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Abstract

This paper discusses the need for and benefits of analyzing machinery vibration data taken
during startup and shut down to help more fully understand machinery dynamics and to resolve
vibration and operational problems that are not readily solved using only steady state / spectra
data.

Many analysts focus on acquiring steady state vibration data, often as part of ‘Predictive
Maintenance’ or PAM programs. Such programs have proven their worth and are often a plant’s
first-step in identifying and resolving reliability problems.

PdM programs typically focus on using portable data collectors to acquire and analyze spec-
tral data and to alesser degree the time waveform data. This datais usually taken during constant
speed operation, and is generally not phase-referenced. It achieves its intended goal of providing
trended data to identify arising problems, while also providing data that can be analyzed for fre-
guency content and severity. And it is the frequency content that allows us to begin our analysis
process and identify possible fault mechanisms.

However, steady state spectral analysis remains just a single tool — the identification of fre-
guency versus amplitude. We may or may not be able to accurately identify aroot cause to a vi-
bration problem from the spectral data. Thisis often the case with journal bearings, whose vibra-
tion signatures usually show just a predominant one-times rotational speed frequency compo-
nent, and the analyst isleft with several fault possibilities to choose from.

Our paper will review the equipment and techniques we use to acquire additiona vibration
data during startup and shut down. This ‘transient’ speed data provides exceptional insight into
machinery dynamics, and allows us to accurately sort out most machinery problems that are not
readily solvable using only steady state data.

We will discuss how to properly set up for and sample transient data, discussing vibration
transducers, band width filters, sample times, and required data resolution. We will review the
types of transient data plots typically used in analysis, including: polar; bode; waterfall; cascade;
orbit / timebase; and shaft centerline. We will discuss how to identify the major classes of ma-
chine faults within the transient datazc mass unbalance; shaft misalignment; rotor resonances,
structural resonances; shaft centerline movement; rotor to seal rubbing; and oil whirl / whip. And
we will conclude with case histories highlighting the identification and resolution of specific
problems.
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Introduction

Have you ever analyzed vibration data,
only to discover there was more than one pos-
sible root cause for the same frequency re-
sponse? Have you ever analyzed journal bear-
ing problems, only to discover that most faults
will generate a 1X response? Have you ever
felt that “vibration charts” still left you with
too many possible causes?

If you answered yes to these questions,
you are not alone. Every year we encounter
many analysts facing the same problems. And
this mostly results from the ‘industry’ focus-
ing too intensely on the collection of steady
state data with walk-around programs and
“portable data collectors”.

This paper discusses how to start solving
this dilemma. We look at the need for, and the
benefits of, anayzing machinery vibration
data taken during startup and shut down using
more sophisticated analysis equipment. We
also show how to acquire and use this data to
more thoroughly understand machinery dy-
namics, and how to resolve vibration and op-
erational problems that are not readily solved
using only steady state / spectral data.

Looking at today’s market, we see that the
standards of performance have significantly
improved for Predictive Maintenance (PdM)
program analysts over the past two decades.
Advancements in technology have dramati-
cally improved the quality of our data acquisi-
tion hardware and software, while also con-
tinuing to reduce costs. And industry in gen-
era has recognized the benefits and return-on-
investment that can be achieved with a quality
vibration analysis program.

One of the more important reasons behind
the increased quality of our analysts, and the
results of our programs, is the high-quality
training & certification programs that have
become available. By following the ISO and
ASNT vibration analyst guidelines, we now
have multiple sources for meeting our training
needs, and can effectively advance an analyst
from novice to expert following awell defined
training path.

Although today’s analyst has advanced
hardware, software, and training, we find
many users are still trying to solve al of their
problems using steady state® spectrum analy-
sis. Spectrum analysis is an excellent tool, and
is rightfully the backbone of PdM programs. It
allows us to quickly identify many faults, as-
sess their severity, and plan for corrective
maintenance.

But in many cases spectrum analysis alone
cannot resolve the problem. This is where ad-
vanced training can help. One area that merits
specific attention is transient speed vibration
analysis. It can often provide the missing data
and get us to a solution. We will discuss the
genera concepts of transient vibration analy-
sis, provide data sampling guidelines, explain
the various types of data plots used in tran-
sient vibration analysis and the problems we
can identify in them, and provide case histo-
ries with examples of various problems and
how we identify and resolve them.

! Steady state data: data typically taken while a ma-
chine is operating at normal, full-load operating condi-
tions, usually at a constant speed (rpm).

