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ABSTRACT

Bearing fault diagnostic techniques have long been

employed to deduce rolling element bearing faults in the

paper, power, and chemical industries. Relatively low

speed, constant load rotating machinery in these indus

tries lends itself to diagnosis of developing bearing

faults. Application of this type of analysis to high

speed, multi-state variable turbomachines is a relatively

new concept, however.

Vibration analyses conducted following catastrophic

failures of turbine engines suggested that the concepts of

bearing fault diagnosis were indeed applicable to these

turbomachines. If the thought processes of the vibration

analyst could be automated, then developing faults indica

tive of pending failure might be recognized in time to

alert engine operators prior to manifestation of failure.

The bearing health characterization algorithm devel

oped herein provides a means of statistically banding

vibration responses for turbine engine families over a

multitude of flight conditions and vibration sensor loca

tions. Applying this algorithm to offline vibration data,

the analyst may deduce meaningful limit criteria for

incorporation into a real time health monitoring system.



The real time bearing health monitoring algorithm

developed herein may be expanded to achieve the ultimate

goal of catastrophic failure avoidance. The algorithm,

once automated, will screen incoming data for potential

indications of developing bearing faults. Alert and alarm

annunciators would then be used to warn operators of a

pending threat to the engine.
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CHAPTER 1

INTRODUCTION

Historical Background

By definition, monitoring is an act of extracting

information from a system by observing instruments (sens

ing) . Hence, on-line vibration monitoring consists of

continuously acquiring vibration signals and using those

reduced data as near real time indicators of machine

health. Figure 1 shows the three phases of a typical

machinery deterioration versus run time curve. Phase I is

the run-in time; Phase II is the normal operation period;

and Phase III is the failure development period. Early

failure prediction sought by the on-line vibration moni

toring system is designated by state "A" on the figure.

(Braun, p. 175)

The primary applications of on-line vibration moni

toring programs have been in the paper, power and chemical

industries where relatively constant load operation of

rotating machinery lends itself to near real time monitor

ing. Continuous condition monitoring is a maintenance

tool in these industries which allows predictive mainte

nance programs which are based upon early warning. Here,

the motive is to avoid unplanned shutdowns and minimize

the cost of lost production. (Braun, p. 174)
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Figure 1. Phases of Machine Deterioration.

Importantly, detection of rolling element (ball or

roller) bearing component faults through vibration diag

nostic techniques has proven to be among the most reliable

analysis tools for deducing mechanical faults in the rela

tively low-speed pumps, compressors, turbines, motors,

etc. upon which these industries rely. (Blake, pp.

445-463); (Eshleman, pp. 183-215); (Smith, pp. 43-44)

Application of the principles of bearing fault diagnostics

to high-speed turbomachinery such as aircraft turbine

engines is, however, in its relative infancy. (Pettigrew,

pp. 335-352)

Implanted fault testing and post-mortem vibration

analyses of bearing failures have shown that bearing fault

diagnostics may also be successfully applied in aircraft

turbine engines. (Carr, pp. 8-11) In some cases.
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post-failure analysis has uncovered indications of signif

icant bearing faults minutes and even hours prior to

catastrophic failure. (Hite, p. 360) If the analyst's

thought processes can be automated, then future bearing

faults may be detected through on-line monitoring before a

catastrophic failure manifests. The primary goal of this

thesis will be to develop such an algorithm.

Statement of Problem

Applied to machinery which operates at steady-state

conditions for long periods, bearing fault diagnosis is a

reliable, well-understood technique. In this case, devel

oping faults tend to appear as changes to the vibratory

response characteristics of the machine. The task of

deciphering developing faults through vibration monitoring

becomes much more difficult, however, when transiently

operating turbomachines (such as aircraft engines) are

involved. Aircraft engines by nature are extremely tran

sient machines. Requirements to operate over a wide range

of altitudes and flight velocities translates into an

extensive matrix of inlet conditions (i.e. pressure, tem

perature, density, etc.). Since vibratory responses may

vary significantly with one or more of these factors, a

huge array of data may be required to define a "baseline"

vibration signature for a specific engine model. A bear

ing health characterization algorithm is developed in

Chapter 5 to accommodate this task in an offline mode.



4

The body of knowledge concerning bearing vibrations

and related information has been investigated through an

exhaustive literature survey. Two shortfalls which have

been identified in the literature include:

1. Most published work is devoted to a particular

bearing application on a specific machine, and

2. Little work has been done to analyze the influ

ence of bearing operating parameters on the vibratory

environment.

This thesis will address each of these shortfalls.

First, the algorithm shall be adaptable by means of an

input file to function for a variety of rolling element

ball bearings in a number of different turbomachine appli

cations. Second, influence of the primary bearing operat

ing parameters on the bearing housing vibratory environ

ment will be analyzed. Identified trends are reported

herein.

Engine Overview

Since much of the thesis material is devoted to bear

ing vibrations in aircraft turbine engines, an overview of

engine design and operation is now presented. Many of the

jet engines currently in use are of the turbofan design

shown in simplified schematic form in Figure 2.

These machines employ dual, concentric rotors. A low

pressure compressor or fan feeds compressed air to a high

pressure compressor (HPC) and a bypass duct. Air entering
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HP SHAFT

Figure 2. Simplified Schematic of a Turbofan Engine.

the HPC is further compressed before entering a combustion

chamber (COMB) where fuel is injected, atomization trans

pires, and controlled combustion takes place. The hot

exhaust gases are then expanded through a single or multi

stage high pressure turbine (HPT). Further expansion then

takes place through a low pressure turbine (LPT) before

mixing of the exhaust gases with the bypass air. The

total mass flow is then exhausted through the tailpipe.

The HPC and HPT are connected via a shaft, and the

combined assembly rotates at a speed (designated high

rotor speed, NH) determined by design conditions and power

setting. The high rotor assembly is generally supported



6

by a forward-mounted ball element thrust bearing and an

aft-mounted roller element radial bearing.

The fan and LPT are connected by a second shaft

rotating at low rotor speed, NL, and similarly supported

by two additional bearings. The low rotor shaft feeds

through the high rotor shaft, and relative motion between

the two shafts is facilitated by an inter-shaft fifth

bearing.

Due to space availability within the engines, bearing

vibration instrumentation is normally limited to radially

oriented housing mounted accelerometers or velocity pick

ups. Rarely, proximity probes are employed through a

housing penetration port to measure shaft displacement

directly. Axially oriented vibration sensors are pri

marily used only on the engine outer case near the support

frames since the concentric rotors inhibit access to the

internal bearings. Also due to limited access, the inter-

shaft bearing is seldom instmmented.

Limitations of the Thesis Studv

The bearing health algorithm will be developed for

application to rolling element bearings in the diameter

times running speed, ON, classification range from 1.0x10®

to 1.8x10®. This classification generally encompasses

most high-speed turbine engine ball-element thrust and

roller-element radial support bearings. Though automation

of the algorithm is outside the scope of the thesis.
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this algorithm could become an integral part of a larger

system designed to monitor overall turbine engine health

through automated vibration analysis.

Due to the widely varied conditions to which jet

engines are subjected, analysis of vibration data to

determine the effects of operating parameters was limited

to data from a single vertically-mounted bearing acceler-

ometer operating over a range of speeds from idle to maxi

mum power. Data from 21 different flight conditions were

analyzed. Though the survey of vibration data was lim

ited, several important conclusions may be drawn from the

results (see Chapter 4).

The effort expended on the manual analysis points to

the necessity for automating this process. A methodology

for such automation is developed in Chapter 5.

It should also be noted that the algorithms developed

herein rely on Fast Fourier Transformation of vibration

data. This technique is not adequate to capture bearing

faults which occur during true "transient" conditions such

as extremely high acceleration and deceleration rate

maneuvers in turbine engines. Wavelet decomposition has

been studied as a means of identification of bearing

faults during such maneuvers. (Li, pp. 53-62) The health

monitoring algorithm should, however, identify fault symp

toms during quasi-equilibrium conditions. Provided sud

den, catastrophic failure does not occur during extreme
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throttle rate excursions, the health monitoring algorithm

should be able to detect bearing faults once the machine

has returned to a quasi-equilibrium state.

Approach

The research reported herein consists of several

phases. First, the bearing fault frequency equations are

developed. Second, data analysis techniques for charac

terizing the vibratory responses measured at the bearing

housing are discussed. Next, an investigation of the

effects of various machine operating parameters on the

vibratory responses is conducted. Finally, a statistical

approach is employed to ascertain bearing health criteria,

and these criteria are incorporated into a functional

algorithm which may be used in an automated monitoring

capacity.

