightly.    Hamilton-Standard also experi- 
enced amplitude calibration difficulties in attempting to use flight-mode 
baselines to evaluate hover data. 

Each sequence of operational modes was performed twice during each test 
series; i.e., a morning sequence light-on-skid, hover, climb,  and level- 
flight sequence was run and then repeated in the afternoon.    Significant 
differences between these two sequences could not be detected, as spectral 
peaks had a maximum variation of 2 dB but,  typically,  did not change more 
than 1/2 to 1 dB. 

In all of the above tests, 6U averages of the real-time spectra were used. 
Since the data was very stationary and did not have a high random noise 
content, averages above this number did not improve the spectra.    For a 
lesser number of averages, seme variations were observed from one set of 
averages to the next.    These were generally as small as 0-2 dB but were 
sometimes as high as 5-6 dB for certain spectral frequencies. 

In some of the AIDAPS data, baseline runs on the same helicopter, or at 
least a helicopter having the same engine and transmissions, were performed 
at two different times separated by several weeks.    It was noticed that the 
spectra differed much more than would be expected in these runs.    Peaks 
which were low in the first run were higher in the second and vice versa. 
Variations of at least 6 dB were often observed.    These variations were of 
the same level as were typically observed from one good helicopter to 
another.   A study is now in progress in which an attempt will be made to 
measure the effect of simply removing and installing a gearbox on vibrational 
spectra.    It is being sponsored by USAAVSCOM and is being performed by Parks 
College of St. Louis University.    This study should yield additional in- 
formation on the effect of gearbox installation on the vibration signatures. 

Eleven sets of baseline vibration spectra were analyzed to determine the 
statistical variations of spectra from one good helicopter to another. 
Means, Fourier, and PSD amplitudes were computed for each set of spectra. 
Standard deviation data was also computed.    The coefficient of variance, 
which is the ratio of the staxidard deviation of each data set to its mean, 
was computed.    The coefficient of variance, S/X, varies from 0.2 to 3.0 
for Fourier amplitudes and from 0.3 to 3.5 for the PSD's.    The value of 
the coefficient of variance is centered in this range in most cases. 
Typical values for X^ and S/X for selected peaks of parameter 126, the 
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accelerometer on the bail rotor quill bearing, are shown in Table IV.   The 
numbering of frequency peaks is shown in the spectrum of Figure ky.    It 
was often noted that each frequency component had one or two values which 
were extremely high on seme baselines.   These could be considered either 
as statistical deviates or the restalt of parts which were not in as "good" 
condition as was claimed.    An additional computation was made without the 
deviants and is shown also in Table IV.    Typical PSD distributions  for 
frequency numbers 7» 8, 10,   and 16 are shown in Figure 50.    The deviant 
effect is clearly shown for frequency bands 7 and 10. 

|           TABLE IV.    STATISTICAL VALUE 5 OF SPECTRA FOR PARAMETER 126 

Frequency 

All Ten Values Excluding High Values        | 

Avg. S 
PSD 

Avg. s 
PSD    -      1 

Avg. S_ Avg. — 
Peak No. (g) X (g7Hz) X (g) X (g7Hz) X 

1 0.2U 0.33 0.001+ 0.66 0.23 0.29 0.001+ 0.57 
2 0.66 O.kk 0.03 0.77 0.62 0.1+1+ 0.28 0.79   1 
3 0.19 0.58 0.003 1.17 0.17 0.1+7 0.002 O.89 
k 0.79 0.27 0.01+ 0.53 0.76 0.21+ 0.038 0.1+5 
5 0.07 0.52 0.0001+ 1.11+ 0.065 O.38 0.0001+ 0.76 
6 0.15 0.31+ 0.002 0.69 0.11+ 0.33 0.001 0.71   j 
7 0.U8 O.i+2 0.017 1.07 0.1+2 0.15 0.011 O.29   1 

1         8 0.1+7 0.59 0.019 1.08 0.1+2 0.55 0.011+ 1.0     j 
9 1.U6 O.36 O.I65 O.70 1.1+ 0.37 0.11+ 0.75 

10 1.85 0.57 0.27 1.55 1.5 0.071+ 0.15 0.15   j 
11 0.77 0.1+3 0.01+ 0.87 0.71 0.38 0.035 0.79   I 
12 0.90 0.39 0.06 0.82 0.83 0.32 0.01+7 0.63 
13 0.81 0.66 0.06 1.25 0.72 O.58 0.01+2 1.2 
Ik 1.36 0.1+9 0.11+ 0.91+ 1.2 0.1+6 1.2 0.93 

i        15 1.38 0.31 0.13 0.61 1.3 0.28 1.2 0.56 
16 9.68 0.27 6.21+ 0.1+6 9.3 0.16 6.8 0.31+    i 

|        17 2.U5 0.31+ 0.U2 0.63 2.3 0.32 0.37 0.61   i 
18 1.7k 0.31 0.21 0.59 1.7 0.29 0.13 0.51+   ! 
19 0.59 0.1+1 0.02 0.79 0.55 0.38 0.021 0.76  | 

1        20 1.75 1.17 0.1+3 2.18 1.2 0.88 0.16 1.8 
1         21 0.U9 0.22 0.02 0.1+3 0.1+1+ 0.19 0.013 0.35 

22 1.13 0.89 0.11+ 1.73 1.1 0.89 0.13 1.8 
\       23 0.50 0.1+1 0.02 0.75 0.1+6 0.36 0.015 0.59 

j         2), 2.27 0.1+6 O.38 0.75 2.0 0.1+7 0.30 0.79 
^ 0.57 0.33 0.02 0.62 0.53 0.30 0.019 0.56 
26 o.eh 0.89 0.01+ 1.1+5 0.56 O.92 0.031+ 1.6    | 

i         27 0.78 0.51+ 0.05 1.13 0.68 0.1+1 0.031+ 0.76 
1         28 0.58 0.68 0.03 1.28 0.53 0.71 0.025 1.5 
1                                                                                                                                                                                                                                T 

Helicopter speed variation, which could cause smearing of spectra, was 
investigated by observing the transmission tachometer signal with a 
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frequency counter.    The counter indicated speed variations of an order of 
magnitude of l/2 to 1$.    This could have the effect of broadening spectral 
peaks when spectrum avci aging is performed.    In particular,  a 1^ speed 
variation at the higher frequency bands of a 500-point spectrum would cause 
smearing of a discrete frequency across U or 5 frequency bands.    This 
smearing could result in a svbstantial reduction from actual values in the 
peak amplitude.    However,  in comparing single and multiple averaged spectra, 
the width of frequency peaks tended to remain approximately the same, thus 
indicating that the speed variations were not as severe as initially 
thought,    A tracking ratio adapter, which compensates for speed fluctua- 
tions and normalizes frequency spectra, was attached to the analyzer, but 
there was virtually no difference in the resulting spectra.    In fact, 
close observation indicated that the spectra were slightly sharper without 
the adapter.    Therefore,  it would seem that speed in hover is quite steady 
during an individual test, but care must be taken to be su^e this ie the 
case.    Also, speed variations from test to test are likely to occur and 
should be compensated for. 

DIAGNOSTIC TECHNIQUE ANALYSIS FROM AIDAPS DATA 

Several of the diagnostic techniques discussed earlier as well as analysis 
discriminants shown in Figure 26 ware investigated with the AIDAPS data. 
All potentiell techniques were not tested with this data because its band- 
width limitations were restrictive for some of the techniques.    Also, some 
techniques require special-purpose instrumentation and computational 
facilities which were not available at OSU. 

Narrow-Band Analysis 

Narrow-band analysis has been used extensively as a "first attempt" in 
developing techniques.    To investigate this general technique, narrow-band 
spectra such as those shown in Figures hi through kk were plotted for sill 
baseline hover data and the final phase implantations in the test bed 
program.    Plots were always of 500-line spectral resolution in the 0-5 kHz 
frequency range except for Figure kl&, which is in the 0-500 Hz frequency 
range. 

Attempts were made to identify bearing frequencies associated with specific 
bearing faults.    The frequency resolution of the 5 kHz data is not accurate 
enough to distinguish between bearing frequencies and other frequencies 
such as shaft harmonics.    Even for narrow bandwidth plots,  such as shown 
in Figure ':1a, the bearing frequency is often combined with other fre- 
quencies.    In general, peaks at bearing frequencies could seldom be located 
and were generally much smaller in amplitude than other vibration fre- 
quencies . 

Since no faulty g^ar implantations were made in the test-bed hover tests, 
it was not possible to investigate the use of mesh frequencies and their 
harmonics and sidebands as gearing discriminants.    However, the appearance 

119 



of these frequency components is certainly apparent and may be of signi- 
ficant value in gearing diagnostics. 

Hamilton Standard AIDAPS " 4a" Technique 

Attempts made to verify the AIDAPS analysis technique performed by 
Hamilton-Standard achieved only marginal success.    Standard deviations of 
the power spectral densities of the significant peaks which corresponded 
to multiples of shaft frequencies were computed; the result of these 
computations for baseline data was discussed earlier.    The value of the 
mean value plus four standard deviations  (X + her) was computed, and all data 
from faulty part test runs were checked against this value for exceedances. 
Very few exceedances were noted,  and they did not always match those 
found by Hamilton-Standard.    However, when this general technique of count- 
ing total exceedances was applied to the data, the result    obtained at OSU 
as to prediction capability was comparable with those of Hamiltnn-Standard. 

However,  these differences may have been created by the method of data 
analysis.    Hamilton-Standard used a digital procedure in which 0-5 kHz 
data was placed in 3^1 frequency bins.    Many of these bins contained 
data from areas of little or no interest, i.e., valleys between peaks. 
Also, Hamilton-Standard did not compensate for speed variations from 
test to test, which could have given some changes in the data.    The 
OSU method was performed from plots made with a real-time analyser.    Only 
major frequency peaks were included with the OSU analysis.    Frequencies 
were normalized to gear mesh frequencies.    This procedure could have 
changed the data slightly.    Finally, errors in calibration could have been 
made in either analysis procedure. 

An interesting comment on the X + Ucr method is that none of Hamilton- 
Standard's baselines were flagged as being bad, not even the supposedly 
statistics! deviants.    This is a result of the small sample size  (10) and 
the large four-standard-deviation range which was used.    In a sample size 
of 10, the extreme deviant essentially controls the standard deviation 
value and will always fall within four standard deviations.    If two or 
three standard deviations had been used, there could have been baselines 
which had frequencies which exceeded these values.    In cases where the 
coefficient of variance is greater than 10, the signal amplitude had to 
change by about one order of magnitude in order to exceed the X + her value. 

In all instances, the faulty component data looked very similar in form to 
the baseline data.    No new frequency peaks dramatically sprang up from 
faulty parts.    It should also be pointed out that the bad part implants 
used in this study did not contain gross failures, bat typically had one 
or two small pits on bearing races. 

Scope Electronics Optimum Seeking Classifier 

In evaluating pattern recognition schemes which were readily available for 
use in data analysis, the Op-Seeker technique of Scope Electronics seemed 
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to be a very powerful tool to statistically identify differences in data 
from two different classes, in this case LRU's containing good and bad 
parts.    Because of the availability of this analysis technique, tapes of 
data from the AIDAPS program were made,  as described in Appendix III, and 
sent to Scope for evaluation.    Appendix V contains a report submitted by 
Scope on the analysis of the U20 gearbox using this data.    Because of a 
tape speed change in the duplication of data,  all frequencies in the 
Appendix are one-half the actual frequency values. 

This data analysis, which was not very extensive, achieved a similar pre- 
diction capability to Hamilton-Standard and Northrop and ranked the features 
of prime importance in the classification. 