© M&B Engineered Solutions, Inc.
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The Root of a Problem

Predictive Maintenance (PdM) is usually
thought of as the use of condition monitoring
technologies to detect machinery faults at an
early stage, allowing planned corrective main-
tenance on an as-needed basis. These tech-
nologies include vibration, thermography, ul-
trasound, motor current, and oil analysis. Of
these, we are concerned here specifically with
vibration analysis, how it has evolved, and
some potential implications on an analyst’s
skill-set.

Vibration-based PdM programs have
proven their worth in managing rotating ma-
chinery, and the techniques and technology
have developed to a very mature state. So suc-
cessful is thistechnology that it is common for
vibration-based PdM programs to provide a
Return on Investment (ROI) of less than one
year when the savings in unplanned down-
time, reduced machinery damage, and lost
production are contrasted against the hard-
ware, software and manpower training costs.

PdM programs typicaly use portable data
collectors to acquire our spectral and wave-
form data on a periodic basis. The datais gen-
erally taken during steady state operation, and
is usually not phase-referenced. This process
achieves the intended goal of providing data
that can be trended to identify arising prob-
lems and providing data that can be analyzed
for frequency content and amplitude severity.
And it is the frequency content that allows us
to begin our analysis process and identify pos-
sible fault mechanisms.

Because of their effectiveness, vibration-
based PdM programs are often a plant’s first-
step into PdM, the identification and resolu-
tion of machinery reliability problems, and
moving from a reactive to proactive mainte-
nance environment.

And because of that, considerable focus is
often placed on the training and technology
that is required up-front to produce an effec-
tive, efficient analyst that can carry out the
required job functions.

What has transpired in the industry over
the past two decades or so has been the devel-
opment and homogenization of a very effec-
tive palette of training courses from a variety
of vendors. And in parallel with this has been
the development of training-related standards
by both the International Standards Organiza-
tion (1SO) and the American Society of Non-
destructive Testing (ASNT) in an effort to
provide common industry-wide guidelines for
training and certification of advancement.
Specific standards applicable to vibration
anaysis training include 1SO 18436.2, and
ASNT Recommended Practice SNT-TC-1A.

SO 18436.2 specifies 4 levels of vibration
analyst certification, along with the corre-
sponding levels of practical experience; ASNT
specifies 3 levels of analyst certification.
Naturally, there is some overlap when com-
paring the two standards, and there are minor
variations regarding course content, examina-
tion certification, and administration. How-
ever, whether an individual pursues an SO or
ASNT-based certification process, they can be
assured that either will provide an effective
basis for training.

In surveying the ISO and ASNT guide-
lines, and the various seminars available from
a variety of vendors, it quickly becomes ap-
parent that the main focus of analysisis placed
upon spectral data analysis. Thisis a logica
starting point for the novice or Level 1 ana-
lyst, and it is easy for even the lay-person to
understand how different faults generate dif-
ferent characteristic frequencies, and that we
can then show these in an FFT / spectrum plot.

© M&B Engineered Solutions, Inc. www.mbesi.com 2
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In contrast, it is far more difficult to explain
frequency content within any waveform that is
much more complicated than that for simple
harmonic motion. (Imagine explaining how to
detect rolling element bearing faults in a time-
waveform to anovice analyst!)

So data analysis training typicaly begins
with learning to understand spectrum plots,
and then learning to recognize the common
machinery faults such as unbalance and mis-
aignment that are easily identified. It then
continue along to more advanced machinery
and problems as the analyst progresses in his
or her training. Let’s look at an example of
what our analyst might need to dissect on a
motor-driven pump unit that has a speed-
increasing gearbox.

On any induction motor we can have dis-
crete frequencies generated by the motor’s
design characterigtics:

1-times & 2-times Line Frequency
Slip & Pole Passage Frequency
Rotor Bar Passage Frequency
Potential sidebanding around
2xLine, and Rotor Bar Passage

IXLine,

If we have a 60 Hz electrical system, and a
6-pole motor operating at 1,182 rpm that has
48 rotor bars, the following frequencies would
be calculated:

o SlipFrequency ......cccceceeveereenne 18 cpm
o SIPRAIO ..ccoceiiiieeeeeee 0.015
e Pole Pass Frequency ................ 108 cpm
¢ Rotor Bar Current Passage......... 54 cpm
e Rotor Bar Passage .............. 56,736 cpm

Now, if the motor is equipped with rolling
element bearings, they too would introduce a
set of potential fault frequencies for analysis.