Phase 1 of the thesis developed the formulae for the

bearing fault frequencies using kinematic analysis. Fig

ure 3 illustrates the geometry and motion of a generic

rolling element bearing. (Harris, p. 232) The bearing

fault frequency calculations are included in Table 1.

(Blake, pp. 37-39) The fault frequencies which include

the Fundamental Train Frequency (FTF), the Ball Spin

Frequency (BSF), Ball Passing Frequency - Outer Race

(BPFO), and the Ball Passing Frequency - Inner Race

(BPFI), are developed in Chapter 2. (Eshleman, pp.

187-188)
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TABLE 1

ROLLING ELEMENT BEARING DEFECT FREQUENCIES

Component Frequency Significance

Rolling element ^fi(l - M)
train defect (FTF)

Caused by an irregul
arity of a rolling
element on the cage

Rolling element
defect (BSF)

35m(djn/db)fi(l - /i^) Irregularities alter
nately strike inner
and outer races

Outer race

defect (BPFO)
(n/2)fi(l - M) Irregularity on race

generates impacting
with each rolling
element pass

Inner race

defect (BPFI)
(n/2)fi(l + M) Irregularity on race

generates impacting
with each rolling
element pass

Where:

N

m

db
n

inner race frequency, N/60, in Hz
rotational speed in rpm
number of rolling element irregularities
mean bearing diameter (see Figure 3)
rolling element diameter (see Figure 3)
number of rolling elements
(db/dm) cos /3
bearing contact angle (see Figure 3)

Source: Adapted from Blake, Michael P. and William S.
Mitchell. Vibration and Acoustic Measurement
Handbook. New York - Washington: Spartan Books,
1972.
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Phase 2 of the thesis examined historical vibration

data to determine the analysis techniques required for

development of health criteria. Research activities

reported include: (1) assessment of the most viable physi

cal quantity of vibration (displacement, velocity or

acceleration) upon which to base the algorithm, (2) deter

mination of adequate means of data reduction and presenta

tion (i.e. time domain, spectral plots, engine-order

tracking plots, etc.), (3) results of an investigation to

determine the primary bearing responses and the excitation

source for each, and (4) development of two distinct modes

of operation for the algorithm including an evaluation of

various data windows (i.e. start-up, coast-down, part-

power, maximum rotor speed) for incorporation into a data

trending segment of the health monitoring algorithm.

Phase 3 of the thesis study examined the influence of

various operating parameters on the bearing vibratory

response characteristics. Parameters which were found to

have primary or secondary effects on the vibratory envi

ronment include operating shaft speeds, engine inlet pres

sure, engine inlet temperature, bearing Ixibrication pres

sure, and bearing lubrication temperature. Several impor

tant conclusions were drawn from this phase of the thesis.

The final phase (Phase 4) incorporated a statistical

approach to determine the relative health of lubricated

rolling element bearings in high-speed turbomachinery for
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incorporation into the health monitoring algorithm. Fig

ure 4 depicts a spectral response from an accelerometer

mounted on a "healthy" bearing. The machine is operating

at 6000 rpm (100 Hz). A once per revolution, 1/rev,

response due to residual rotor unbalance will always be

present as shown in the figure. Figure 5 shows a vibra

tory spectrum indicative of a deteriorated bearing. Pres

ence of the FTF and modulation of running speed harmonics

by the FTF usually indicates a worn or cracked bearing

cage. Other bearing faults may be deduced depending upon

the combinations of fault frequencies present. This phase

of the thesis developed an algorithm to statistically band

the various vibratory response amplitudes and frequencies

in an offline mode, and then a comprehensive online health

monitoring algorithm is discussed.
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CHAPTER 2

ROLLING ELEMENT BEARING FAULT FREQUENCIES

In this chapter the bearing subcomponents are intro

duced, and the rolling motion within a bearing is dis

cussed. The fundamental bearing fault frequencies are

then developed through kinematic analysis of the rolling

motion.

General — Bearing Geometry and Motion

Rolling element bearings are used to support many

different types of loads while providing a means of low-

friction rotation or reciprocation within a machine. In

the case of high-speed turbine engines, the two basic

types of rolling element bearings include a ball element

thrust bearing and a roller element radial support bear

ing. Relative motions within bearings are not restricted

to simple movements. (Harris, pp. 230-231)

The bearing consists of four major subcomponents. The

inner raceway or race is normally a groove in a shaft

which has rotational speed, w^. Likewise, the outer race

is generally a groove in the bearing housing which pro

vides for axial restraint and circumferential slip of the

rolling element train. The outer race has rotational

speed, Wq. The rolling element train consists of the

rolling elements themselves constrained in relative posi

tion by a separator or cage. The train assembly rotates
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at rotational speed, Wj^. The rolling elements have an

absolute velocity made up of two components. These

include the rotational speed of the cage assembly and the

relative rotational velocity of the elements with respect

to the cage.

The contact angle, p, is defined to be the angle

between a line perpendicular to the shaft axis and the

line of action of the bearing force. For bearings having

contact angles other than zero (i.e. other than simple

radial support bearings), substantial spinning of the ball

elements occurs simultaneously with rolling. (Harris, p.

232)

Apart from the rotational speeds Wj^, Wq, w^q and the

contact angle, j8, the relative motion between the bearing

subcomponents is dependent only upon the rolling element

diameter, dj,, and the bearing mean or pitch diameter, dj^.

Cage Speed

In the case of heavily loaded bearings (such as those

in turbine engines), the rolling element bearings may be

analyzed without regard for dynamic effects. The motion

may be described purely in terms of kinematics. Referring

to Figure 3, assume first that the inner and outer races

are rotating at w^ and Wq, respectively. The velocity at

a point on a rotating body in one dimension can be

described by

V = w * r (2.1)
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where w is the rotational speed of the body and r is the

distance from the axis of rotation to the point. (Harris,

p. 231)

In the case of aircraft turbine engines, bearing

vibration sensors (whether accelerometers, velocity pick

ups, or proximity probes) are oriented to pick up the

radial component of vibration. The equations are, there

fore, developed in terms of the radial components of

vibration to be measured by these sensors. The radial

velocity component at the inner race and ball element con

tact point will be

Vi = Wi * ri

v^ = ̂  * Wi * di

Vi = ̂  * Wi * (dm - dfacos /S) (2.2)

where ri is the distance from the shaft center to the

inner race surface. The velocity at the outer race con

tact point is

Vq = Wq * ro

Vq = ̂  * Wq * do

Vq = ̂  * Wq * (dm + djacos /3) (2.3)

where ro is the distance from the shaft center to the

outer race surface.

Introducing,

M = (db/dm) * cos (2.4)

and multiplying eqs. 2.2 and 2.3 by dm/dm respectively,

Vi = ̂  * Wi * dm (1 - /i) (2.5)
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Vq = * Wq * dm (1 + M). (2.6)

Assuming no relative slip, the velocity of the rol

ling element train may be taken as the mean of the inner

and outer race velocities, v^f such that

Vm = ̂5 * (Vi + Vq) or,

Vm = ̂  * <^m * (Wi (1 - M) + Wq (1 + M)}. (2.7)

But,

Vm = ̂  * Win * «5m- (2.8)

Substituting eg. 2.8 into eg. 2.7 and solving for Wm

yields

Wm = ̂  * (Wi (1 - M) + Wq (1 + m)) (2.9)

which gives an expression for the cage rotational speed in

terms of the inner and outer race speeds and bearing geom

etry. Recognizing that

w = 2nf, and substituting into eg. 2.9 yields

(fi (1 - M) + fo (1 + M)} (2.10)

which establishes the cage freguency, fj^, in cps with

respect to a fixed reference frame (i.e. the vibration

sensor).

Rolling Element Speed

In order to determine the rotational speed of the

ball, wjj, we first introduce the angular speed of the cage

relative to the inner race.

Wmi = Wm - Wi (2.11)

Assuming no slip, the ball velocity, v^, is identical
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to the velocity of the inner raceway at the point of con

tact. That is

Vfa = Vjni at the point of contact. (2.12)

But,

Vb = Wb * rb = ̂  * Wb * db (2.13)

^mi ~ ̂ mi * ̂ mi — h * (1 - n) . (2.14)

Substituting egs. 2.13 and 2.14 into eg. 2.12 gives

^ * Wb * db = ̂  * Wjni * djn (1 - M) or,

Wb ~ * ̂ mi ~ • (2.15)

Substituting eg. 2.11 into eg. 2.15 and again invoking

w = 2nf,

fh = (dm/db) * (fm " fO * (I'M). (2.16)

Substituting eg. 2.10 into eg. 2.16 for /jj yields

fh = (dm/db) * (1 - ju) * (Mfid - M) + foil + M) ) - fi)

fh = (dm/db) * (1 - n) * [hfi - fi - hfiH + hfod + ̂^) )

fh = (dm/db) * (1 - |i) * {hfod + ̂ ^) - hfi(l + H) }

fh="^* (dm/db) * (1 - M) * (1 + M) * ifo " fO- (2.17)

Here, the freguency associated with the rolling ele

ment velocity relative to the cage has been determined.