The "Op-Seeker" program is designed to order 20 features which the operator 
may choose.     In the first set,  the features chosen were all discrete fre- 
quencies related to gears and bearings in the k20  gearbox.    In this analy- 
sis, two of the most significant features were found to be ball-pass fre- 
quencies of two bearings in the ^2°  gearbox.    This point proved to be very 
interesting,  since ball-pass frequencies were hardly discernible on typical 
spectra observed by OSU.    Apparently the  changes at these frequencies are 
adequate to be distinguished by the pattern recognition technique. 

In the second set of features used, ranges of frequencies identified by 
Northrop were included as features to be ranked.    Here, four of the first 
five ranked features were sidebands of the U20  gearbox mesh frequency and 
its first harmonic.    A similar observation regarding the effects of bearing 
faults on gear mesh frequencies and sidebands was made by Hamilton- 
Standard.    The feature ranking second corresponded with one of Northrop's 
chosen ranges.    It should be pointed out that the features used are not 
optimum, but only first trials which could be improved by more judicious 
feature selection. 

The fact that the same data was used in the training set as was used to 
test the classifier also tempers these results.    In order to obtain a 
truly unbiased pjialysis, unknown data would have to be supplied to the 
classifier.    However, a large enough volume of data was not available to 
do this. 

Probability Density Analysis 

Probability density functions were plotted for a small sample of the good 
and bad parts.    As pointed out earlier,  these plots often appeared 
Gaussian.    At other times these plots were non-Gaussian, tending to flatten 
out or to display double peaks.    The occurrence of a double peak did not 
correlate either positively or negatively with the presence of bad parts 
nor was it consistent with the transducer location being used. 

Perhaps pre-whitening of the data by band-pass or notch filtering would 
condition the data so that valid discriminants could be obtained by this 
analysis technique. 
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Impact Index 

Impact indexes were computed from the raw data simply by reading the peak 
values from an oscilloscope trace and reading rms values from a meter. 
The impact  indexes were then calculated by taking the ratio of peak/(2.rms 
value).    For all of the data, whether with good parts or bad parts,  the 
Impact indexes ranged in value from 1.0 to 3.5 with most of the values 
falling below 2.0.    None of these values  approached the "bad bearinc" 
limit of 5.0 set by G.E. 

The primary reason for this discrepancy is that the vibration signals were 
so dominated by the gear mesh frequencies that they were essentially 
sinusoidal in nature.   Any transients created by bearing impacts are so 
small  that they did not affect the vibration signal. 

Two types of modification might condition the data for impact index 
analysis.    The first would be to filter out the gear mesh frequencies and 
their harmonics fron the data.    The  second technique would require time 
averaging the data at a rate camnensurate with the bearing pass fre- 
quencies. 

Correlation 

Again,  due to the predominance of gear mesh frequencies, the correlation 
analysis did not show significant differences between good and bad parts. 

Cross-correlation of good and bad part signals was performed by recording 
good and bad data on parallel cnannels of analog tape.    The cross- 
correlation functions were not always stable,  possibly because the heli- 
copters were operating at slightly different speeds.    In general,  the 
cross-correlation function plots were similar to the autocorrelation 
function plots. 

Other Techniques 

Two other functions were computed for the parallel recorded data.    The 
first was a cross power spectral density function between two sets of good 
runs and between a set of good and a set of bad runs.    Figure 51 shows a 
cross power spectral density function between two good runs, and Figure 52 
shows a cross power spectral density function between one of the good runs 
and a bad part run.    The data is for a transducer located on the tail rotor 
output of the m'ii" transmission.    Peaks are rather sporadic but typically 
occur at the fr    uencies at which amplitudes are greatest in the frequency 
spectra of incD.Vi.dual runs.    Differences  can be observed in the plots.    A 
coherence function was also computed for the same data, but  it did not 
indicate coherence at very many frequencies and,   in general,  was very noisy 
and difficult to interpret. 
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BEARING TEST RIG 

The vibration data from helicopter power trains   (as available from the 
AIDAPS Test Bed Program) was bandwidth-limited to 5 kHz.    A number of the 
diagnostic techniques use, as a physical basis, phenomena which occur 
above the 5 kHz limit  (MTI bearing ringing, SKF shock pulse, to some extent 
G.E.'s impact index, and others).    Bearing vibration data was generated at 
frequencies up to 50 kHz to properly evaluate the capabilities of these 
techniques and to further analyze other techniques. 

The test si-and, as shown in Figure 53} was used to generate the bearing 
vibration data.    The system is driven by a 1750-rpm, l/3-hp electric motor. 
Bearings are mounted in four pedestals supporting the two shafts.    The 
bearing used in most of the tests was a Norraa-Hofftnan L-25 angular contact 
ball bearing.    The two shafts are connected by a gear pair with available 
ratios of 1:2, 1:1, and 2:1.    If desired, the gears may be disconnected 
completely.    Load is applied to the system via a hydraulic pump.    This 
nine-cylinder pump is connected to the rest of the system with a timing 
belt.    The axuount of load applied by the pump can be controlled by a 
throttle valve with a pressure gauge monitoring the load level.    Acceler- 
ometer stud mounts are placed at various positions on the rig. 

Narrow-Band Analysis 

A narrow-band analysis was performed as an initial step in the evaluation 
with the test rig.    Table V gives the frequencies which may be associated 
with given system components.    Figures 5^ through 60 show spectra of the 
vibration signal generated under various conditions of bearing health. 
All of the spectra presented in these figures were run with the gearing 
disconnected and, thus, no loading via the pump. 

Figures 5^- and 55 show the spectra of a "good" bearing, with Figure 5^ 
covering the range from 0-1 kHz and Figure 55 the range from 0-5 kHz. 
A "good" bearing is described as one which,  when visually inspected, 
exhibits no faults.    The only easily discernible spectral components 
that appear in Figure 5^ are the shaft frequency and its harmonics. 
In Figure 55,  two additional strong peaks of interest appear:    at 8800 
Hz, a peak which was determined to correspond to a resonance in the 
test rig structure appears; and at 22 kHz,  a peak which might corre- 
spond to a higher order "ring" resonance of the bearing occurs.    The 
exact origin of this frequency component has not been determined, but 
it corresponds to the computed value for the fourth resonance of the 
bearing outer race. 
Figures 56 through 60 show spectra for bearings exhibiting faults.    These 
faults were of the following form: 

1. Inner Race Fault:    a line was scribed across the inner race. 

2. Outer Race Fault:    a line was scribed across the outer race. 

3. Ball Fault:    A facet was filed onto one of the balls. 
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TABLE V. CALCULATED CHARACTERISTIC FREQUENCIES FOR THE TEST RIG 
i         -                                                                                                                                            i 

Bearings 

for = ? (K1 - f cos ß) = lk0^ Hz 

fir = iU1 + Ycos 0)= 209-3 H?' 

^-fr'U'-if)™2*)-^** 

fcage = liöf1 - f cos P) = ^-^ Hz 

'•ball res, 

'race res, 

^ J%- 387.^9 Hz 

kCk2 -1) i  r^ 
2WkrTTF>' m 

a) outer race: 

k = 2 
k = 3 
k= k 
k = 5 
k = 6 

3,938 Hz 
11,137 
21,355 
3^,536 
50,663 

b) inner race; 

k = 2 
k = 3 
k = k 

Gears 

9,7^2 Hz 
27,555 
52,83^ 

N fgm = ^ x no. teeth = 2,33 Hz 

Belt 

N 
^belt = 77) x ratio of teeth x no.  sprockets = 975 Hz 
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TABLE V - Continued                                                     j 

Pump 

fpump = ZH x ra*i0 of teeth x ratio of sprockets X 

no. of cylinders = 730 Hz 

Shaft 

fsr = S5 = 29-17 Hz 

f     - 2L*!     f1        where I 
i'-        Ap 

= c/c bearings, in. 

(3000) 
X = 1:    3000 Hz 

f ^ = f      + f 1sb      ■Lgm " -"-sr 

= 2,333 ± 29.17 

Nomenclature for Table V 

r - ball radius, O.I5625 in. 

D = bearing pitch diameter, 1.5^0 in. 

ß = contact angle, 15 degrees 

n = number of balls, 12 

N = 1750 rpm 

E = modulus of elasticity = 30,000,000 psi 

P - ball  density = 0.284 lb per in.3/386 in 
0.000735 slug/in.3 

per sec2 = 

k = number of waves around circumference of ring, i, t, 3>   • • • 

I = moment of inertia of cross-sectional area about the neutral 
axis; outer race = 0.000115 in.4,  inner race = 0.0000868 in.4 

= radius to the neutral axis: outer = 1.853 in., 
inner = 1.227 in. 
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TABLE V - Continued 

m = mass of ring per linear inch, 0.00005 slug/in. 

for = outer race frequency 

fir = inner race frequency 

fb = ball-pass frequency 

^age = cage-pass frequency 

fbn,ll res = ball resonance frequency 

frace res = race resonance frequency 

fgm = gear mesh frequency 

fbelt = belt frequency 

fpump = pump frequency 

fsr = shaft rotational frequency 

f8f = shaft flexural frequency 

fs.b. = sideband frequency 
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In Figure 56  (0-1000 Hz),  the inner race frequency peak is not readily- 
evident.    However,  in Figure 57 (0-50 kHz), the 8-kHz peak appears as 
does the 22-kHz peak, which typically increased in bunplitude by some 
20-^0 dB over the good bearing. 

Figure 58 (0-1000 Hz) shows the spectrum for a bearing having an outer 
race fault.    A peak at lUO Hz which corresponds to the outer race frequency 
is observed.    Harmonics of that frequency are also very evident.    In 
Figure 59 (0-50 kHz), both the 8-kHz and the 22-kHz peaks again appear with 
increased amplitude.    Here,  the 22 kHz is slightly broader.    Figure 60 
(0-500 Hz) shows the spectrum for a bearing exhibiting a ball fault.    The 
ball-pass frequency may be observed at 135 Hz. 

Bearing "Ringing" 

One of the purposes of the test rig work was to exaiuine high-frequency 
bearing vibration phenomena, particularly the "ringing" mentioned by NTTI. 
Figures 61 and 62 show the "ringing" response as exhibited on the test rig 
when an inner race fault was implanted.    The higher frequency of oscilla- 
tion corresponds to the 22-kHz peak seen in the frequency spectra.    As 
seen in Figure 6l, the repetition rate of impact corresponds to the inner 
race frequency. 

It was found that the "ring" was produced at approximately the same fre- 
quency for all the faults in the particular bearing being used.    Other 
bearings produced a "ring" but at different frequencies.    The exact fre- 
quency of the "ring" cannot be predicted by computation but does,  ac 
mentioned earlier, match up well with the computed value for the foirth 
natural frequency of the outer race as computed from Equation (6).    Vhe 
reason for the first, second, and third natural frequencies' not bein,? 
present is subject to debate.   A cause could be that the bearing hovsing 
tends to dampen these lower frequency motions, and only the fourth natural 
frequency can be excited in its free-free mode.    The amplitude of motion 
is very small at the accelercmeter location (0.1 pin.) at 22 kHz and tends 
to indicate that uncoupled vibration of the race may be possible. 

Table VI shows a calculation of the race resonances for a variety of 
bearings found on the UH-1 helicopter.    Again it would be impossible at 
this time to predict which resonant frequency on any of these bearings 
might be excited by a fault. 

By examining the time traces of Figure 6l or Figure 62, modulations and 
phase reversals appear; an explanation of these has not been found. 

It is seen from Figures 61 and 62 that the transient builds up gradually 
before decaying.    This observation is contrary to the free response of 
most structures to short-duration pulse forces, since the typical response 
has its maximum amplitude on the first oscillation after impact.    In this 
instance it might indicate that the bearing force created by the impact is 
not a single pulse, but several pulses,  the first occurring when the ball 
contacts the leading edge of the fault and the second when the ball impacts 
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the center of the fault.    The time duration between the beginning of the 
transient and the ccmputed time for the ball to pass through the fault 
compares favorably. 