Identifying the discrete frequencies gener-
ated by rolling element bearings is one of the
most common uses of spectral anaysis, be-
cause these faults usually are readily identi-
fied. Much has aready been written about in-
ner and outer race faults (BPFI, BPFO), ball
spin (BS), fundamental train (cage) frequency
(FTF or CF) for various types of bearings, and
we will not belabor those calculations here.
Suffice it to say that many of the current PdM
software packages identify these frequencies
automatically if you provide the bearing iden-
tification number. For example, consider two
SKF rolling element bearings - a #6316 and a
#22228. We would have the following fault
frequencies (in terms of running speed):

FTF BS | BPFO | BPFI
6316 | 0.39x | 2.07x | 3.09x | 4.92x
22228 | 0.43x | 3.60x | 8.21x | 10.80x

Beyond these “look up” fault frequencies,
bearing failure can be further refined as Stages
1 - 4, providing an indication of the progress
relative to the observed frequency patterns.
This provides some degree of insight (how-
ever subjective) into the useful remaining
bearing life. But it still remains fundamentally
afrequency response identification issue.

Gearboxes are a prime target for spectral-
based frequency analysis. Whether they are
single or double-helical, bevel, worm or
planetary gears, they will all generate their
own distinct frequency responses.

Most analysts can calculate and identify
the Gear Mesh frequency and its harmonics,
and can likely identify pinion and gear fre-
guency sidebands. These are the important
first steps in gear analysis. Equally important,
though generally less well understood, are the
characteristic frequencies for Tooth Repeat
and Assembly Phase Passage.

% Source: DLI Engineering/ExpertALERT software.

© M&B Engineered Solutions, Inc. www.mbesi.com 3
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Continuing our example, if the bull gear
has 33 teeth and is driving a 121 tooth pinion,
the following gear-set related frequencies
would be calculated:

e Tooth Repeat (Hunting) .......... 394 cpm
o Gear Speed .....ocoovviiriinennn 1,182 cpm
e Pinion Speed .......ccceveveveennne 4,334 cpm
e Assembly Phase Passage .... 13,002 cpm
e Gear Mesh .......cccevveenns 143,022 cpm

On the pump our job becomes a little eas-
ier. If we have a single-stage impeller with 6
vanes, we might expect vane passing vibration
at 6X, in addition to the usual 1-times running
speed vibration from residual unbalance. And
there might also be some broad-band noise
related to recirculation or cavitation.

If this were a multi-stage unit we might
expect vane passing vibration for each stage,
as well as the potentia for sum and difference
frequencies. And on both the gearbox and the
pump we would again need to consider the
bearing type used in each location.

Identifying all these frequencies is a nec-
essary part of the analysis process — when they
are present! It is obvious that spectral analysis
is really the only way to properly sort through
the myriad of frequencies. Thisiswhy such an
emphasis is placed on frequency identification
in analyst training.

Field experience indicates that many times
we will find problems at the prescribed fault
frequencies. However, and very interestingly,
that same experience also shows that in many
situations, perhaps the mgjority, the largest
responses seen occur at 1-times running speed,
or 1X. Or, even in the presence of other faults,
the 1X response may likely be dominant. As a
quick look at any of the common spectra
analysis ‘cheat-sheet’ charts shows, we have a
variety of problemsthat can occur at 1X.

These 1X forcing functionsinclude:

e Unbalance (mass & electrical)
Misalignment (shaft and/or bearing)
Bent or Bowed Shafts
Resonance (rotor or structure)

Rotor to Stator Rubbing

Shaft Cracking

Mechanical Looseness; Loose Bearings
Mounting Problems (soft-foot)

Journal Bearing Wear

So, while frequency identification is nec-
essary, much of our work ultimately comes
down to resolving arather bland spectrum plot
with a predominant 1X vibration that looks
something like this:

Spectrum  29-0ct-2007 10:13:22  3600. RPM
£0000. CPM, 800. Lines, Hanning
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Or, we may find asynchronous frequencies
that do not occur at an expected fault fre-
quency, or be wondering why a particular
fault frequency may be particularly amplified.
It is generally at this point that spectrum
analysis, by itself, may not allow us to accu-
rately identify aroot cause.