This is the freguency which may be detected by a vibration

sensor in the event of a rolling element fault. (Harris,

pp. 230 - 233)

Special Application

In the special case of a jet engine, most bearings

have a stationary outer race and a rotating inner race.

Thus, fQ = 0 and egs. 2.10 and 2.17 respectively reduce to
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fm = ̂ fi(l - M), and (2.18)

fb = -'^(dm/db) * (1 - M) * (1 + M) * fi- (2.19)

The minus sign in eg. 2.19 simply refers to the fact

that the radial ball spin is opposite in direction rela

tive to the cage rotation. Obviously, the vibration sen

sor will detect only the absolute frequency, or

fh = Wdj/db) * (1 - /X) * (1 + /I) * fi. (2.20)

For a healthy bearing with proper clearance fit and

no macroscopic defects, the vibration introduced by the

cage and rolling elements will contribute no significant

amplitude, and vibration at f^j and fb will be masked by

random vibration energy (i.e. "in the noise band" of the

spectznim) . The bearing fault frequencies will now be

developed for the special case of a stationary outer race

and rotating inner race.

Fundamental Train Frecfuencv (FTP)

If the bearing is too loose or the cage is worn or

cracked, discrete vibration amplitudes at fj^ (FTP) and its

harmonics may appear. If the defect is severe enough, the

harmonics of running speed (i.e. multiples of fj^) will be

modulated by FTP and ± sidebands of FTP will appear in the

spectrum (see Figure 5).

So, the first bearing fault frequency has been

derived for the special case of stationary outer race and

rotating inner race.

FTP = f m = ̂ fi(l - M) (2.21)
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Ball Pass Frecmencv - Outer Race fBPFO)

If there is a significant defect on the outer (sta

tionary) race, then each rolling element produces an

impact vibration as it rolls over the defect. The

frequency which is generated by this phenomenon is related

to the cage motion relative to a fixed reference frame.

The vibration measured by the sensor will manifest at

BPFO = n * FTF = (n/2)fi(l - /i) (2.22)

where n is the number of rolling elements.

Ball Pass Frecmencv - Inner Race (BPFI)

If there is a defect on the inner (rotating) raceway,

then a spike due to impacting of each rolling element as

it contacts the defect again manifests as vibration. Note

that the frequency of vibration in the fixed reference

frame is due to the relative rotational speed of the inner

race and the cage assembly such that

n * Wfixed = n * (Wi - w^,) (2.23)

which reduces to

BPFI = n * ffixed

BPFI = n * (/i - fm)

BPFI = n * (/"i - FTF). (2.24)

Substitution for FTF gives

BPFI = /i - ̂ fi(l - M) = hfi + hfiH

BPFI = ̂ fi(l + M). (2.25)
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Ball Spin Frequency fBSF)

Finally, a single defect on a rolling element will

generate a measurable vibration at the relative spin

frequency of the ball relative to the cage. Or, from eg.

2.20,

BSF = fb = ̂ (dm/<ib) * (1 - M) * (1 + M) * fi

BSF = 35(djj/db) * * (1 - /i2) (2.26)

with stationary outer race.

For the case of multiple rolling element defects, the

frequency generated is simply a multiple, m * BSF, where m

is the number of defects.

Bearing Fault Diagnosis

In the preceding sections, the bearing fault frequen

cies have been developed through an understanding of the

relative motion between the bearing subcomponents and how

they relate to a fixed observer (i.e. a radially-mounted

vibration sensor). A survey of the axial vibration has

been omitted since, in practical jet engine applications,

clearances do not permit instmimentation of bearing hous

ings mounted in an axial orientation. Experience reveals

that most bearing health-threatening defects may be

detected through monitoring of the radial vibration alone.

Healthy bearings, in general, do not exhibit signifi

cant amplitudes of vibration at the bearing frequencies.

When a defect is present, however, discrete responses can

usually be detected at one or more fault frequencies.
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Initial presence of a measurable amplitude at a fault

frequency above the spectral noise floor is analogous to

detection of state "A" in Figure 1. An experienced vibra

tion analyst can usually track progression of worsening

defects through changes in amplitudes and spectral con

tent. More research is required to characterize this pro

gression for incorporation into a health monitoring algo

rithm.

For this thesis, the primary goal of the bearing

health algorithm will be to identify potential life-

threatening defects as they initiate. If state "A" can be

identified, then online operators may be able to take pre

cautionary measures based upon algorithm alarms.
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CHAPTER 3

DATA ANALYSIS TECHNIQUES

The purpose of this chapter is to develop the data

analysis techniques required to adequately characterize

bearing vibration and implement a health monitoring

algorithm. First, the quantities of vibration, (displace

ment, velocity, and acceleration), are discussed and their

interrelationships are examined. Second, data presenta

tion alternatives are introduced. Next, the primary bear

ing responses are investigated, and limit application

methodologies are discussed. Finally, a monitoring system

overview is presented, and the continuous and trend modes

are explained.

Phvsical Quantities of Vibration

In the realm of vibration analysis, questions often

arise concerning the most useful measured physical quan

tity for a specific application. Before looking more

closely at various applications, the relationships between

the physical quantities of vibration will be examined.

These quantities include: displacement, velocity, and

acceleration.

R. F. White makes a strong case for defining limits

in terms of peak velocity. (White, 1970) He argues that

velocity is proportional to the energy of vibration and is

independent of frequency in the energy equation. He
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states that limits may be defined over a broader frequency

range with less maximum-to-minimum deviation than dis

placement and acceleration limits. A development and ana

lysis of the equations involved, however, leads to the

conclusion that velocity alone is not satisfactory for a

bearing health monitoring application.

Assuming steady state sinusoidal motion of a body,

the time dependent displacement, D, may be described as

D = B sin (wt) (3.1)

where the peak displacement, B, is in inches; the angular

velocity, w = 2irf, is in rps; and frequency, f, is in cps

or Hz. The velocity, v, may be taken as the derivative of

displacement such that

V = d/dt(D) = Bw cos (wt) = 2;rfB cos (wt) ;

V = lirfB sin (wt + 90) (3.2)

where the velocity is in in./sec (or ips). The acceler

ation, a, is the derivative of velocity such that

a = d/dt(V) = -Bw2 sin (wt)

a = (2ff/)2B sin (wt + 180) (3.3)

where acceleration is expressed in in./sec^.

Recognizing that the sinusoidal phase shifts in eqs.

3.1, 3.2, and 3.3 simply refer to the fact that velocity

leads displacement by 90' and acceleration leads displace

ment by 180", examine the relationships between the peak

values of displacement, velocity, and acceler

ation.
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Setting wt = 0" in eq. 3.2 yields the relationship

between peak velocity and peak displacement:

V = 2:rfB or B = v / (2wf) (3.4)

where v is now peak velocity (ips pk).

Setting wt = 270" in eg. 3.3 yields the relationship

between peak acceleration and peak displacement:

a = (2jr/)2B or B = a / (2jrf)2 (3-5)

where a is now in in./sec2 peak.

Equating the right halves of equations 3.4 and 3.5

yields the relationship between peak acceleration and peak

velocity:

a = 2jr/V or v = a / 2irf. (3.6)

Now, introduce 1 mil = .001 inches and 1 g = 386.087

in./sec2 at sea level. These units of displacement and

acceleration, respectively, are much friendlier for appli

cation to vibration theory.

Further, define d = 2B to be the peak to peak dis

placement of the body. Upon proper substitution and con

version, the relationships in equations 3.4, 3.5, and

3.6 respectively become:

d = 318.3 * (V / f) or V = df / 318.3, (3.7)

a = (/ / 139.85)2 * d or d = (139.85 / f)2 * a, (3.8)

a = (/• * V) / 61.43 or V = 61.43 * a / f. (3.9)

By looking at these simplified equations, we may get

an intuitive feel for which units (and thereby which types

of sensors) are most useful for different applications.
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Note that most amplitudes of vibration in high-speed tur-

bomachinery range from 0 to 10 mils peak to peak, 0 to 0.5

ips peak, and 0 - 20 g's peak.

In equation 3.7, note that displacement and velocity

become equal at f = 318.3 Hz. This suggests that as

frequency increases far above 318 Hz, displacement

measurements grow smaller and smaller for constant velo

city. At f « 1600 Hz, measured displacement would be less

than 1% of the maximum full scale range of expected vibra

tion. As such, most sensors are unable to resolve dis

crete displacement components at higher frequencies. Con

versely, vibrations at much lower frequencies (/ < 2 Hz)

render the velocity spectrrim near useless, and displace

ment amplitude resolution is far better.