The ringing is present only for a small percentage of the total vibration 
period.    Since most spectrum analyzers give an average amplitude over a 
period of time, the spectral peak at 22 kHz is not the amplitude of the 
ring, but an averaged amplitude which is likely to be only a small per- 
centage of the peak time domain amplitude. 

A study was performed to determine the transmission of the  "ringing" 
signal through the test rig.    An acceleroneter was wax-mounted in a number 
of positions around the rig, and the output was then band-pass filtered 
between 18 kHz and 25 kHz.    It was found that the ringing signal could be 
detected at all locations on the test rig.    Attenuations of approximately 
20 dB were experienced for readings taken at positions not on the pedestal 
holding the faulty bearing.    On the pedestal containing the faulty bearing, 
magnitudes were greatest near the actual fault location. 

As a further test, a bar was used to provide a rigid connection between 
two of the bearing pedestals.    At the connected pedestal, the attenuation 
was reduced to 6 dB.    A more rigid structure of this type is representative 
of the transmission housings encountered in helicopters. 

Based on the testing, the appearance of the ring was verified, and it was 
determined that these vibrations could be transmitted (with some degree of 
attenuation) to other locations in the structure. 

Effects of Loading 

The pump and gearing of the test rig were used to help determine the effect 
of other vibration inputs on the bearing frequencies.    Figure 63 shows a 
spectrum with the pump connected but not operating, while Figure 6k shows 
a spectrum with the pump in operation. 

Data from the spectra show that the operation of the pump affects the low- 
frequency components of the spectrum but does not affect the high-frequency 
ring.    In lower frequency spectra, the piston pump frequency and its har- 
monics were quite evident and tended to cover up the ball-pass and race- 
pass frequencies.    The gear mesh frequency was also more evident than the 
bearing pass frequencies.    This finding parallels quite closely the 
conclusions in the AIDAPS Test Bed analysis.    This characteristic was 
found to be a good generalization for the effect of other signals such as 
the gear mesh frequency on this phenomenon. 

Correlation Functions of the Signal 

An autocorrelation function for the test rig signal was plotted for both 
a good and a bad bearing.    Figure 65 shows the autocorrelation for a good 
bearing, while Figure 66 shows a similar autocorrelation function for a 
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bad bearing.   As may be seen, Figure 66 shows the characteristics of a 
sinusoidal signal more strongly.    This may be caused by the harmonic con- 
tent present in a signal of a bad bearing. 

Probability Density Analysis 

Probability density functions were plotted for a good and a bad bearing in 
Figures 6? sind 68.    Each of the plots is normalized such that full scale 
is + U standard deviations about the mean value.    The normal bearing is 
almost Gaussian, whereas the faulty bearing gives rise to a more non- 
Gaussian plot which has a larger percentage of the data located near the 
mean value.    The resonant "rings"  are present for only a short duration, 
but they have an effect on the RMS value of the signal. 

ANALYSIS VIA MODEL 

A simplified analytical model of the bearing rig was developed for use in 
the evaluation of the various diagnostic techniques.    A normal mode simu- 
lation technique was used which represented the system for a bad bearing 
as two second-order systems, the lower of which corresponded to the struc- 
tural resonance and the other corresponded to the ring frequency.    A pulse 
with a repetition rate corresponding to the frequency associated with the 
fault position was used to excite the system.    To simulate the good bear- 
ing, the higher frequency resonance was removed.    This action is not 
altogether realistic since the structural resonance is also excited by the 
fault.    However, observation of testing data showed that the structural 
resonance was not as sensitive to the fault as the ring frequency.    The 
model was simulated on an analog computer operated in the "rep-op" mode, 
and the output was tape-recorded and then analyzed. 

Figure 69 shows a typical time response of the model, and Figure 70 depicts 
a typical frequency spectrum for a bad bearing.    The series of spikes 
which may be noted in the spectrum are caused by the "rep-op" operation 
of the computer and correspond to the impulse response as was observed in 
spectra produced for the test rig.    For this reason the 22-kHz ring is not 
discrete, but quite broad, when observed in the frequency domain. 

Cross-Correlation With Test Rig 

A cross-correlation of the model results with the signals produced by the 
test rig was attempted.    Even though the time plots looked quite similar 
and the spectra were related,  the results obtained were not intelligible. 
These results may be explained by the slight speed variations which occur 
during the operation of the test rig.    Such speed variations can ruin a 
cross-correlation analysis.    Such a speed variation is to be expected in 
most physical systems.    Cross-correlation, with any signal obtained from 
an operating physical system, will prove to be difficult unless quite 
sophisticated pre-processing is used, 
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Figure 69. Time Trace of Model Response. 
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Correlation Function of Model 

An autocorrelation of the good signal is shown in Figure 71, while Figure 
72 shows an autocorrelation function of the bad signal; Figure 73 shows a 
cross-correlation between the two.    As noted with the other data, more 
peaks are noted with the bad signal due to the higher harmonic content. 
The cross-correlation shows the strongest component at the period of the 
good signal.    The cross-correlation was easily calculable in this case, 
since the manner in which the two signals were produced made accurate 
synchronization possible. 

Signal-to-Hoise Analysis 

A set of experiments was performed using the model to determine the effect 
of varying signal-to-noise ratios  (S/N) on the various analysis procedures. 
Signal-to-noise ratio in this context was computed by taking the ratio of 
the peak ring amplitude to the nrvs level of the noise.    The procedures con- 
sidered were spectral analysis via the swept-frequency analyzer and the 
real-time analyzer with averaging, autocorrelation, probability density 
functions, and impact index calculations. 

Figures 7^ through 77 show spectra produced by the swept-frequency analyzer 
for S/N of 2,0, 1,0, 0,5, and 0,1, respectively.    As can be seen, the in- 
formation in the spectrum is lost as the signal-to-noise ratio decreases. 
The statement is often made that averaging with a real-time analyzer can 
eliminate problems associated with signals buried in noise.    This is true 
for a limited range of conditions.    Figures 78 and 79 show spectra pro- 
duced by a real-time analyzer for S/N =1,0.    In Figure 78 a single spectrum 
is shown, while Figure 79 shows the results of 6^ averages.    The results 
seen in Figure 79 show an improvement in this case, but if the signal-to- 
noise ratio decreases, the averaging produces no improvement and the same 
effect as observed with the swept-frequency analyzer occurs. 

The effects of varying S/N on the autocorrelation function are shown in 
Figures 80 through 82.    The function is not quite as "smooth" as the ratio 
decrease, but the essential results are unchanged. 

Figures 83 through 85 show the effects of S/N on the probability density 
function.    As can be seen, the increase of noise levels causes the plot 
to flatten and become more Gaussian, 

Table VII shows the values of the impact index as calculated for different 
signal-to-noise ratios.   A decrease in the S/N destroys the effectiveness 
of this analysis procedure. 

The conclusion which may be drawn from this set of experiments is that most 
analysis procedures run into difficulty unless some consideration and pro- 
cessing are used to increase signal-to-noise ratios.    The only analysis 
proceduro which appears relatively unaffected is correlation.    Another 
available procedure which can also overcome this problem is time averaging. 
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TABLE VII.    EFFECT OF SIGNAL-TO-NOISE 
RATIO ON IMPACT INDEX 

S/N Impact Index 

2.0 
1.0 
0.5 
0.1 

U.25 
3.^9 
2.56 
1.86 

STRESS WAVE ANALYSIS 

Seme experimentation was performed to study the stress wave phenomenon as 
utilized by SKF in their shock pulse analyzer.    The study was performed 
on a 20-inch longitudinal bar to get a qualitative understanding of the 
phenomenon which could then be extrapolated to a mounted bearing.    The 
longitudinal rod is also of interest since it is the classical example 
used in most books to explain the stress wave phenomenon.    References 73 
and 7^ give a detailed description on this phenomenon. 

The tests were performed in the following manner.    A bearing was wax- 
mounted to one end of a bar, the other end of the bar was impacted, the 
accelercmeter signal was high-pass filtered, and the results were photo- 
graphea with an oscilloscope camera.    As this experiment was directed at 
the type of analysis performed by SKF, the filter was set to pass the 
accelerometer resonant frequency. 

Figure 86 shows the results from three accelerometers:    an Endevco 2215 
with a resonance of 35 kHz» a Bruel and Kjaer ^335 with a resonance of 
1+5 kHz, and a Bruel and Kjaer hSkk with a resonance of 118 kHz.    As can 
be seen,  the accelerometers may be "rung" at their resonances by an im- 
pact.    The Bruel and Kjaer accelerometers were the easiest to excite 
into a free resonant mode. 

A further test was performed to determine the effect of interfaces on the 
amplitude of the response.    First one and then two rod extensions were 
bolted between the accelerometer and the impact point.    Figure 87 shows 
the results of this experiment.    An attenuation of approximately 6 dB per 
interface was found.    This was substantially less than the 1^  dB per 
interface quoted by SKF.    The difference in these results may be explained 
since the interface provided here was very solid and straight, whereas 
interfaces referred to by SKF may not have been as rigid. 

All accelerometers rang at their unmounted natural frequency.     In the high- 
frequency (B & K U3^) accelerometer, the mounted natural frequency is 
quoted at 70 kHz, but this frequency did not appear in this test. 

The accelerometers were next placed on the bearing test rig and again band- 
pass filtered at their resonant frequencies.     It was  found that the resonant 
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(c) (d) 
Vertical Scale: Acceleration 
Horizontal Scale: Time (msec) 

Fig. (a) B&K 47-kHz Accelerometer Mounted on Bar with Extension 
Filtered at 30 kHz, f = 45,000 Hz 

(b) B&K ll8-kHz Accelerometer Mounted on Bar with Extension 
Filtered at 9° f = 104,200 Hz 

(c) B&K ̂ 7-kHz Accelerometer Mounted on Bar with Two Extensions 
Filtered at 30 kHz, f = 1+5,000 Hz 

(d) B&K 118-kHz Accelerometer Mounted on Bar with Two Extensions 
Filtered at 90 kHz, f = 10U,200 Hz 

Figure 87. "Ringing" of Accelerometers with Interface Added. 

169 



frequency could be observed even though it was very low in amplitude 
(approximately hO to 60 dB below the signal level).    Frequency spectra 
were plotted for the bad bearings with the Bruel and Kjaer U335 and Endevco 
2215 accelerometers.    Additional peaks were observed in the frequency 
spectrum, one of which might be construed to be the resonant frequency of 
the accelerometer.    It was also noted that the larger accelerometers tended 
to mass load the structure,  thus further altering the higher frequency 
spectra.    Mass loading could be very likely in any structure where high- 
frequency resonances are being monitored. 

One final difficulty, which could occur with the shock pulse technique 
and has not been previously mentioned,  is the possibility that one of the 
high-frequency structural resonances could fall very close to the accelerom- 
eter resonance.    If this should happen, the shock pulse readings could be 
very erroneous. 

DISCUSSION OF EXPERIMENTAL RESULTS 

Much data and general information have been presented here.    A short list- 
ing of the major points would show: 

1. The data presently available for helicopters has been detailed. 

2. Actual helicopter signals are strongly affected by the gear mesh 
frequencies and, therefore, make time domain techniques difficult 
to implement. 

3. The helicopter data show distinct variations due both to heli- 
copter mode of operation and to transducer placement, 

h.   Analysis of the available data by powerful pattern recognition 
techniques can produce significant results. 

5. The high-frequency  "ringing" phenomenon is one of general occur- 
rence in bearings and is not contaminated by extraneous signals 
in v.he data. 