It is in these cases where transient vibra-
tion analysis can often help us get to the root
of the problem. Even when no particular prob-
lems are apparent in the steady state spectral
data, transient vibration data presents a wealth
of information for analysis and provides much
deeper insight into the machinery condition. It
isnot at all unusual to detect problems within
the transient data that are not apparent in the
steady state testing.

© M&B Engineered Solutions, Inc. www.mbesi.com 4
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What is Transient Vibration Analysis?

Transient vibration anaysis, or perhaps
more correctly for our use here, transient
speed vibration analysis, is the acquisition &
analysis of data taken while a machine is be-
ing started or stopped. By sampling as a func-
tion of speed, we gain significant insight into
the rotor and structural dynamics that cannot
be had with only steady state analysis. This
information includes:

e Unbalance “Heavy Spot” Locations
Rotor Mode Shapes

Shaft Centerline Movement / Alignment
Bearing Wear

Shaft Runout

Critical Speeds/ Resonances

Rotor Stability

Bearing Wear

Foundation Deterioration, and others

Asafirst try, an analyst may try to capture
several spectra during a transient run using a
portable data collector. This may be helpful,
but the sparse data sampling and only 1 or 2
transducers falls far short of the data that can
be gathered using more dedicated instrumenta-
tion.

Good transient analysis generally involves
acquiring data from multiple transducers si-
multaneously. For example, a small steam-
turbine generator machine train would typi-
cally have four radial bearings, with two prox-
imity probes installed at each bearing in an X-
Y orientation, giving us 8 radia vibration
measurements. If we also monitor thrust posi-
tion, which is usualy measured using a two-
probe setup, we have 10 channels of data. Fi-
nally, we need a tachometer channel to moni-
tor and measure speed. During startup or shut
down this data is then sampled versus rpm,
with samples often being taken in increments
of 5to 10 rpm.

On larger units, there may be multiple tur-
bine casings. The largest units in nuclear ser-
vice have 12 radia bearings, and some units
have both proximity and seismic transducers
at each bearing. Including thrust, that is a total
of 50 channels of datal Similarly, units having
gearboxes, or units with multiple compressor
casing will al likely have in excess of 12
channels of data.

Two other requirements generally not con-
sidered under in PdM data sampling must be
considered. First, all channels should be sam-
pled in a truly simultaneous manner. This al-
lows generation and analysis of the data plot
types we will discuss shortly. And second, all
data should be referenced to a once-per-
revolution speed probe, which we will aso
discuss.

Some analysts may feel that transient
analysis is mostly applicable to large, critica
turbomachinery. While this machinery cer-
tainly merits the time and effort involved, we
find transient analysis very applicable to bal-
ance of plant equipment as well. Some of this
less critical equipment is often poorly de-
signed and/or supported, and suffers from
chronic poor reliability. Using transient analy-
sis has allowed us to solve many problems
that were otherwise not resolved through ordi-
nary PdM analysis.

We have many case histories where no
transient vibration data had ever been re-
corded. Because startups and shut downs gen-
erally are not performed regularly, we recom-
mend acquiring transient data whenever pos-
sible. This aids future anaysis, and lets us
benchmark machinery against future changes.
This is particularly true of the critical machin-
ery in many plants — turbine/generators, boiler
feed pumps, gas compressors, and the like.

© M&B Engineered Solutions, Inc. www.mbesi.com 5
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Instrumentation®

Because of the need for simultaneous
sampling of multiple channels with a speed
reference, the typical PAM data collector gen-
eraly will not be sufficient.

So just what are some of the requirements
for acquiring and analyzing transient data?
Aside from the usual requirements of config-
uring frequency spans, lines of resolution,
spectral  windows, and transducers types,
here’s a “short” list of desired abilities for
transient vibration analysis:

e Minimum channel count of 8, with 16 or
more channels preferred

e Synchronous sampling of all channels

e 2 or more tach channels for the high-
speed and low-speed shafts of units con-
taining gearboxes or fluid drives

e Accurately sample data at low rotor
speeds (< 100 rpm)

e Measure DC Gap Voltages up to -24 Vdc
and produce DC-coupled data plots (for
shaft centerline & thrust data)

e Provide |[EPE / accelerometer power

o Electronicaly remove low speed shaft
runout from at-speed data

e Display bearing clearances, plot shaft
movement with available clearance

e Specify RPM ranges for sampling, and
RPM sampling interval

¢ Produce bode, polar, shaft centerline, and
cascade plots for dataanalysis

e Tracking filter provides 1X and severa
other programmable vector variables

% While we normally like to remain ‘vendor-neutral’ in
our papers and discussions, our clients and customers
often want to know what works for us, to flatten their
learning curve and become effective more quickly. And
effective transient vibration analysis is far more de-
manding of instrumentation & software in terms of
sampling and data plotting requirements. So we fed a
discussion of relevant instrumentation is warranted.