Similarly, equation 3.8 shows that acceleration and

displacement become equivalent at f « 140 Hz. Much

smaller displacements become significant at higher

frequencies for constant acceleration (due to the

term), and units of acceleration are preferable at

frequencies above 500 Hz. Ec[uation 3.9 indicates that

velocity and acceleration become equivalent at « 61 Hz.

At frequencies greater than « 1200 Hz, vibration responses

indicative of a rolling element fault may be "in the noise

band" of the velocity spectrum, but discrete peaks indica

tive of race faults may be discernible in the acceleration

spectrum.
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Since the class of high-speed turbomachinery investi

gated herein have bearing fault frequencies which vary

from approximately 30 Hz to 2000 Hz, it seems prudent to

adapt the algorithm to take advantage of all vibration

quantities; displacement, velocity, and acceleration.

Experience in analyzing vibration data from turbine

engine bearings suggests the following frequency ranges

for the physical quantities of vibration are an acceptable

guideline:

displacement - 0 to 500 Hz,

velocity - 30 to 1200 Hz, and

acceleration - 50 to 10,000 Hz.

In addition to the theoretical development and inher

ent advantages, there is a very good practical reason for

taking this approach. All jet engine manufacturers do not

use similar vibration sensors. Proximity probes measuring

displacement, velocimeters measuring velocity, and accel-

erometers measuring acceleration are all used in some

applications for determining the engine vibratory charac

teristics.

Data Presentation Alternatives

The bearing health monitoring system, when fully

developed, should be capable of providing all usual vibra

tion data presentation formats including (but not limited

to): spectra, trending plots, engine order tracking plots,

waterfall plots, Campbell diagrams, orbits. Bode' plots.
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Nyquist plots, tables, alarm synopses, etc. (Hite, p.

367) For primary health monitoring purposes, however,

modified spectra of vibratory amplitude versus K-Factor

and amplitude versus vibratory mode will be used. This

approach is explained in detail and justified later in

this chapter.

Primary Bearing Vibratorv Responses

To ascertain the most likely responses of bearings to

vibration stimuli in jet engines, recall the engine

description introduced in Chapter 1 and examine the pur

pose of the bearings. Rolling element bearings in these

high-speed turbomachines are required to provide smooth

operation of the rotor shafts and to transfer unwanted

energy in the form of vibration out of the machine through

the support frames.

Based upon the overall assembly, some primary

response frequencies may be surmised. Since all rotating

assemblies have some residual unbalance due to manufactur

ing tolerances, material flaws, etc., each of the bearings

will respond to a once per revolution excitation and this

response will be measured by a sensor due to passing of

the rotor's "heavy spot" (attributed to residual mass

unbalance, i.e. eccentricity). The frequency of vibration

will be at rpm/60. Since the two rotors rotate at differ

ent speeds, it may be safely assumed that the high rotor

support bearings will primarily respond at once per
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revolution of the high rotor shaft (IX NH) and the low

rotor bearings will respond at IX NL. Depending on the

energy of vibration and shaft alignment within the bear

ings, harmonics of the IX responses may also occur at 2X,

3X, etc.

Since a path of vibration transmissability between

the two shafts exists in the form of the inter-shaft bear

ing, the thrust and radial support bearings of the low

rotor will likely respond (to a lesser degree) to the IX

NH stimulus, and the high rotor bearings will respond (to

a lesser degree) to the IX NL excitation.

The above responses are deemed to be "normal** and

provided they are within acceptable limits, pose no threat

to the turbomachine hardware. There are other responses,

however, which indicate potential health hazards to the

engine. (Eshleman, pp. 161-162) Such responses include:

(1) Extreme IX NH or NL due to a bowed or bent rotor,

(2) Significant 2X NH or NL attributable to a shaft

which is severely misaligned in its bearings,

(3) Subsynchronous vibration at 0.4X to 0.48X NH or

NL indicative of an oil whirl phenomenon,

(4) Any of the bearing fault frequencies developed in

Chapter 2 which betray the presence of localized

defects within the bearing,

(5) Vibration at 0.5X NH or NL and due to seal rubs,

blade tip nibs, or coupling looseness.
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(6) Extreme vibration at 0.25X or 0.33X and harmonics

due to a subsynchronous resonance (oil whip), and

(7) Rarely, vibration at a known blade-passing

frequency which excites a frame strut aeromechan-

ical resonance. (Kite, pp. 364-365)

Now that an understanding of the hardware assembly

and the primary expected bearing response frequencies has

been developed, important insight into the duties which

will befall a bearing health monitoring algorithm has been

gained. Next, an investigation of two limit application

methodologies will be described.

Methodologies for Limit Application

Due to the transient nature of aircraft engines, a

methodology must be developed for comparison of vibratory

responses to established limits. To investigate further,

consider a "typical" turbofan engine with a low rotor

operating speed regime of 3000 to 6000 rpm and refer to

Figure 6. (Kite, pp. 366-367)

At 3000 rpm (Figure 6A, top);

assume a IX response of 2 mils pk-pk at 50 Hz (3000 rpm)

and a 2X response of 1 mil pk-pk at 100 Hz.

This response characteristic may be indicative of a

relatively rough running rotor (2 mils IX at idle) with

bearings which are poorly aligned to the shaft.
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Now, accelerate to 6000 rpm (Figure 6A, bottom):

a IX response of 2 mils pk-pk occurs at 100 Hz (6000 rpm)

and no significant 2X component of vibration is noted.

This response characteristic represents a healthy

engine which is operating well within the vibration limits

of most manufacturers.

In the first case, a 100 Hz response of 1 mil pk-pk

was interpreted as a fault (bearing misalignment), while

in the second case a 100 Hz response of 2 mils pk-pk was

deemed to be "normal". Consequently, the limit applica

tion methodology in a turbine engine vibration monitoring

system must be able to recognize the various responses in

the spectrum and apply the appropriate limits.

This suggests a "Sliding Mask" limit application

technique wherein a limit envelope (or mask) must change

with changing speeds. Theoretically, a different limit

mask would exist for every combination of low and high

rotor speeds, and an expert system would be required to

continuously identify the significant spectral responses

and apply the appropriate limits. Note that the limit

mask must slide to the right in the frequency domain as

the engine is accelerated from 3000 rpm (Figure 6A, top)

to 6000 rpm (Figure 6A, bottom).

By employing the "K-Factor" approach to limit appli

cation illustrated in Figure 63, the problem becomes

greatly simplified. The "K-Factor" approach draws on the
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fact that all rotor dynamic responses are related to rotor

speed in an integral or non-integral manner, such that

f = K-Factor * N / 60

or,

K-Factor = f * 60 / N

where N is high or low rotor speed, NH or NL, and

K-Factor is a constant related to geometry or phenomena.

For integral vibrations, the K-Factor is simply an

integer multiple of engine speed. For non-integral vibra

tions, K-Factor is a mixed fractional number (i.e. K-Fac

tor « 0.47 for vibration due to oil whirl phenomenon).

These responses are easily computed, so if the nominal

response range for a given engine family can be character

ized in terms of amplitude versus K-Factor, then the bear

ing algorithm may be programmed to interrogate for poten

tial problems using a single limit mask and avoid the huge

development task associated with a "Sliding Mask" (Kite,

pp. 366-367).

The selection of the K-Factor approach to limit

application is a potential means of avoiding one of the

major pitfalls of automated health monitoring systems:

false alarms. By separating the vibratory responses asso

ciated with NH and NL for each sensor's data stream, con

fusion over which responses are non-synchronous (and thus

potential fault indications) may be avoided.
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Yet another limit application is required due to the

nature of modal vibration. In some cases (e.g. a bearing

housing resonance), vibrations will occur across the speed

regime at near constant frequency. This form of vibration

would result in a "smearing" effect in the amplitude ver

sus K-Factor spectrum. Therefore, the algorithms must

take into account known modal responses, and alert and

alarm limits must be established into a limit application

methodology. The means by which this form of vibration

will be handled by the algorithms is discussed more fully

in Chapter 5.

Modes of Algorithm Operation

Not to be confused with vibratory modes of the engine

components, the bearing health monitoring algorithm has

two separate, parallel modes of operation. First, the

continuous mode of the algorithm acts as a "watchdog" for

potential hardware faults as they initiate and develop.

The trend mode will screen acquired data during special

user-defined "windows" of operation to quantify overall

rotor system degradation and potential faults which manif

est, but may not exceed the limits imposed in the continu

ous mode of operation. An overview of the hardware

involved and data flow is shown in Figure 7.