6. The high-frequency signal transmits through the machine from 
its point of origin. 

7. Difficulties are encountered in cross-correlating data with 
other signals being produced by a rotating machine. 

8. Decreased signal-to-noise ratios will adversely affect most 
analysis procedures. 

9. Shock waves in a continuum may be used to "ring" an acceler- 
ometer. 

As may be noticed, there is a good deal of work that has been performed 
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on the high-frequency bearing techniques.    One of the primary reasons for 
this was the lack of any other available information on the high-frequency 
bearing signals.    This information had to be produced to properly evaluate 
the techniques utilizing the phenomenon. 
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GENEEAL CONCLUSIONS 

In this section, the generalized diagnostics problem in helicopters is 
discussed.    The discussion is broken down into the types of techniques, 
i.e., mechanically related vs. pattern recognition, gear vs. bearing detec- 
tion, time domain vs.  statistical vs. frequency domain, etc. 

TECHNIQUE TYPE 

Two broad classes of diagnostic techniques have been discussed.    The first 
class, those designed on the basis of mechanical phenomena,  requires  the 
modeling of the phenomena related to specific failure modes to be performed. 
The second class, pattern recognition, is performed on a purely statistical 
basis and requires a great deal of data from transmissions containing both 
faulty and good parts.    It might often be the case that the discriminants 
developed from either of these methods would be similar.    However, the 
discriminant detection level would be selected from a mechanical model In 
one instance and statistical confidence analysis in the other. 

It is the opinion of the authors and of many other knowledgeable individuals 
active in the diagnostics field that the mechanical modeling approaches are 
favored over the: pattern recognition schemes.    In fact,  some of the pattern 
recognition advocates readily admit that the more Information that is avail- 
able about mechanical phenomena, the better off a pattern recognition scheme 
will be. 

A primary reason that pattern recognition is often used is that when asked 
to produce a usable diagnostic system under limited time constraints, the 
easiest approach Is to statistically determine differences in good and bad 
part data.    This works well as long as there are very few failure modes 
being detected.    However, as the list of possible failure modes and numbers 
of parts increases, it becomes necessary to run several samples of each 
failure mode in order to assure the statistical reliability of the tech- 
nique.   The total rumber of required tests could then become extremely 
large and, since implantation data is not easy to obtain,  extremely expen- 
sive.    If all of these tests are not run, a new failure mode which had not 
been previously programmed into the system might go undetected in later 
use of the technique.    The number of parameters or discriminants required 
for detection is likely to increase as the number of failure modes In- 
creases.    The ability to detect failures on an LRU basis with only one or 
a few parameters (as done by Northrop or Scope) is also doubtful, since 
each failure mode will not excite the structure in the same manner.    If 
there should be a situation where each failure mode did do this, there is 
a strong likelihood that mathematical modeling would predict the same 
phenomenon. 

While the mathematical modeling approach requires that more effort be 
expended prior to acquiring actual data, it guarantees that discriminants 
are physically related to the failure mode being detected.    By having this 
predetermined physical knowledge, the extent of full-scale failure mode 
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testing for a given discriminant is substantially less than that required 
for pattern recognition.    To be successful, a model must consider such 
things as noise saturation effects and the effects of other component fre- 
quencies.    Modeling has the power of predicting the effect on vibration 
signatures of multiple failure modes. 

One difficulty with modeling is that most models of gears and bearings have 
been quite qualitative in nature.    The General Electric Research and 
Development Laboratory has been one of the leading proponents of dynamic 
modeling of failure modes.    Their efforts have been aimed primarily at 
rolling element bearings and gears.   Very little of their modeling work 
has been published, so it is difficult to ascertain how detailed their 
efforts have been.    However, from the types of analyses they perform after 
establishing a model,  it would seem that they look for specific data trends 
and shapes in either the time or frequency domain.    A few of the discrimi- 
nants which have resulted from GE's models are presented in the section on 
specific techniques.    They have considered many other discriminants which 
have not been included as they were less successful than the ones discussed. 

Most techniques which depend on a model have a fairly simple discriminant. 
However, getting this discriminant out of the remainder of the signal may 
be difficult.    This is the case with bearing ball pass and race frequencies. 
Models do a fine job of predicting these frequencies and their harmonics, 
but they generally do not predict the noise levels that may overwhelm the 
amplitudes of the predicted frequency components.    This is likely to be the 
case in helicopters.    Also, models have not been developed to the extent 
that they include any significant information about the mechanical transfer 
function between the forcing function and the transducer locations.    Typi- 
cally, experimentation is necessary to obtain this information, and once 
obtained,  it may be used in the model. 

There are cases -where it would appear that a combination of model evalu- 
ation and pattern recognition would be reasonable.    Many pattern recog- 
nition advocates are the first to recognize this.    For instance, Hamilton- 
Standard modified their pattern recognition scheme to favor gear mesh 
frequencies,   shaft frequencies,  and their harmonics   (all frequencies de- 
rived by simple mechanical modeling).    Techniques such as the Optimum 
Seeking Classifier of Scope Electronics require selection of specific 
features in order to be usable.    Scope used mechanical features which 
were determined from models in their analysis. 

In summary,  it is felt that the vast volume of data necessary for pattern 
recognition techniques would make them very expensive to develop.    Howerer, 
it is conceded that the more sopaisticated of these techniques are likely 
to be accurate predictors of helicopter condition If they are properly 
trained.    On the other hand, techniques based on the mathematical models 
require far less testing, much of which can be done on test stand, and are 
thus easier to implement.    The primary difficulty with the modeling 
approach is the ability to come up with a model which simulates the actual 
situation accurately. 
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GEAR VS. BEARING 

For most of the diagnostic systems which have been presented, there is one 
type of technique used for gears and a second group of techniques used for 
bearings.    This is reasonable since these two machine elements are dis- 
tinctly different in their modes of operation.    Only in pattern recognition 
schemes have bearings and gears been lumped together, and even then, the 
discriminants are likely to be different for the detection of gear failures 
them for bearing failures. 

Most diagnostic techniques for discrete bearing faults rely on the fact 
that impacts will occur at a repetition rate whioh can be easily computed 
from bearing geometry.    The secondary effects created by these impacts cai. 
be measured in many ways.    The impact excites structural resonances and 
causes a transient response at the resonant frequencies of the structure. 
This transient can result in large peaks in the time plot.    These large 
peaks have been used as the basis of statistical techniques such as Impact 
Index and composite exceedance.    Other schemes use a measure of the reso- 
nant response in the frequency domain as their basis. 

In general, the techniques which depend on time domain data are very 
dependent upon the overall signal-to-noise ratio, where signal here is 
interpreted a.j the resonant ringing excited by the fault impact.    As the 
noise  (which may include gear frequencies) becomes large,  the variations 
caused by the ring become very small.    In the case of helicopter data 
recorded to 5 kHz, the predominant spectral frequencies were all related 
to the gear mesh frequency.    Since data was not taken above 5 kHz, it in 
not known whether the resonant peaks occur at higher frequencies. 

Very little work has been done on the modeling of nondiscrete bearing 
faults such as mounting misalignment, manufacturing errors,  etc.    Again, 
Gener<al Electric has probably done the most analysis, with much of the work 
being done in their Space Division.    It should be pointed out that the 
beatings of interest to the Space Division come from small instrument-type 
mechanisms and not from a high-power transmission as is the case in heli- 
copters . 

While most bearing techniques use impacts as their basis, most gear tech- 
niques use some form of harmfinic and/or modulation phenomenon related to 
thp gear mesh frequency.    The modeling which has been done for gearing has 
not been as exten    ,e as for bearings.    A detailed physical model of gear 
sidebanding effects is not^yet available.    The appearance of gear harmonics 
due to normal wear has bee.:i modeled in some detail. 

One difficulty which can be expected in planetary gear trains as found in 
helicopter transmissions is that the orientation of discrete gear faults 
in the planet and gear changes as the gear rotates. The fault is sometimes 
meshing near the transducer, while at other times the fault is meshing in 
a position remote from the transducer. General Electric experienced this 
difficulty in attempting to apply time averaging to a discrete gear fault 
in a CH-i+T sun gear. 

17^ 



There is also a possibility that the gear mesh frequency is affected by 
bearing condition; i.e., bad bearings tend to change the gear mesh fre- 
quency and its sidebands.    This has been observed by Haailton-Standard in 
their test-bed data and was also pointed out as being significant in the 
work done by Scope Electronics in analyzing the same data. 

TYPES OF SIGNAL ANALYSIS 

The mode of signal analysis which is employed with the vibration data is 
typically a governing factor in the type of discriminant which is selected. 
Analysis i:; the frequency domain has been most prevalent in the  diagnostics 
field.    This Is primarily due to the fact that in rotating machinery most 
mechanical phenomena can be related to some periodic occurrence which 
generates a specific frequency component.    Helicopter data includes many 
discrete components which can easily be observed in a frequency analysis. 
Most of the identifiable peaks in the frequency spectra of helicopters are 
related to gear mesh frequencies,  sidebands, and multiples of shaft fre- 
quency.    The helicopter data analyzed in this program did noi. indicate any 
discrete bearing frequency components because of signal-to-noise levels 
and,  perhaps, because the implanted faults in the data made available to 
OSU were relatively small. 

It is possible, via time averaging, to enhance periodic components prior 
to performing frequency analysis.    This increases signal-to-noise ratios 
and allows frequencies otherwise imbedded in noise to become distinguish- 
able in the frequency domain.    Difficulties with time summation arise from 
the fact that very accura"1 o speed reference signals are required to syn- 
chronize the process.    Ev.n then,  slippage in bearings may be sufficient 
to unsynchronize the data and thus make the averaged data somewhat mean- 
ingless.    To reduce the effects of slight errors in synchronization, the 
time signal is often rectified prior to time averaging.    This improves 
signal processing accuracies, but it greatly reduces the signal-to-noise 
enhancement capabilities of the process, since the positive and negative 
noise components do not totally cancel after the rectification process. 

The most popular time domain data analysis technique is derived from 
correlation analysis.    By the use of autocorrelation, signals with distinct 
periodicities can be detected in a highly noisy environment.    However, if 
other periodic signals are contained in the data, the detection of the 
desired signal would be possible without additional preprocessing prior to 
performing the correlation analysis.    As with time averaging, the ability 
to achieve accurate synchronization is crucial to the success of correla- 
tion analysis.    Other tme domain techniques such as covariance and various 
forms of cepstrum are advantageous under certain circumstances, but they 
still have the inherent difficulties associated with the correlation func- 
tion. 

Most other forms of analysis utilize some form of time waveform shape or 
statistical analysis.    Inc3.uded are Impact Index (crest factor), Limit 
Exceedunce, and probability density analysis.    Also included in waveform 
analysis are time averaged data and signals which are modulated.    The 
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latter two examples require visual inspection for application of a diag- 
nostic decision-making process. Most of the other techniques utilize the 
fact that the wave form contains transients resulting from discrete faults. 
The primary requirement of these techniques is that the transient amplitude 
must be significantly larger than the remainder of the signal. If this is 
not the case, the techniques encounter difficulty and require preprocessing 
in order to function properly. This would appear to be the cas^ for use 
on helicopters. 

In summary, frequency analysis techniques appear to contain the most 
diagnostic information, but in specific applications where signal and 
noise levels are satisfactory, other types of data analysis may prove to 
be superior. 
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RECOMffiNDATIONS 

Based on the results of this study, the conclusion may be drawn that there 
is no single technique which is at such a stage of development that immedi- 
ate implementation on helicopters is advisable.    There are a few techniques, 
primarily of the pattern recognition type, which could prove successful if 
enough implant data is made available.    However, the cost of providing an 
adequate amount of data would be prohibitive.    There are a number of 
mechanically related techniques, but these ore not yet in such a state of 
development that widespread use is recommended at this time. 

With this general conclusion in mind, recommendations in three categories 
have been prepared.    The first category offers recommendations relative to 
the general direction of future research activities.    Secondly, recommen- 
dations are made with respect to specific techniques which are now avail- 
able.    Some of these techniques show promise which further development 
might uncover.    Finally, areas which have previously been mentioned bu". 
not explored in any detail are discussed.    There are a number of phenomena 
which have been observed or discussed and which show promise as diagnostic 
tools.    However, not much examination of them has been performed and little 
definitive information is available. 