We currently use an 10Tech Zonic
Book/618E data acquisition system in con-
junction with their eZ-Tomas software® for
rotating machinery steady state and transient
vibration analysis. The system consists of an
8-channel ZonicBook base unit, and can be
expanded in 8-channel increments by adding
WBK 18 modules. A total of 7 - 618E modules
can be added, for atotal channel count 56. The
system is easy to use, light weight, portable,
and the per-channel costs are among the most
affordable in the industry. For a copy of the
most recent product information, check this
link:

‘http://www.iotech.com/catal og/cat_pdf!

ZonicBook618E. pdf

The ZonicBook system is powered by a
PowerPC processor, and al acquired data is
transferred to the PC in real time at 2+ Mbytes
per second. This means that every acquired
data point resides on your PC’s hard drive,
making recreation and post acquisition analy-
sis of acquired data as precise as possible. And
all time-domain measurements are transferred,
not just spectral data, which means there’s no
data loss when analyzing acquired waveforms.
Data storage is only limited by the amount of
hard disk memory on your PC, or available on
a network. And al channels are measured
synchronously, providing 1 degree phase
matching between channels.

The ZonicBook has a 10/100BaseT
Ethernet interface and can be used in a point-
to-point application, or can be attached to a
network for remote monitoring. The system
also has four dedicated Tachometer inputs,
and can also use any analog channel as a ta-
chometer inpuit.

4 Most of the vibration data graphics contained in this
paper were produced using the eZ-Tomas software
package.

© M&B Engineered Solutions, Inc. www.mbesi.com 6
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The Need for (Rotor) Speed

A key component to successful transient
analysis is a once-per-revolution tachometer
signal, often referred to as a Keyphasor® °.
This signal provides a triggering pulse for the
data acquisition instrument tracking filter, and
allows us to establish the rotor phase angle
reference required for transient data analysis.

For machines without a permanent vibra-
tion monitoring system, a tachometer pulse is
easily provided using a portable laser ta
chometer that observes piece of opticaly re-
flective tape attached to the shaft. We have
had excellent results with Monarch Instru-
ment’s PLT-200. The PLT-200 can sense the
optical tape from a distance of about 25 feet,
and at angles of +£70°! The viewing distance
and angle provides for excellent flexibility in
the field.

The PLT-200 provides a reliable once-per-
revolution TTL output pulse that is fed di-
rectly into the data acquisition instrumenta-
tion. The figure below shows a typical pulse
output from the PLT-200 observing optical
tape. Note the clean, with well defined posi-
tive and negative slopes to the pulse, with no
significant overshoot at the beginning or end
of the pulses. This provides for a very reliable
speed and phase reference trigger when used
in conjunction with the ZonicBook dedicated
Tachometer input channels.

On machines with permanent vibration
monitoring systems, a proximity probe is often
used to observe a notch or keyway in the
shaft, providing a DC voltage pulse output.
This normally works very well when used as
an analog tach input on the ZonicBook. How-
ever, some signals create triggering problems
due to signal quality issues. The prox-probe
tach pulse below is typical of field installa
tions. There are several problems present that
might cause triggering issues:

e Overshoot / ripple, which may cause mul-
tiple triggers per revolution

e The overall signal aso contains an AC
vibration signal

e The bottom of each pulse is not at the
same voltage level
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® Keyphasor is aregistered trademark of Bently Nevada
Corporation.

If your instrumentation does not properly
trigger using default settings, you may be able
to adjust the trigger voltage level. In the figure
above, a trigger setpoint of -2.0 to -3.0 Vdc
would work nicely. Your goal is to set the
voltage so the instrument sees that voltage
level and corresponding slope (+ or -) only
once per revolution.

If reliable triggering cannot be established,
a signal conditioner such as Bently Nevada’s
TK-15 Keyphasor Conditioner can be used to
modify the signal. It can simultaneously ‘clip’
the top and bottom portions by applying bias
voltages, thus removing any ripple / overshoot
from the pulse, and producing a more TTL-
like pulse.
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