In the continuous mode, acquired vibration and tran

sient digital data are continually merged and passed to a

host computer system where the monitoring algorithm may be
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applied to the processed data. The transient digital data

may include engine rotor speeds (NH and NL), lube oil

pressures and temperatures, and inlet conditions (alti

tude, Mach number, pressure, temperature, density, etc.)

The continuous mode of the algorithm will check vibrations

versus manufacturer's specified limits and screen for

potential rotor dynamic and bearing faults. If no poten

tial problems are identified, the merged data will remain

in a circular file to be overwritten. Should a potential

problem be identified, however, an alarm system will iden

tify the channel(s) in an overlimit condition, and the

data from all channels will be written to a file for per

manent storage. In the case of an alarm condition, the

circular file data will also be dumped immediately to per

manent storage to provide a 20-minute history of the

engine conditions leading up to a fault. A user interface

will be provided to: (1) input necessary information for

the algorithm, and (2) allow interaction for user interro

gation of the permanent storage file. The continuous mode

will be operational whenever the engine is rotating (Hite,

pp. 362-363).

Before discussing the trend mode of algorithm oper

ation, first examine the need for such a mode based upon a

practical example. On shutdown following a turbine engine

test, a seal rub apparently took place along a rotor

shaft. Localized heating occurred and resulted in a
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permanent set (bow) of the shaft. Upon start-up for the

next test period, the engine accelerated to idle speed

without encroaching upon a manufacturer-specified vibra

tion limit. As the engine was accelerated toward maximum

power, however, extreme vibration was noted and the engine

was shutdown immediately. Unfortunately, significant dam

age occurred before the shutdown was ordered.

Post-event analysis indicated that a major shift in

rotor critical speed of approximately 250 rpm had occurred

between consecutive starts of the engine. Through inves

tigation of these data "windows", it became obvious that a

major shift in rotor dynamics had taken place. If a trend

mode algorithm had been in place, the shift would have

been recognized, and the hardware damage induced upon

engine acceleration toward maximum power may have been

avoided.

The trend mode of the algorithm is to be invoked upon

user demand to provide a historical data trending capabil

ity during defined data "windows". Potential windows may

include engine starts/shutdowns, two minute accelerations

and decelerations at health check flight conditions, base

line vibration data at maximum power, etc. Each of these

windows is chosen to identify shifts in rotor dynamic

characteristics and to guantify engine deterioration in a

further effort to identify state A (initiation of hardware

faults) shown in Figure 1. The trend data software should
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compute statistical variations of current data with the

historical data base and generate a user-specified hard

copy comparison or CRT display for the vibration ana

lyst (s) . The trend mode will allow visibility of perti

nent trend information for all channels upon user demand

within minutes of data capture without interrupting the

flow of data through the continuous mode of the algorithm.

A user interface will once again be necessary to specify

input files, output format, and data window start/stop

times. (Kite, p. 363)

Detailed development of the continuous and trend

modes of the real time health monitoring algorithm is

reserved for Chapter 5.
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CHAPTER 4

ANALYTICAL RESULTS

This chapter relates results of analysis conducted on

response characteristics from a single bearing housing

mounted accelerometer. First, the effects of bearing

operating parameters on vibration characteristics are

examined. Then, the repeatability of response amplitudes

are compared during back-to-back decelerations and conse

cutive acceleration-to-deceleration throttle movements at

similar flight conditions. Finally, the necessity for

automating the analysis process is discussed.

Background

Before an expert system may be programmed to identify

abnormal conditions based upon vibratory spectra, "normal"

vibratory responses must first be characterized. Analysis

was conducted using reduced vibration data from a typical

airbreathing turbofan engine. This engine was determined

through analysis and teardown inspections to have no

abnormal rotor dynamic wear or degradation. The goals of

this analysis were to identify the engine operating par

ameters which have primary or secondary effects on the

vibratory characteristics of various engine components.

In order to limit the scope of effort, data from a

single accelerometer were reduced and analyzed manually.

This vertically-oriented sensor was chosen, because it was
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the most responsive accelerometer to internal vibrations.

For simplicity, the bearing-mounted accelerometer is

designated B-VIB.

Operating Parameter Effects on Vibrations

Preliminary investigation showed that several engine

operating parameters influence the vibratory response

characteristics measured. The primary response measured

was always the 1/rev signal generated by the residual

unbalance of the high rotor (core) system. As noted in

Chapter 3, this is expected since the B-VIB sensor was

mounted on the axial thrust bearing of the high rotor sys

tem. The function of this bearing is to restrain forward

thrust - transmitting unbalance energy out of the engine

in the form of vibration through the frame struts. Vibra

tion amplitudes measured by B-VIB appear to decrease with

increasing inlet pressure (Figure 8), and the 1/rev

response increases with increasing inlet temperature (Fig

ure 9). These data have been fitted using least squares

curve-fit methods. Further investigation into these

trends, however, yields an important result.

At each of the two higher inlet pressure conditions

shown in Figure 8, the engine is operating at a control-

specified pressure limit, and low rotor (fan) speed has

been decreased to maintain engine operation at this limit.

Since the fan rotor and core rotor are aerodynami-

cally coupled, this results in a lower core speed as well.
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The result is a lower vibration amplitude measured at the

bearing housing, because the residual mass unbalance is

rotating at a lower speed at higher inlet pressures (for

identical power settings).

Data trends in Figure 9 indicate increasing vibratory

amplitude with increasing inlet temperature for three dif

ferent inlet pressures. Once again, these trends are actu

ally related to NH. The fan speed schedule for most tur-

bofan engine families is primarily a function of inlet

temperature subject to various pressure, temperature, and

speed limitations. Fan speed, increases with increasing

temperature (until limits are incurred) aerodynamically

driving core speed higher as well.

Similar trends hold for lube oil pressure and temper

ature as shown in Figures 10 and 11, respectively. Vibra

tion amplitude increases with increasing lube tank pres

sure (Figure 10), but further investigation reveals that

this trend is also primarily related to speed. The lube

pump is driven by the core shaft through the power take

off (PTO) shaft and gearbox. Consequently, higher core

speeds result in higher pump speeds and higher lube tank

pressures. The vibrations once again increase with

increasing core speed. Likewise, lube tank temperature

has only a secondary effect on vibration amplitude (Figure

11). Increasing vibration with increasing lube temperature

is again related to core speed through the gearbox.
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Although several parameters were found to have a sec

ondary effect on vibrations measured by B-VIB, the primary

effect is always due to core rotor speed. In the absence

of operation at a critical speed (which are generally

designed to be outside the engine operating regime), the

highest vibratory amplitudes may be expected at the high

est speeds and may be attributed to residual mass unbal

ance in the rotor. This is a significant conclusion,

because, if broadly applicable, it greatly simplifies the

approach necessary to adequately monitor bearing health.

If the "normal" range of vibratory amplitudes can be

identified for each family of engines, then it should be

possible to screen for abnormalities based on 1/rev vibra

tion and its harmonics. Addition of a capability to cal

culate and screen for the bearing fault frequencies will

supplement the 1/rev monitoring, and a bearing health

monitoring scheme can thus be implemented via the bearing

algorithm.

Engine manufacturers have well-developed limits for

1/rev NL and NH, and incorporation of these limits into

the monitoring methodology will be simple. Though more

complicated, expected resonant crossings for various com

ponents due to acoustic or wake shedding excitation may be

computed. Parametric studies should be conducted to

determine the range of response magnitudes attributable to

such resonances.
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For example, high vibratory stresses in support frame

struts sometimes induce vibratory responses measured at

bearings. Provided the algorithm is programmed to expect

these resonances and associated increase in vibrations,

then false alarms will be kept to a minimum. Again, the

difficulty lies in characterizing the expected range of

amplitudes for each resonant response and further analysis

is required.

Response Amplitude Reoeatabilitv

A representative plot of the variation in response

amplitude versus frequency for the B-VIB accelerometer is

included as Figure 12. For consecutive decelerations at

similar inlet conditions, B-VIB variation ranged from 0%

to 8% for measured responses above the noise floor. Simi

lar variations were noted at other flight conditions as

well.

An investigation of acceleration/deceleration

response amplitude variation was also conducted and are

shown in Figure 13. Variations ranged from 0% to 22% for

B-VIB. Due to significant differences in bearing loads

between acceleration and deceleration operation in some

engine families, further analysis are necessary to glean

meaningful results for incorporation into the algorithm.
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Necessity for Automation

The analysis results reported herein were a signifi

cant undertaking. Limiting the effort to one data chan

nel for a minimal number of engine data acquisition events

allowed certain trends and conclusions to be drawn, but

much is yet to be learned. Couple this level of effort

with the fact that output from one accelerometer at 21

flight conditions (accelerations/decelerations at each)

was analyzed, and one begins to see the enormity of analy

sis required to characterize the vibration responses over

the flight map. The necessity for automating the analysis

process becomes apparent when it is realized that many

turbofan test engines are equipped with up to 12 bearing

accelerometers, and many test programs encompass 50 to 60

flight conditions (Kite, p. 370).