GENERAL RECOM<ENMTIONS 

A list of general directions for future efforts to follow  (not necessarily 
in order of importance) would include: 

1. Continued study of the modeling of physical phenomena 
induced by failures in gears and bearings. 

2. Development of a data file containing helicopter vibration 
data. 

3. Determination of the failure modes most prevalent in heli- 
copter transmissions and the requirements of a diagnostic 
system with respect to each mode. 

k.    Study of the structural dynamic characteristics of the 
helicopter power train. 

5.    Study of the effects of variations in operating conditions 
of the helicopter on vibrations produced. 

These will be discussed more completely below, 

M3DELING 

The diagnostic systems which show the most promise have as their basis 
some analysis of the physical phenomena underlying the operation of the 
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component ^eing monitored.    For example, before narrow-band analysis of a 
bearing is attempted, a kinematic study must be performed to determine the 
characteristic rotational and pass frequencies.    By performing an analysis 
of the physiced phencmena, a much better understanding of the causes of 
vibration characteristics as well as the possibility of extrapolation of 
results is possible.    Even the pattern recognition techniques which are 
most successful use some physical reasoning in their analysis. 

For these reasons, it is recommended that further efforts, in modeling the 
reactions produced in gears and bearings by various failure modes be per- 
formed. The primary emphasis should apply to gearing since a good deal of 
analysis and modeling has been performed on bearings, as evidenced by the 
number of diagnostic techniques using such analysis. However, little has 
been done successfully with gearing in this area. 

It should be emphasized that while the initial studies on modeling may be 
performed in an artificial, test-stand environment, final evaluation should 
be made on actual helicopters, where the effect of interplay between other 
components can be determined. 

DEVELOP DATA FILE 

The amounL of actual helicopter vibration data readily available is quite 
limited both in sheer volume and in frequency range.    It is often quite 
difficult to make a decision as to the effectiveness of application of a 
given technique on a helicopter without actual helicopter testing.    Since 
flying each of a number of systems would be quite unfeasible, the next best 
step would be to develop a file of tape-recorded data which would be suf- 
ficient for such testing.    It is recommended that such a file be produced. 
One obvious  scheme would be to have a centred, file for all helicopter 
vibration data.    A standard logging format could be established, and all 
data taken would be made compatible with this format.    Data should be 
acquired with a frequency range of at least 50 kHz and, hopefully, even 
higher ranges.    A good deal more failure implant data is also needed, 
especially for gearing failures. 

FAILURE MDDE ANALYSIS 

A determination should be made of the order of importance of various failure 
modes, both in gears and in bearings.    Data is available on the type of 
failures which do occur, but little is available to describe the frequency 
of occurrence or severity of given modes.    Since the sensitivity of given 
diagnostic techniques varies from one mode of failure to another,  such 
information would be most useful in both designing and evaluating diagnostic 
systems. 

STRUCTURAL DYNAMICS 

Any vibration signal which has its origin in a machine or transmission will 
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surely be affected by mounting or structural characteristics before it 
reaches a transducer.    For this reason, a determination of chese effectF. 
must be made.    Such a  ietermination is useful in the design of diagnostic 
system discriminants au well as in the determination of number and type of 
transducers, transducer placement and mounting, and preconditioning of the 
signed, which is required. 

A study to determine the system structural characteristics would probably 
be composed of two parts.    One would be an analytic determination of these 
characteristics probably via finite element or some other lumped element 
analysis.    Either shaker or pulse excitation testd would be required to 
accurately determine the validity of the computer model.    Once the model 
is available, analysis could proceed to optimize transducer placement and 
to determine signal tninsmission path transfer functions. 

EFFECT OF OPERATING CONDITIONS 

It has been found in the test bed program and other experimental programs 
that the operating conditions of a helicopter have a profound effect on 
the monitored vibration.    However, no quantitative explanation has been 
found.    If such an explanation were available, it could prove to be quite 
useful in the evaluation and development of diagnostic systems. 

DEVELOPMENT OF SPECIFIC TECHNIQUES 

Based on the information available, there appear to be three types of pre- 
sently available techniques which merit further development.    These are: 

1. Further study and development of techniques which utilize 
resonpjrt phenomena. 

2. Study of pre-processing techniques with respect to heli- 
copter data. 

3. Study the use of pattern recognition "'■echniques to rank 
discriminants and to optimize diagnostic systems. 

RESONANT TECHNIQUES 

There have been a number of techniques presented or discussed which utilize 
some type of resonant phenomenon.    These phenomena include bearing race 
and ball resonances, transducer resonances,  and structural resonances of 
housing and support structures.    Such techniques appear to have strong 
possibilities for future development.    They generally appear to be sensi- 
tive to failure and are relatively insensitive to unwanted signals. 
Because of these characteristics, they warrant further study. 
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PRE-PROCESSING 

A number of bearing diagnostic systems run into difficulty with helicopter 
vibration data due to the predominance of gear mesh frequencies, harmonics, 
and sidebands in the signals.    It might be possible, given the correct pre- 
processing,  that such techniques might be more useful. 

There are a number of processing techniques which could be utilized.    For 
example, time averaging is a prime candidate for extracting bearing vibra- 
tion from a composite signal.    Autocorrelation is another technique which 
iright be useful.    Ccmb filtering might have the same effect.    And pre- 
vhitening may be used to eliminate the difficulty encountered with strong 
gear mesh components in helicopter data. 

Some analysis and study should be performed to determine the feasibility 
or advisability of using these pre-processing techniques. 

USE OF PATTERN CLASSIFIERS 

The use of pattern recognition techniques as the sole basis of a diagnostic 
system appears to be prohibitively costly and possibly unworkable.    How- 
ever, if used In conjunction with other diagnostic procedures, they could 
prove to be quite useful.    Of particular interest is the ability of these 
powerful statistical tools to rank the amount of information available in 
a group of discriminants. 

As an exmaple, we might consider a ranking of information by frequency and 
the probability of classification using the discriminant.    If a system is 
proposed, a ranking of this type might determine the optimum design for 
the evaluation system.   A second use of the pattern classifiers might be 
to provide a quantitative rating, based on discrimination ability, for a 
number of candidate diagnostic systems. 

NEW AREAS 

There are seme discriminants or analysis procedures which have been men- 
tioned in previous investigations but not studied to any large extent. 
Three which show some promise are: 

1. Effect of bearing failure on gear mesh sidebands. 

2. Use of run-up and run-down tests. 

3. Use of energy content of sidebands and harmonics. 

EFFECTS OF BEARINGS ON GEARS 

It has been found that the failure in a bearing increases the energy con- 
tent of the gear sidebands.   No quantitative or even good qualitative 
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explanation of this phenomenon is available.    If an explanation were found, 
this phenomenon could possibly prove to be an acceptable failure discrimi- 
nant. 

RUN-UP AND RUN-DOWN TESTS 

Run-up and run-down tests, i.e., tracking given frequencies while changing 
operating speed, are a common means of determining system resonances.    It 
may also be possible to track on a given resonance and follow its response 
through a run-up test and gain valuable information on system condition. 

SIDEBAND AND HARMONIC ENERGY 

As failures occur in gears and bearings, greater and greater differences 
from pure sinusoidal operation occur, giving rise to higher sideband and 
harmonic energy content. 

SUMMARY 

A number of studies which would be useful in the development of diagnostic 
systems have been recommended in this chapter. The development of these 
recommendations into a research program is the province of the Army. It 
should be noted that, in the authors' opinion, a good workable vibration 
diagnostic system for Army helicopter usage is several years away. 

Of prime importance among the reccmme.i'i.ations Eire the modeling, the 
development of a data file, and the determination of the failure modes of 
interest. Other work can proceed from these. The data file will be of 
special use in later work. 
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APPENDIX I 
CCMPANIES AND INDIVIDUALS CONTACTED 

In the course of this study, aid and information were obtained from a 
large number of individuals and companies. This appendix lists these 
companies and individuals and the type of information obtained. 

The first column lists the name of the company and the city in which it 
is located.    The second column lists the individuals contacted.    The 
third, fourth, and fifth columns list the type of contact--whether by 
phone (Ph), letter (Lt), or visit.    In the case of a personal visit, 
the date is included.    The final column lists the response; i.e., the 
type of work being done, the facilities available, general comments on 
diagnostic techniques, etc. 

In an effort to contact many 01  the people working in the diagnostics 
field, the investigators attended th^ Mechanical Failure Preventions 
Group (MFPG) meeting at the Natio"..^ Bureau of Standards,  in Gaithersburg, 
Md.  on Nov. 8-10, 1972,    A note is made in the response column of people 
contacted at this meeting. 

There are possible inaccuracies in the information contained in this 
appendix since the information was gathered over the course of a year, 
and there may have been changes in both the status of the individual 
and the work done by a particular company which has not at this time 
become available to the investigators. 
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APPENDIX II 
A GLOBSABY OF TEHMS USED IN THE IDEMTIFICATION AND 

PREDICTION OF MECHANICAL FAILURES 

The Mechanical FailureB Prevention Group (MFPG) is an informal voluntary- 
association of interdisciplinary technical specialists frcm industry, 
educational institutions, and government.    It was originally organized 
by the Office of Naval Research and is now sponsored by the National Bureau 
of Standards.    It has been operated by these agencies with the cooperation 
of other government agencies to serve the interests of federal agencies 
concerned with the reduction of incidence and consequences of mechanical 
failures. 

This glossary has been proposed by the MFPG to be used as the definition 
of terms frequently used in the identification and prediction of mechani- 
cal failures.    The work of preparing the definitions was performed by the 
Diagnosis, Detection, and Prognosis Technical Committee of the MFPG.*   The 
tenns are presented in alphabetical order. 

Classification - Implies that a decision rule has been identified,  on the 
basis of which it is possible to classify waveforms. 

Degradation - The act of impairing in respect to some physical property. 

Detect - To sense the occurrence of a specific statistic or aiscriminant. 

Detection Equipment - Equipment (sometimes called the detector) used to 
implement the decision rule. 

Diagnosis - The art or act of identifying a condition from its signs and 
symptoms. 

Diagnostic Phenomenon - A physical event or condition relatable to, or 
reflecting, the mechanical or structural condition of an equipment 
component. 

Diagnostic Scoring - An indication of the accuracy of the diagnosis when 
waveforms are processed by a given technique. 

Diagnostic Sensitivity - A measure of a technique's ability to sense changes 
in the mechanical condition of an equipment component at an early stage. 

Diagnostic Technique - A failure detection method directed at a specific 
diagnostic phenomenon.    A diagnostic technique consists of a sensing 
technique, a data processing technique, and a data analysis technique. 

*Schlereth,  F. H.   (Editor), GLOSSARY OF TERMS USED IN THE IDEMTIFICATION 
AND PREDICTION OF MECHANICAL FAILURES, Mechanical Failure Prevention Group, 
MFPG Interim Technical Report No. 1, Office of Naval Research, Arlington, 
Virginia, January 10, 1971. 
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Discriminant - X statistic for which a detector can be specified. 

Experiment - A well-defined procedure for establishing the existence of a 
possible relttion between a candidate for a signal and an internal 
condition of an equipnent.    An experiment must be designed so as to 
establish the probability of error in deciding that a signal is bona 
fide. 

Failure - An omission of occurrence or performance.   A condition charac- 
terized by the inability of a material,  structure, or system to fulfill 
its intended purpose and resulting in its retirement from service. 

Failure Detection - Implies that a failure mode has been identified, a 
signal has been identified, and a detection criterion has been 
specified. 

Failure Mode - A particular manner of omission of occurrence or performance 
of an act or a task. 

Failure Path - The path of secondary effects connecting a mechanical con- 
dition change of other components possibly terminating in equipment 
failure. 

Hypothesis - A statement concerning the behavior of an equipment and 
sensor. 