The bearing health characterization algorithm will

first be applied to offline data. A data base of expected

vibratory responses will be acquired for several test

engine families. Capabilities to statistically character

ize the range of bearing vibratory responses are developed

and discussed in the next chapter.
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CHAPTER 5

BEARING HEALTH CRITERIA AND MONITORING

As stated previously, the quest to identify faulty

hardware components through automated vibration monitoring

must begin with the characterization of "healthy" hard

ware. The goals of this chapter include: (1) development

of a bearing health characterization algorithm, (2) exami

nation of the role of operating environment on the vibra

tion characteristics, (3) examining the significance of

combinations of fault frequencies in fault diagnosis, and

(4).discussion of the actual real time bearing health

monitoring algorithm and its decision-making process.

Baseline Vibration Considerations

A few reasons for the necessity of statistically

characterizing engines within the same engine family are

now presented. Manufacturing and assembly tolerances may

stack up to yield slightly different vibration character

istics between even consecutive serial number engines in

the same family. Slight variations in bearing stiffness

and alignment may influence the magnitude and speed at

which rotor dynamic resonances (critical speeds) occur.

Further, balancing of individual rotor bladed disks and

subsequent stacking may yield differences in the amplitude

of 1/rev vibration and its harmonics for engines in the
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same family. Finally, control tolerances and mechanical

looseness in variable geometry can change mass flow and

aerodynamic loading for similar engines at like flight

conditions and result in slightly different vibration

characteristics. For the reasons stated above, it becomes

obvious that each family of airbreathing engines will

require a statistical "banding" to identify the full

regime of healthy vibration characteristics over the

entire engine operating envelope. The following algorithm

was developed to provide such a characterization.

Bearing Health Characterization Algorithm

Figure 14 illustrates the logic flow for the auto

mated health characterization algorithm. Though our dis

cussion is limited to bearing mounted vibration sensors,

the algorithm may be used to statistically characterize

any engine mounted vibration sensor. This algorithm is

used in an offline mode to develop limits which may then

be applied in the online health monitoring algorithm.

Referring to the numbered steps in Figure 14, this section

will address each division in the logic flow process.

Initially, data are read from an individual data

channel. The data are first checked to verify that incom

ing overall signal levels do not exceed the maximum vol

tage level obtainable with the data conditioning equipment

in use (Step 1). Generally, this is a maximum of 1.414

Volts rms for our application. If a response level
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Flow Chart.
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exceeds the maximxim due to an open, noisy channel, then

the data are immediately omitted from consideration in the

characterization process.

Next, Fast Fourier Transformation (FFT) of the time

domain data is accomplished for the entire data event

(Step 2). An event is typically a slow («2 minutes)

acceleration or deceleration or a health check point at

steady-state operating conditions (i.e. speed, inlet con

ditions constant). The data are then temporarily stored

as a succession of 1024 point ensembles. The usual digi

tization process achieves about 2.5 ensembles per second

of time domain data.

An input file is then read by the computer (Step 3).

The input file includes a breakdown by engine component of

all data channels. Each parameter is assigned a dynamic

number, and each component includes one or more dynamic

numbers. A switch, NSW, is included to tell the program

whether a component is more susceptible to high rotor or

low rotor excitation. For example, a No. 3 bearing

accelerometer would be more likely to respond primarily to

high rotor excitation since this bearing is the thrust

bearing for the high rotor system.

Other information in the file includes known modal

responses measured by each vibration sensor. A housing

resonance may exist, for instance, at approximately 750

Hz. Another key input, includes frequency ranges
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indicative of line noise (e.g. 60 Hz TVA or 15 Hz cable

whip). An example input file is included as Table 2.

Next, for each ensemble frequency, responses above a

designated threshold are screened for noise content as

defined in the input file (Step 4). Any response occur

ring at a noise frequency is automatically deleted from

further interrogation.

K-Factors are then computed for each spectral

response over a designated threshold level according to

the following hierarchy (Step 5).

NSW = NH, then Ki = /i * 60 / NH

or, if NSW = NL, then Ki = * 60 / NL

For simplicity, assume that NSW = NH. Each is

compared against multiples of high rotor speed (i.e. IX

NH, 2X NH, etc.). If a match is found, then that response

is categorized according to its engine order multiple, and

all associated data (A^, f^, K^, NH^, NL^, etc.) stored in

an array (Step 6). Once the data have been categorized at

any point throughout the logic process, then they are

omitted from further consideration. (In some engines,

extreme vibration may occur due to a combination of exci

tation sources such as IX NH » 2X NL. Additional logic

may be necessary for these special cases). Unmatched

responses at this point have new K-Factors computed based

upon low rotor speed, and the comparison process is

repeated in an effort to decipher responses associated
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TABLE 2

CHARACTERIZATION ALGORITHM INPUT FILE

Valid Input(s)
Title Card 2

10 mils pk-pk
2

1  No.3 Bearing
1, 2, 11, 12

0.2 mils pk-pk

1  Housing Resonance
3000, 780, 790
9000, 760, 770

Explanation of Inputs
Test program identifier

100% Amplitude scale
Integer number of components
Component number and name
Dynamic numbers assigned to dynamic
channels for this component

Threshold amplitude and units to be
applied for this component

Speed switch, NSW, for component
1 = Low rotor, 2 = High rotor

Number of defined modal responses
Mode number and name

Min speed, Min freq. Max freq
Max speed, Min freq. Max freq

2  Frame Strut Resonance

3000, 1550, 1590
9000, 1520, 1560

Repeat for second mode

1  Cable Whip
3000, 0, 15
9000, 0, 15

2  TVA

3000, 59, 61
9000, 59, 61

2  No. 5 Bearing

Number of defined noise bands
Noise band number and name
Min speed, Min freq. Max freq
Max speed, Min freq. Max freq

Repeat for second noise band

Repeat blocks above for all compo
nents beginning with component
number and name
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with low rotor excitation. Matched responses are thereby

categorized and stored. Unmatched responses continue

through the logic.

Rotor dynamic responses related to rotor speed exci

tations are by far the most common. Further, any modal

responses are likely to reach maxima at engine order

crossings. Consequently, the most important characteriza

tion information is gleaned through the K-Factor calcula

tion and interrogation process.

Unmatched spectral responses after the K-Factor

matching process are next interrogated for modal frequency

content based upon the input file information (Step 7).

If a response above the threshold falls into a frequency

and speed regime defined in the input file, then that

response is categorized and pertinent data are once again

stored. Unmatched responses are passed on to the next

phase of interrogation.

Beat (or sum and difference) frequency responses are

fairly common in two-rotor systems. Based upon experi

ence, primary beat responses occur at frequencies of

(NH - NL) / 60, (NH + NL) / 60, and/or (NH + NL) / 120.

Step 8 in the algorithm searches for beat frequency

responses and stores pertinent information accordingly.

The goal of the above described execution is to cate

gorize as many of the spectral responses possible for each

ensemble of data which are passed through the algorithm.
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Virtually all real-world dynamic systems include random

energy responses, however. Unmatched responses at this

point in the algorithm are classified as random, and each

amplitude, frequency, K^, NH, NL, etc. are stored in a

separate array (Step 9).

Step 10 in the algorithm computes and stores running

average, maxima, minima, and standard deviations for all

K-Factors and modal frequencies, respectively. Once com

plete, the next ensemble of data is read in, and the pro

cess starts over again. When all ensembles have been ana

lyzed by the automated routine, then the next data parame

ter is introduced and processed.

After all parameters in a data set have been charac

terized, the algorithm produces three output items which

are key aides in determining appropriate limits for the

actual real time health monitoring algorithm (Step 11).

These outputs include:

(1) a table of statistical parameters for each

vibration sensor characterized,

(2) a histogram indicating the number of character

ized responses as a percent of maximum amplitude, and

(3) plots of amplitude versus Kjjh, K^l, and Modej^.