Example;    The amplitude of the third harmonic of the gear-passing 
frequency bears no relation to gear wear. 

An experiment and suitable statistical test must be devised in order to 
accept or reject this hypothesis at a specified confidence level. 

Incipient Failure - A condition wherein the first signs of failure become 
apparent by acceptable means of detection. 

Malfunction Path - The path of secondary effects between malfunctions of 
different equipment components. 

Manifestation - An act which can be readily perceived by the senses. 

Monitoring - The continuous observation of a diagnostic phenomenon for an 
indication of a change of such phenomenon reflecting a change in the 
mechanical condition of an equipnent component. 

Noise ■  The difference between a waveform and the signal.    Noise is gener- 
ated in the sensor, the transmission medium, the receiver,  the filter, 
and the display. 

Observable - Waveform, signal or signature. 

Probability Detection - The probability of detecting a failure  (equals 
1 - P(M)). 
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Probability of False Alarm P (FA)   - The probability of deciding that a 
failure is imminent or has occurred when,  in fact, the equipment is not 
failing. 

Probability of Miss P (M) - The probability of not detecting an imminent 
failure before or when it occurs. 

Prognosis - The art or act of predicting a future condition on the basis 
of present signs and symptoms. 

Receiver - The receiver accepts the waveform from the transmission medium, 
and presents it to the detector. 

Secondary Effect  - The effect of a mechanical condition change of one 
equipment component on the condition of another equipment component. 

Sensor - A device used to provide an observable related to a condition of 
interest, e.g., a device transducing physical, quantities into electri- 
cal form.    A sensor does not detect. 

Sensor Output Format - The form of the waveform supplied by the sencor such 
as analog, pulse frequency, digital. 

Signal - A manifestation of an event containing information of interest. 

Signature - A frequently used tern usually referring to some characteris- 
tic of a waveform which is related to a condition of interest.    A 
signature is that combination of signals indicative of sane known con- 
dition of a system under test. 

Sonic Analysis - Usually refers to the act of analyzing the spectral con- 
tent of the sound emanating from an operating equipment. 

Statistic - A characteristic of a set of observables, thought to provide a 
general description of the set as a whole. 

Threshold Element - The element following the detector which implements a 
prescribed decision rule. 

Transmission Medium - The medium by which the sensor output waveform is 
conveyed to the receiver, or by which the physical observable is con- 
veyed to the sensor. 

Trend Analysis - A means to determine if a signal is changing in some pre- 
dictable manner, auch as increasing in magnitude with respect to time. 

Waveform - Usually a voltage-time record of a sensor output.   A waveform 
may or may not contain a signal.    A signal must be carefully de- 
scribed and identified.   A signal is related to a failure which is 
impending or has occurred.    The definition of that which constitutes a 
failure must be carefully identified before a signal can be identified. 
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APPENDIX III 
DATA ON OSU SUPPLEMENTAEY TAPES 

Data waa dubbed from the Hamilton-Standard AIDAPS data tapes onto l/2-inch 
magnetic recording tape. The dubbed data has the advantage of being much 
more compact (concisting of two 10-l/2-inch-diameter, 1/2-inch-wide reels 
of tape) than the original data (which was contained on approximately 
twelve 10-1/2-inch-diameter, 1-inch-wide reels). Of covtrse, the dubbed 
tape also contains much less data. 

There are six tracks of the OSU tapes which contain data. These include 
a voice track, which eerves to identify records, the transmission tachom- 
eter signal, and the following parameters: Parameter 6l, the accelerometer 
located at the h20  gearbox output grill; parameter 123, the velocity pick- 
up located on the upper mast of the main transmission; parameter 125, the 
accelerometer located at the input quill of the main transmission; and 
parameter 126, the accelerometer located at the tail rotor output of the 
main transmission. 

The data includes eight runs in which no bad parts were implanted; this 
provides baseline data. A total of 11 runs in which bad parts were im- 
planted are on the tape, including three runs from "Phase D" flight test- 
ing and all eight runs from "Phase E" flight testing. All recorded data 
was taken from the hover flight mode. 
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APPMDIX IV 
UH-UD HELICOPTER BEARING AND GEAR-MESH FRBftUENCIES 

^ir = freqiiency caused by inner race irregularity 

for = frequency caused by cater race irregularity 

f^ = frequency caused by rolling contact 

fgjn = gear-mesh frequency 

Gear or Bearing       Frequency, Hz @ 6600 rpm 
Shaft or Gear Parts Number Shaft fir for fb fgm 

Input 
Quill shaft 

Drive bevel gear 

20k-0k0-lk2-l 
20^-0^0-346-3 
2OU-O1+0-269 
2O1+-0U0-7OO 

110 
1304 

975 
802 

1116 
675 
518 

704 
275 
243 

3190 

Driven bevel gear 
Input gear shaft 

204-040-701 
204-040-345-3 51 732 606 269 

3190 

Lower planetary 
set 

Gear shaft 

204-040-329-1 
2O4-O4O-108-7 
204-040-331-5 
2o4-o4o-725 
204-040-135 

64 

476 
420 

336 
380 

161 
164 

1983 

Upper sun 
Shaft 
Upper 
planetary set 

204-040-330-1,3 
204-040-108-7 
204-040-331-5 
204-040-725 
204-040-135 
204-040-136 

17 

160 
136 

62 

109 
123 
46 

52 
53 
20 

642 

Upper planet 
Gear shaft 21 
Rotor mast 

24-040-270 
5.4 

82 68 29 

Main reduction 
gear shaft 

Drive spur gear 

204-040-271 
204-040-135 
204-040-763 

51 
892 

1298 
754 

1172 
304 
505 

630 
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Gear or Bearing Frequency, Hz @ 6600 rpm 
Shaft or Gear Part Number Shaft fir for fb fgm 

Driven spur gear 204-040-762 630 
Lower transmission 69 
shaft 2Oh-0kO-lk3 507 321 148 

204-040-310 572 395 182 
Drive band gear 204-040-103-7 1865 

Driven bevel 204-040-104-13 1865 
Acces., tail rotor 204-040-105 1865 
Tail rotor shaft 72 
Accessory drive 72 

204-040-310-1 594 409 189 
204-040-143-1 527 33^ 153 

42° bevel drive 204-040-500-009 1936 
1+2° bevel drive 204-040-500-010 1936 
h20 gearbox input 72 
Output shafts 
90° input shafts 
90° bevel drive 2O4-040-4OO-OO9 1075 

90° bevel driven 2o4-o4o-4oi-007 1075 
90° gearbox 28 
Output shaft 

*(MRC) 309 242 110 
* (BOWER) 305 244 125 

**(iMRC) 281 217 109 
^(BOWER) 278 217 109 

*90o  Bevel driven gear bearings; part number not available.    Bearing is 
available from the two manufacturers shown; those from different manufac- 
turers have different characteristic frequencies. 

■**Tail rotor bearing; part number not available.    Bearing is available 
from the two manufacturers shown; those from different manufacturers have 
different characteristic frequencies. 
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APPENDIX V 
ANALYSIS OF DATA TAPES  BY SCOPE ELECTRONICS 

This appendix contains a report on the analysis of the data tapes  (Appendix 
III) by Scope Electronics Inc., a subsidiary of Scope Inc. of Reston, 
Virginia.    The author of the report is James H. Hughen.     The following 
material is reproduced by permidsion of Scope Electronics Inc. 

INTRODUCTION 

There is interest in developing tedmiques for the automatic diagnosis of 
faulty bearings and gears in the transmission and gearboxes of military 
aircraft.    It is hoped that the faulty components can be accurately 
identified and located by means of their vibration signatures.   When 
bearings and gears fail, the vibration levels tend to increase.   The 
increase in level occurs at frequencies which can be related to mechanical 
occurrences in the bearings or gears.    These fault frequencies can be 
predicted; however, it is difficult to detect a small change in level due 
to the inherent randomness of the signature.    The problem in automatically 
diagnosing bad bearings and gears is to detect characteristic changes in 
the noise-like vibration signature, changes which may or may not occur at 
predictable discrete frequencies, but which signify the onset of degrada- 
tion prior to actual catastrophic failure. 

This memorandum presents the results of an experiment applying modem 
pattern recognition techniques to the task of identifying faulty bearings 
and gears.    The vibration signatures were digitized and sample spectra 
were computed using the discrete Fourier transform (FPT).    Some of the 
samples were presented to the classifier for training purposes and the 
remaining samples were withheld for evaluation.    Several variations on 
data base and feature sets were tested.    The classification accuracy 
achieved was consistently about 90^.    This score is computed by dividing 
the number of samples correctly classified by the total number of samples 
presented to the classifier. 

This score is felt to be significant for two reasons.    First, in view of 
the preliminary nature of the experiment, it is almost certain that the 
best feature set for discriminating between the categories has not been 
found yet.    Secondly, the inclusion of post-detection integration can 
render a raw score of 90^ quite sufficient for practical operations. 

A detailed discussion of the results follows.    The details of the data 
preparation and processing axe given.    The conclusion is made that the 
pattern recognition techniques are strongly applicable to the problem of 
automatic diagnosis of helicopter transmission and gearbox faults. 
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APPROACH 

DATA PREPARATION 

The U. S. Army Aviation Systems Commancl established a test bed program for 
the purposes of instrumenting, recording and analyzing vibration data on 
a UH-1H helicopter.    SCOPE Electronics obtained from Dr. Eon Heuser of 
Ohio State University two analog tapes containing vibration recordings 
made on this program. 

i                    TABLE mi.    VIBRATION MEASUREMENTS                       | 

j   Sensor Transducer Parameter 

61 
123 
125 
126 

Accelerometer 
Velocimeter 
Accelerometer 
Accelerometer 

Gearmesh - ^2° gearbox           | 
Main mast bearing - radial 
Input quill gearmesh             | 
Tail rotor quill geamesh   ! 

1                                                                                                     1 

The four sensors used on the recordings are listed in Table VIII.    Several 
runs (see Table IX) provided example signatures for baseline and various 
fault conditions. 

The frequency range of these recordings was from dc to about 2.5 kHz*. 
The data were further low-pass filtered to 2.5 kHz and sampled into an 
A/D converter at 6 kHz.    Records of l/3-second duration were made, 
providing a frequency resolution of 3 Hz and a record length of 20^8 sample 
points.   A sample spectrum of 102^ points was computed from each record. 

In view of the limited time available for this experiment, it was decided 
to conduct a thorough experiment on a single sensor.    Since more of the 
fault runs corresponded to the k20 gearbox, sensor 6l was the logical 
choice. 

Three data bases were made up, each data base consisting of an equal number 
of samples from the baseline runs and from the failure runs.    To compromise 
between data base size and spectral estimate quality, each sample in the 
data base was generated by averaging four or eight sample spectra corre- 
sponding to the l/3-second record.   If a spectral estimate is con- 
sistent in a statistical sense, then averaging together enough samples 
will produce a result arbitrarily close to the true spectrum.    However, if 
the underlying random process is not stationary, then the estimate produced 

*The original frequency ranc- was from dc to 5 kHz, but the original 
recordings had been copied at half speed. 
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TABLE IX. VIBRATION DATA 

1                                                                                                                                                         1 

Item Run Type Failure 

1 0-126 baseline 
2 D-130 baseline 
3 D-171 baseline 
k D-17U baseline 
5 D-177 baseline 
6 D-I80 baseline 
7 D-I83 baseline 
8 D-188 baseline 
9 D-162 1    failure tail rotor quill bearing 

10 D-I65 1    failure input quill bearing 
11 D-159 1    failure main transmission bearing 
12 E-l 2 failures main and k20 gearboxes 
13 E-2 2 failures main and h20 gearboxes 
lit E-3 3 failures main, k20, and 90° gearboxes 
15 E-k 3 failures main, k2°, and 90° gearboxes 
16 E-5 2 failures h20 and 90° gearboxes 
17 E-6 2 failures k20 and 90° gearboxes 
18 E-7 1    failure 90° gearbox 
19 E-8 1    failure 90° gearbox 

i                                                                                                                            ' 

by averaging together independent samples will at some point become 
degraded rather than enhanced.    In other words, there is a proper number 
of samples which can be averaged together for the best results.   On the 
other hand, the classification scheme used in this experiment requires 
that some distribution parameters be estimated, specifically the means and 
covarlances of an assumed raultivariate Gaussian distribution.    Since the 
sample mean is not a sufficient statistic for covariance, a better co- 
variance estimate would be obtained with the larger number of unaveraged 
samples.    Also, to evaluate the classifier, the larger data base would 
produce a statistically more significant result. 