Table 3 is an example of statistical output for a

single parameter, and Table 4 illustrates a sample histo

gram.
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TABLE 3

SAMPLE STATISTICAL OUTPUT FILE

Output Data Significance

1  B-VIB Parameter number and name

0.2 Threshold applied to data
IX NH Component of Vibration
389, 0.3, 2.8, 1.4, 0.67 No. of matched responses, mini

mum, maximum, avg., deviation
2X NH Repeat for all engine order
121, 0.4, 1.1, 0.8, 0.32 related responses

IX NL

212, 0.6, 1.4, 0.8, 0.41

2X NL

34, 0.3, 0.4, 0.4, 0.05

1  Housing Resonance Mode number and name
166, 0.3, 0.5, 0.4, 0.10 No. of matched responses, mini

mum, maximum, avg., and deviation

1  Beat: (NH-NL)/60 Beat freq number and name
59, 0.3, 0.7, 0.5, 0.20 No. of matched responses, mini

mum, maximum, avg., and deviation

Random Random response indicator
11, 0.3, 0.4, 0.4, 0.05 No. of random responses, minimum,

maximum, avg., and deviation

2  C-VIB Next parameter number and name
Repeat above beginning with
threshold
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TABLE 4

SAMPLE HISTOGRAM

Amplitude Range No. of Matches

0 - 20% 1185

21 - 40% 770

41 - 60% 212

61 - 80% 11

81 - 100% 2_

Figure 15 illustrates the proposed combined plot for

mat. In the amplitude versus K-Factor plot at left in

Figure 15, rotor dynamic related responses which have been

identified by the characterization algorithm are shown.

Minima, maxima, and averages are indicated for all identi

fied vibration responses above the specified threshold.

The dashed line in this plot indicates a potential limit

mask based upon the data scatter and standard deviation

data. Similar information for vibratory mode related

responses is shown at right in Figure 15.

Once the characterization is complete for all sensors

installed on a turbine engine, meaningful limits may be

established for each family of engines for the health

monitoring algorithm discussed later in this chapter.
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Role of Operating Environment

In Chapter 3, we concluded that the primary excita

tions of a single thrust bearing was directly related to

running speeds. Still, the turbine engine is a transient

machine by nature, and it is required to operate over a

multitude of extremes. With the newly developed automated

characterization algorithm outlined previously, further

work may be accomplished in determining potential influen

ces of pressures, temperatures, variable vane angles, vis

cosity, density, etc. on the rotor dynamic characteristics

of the various machines.

Results of this further analysis can be incorporated

into the algorithms as necessary to optimize the health

monitoring capability.

Fault Frecmencv Combinations

The characterization algorithm will allow assessment

of amplitude versus K-Factor and amplitude versus mode

limits which may be incorporated into the health monitor

ing algorithm as illustrated in Figure 15. These limits

should be specified so as to maximize the fault detection

capability while minimizing incidence of false alarms. As

stated previously, a healthy bearing should exhibit no

fault frequency responses above the established noise

floor (i.e. the established random energy of vibration at

these frequencies). Appearance of significant amplitudes
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at K-Factors related to these frequencies will indicate a

developing fault.

Eshleman has developed a table of fault frequency

combinations and the associated hardware faults. This

information has been paraphrased in Table 5. (Eshleman,

pp. 191-192). While the primary goal of the health moni

toring algorithm is to alert engine operators of any

potential hardware problem, the end-product monitoring

system may well include a probable diagnosis based upon

the fault conditions identified.

Real Time Bearing Health Monitoring Algorithm

Figure 16 illustrates the logic flow process incor

porated into the real time bearing health monitoring algo

rithm. Similar to the characterization algorithm, each

step in the decision-making process is labeled and will be

discussed.

Once again, the initial step after data acquisition

and conditioning is to apply a method of checking for

spurious data (Step 1). This will likely be a combination

of checking for a saturated channel and interrogating the

user defined "noise" frequency bands (as was accomplished

in the characterization algorithm). Every effort will be

made to minimize false alarms, since such occurrences will

degrade user confidence in the system.
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Flow Chart.
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Next, the data will be digitized and FFT processed

(Step 2). Care should be taken, however, to preserve a

peak-to-peak voltage, Vpj^.p^-, as an indication of the

overall vibration level from each vibration sensor.

As in the characterization algorithm, the health

monitoring process will require that a user specified

engine data file be read (Step 3). This file will include

information such as: engine type and model, engine serial

number, thresholds, pertinent component geometries, accel-

erometer locations, vibration parameter names and numbers,

baseline vibration data from a historical data base (dis

crete and overall), previous trending data windows, spe

cific amplitude versus K-Factor and amplitude versus mode

alert and alarm limits, and other pertinent information.

This data file will be used by both continuous and trend

modes of the monitoring system and must be read in at this

point in the logic process. A sample input file is

included as Table 6.

Overall vibration, 1/rev NL, and 1/rev NH responses

will then be screened versus specified manufacturer's

vibration limits (Step 4). The 1/rev NL and NH responses

may be preserved using digital filtering techniques. If a

warning or alarm limit is surpassed, then a "yellow" or

"red" alarm will be initiated and data from all channels

downloaded into permanent file storage. This act will not

stop the continued flow of data through the logic.
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TABLE 6

HEALTH MONITORING ALGORITHM INPUT FILE

Valid Input(s) Explanation of Inputs

Title Card 1

Title Card 2

10 mils pk-pk
1

1  No.3 Bearing
1, 2, 11, 12

12, 6.4, 0.5, 8

0.2 mils pk-pk

Curve 1

Engine identifier
Test program identifier

100% Amplitude scale
Integer number of components
Component number and name
Dynamic numbers assigned to dynamic
channels for this component

Component geometry: no. rolling
elements, dj^, djj, )0

Threshold amplitude and units to be
applied for this component

Speed switch, NSW, for component
1 = Low rotor, 2 = High rotor

Name of file where manufacturer's

specified 0/A, IX NH, IX NL limits
are stored

1  30K/0.9 Acceleration Number/names of trend windows
Curve 2, 1.5

Curve 3

Curve 4

1

1  Housing Resonance
3000, 780, 790
9000, 760, 770
1.0, 1.5 mils pk-pk

1  Beat: (NH - NL)/60

0.6, 0.8 mils pk-pk

Baseline trend info file and allow
able standard deviation

Filename where NH related K-Factor
alert and alarm limits are stored

Filename where NL related K-Factor
alert and alarm limits are stored

Number of defined modal responses
Mode number and name

Min speed, Min freg. Max freq
Max speed, Min freq. Max freq
Specified alert and alarm limits

Numbers and names of defined beat
frequencies
Specified alert and alarm limits



65

TABLE 6 (Concluded)

Valid Input(s) Explanation of Inputs

FTF, 0.4, 0.8
BSF, 0.4, 0.8
BPFO, 0.4, 0.8
BPFI, 0.4, 0.8

0.6, 1.2 mils pk-pk

1  Cable Whip
3000, 0, 15
9000, 0, 15

Bearing fault frequency specified
alert and alarm limits

Specified alert and alarm limits
for random vibration

Number of defined noise bands
Noise band number and name

Min speed, Min freq. Max freq
Max speed, Min freq. Max freq

Assuming the online vibration monitoring personnel

have requested a trending profile, the following con

straints will be specified in Step 5:

(1) the pertinent data base to use for comparison,

(2) the data window about to be executed (i.e.

a 30 Kft. and 0.9 Mach number acceleration),

(3) the vibration channels of interest, and

(4) the output format desired.

The system will next compute and display the overall,

IX NH, and IX NL responses versus speed or time (Step 6).

The baseline signatures will be displayed as background

data, and allowable standard deviation from the input file

will indicate a range of allowable data scatter about the

baseline. The user should be able to interface with the
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system and scroll through the trending data plots for all

sensors specified.

The trending system will then compute a "norm" which

is an indication of the deviation of the current signature

from the historical baseline and previous trend data for

the current test article and vibration sensor (Step 7).

Mathematically rigorous comparative functions will be

incorporated to compute the "norm". (Collatz, p. 30)

The trending capability will also include hardcopy

output of trend and comparison data in a user-specified

format within five minutes after the data acquisition is

complete. This completes specifications for the trending

logic flow, and the parallel logic for the continuous mode

are now explained.

The next step in the continuous mode logic (Step 8)

will compute and store the K-Factors associated with all

frequencies in the spectra which have amplitudes above a

specified threshold or noise floor. These computed K-Fac

tors are designated K-Factorcaic* As specified in the

characterization routine, these K-Factors may be a func

tion of NH and/or NL. For brevity, we introduce only a

single rotor speed, N.

For I = 1 to L

K-Factorcaic (I) = (freq(I) * 60) / N

Next I
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where L is the number of frequencies in spectrum above

specified amplitude threshold, and N is high or low rotor

speed.

Next, a comparison will be done to identify those

K-FactorQalc which have a match in the baseline amplitude

versus K-Factor limit methodology (Step 9). Each identi

fied response will be compared to established limits. If

a limit has been exceeded, then a "yellow" or "red" alarm

should be initiated, and the data from all channels dumped

to a permanent storage file. The initiation of any alarm

will not stop the flow of data through the logic.

If at any time during the logic flow process all

responses above the threshold level have been matched with

no alert or alarm conditions, then the data should simply

be passed to the circular file to be overwritten. As long

as unmatched responses do exist, however, the data inter

rogation will continue.

Similar to the methodology introduced in the charac

terization algorithm. Step 10 interrogates unmatched spec

tral responses versus the modal response frequency regions

specified in the input file. When matches are found, the

amplitudes are compared with established limits. If alert

(yellow) or alarm (red) limits are exceeded, then the data

are dumped to permanent storage, and the engine operators

will be apprised via an alarm light panel.
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Spectral responses which remain unmatched will next

be passed to a subroutine designated "Beat" (Step 11).

Similar to the characterization algorithm treatment,

this logic will interrogate data for beat frequency

responses and apply appropriate limits. Should limits be

exceeded, then engine operators will again be informed.

If there still exist calculated K-Factors for which

there is no match in the baseline limit data, then the

data should be passed to the bearing subroutine (Step 12).

The bearing subroutine will calculate the theoretical

K-Factors associated with all potential fault frequencies

corresponding to the various bearings in the engine. For

instance, the logic will interrogate the unmatched K-Fac-

torcaic to determine whether a specified alert or alarm

limit has been exceeded for a particular sensor location.

If so, a corresponding yellow or red alarm is initiated,

and the data are dumped to permanent storage, thus calling

to attention a potential problem.

The final step in the algorithm (Step 13) will com

pare any random energy responses to specified amplitude

limits. This process is completed in a subroutine desig

nated "Random". If no alarms are initiated, then the data

are sent to the circular file to be overwritten. Alterna

tively, an alarm is annunciated and the data are sent to

permanent storage.
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Other Considerations

Obviously, the logic flow just described has been

simplified significantly by not including transient digi

tal parameters. For instance, a bearing thermocouple

might prove invaluable in identifying a mechanical problem

and would likely be incorporated into the logic.

Another example would incorporate a scaling factor to

increase/decrease established limits based upon an operat

ing condition which may be found to influence vibration

characteristics for a particular operating condition (e.g.

inlet temperature = 100 to 115T) and sensor location.

Yet another obvious consideration is sensor location.

For example, it would be unrealistic to apply No.3 bearing

fault frequencies to the No.5 bearing health monitoring

methodology. To circumvent needless number crunching and

potential false alarms, engineering judgment must be

applied in developing the logic and input files.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

Suminarv

The primary goal of this thesis has been to develop

an algorithm which may be applied to real time monitoring

of bearing vibration data from high-speed turbomachinery

to alert engine operators of developing machine faults.

Bearing fault diagnostic techniques have long been applied

with great success to relatively low-speed, constant load

machinery in the paper, power and chemical industries.

Application of these techniques to transiently operating

turbine engines is in its relative infancy.

Two shortfalls determined through a literature survey

concerning bearing vibrations were identified:

(1) Most published work is devoted to a particular

bearing application in a specific machine, and

(2) Little work has been done to analyze the influ

ence of bearing operating parameters on the vibratory

environment.

This thesis addresses these shortfalls by: providing

a means of adapting the real time bearing health monitor

ing algorithm to any turbine engine family by means of a

user defined input file, and developing a bearing health

characterization algorithm which may be used to facilitate

automated analysis of bearing vibration data. The health
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monitoring algorithm can be adjusted via the input file

for each engine family specific application prior to test

ing. The characterization algorithm will enable determi

nation of applicable limits and influence of operating

parameters in an offline mode.

The thesis strives to blend theoretical and practical

considerations in developing algorithms which may be

employed to characterize bearing health and to monitor

incoming data for potential symptoms of developing hard

ware faults.

Chapter 2 used kinematic analysis to develop the

bearing frequencies and related fault frequencies. These

frequencies are often stated (and mis-stated) in the lit

erature, but are seldom developed in entirety. The role

of the fault frequencies in bearing fault detection is

then discussed.

Chapter 3 first defined the physical quantities of

vibration, and then investigated the inter-relationships

of displacement, velocity, and acceleration. Examination

of these mathematical relationships revealed the need for

the health monitoring algorithm to be capable of incorpo

ration of all three quantities into the logic. Frequency

dependency and availability of proximity probes, velocity

pick-ups, and accelerometers for turbine engine applica

tion necessitate this algorithm capability.
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Additionally, Chapter 3 reviewed data presentation

alternatives, primary bearing responses and the associated

excitation sources, potential "health hazard" frequency

responses, and limit application methodologies. The

inherent advantages of using the amplitude versus K-Factor

approach to limit application over the "Sliding Mask"

approach were developed and discussed. Further, an over

view of the bearing health monitoring algorithm and its

inclusive continuous and trend modes of operation were

introduced.

Analytical results from a single bearing housing

mounted accelerometer were provided in Chapter 4. Data

from accelerations and decelerations at 21 flight condi

tions were manually analyzed to develop trends of vibra

tion amplitude with respect to various engine operating

parameters. The enormity of this effort along with the

realization that most turbine engine test articles are

equipped with up to 12 vibration sensors and encompass

50-60 flight conditions illustrate the need for automating

this analysis process.

A culmination of research and analysis efforts was

reached in Chapter 5, Development of Bearing Health Crite

ria. The need for statistically categorizing engine fam

ily vibration characteristics was addressed, and a means

of developing this statistical analysis was included as
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the bearing health characterization algorithm. Brief dis

cussions of the role of operating environment on vibration

characteristics and the significance of fault frequency

combinations were then incorporated. Finally, a logic

flow diagram for the actual real time automated bearing

health monitoring algorithm was presented and discussed.

Conclusions

First, feasibility of developing an automated bearing

health monitoring system through vibration analysis has

been determined. A literature survey revealed successes

in the realm of monitoring for turbine engine faults

through vibration investigation in both online and offline

modes. Significant obstacles and lessons learned were

also gleaned from the survey. Correct pre-teardown and

post-mortem fault diagnoses in which conditions leading to

catastrophic failure were identified minutes and even

hours prior to the failure event lent particular credence

to system feasibility.

Second, the relationships of peak-to-peak displace

ment, peak velocity, and peak acceleration indicate a sig

nificant influence of frequency of vibration on the meas

ured amplitudes. Displacement, for example, is an excel

lent measure of vibration at lower frequencies, but

becomes practically useless at frequencies above 1000 Hz.

Hence, each quantity of vibration has a range of frequen

cies over which satisfactory amplitude resolution is
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maintained. Experience in turbine engine bearing vibra

tion data analysis suggests the following frequency

ranges:

displacement - 0 to 500 Hz,

velocity - 30 to 1200 Hz, and

acceleration - 50 to 10,000 Hz.

Importantly, most engine-mounted accelerometers pro

vide a flat frequency response from 0 to 10,000 Hz. This

means that amplitude outputs are reliable over this range.

At lower frequencies, however, note that units of dis

placement or velocity will give a more intuitive feel for

the vibration amplitude. The algorithms will require spe

cial attention to the vibration sensors installed and the

inherent advantages and disadvantages when specifying

applicable alert and alarm limits.

Third, the K-Factor approach to limit application is

a key development. Using this methodology, statistical

analyses may be conducted which will provide meaningful

amplitude alert and alarm limits as a function of constant

K-Factor^. This eliminates the huge development task

associated with programming alert and alarm limits which

are functions of the frequencies of vibration (i.e. the

"Sliding Mask").

Fourth, analysis of a single bearing mounted acceler-

ometer responses to accelerations and decelerations at a

variety of flight conditions yielded significant results.
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Though trending studies of the influence of several oper

ating parameters were accomplished, the primary excitation

source was always rotor unbalance. In other words, the

highest amplitudes of vibration were always measured at

the highest rotor speeds, regardless of operating environ

ment. If proven using the bearing health characterization

algorithm, this postulation may greatly simplify the real

time health monitoring methodology.

Fifth, two algorithms have been developed. The

first, bearing health characterization algorithm, should

allow automated analysis to statistically band common

responses for a given engine component (e.g. bearing)

across a wide array of operating conditions and speeds.

From this analysis, it is judged that meaningful alert and

alarm limits may be specified for individual engine fami

lies and sensor placement locations. The second algo

rithm, real time bearing health monitoring algorithm, can

be further developed to provide a means of real time

avoidance of catastrophic failures by alerting engine

operators to potential developing hardware faults. In the

future, the algorithm should be expanded to encompass all

engine-mounted vibration sensors (i.e. case, gear box,

etc.) and incorporate transient digital signals to enhance

overall engine health determination.
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Finally, the efforts reported herein have established

the methodologies by which meaningful characterization of

relative bearing health may be achieved. The algorithms

must next be automated and refined, and in-depth analyses

must be conducted for a variety of engine families. The

ultimate goal of "saving" turbine engines from total self-

destruction appears to be within reach. The algorithms

developed in this report should provide a means of reach

ing that goal.
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