In order to average sample spectra, the individual samples have to be 
carefully synchronized.    A speed variation in the helicopter power train 
causes a scale change in the spectrum and not simply a frequency shift. 
The scale factor in the 1+2° gearbox vibration spectrum can be found by 
dividing the actual gearmesh frequency fg by the reference gearmesh 

frequency, say, fr; e.g., fr = 1936 Hz at 6600 rpm. It is a simple matter 
then to rescale the sample by dividing the frequency corresponding to ecich 
cell by the scale factor f„/fr. 

FEATURE SELECTION 

Feature selection is perhaps the key step to a successful solution in a 
pattern recognition problem.    In a signature classification problem, the 
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dimensionality of the measurement space is usually quite high.    The goal 
of feature selection is to drastically reduce the dimensionality of the 
data vector presented to the classifier in the interest of economy and 
simplicity of classifier design, while at the same time maintaining the 
classification performance above some minimum acceptable level. 

A valuable tool to assist in the feature selection task has been developed 
by Dr. J. W.  Bessman and Mr. J. W. Glenn of SCOPE Electronics Inc.75'76 

Dr.  Bessman's algorithm known as OP-SEEKER is based on an information 
theoretic approach; the algorithm evaluates an information statistic, 
l(x/Yn), approximately the information contained in the feature subset Yn 

(consisting of n features) about the information source.    The algorithm 
first ranks the features by computing the information statistic for each 
feature one at a time.    Then feature subsets of size n  (n = 1,2,...20) 
are found such that the information statistic is maximized for each value 
of n.    For computational reasons, these subsets are constrained so that 
each highe.,, order subset contains the lower order subsets.   Within the 
limitations imposed by the constraint and computational approximations, 
the OP-SEEKER algorithm finds the best subset of features from a given 
vector. 

Two feature sets  consisting of twenty features each were constructed.    A 
preliminary examination of the spectra was of little benefit in picking 
features.     (See Figs. 88 and 89.)    As a first effort,  it seemed reasonable 
to discriminate between good and failure by using only those predictable 
fault frequencies associated with the two types of bearings in the k20 

gearbox as well as the gearmesh frequency and shaft ratio lines in the 
upper and lower sidebands associated with the gearmesh and harmonics of 
the gearmesh.    The twenty features were chosen to cover failures in both 
bearings and gears.    The second feature set included four wide-band sections 
of the spectrum and two ratios of these sections in addition to some pre- 
dicted bearing fault frequencies and several gear frequencies.    The two 
feature sets are listed in Table X and Table XI according to their infor- 
mation content as computed by the OP-SEEKER algorithm. 

CLASSIFIER 

The classification algorithm used in this experiment is based on a Bayes 
solution (minimization of the average value of some loss function).    The 
a priori probabilities of each class are assumed to be equal, and the loss 
function is chosen so that the Bayes classifier is specified by maximiza- 
tion of the probability density function  (likelihood) of the measurement 
vector conditioned on a given signature class.    Several advantages accrue 
to this approach,  the main one being that the discriminant functions are 
completely specified in terms of the parameters of the underlying distri- 
bution.    Hence, there is no need for training in the usual sense  (of 
learning the coefficients of the 'discriminant functions based on some 
assumed discriminant function structure).    There is, howe/er, the require- 
ment for estimating the parameters of the distribution.    Such a classifier 
will perform very well when the underlying distribution is known exactly, 
but when the measurement vectors do not come from the assumed distribution, 
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Horizontal Scale: Amplitude p 
Vertical Scale: Frequency-

Figure 88. Vibration Spectra Exhibiting Baseline Conditions in the ̂ 2° 
Gearbox. Sensor No. 6l. A is Run 130; B is Run 183. 
Frequency Scale : 0-5 kHz, Rsolution 
Resolution: 15 Hz 
No. of Ensembles Averaged = 16 
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B 
Horizontal Jcale: Amplitude 
Vertical Scale: Frequency 

Figure 89. Vibration Spectra Exhibiting Failures in the h2° Gearbox. 
Sensor No. 6l. A is Run E-2. B is Run E-'+. 
Frequency Scale: 0-5 kHz 
Resolution: 15 Hz 
No. of Ensembles Averaged - l6 
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TABLE X.    FEATURE SET NUMBER 1 
(RANKING BY OP-SEEKER) 

Feature 
Number Rank Frequen 

12 1 9^.5 

2 2 lOOJf 

9 3 76.5 

17 k U09 

11+ 5 3:* 

13 6 527 

20 7 597 

3 8 932 

5 9 1972 

15 10 153 

19 11 192 

Description 

fb, single bearing 

first USB line, 1+2°  gear mesh 

fb, double bearing 

second harmonic of f0, single bearing 

second harmonic of f0, double bearing 

second harmonic of fi, double bearing 

adjacent cell to second harmonic of 
fi, single bearing 

first LSB line, U2°  gear mesh 

first USB line of second harmonic, 
k20 gear mesh 

second harmonic of f^, double bearing 

adjacent cell to second harmonic of 
f0, single bearing 

12 1900 first LSB line of second harmonic of 
h20 gear mesh 

f0, double bearing 

f^, single bearing 

f0, single bearing 

second harmonic of f0, single bearing 

U20 gear mesh 

second harmonic of f^, single bearing 

second harmonic of h2° gear mesh 

f^, double bearing 
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8 13 167 

10 lit 297 

11 15 201+.5 

18 16 189 

I 17 968 

16 18 59^ 

k 19 1936 

7 20 263.5 



TABLE XI.    FEATURE SET NUMBER 2 
(RANKING BY OP-SEEKER) 

Feature 
Number Rank Frequency 

2 1 1004 

18 2 700-850 

9 3 1972 

8 h 932 

12 5 1900 

1 6 9^.5 

15 7 1200-1350 

17 8 ratio 15/16 

16 9 2300-2500 

6 10 527 

11 11 192 

20 12 ratio 19/18 

5 13 33^ 

10 ll+ 297 

Ik 15 297 

13 16 167 

7 17 597 

19 18 650-700 

U 19 1+09 

3 20 76.5 

Description 

first USB line, k2°  gear mesh 

first USB line, second harmonic, 
k2°  gear mesh 
first LSB line, k20 gear mesh 

first LSB line,  second harmonic, 
k2° gear mesh 

f^ single bearing 

second harmonic,  f^, double bearing 

adjacent cell to second harmonic, 
k2° gear mesh 

second harmonic,  f0,  double bearing 

fj^,  single bearing 

included twice  (unintentionally) 

f0,  double bearing 

adjacent cell to second harmonic, 
f^,  single bearing 

second harmonic, f0,  single bearing 

ffj,  double bearing 
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the classification accuracy will suffer accordingly.    (Reference 77 con- 
tains an excellent exposition of the principles of pattern recognition.) 

When the conditional probability densities are assumed to be normal or 
Gaussian,  the resulting discriminant function is a quadratic form which 
depends on the mean vector and the covariance matrix (of the conditional 
density).    The procedure used in this experiment was to estimate the mean 
and covariance using the training data b-ise, then to classify the training 
samples,  and finally to verify the classification performance using evalu- 
ation samples. 

RESULTS 

Table XII  summarizes the results obtained in this experiment.    Even though 
the summary lists four separate experiments,  each successive experiment 
was  a logical modification of the previous one.    Initially, eight spectra 
were averaged to obtain a single sample.    Since the resulting data base 
was  small,  all the samples were used to estimate the distribution param- 
eters, i.e., to  "train."    Usually, the evaluation score will be within 
% of the training score; and indeed,  to have high confidence in the  results, 
fairly close agreement between train and evaluation scores is essential. 
Figure 90 shows the classification accuracy as a function of the number 
of features utilized.    For the first experiment, a classification accuracy 
of 87. % was obtained with 19 features. 

Having too small a data base to permit an independent evaluation is a 
deficiency; hence, a larger data base was sought.    Since only a limited 
amount of data was available,  four sample spectra were averaged instead of 
eight.    This would, of course, have produced a data base of twice the 
original size.    However, there had been a larger number of classification 
errors in run E-l; hence, this run was eliminated from the second data 
base.    Using all 66 samples per class for training, the classification 
accuracy reached 92.H-    Training on half the samples, the scores were 
89.5% on training samples and 91% of evaluation samples. 

This performance was not discouraging, but after some reflection,  it 
appeared that a further experiment should be performed with the following 
modifications.     First, put back the samples  from run E-l;  second,  instead 
of training on samples chosen randomly,  choose training samples and evalu- 
ation samples from non-overlapping portions of a run; third, try normaliz- 
ing each sample;  fourth, include some wideband features since 100^ 
.:lasFification has not been achifved with the discrete frequency features. 
Data base number three and feature set number two were generated incor- 
porating these changes.    The classification performance achieved with this 
fourth experiment was 90^ on the training samples and 87.5^ on the evalu- 
ation samples.    Again, half the samples were used for training.    The 
results of this experiment are rather encouraging because 12 of 18 total 
errors occurred in run E-l.     In fact, every sample in this failure run 
was  classified as good.    The six remaining errors were scattered through- 
out the data base and hence could all be eliminated by some simple 
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post-decision integration scheme,  such as requiring three sequential 
deciüions to agree before making a final decision.    If this or some similar 
scheme is used so that one decision is made for each run, then n of 
the 12 runs in the fourth experiment are correctly classified,. 

CONCLUSIONS 

A classification score of lOOfo would, of course, have been desirable. 
However,  the 90% score is based on a decision for each vibration sample 
presented to the classifier.    In actual operations this would be unneces- 
sary as well as undesirable, and as the result of the fourth experime'it 
indicated, post-decision integration can improve the classification 
accuracy dramatically.    In fact,  it is  conceivable that a raw score of 
90% can be equivalent to virtually 100% with the inclusion of pocc- 
decision integration. 

The raw score of 90fo could be indicative of either of the following: 

The  vibration spectra do not contain enough information for 
100% separation. 

The  appropriate features have not been found. 

If the latter speculation is true, then pattern recognition techniques are 
Tven more strongly warranted.    In all likelihood, pattern recognition can 
accommodate a high dimensional feature vector more efficiently than some 
intuitive approach.    The search for the best feature vector in this 
writer's opinion will be expedited by  combining a knowledge of the under- 
lying physical model with the methods of pattern recognition. 

There axe many advantages of pattern recognition techniques over ad hoc 
techniques.    It is well-known that when underlying probability distribu- 
tions are known, a decision theoretic approach provides the optimum 
decision strategy in the sense of minimizing some expected loss function. 
When the underlying distributions are known, parametric pattern recognition 
theory coincides with decision theory, but when the underlying distribu- 
tions are unknown, pattern recognition techniques are tantamount to an 
approximate decision theoretic approach.    This is not to say that pattern 
recognition always provides the most powerful classification technique, 
but there is no known technique which is generally more powerful. 

One natural advantage of pattern recognition over many intuitive approaches 
is the eese with which pattern recognition can be automated.    The mathe- 
matical manipulations can be readily accomplished digitally, which means 
that not only general-purpose computers   but minicomputers    or special- 
purpose digital logic circuits can provide the necessary implementation. 

One may be reluctant to conclude that the applicability of pattern recog- 
nition to the vibration analysis problem has been conclusively 
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demonstrated; however, in view of the preliminary nature of the experi- 
ment, the results obtained are sufficient justification for optimism. 

One deficiency in the experiment is that the training samples and the 
evaluation samples were derived from the same vibration runs.    Perhaps 
there axe other deficiencies which have escaped the attention of the 
experimenter, but these deficienceis are not to the discredit of pattern 
recognition methods per se.    Neither axe they a serious discredit to this 
experiment, which was conducted under some rather severe constraints. 
This experiment was intended to demonstrate the application of pattern 
recognition to vibration analysis.    It is felt that this objective was 
accomplished, and in the course of so doing, this experimenter became 
very convinced of the appropriateness of the application. 
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APPENDIX VI 
ftUAMTITATIVE RANKING SYSTEM 

During this program it was desired to produce a method which would allow 
a quantitative,  i.e., numerical, ranking to be evaluated for the various 
diagnostic systems.    This appendix describes the procedure which was 
arrived at. 

SYSTEM RATING TECHNIQUE 

The set of questions in this listing is designed to provide a quantitative 
manner of rating diagnostic schemes.    Each question is assigned a certain 
number of points for a yes or no answer.    For example, 15N would signify 
15 points for a no answer and 0 point for a yes answer.    If the answer is 
neither completely positive nor completely negative, some number of points 
between 0 and the maximum could be assigned.    The maximum number of points 
possible for a  "perfect" system with this rating scheme is ^25.    The tech- 
niques are given a percentage rating with respect to U25, with 100^ desig- 
nating the "perfect" system. 

The first set of questions deals with discriminant ability, i.e., how well 
does the system detect failures and what information must be provided to 
implement the diagnostic scheme.    Question I-A determines how finely the 
technique can determine failures, i.e., per L.R.U., per individual compo- 
nent of an L.R.U., or per failure mode of an individual component.    And, 
of course, if a technique can distinguish a failure mode, it can also 
detect the component and L.R.U. that the failure occurs in.    Partial credit 
may be given if the system can distinguish between some failure modes but 
not all, e.g.,  between general wear and discrete faults.    Finally, it asks 
if the system can provide an indication of whether a failure is becoming 
progressively worse, i.e., is there a sensitivity to the degree of failure. 

Question I-B questions the need to provide limit values to trigger the 
system.    By limit value is meant a numerical value which indicates a 
failure, e.g.,  overall vibration level,  a ratio of various signals, signal- 
to-noise,  etc.    Then the manner in which limits may be arrived at is ques- 
tioned, i.e., on a test stand or in situ. 

A set of baseline questions ccmes next.    By baselines are meant larger 
pieces of information about system characteristics, e.g., spectra or ampli- 
tude levels at various operating conditions.    This is in opposition to the 
individual numerical limits mentioned previously.    First, the need for 
"good" baselines is questioned, where "good" refers to baselines which are 
used as starting points or references on a system without any failures. 
Deviation fron "good" baselines could signify a failure.    The next determi- 
nation is the level at which a "good" baseline must be developed, i.e., 
vehicle class or individual vehicle.   And, finally, whether or not a test 
stand is adequate for developing a "good" baseline is asked. 

The next several questions discuss the need for "bad" baselines, i.e., 
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whether baselines must be developed for failed parts to use a technique. 
First, a determination is made of whether implants are required on an 
L.R.U., individual component, or individual failure mode basis.   Then, 
whether or not a test stand can be used for developing "bad" baselines is 
aaked. 

The next four questions discuss the effects of load and speed changes on 
the technique's results.    First, the question of whether the system is load 
and/or speed sensitive is asked; and then, the question is asked whether 
load and/or speed can be normalized out of the results in any way. 

The final question in this section has to do with the effect of noise on 
the system results.    Noise is interpreted as any signal which might arise 
from a part of the vehicle other than the one being specifically monitored. 
The question asks if these outside signals can interfere with the operation 
of the diagnostic technique. 

The second set of questions has to do with the transducers required for 
implementation of the diagnostic technique.    Question II-A looks at the 
number of transducers required.    The questions asked are:    can one trans- 
ducer per L.R.U. produce the results, must several transducers per L.R.U. 
be required, or, finally, must each component  (gear, bearing, etc.) require 
its own transducer? 

Question II-B questions the type of transducer which is required.    First, 
it asks whether or not special signal conditioning other than simple ampli- 
fication is needed.    Secondly, it questions the need for a dynamic range 
other than standard (0 - 10 kHz).    Finally,  it asks whether special dura- 
bility considerations are required.    By this it determines whether the 
transducer must be placed in a position of high temperature, stress, pres- 
sure, etc., that would require a special design. 

Question II-C discusses the location that each transducer must occupy to 
make the technique work.   A determination is made of whether a transducer 
must be actually located on the helicopter, whether it must be mounted on 
the L.R.U., or whether it must be mounted on an individual bearing race, 
shaft mount, etc.    It then questions the need for the transducer to be 
built in, i.e., not removable from its mounted position.    The next question 
is whether mounting position is easily accessible, i.e., whether a major 
tear-down of the transmission is needed to locate or remove transducers. 
Finally, Question TI-C6 is whether the transducer location is such that it 
picks up significant cross-talk between different components or L.R.U.'s. 
This might cause the results to be influenced by a component other than 
the one being monitored. 

The third major grouping of questions is concerned with the processing 
hardware required for operation of a technique.    It first questions where 
the equipment must be used, i.e., whether a test may be run on the ground 
or done on-board the helicopter.   Then it asks whether the system could 
detect failures in test stand runs.   This could determine whether a given 
L.R.U. has undergone an adequate overhaul or requires an overhaul after 
removal from a helicopter.   The next question discusses the need of actual 
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flight tests versus hover tests or ground run-ups, thereby determining 
whetlT»r a cable could be connected to instrumentation on the ground or if 
all data acquisition and analysis gear must be flown on the helicopter. 
Finally, it asks whether monitoring must be continuous or whether periodic 
tests are usable. 

The next question is whether special personnel are required for system 
operation.    Highly trained people might be needed if system operation re- 
quired sophisticated calibration or installation procedures.    Question 
III-C questions the weight of the system, with anything over 10 pounds 
being considered heavy if it must be flown with the aircraft. 

Question III-D discusse.3 the type of processing required.    It first asks 
whether on-line processing is required as opposed to taping, storing, and 
then processing the data.    Then it determines the need for continuous pro- 
cessing versus batch or periodic processing.    Finally, it questions the 
need of a nonportable digital computer.    This is based on whether memory 
requirements are such that a permanent computer installation must be re- 
quired. 

The fourth major set of questions is concerned with the type of output that 
is available from the system.    First Go/No-Go signals are discv sed.    By 
Go/No-Go is meant some type of alarm signal.    To provide this xype of 
signal, the system must be able to discern automatically whether or not a 
failure is present.    Then the availability of such a signal at the L.R.U. 
level or at the component level is questioned. 

Question IV-B asks whether there is a dead-time between data gathering and 
the presentation of results.    This question is concerned with the amount 
of processing required and whether the technique can operate in real time 
or not.    Next, IV-C questions the need for operator interpretation.    The 
desire is to know whether trending or other mathematical analysis must be 
performed by a highly trained specialist rather than automatically. 
Finally, Question IV-D asks whether the data used by the technique is 
available for further, possibly more sophisticated,  analysis rather than 
being destroyed in the analysis procedure. 

It is noted that throughout the set of questions some redundancy occurs. 
It is felt that this was required in some sense to fully provide answers 
to all of the questions that are needed to describe a diagnostic technique 
in the most complete manner. 

RATING TECHNIQUE QUESTIONS 

I.    Discriminant Ability 
A.    Degree of the ability to discriminate between "good" and "bad" 

systems. 
1. Can failures be detected on an L.R.U. basis?    (50 Y) 
2. Can failures be detected on an individual component basis 

(quill bearing, sun gear, etc.)?    (25 Y) 
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3.    Can the type of failure mode be detected (pit,  spall, wear, 
etc.)?    (15 Y) 

U.   Does the technique have any sensitivity to the decree of 
fail^ire experienced?    (6 Y) 

B. System triggering limit values. 
1. Must limits be established for each component as a 

class?    (10 N) 
2. May limit values be established in a test stand?    (10 Y) 
3. Must limit values be established in situ?    (10 N) 

C. Baseline signatures. 
1. Are "good" baseline signatures required?    (10 N) 
2. Must baselines be provided by vehicle class (UH-1, CH-1+7, 

etc.)?    (5 N) 
3. Must baselines be provided for each vehicle?    (5 N) 
k.    Is test stand data adequate for developing "good" base- 

lines?    (5 Y) 
5. Are failure implant signature baselines required?    (15 N) 
6. Are they required on an L.R.U. basis?    (10 N) 
7. Are they required on a component basis?    (10 N) 
8. Are they required for specific individual failure 

modes?    (10 N) 
9. Is test stand data adequate for developing failure 

signature baselines?    (5 Y) 
D. Load and speed effects. 

1. Is the technique load sensitive?    (5 N) 
2. Can load be normalized?    (5 Y) 
3. Is the technique speed sensitive?    (10 N) 
k.    Can speed be normalized?    (5 Y) 

E. Is the system susceptible to noise problems?    (15 N) 
II.    Transducers 

A. Number 
1. Can one transducer per L.R.U. work? (15 Y) 
2. Can several transducers per L.R.U. work? (10 Y) 
3. Must each component have an individual transducer? (5 N) 

B. Type 
1. Is special signal conditioning required?    (^ N) 
2. Is a special dynamic range required (other than 

standard)?    (k TU) 
3. Does the technique require special durability considerations 

(high temperature, pressure, etc.)?    (U N) 
C. Location 

1. Must the transducer be located on the helicopter?    (10 N) 
2. Must the transducer be located on the L.R.U.  casing?    (5 N) 
3. Must the transducer be located on an individual component 

(bearing race, etc.)?    (10 N) 
k.    Must the transducer be built in, i.e., not removable from 

mounting position?    (10 N) 
5. Is the transducer position easily accessible?    (5 Y) 
6. Does the transducer pick up significant cross-talk from 

components other than the one it is monitoring?    (5 N) 
III.    Processing hardware 

A.    Ground based vs. on-board. 
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1. Can failures be detected in test-stand runs?    (5 Y) 
2. Can failures be detected in ground run-ups or hover tests? 

(5 Y) 
3. Must actual flight data be used?    (5 N) 
h.    Must special equipment be carried for flight testing? (5N) 
5.    Must monitoring be continuous?    (5 N) 

B. Are highly trained personnel required for system operation? 
(6N) 

C. Is weight a constraint, i.e., does the system weigh more than 
10 pounds?    (6 N) 

D. Processing 
1. Is on-line processing required?    (6 N) 
2. Must processing be continuous?    (6 N) 
3. Is £. nonportable digital computer required for processing? 

(6N) 
IV.   Output presentation. 

A. Go/No-Go 
1. Is a Go/No-Go signal available?    (10 Y) 
2. Is it available at the L.R.U. level?    {k Y) 
3. Is it available at a component level?    (^ Y) 

B. Is there a dead time between data gathering and presentation 
of results?    (9 Tf) 

C. Is operator interpretation of results required?    (9^0 
D. Is data available for further analysis if desired?    (6 Y) 

RATING OF DIACTJOSTIC SYSTEMS 

By applying the rating technique questions to a diagnostic system, a 
numerical evaluation of this system can be determined.    There are actually 
two numerical ratings which are of interest, the overall score and the 
score on the Discriminant Ability questions.    By comparing the overall 
scores of different systems, a relative ranking as to overall system capa- 
bilities may be arrived at.    The score on the Discriminant Ability section 
is an indication of the possible future development capability of a tech- 
nique.    This would allow consideration of techniques which have a sound 
discrimination basis but which have not reached a very high level of 
sophistication in system development. 
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