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Learn About Vibration

Volume 2: Advanced Vibration Analysis

As a licensed BC distributor for DLI Engineering Inc. for several years in the past VIBES Corp is pleased to share
some of the knowledge that was part of our upgrading courses.

VIBES Corp uses DLI Engineering vibration data collectors and software to solve vibration problems in our
everyday service work.

This article contains sections of the Training Manual titled:
VIBRATION and the SPECTRUM and also a
VIBRATION Reference Guide

The following information is meant for sharing knowledge in the science and technology to help the reader
understan d advanced vibration analysis technology and the reports submitted by any vibration specialists.

Presented by: Garrett Sandwell, MET, CVA
VIBES Corp President / GM

January 2011
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Introduction to VIBES Corp

Why work with us?

VIBES Corp's reputation was built and established on thousands of promises fulfilled over 30 years in business
across Canada. Superior quality service, sales and training courses provided on the intelligent specialist level

has been the standard and always will be since our vibration and balancing business was formed in Calgary, AB,
in 1982. In the final real -time analysis VIBES Corp will deliver more value and peace of mind.

What do we do?

Factory trained and specialists on the following air movement fans, pressure blowers & motors:

FlaktWoods Varofoils & Aerofoils, Sheldons Axico, Aerovent, Novenco, New York Blower, Chicago Blower,
Canadian/Buffalo Blower, CML Northern Blower, Joy Axivane, Twin City, Alphair, Allied Blower, Markhot
Varivane, Loren Cook, BAC, Evapco , Marley, Hudson, Hoffman, Spencer, Baldor, Reliance, Trane, Carrier,
Eng.Air, Haakon, Tri -Metal, Pace, WEG, Leeson, GEC, GE, Emerson, Westinghouse, Toshiba, Siemens, Delhi
Penn, Acme, and most other types of rotating machinery

What do we sell?

9 factory replacement fans and motors - most types

9 vibration measurement, protection & isolation products

1 portable and shop gantry cranes

9 specialty and synthetic bearing greases

1 hand held technical instruments & tools

9 specialty seals

1 FLUXDRIVE Adjustable Speed Drives - Sheaves & Couplings
The machinery under our professional PdM programs = ACCU -GUARD PdM Programs (TM) are treated as if our
own. We use proven technologies and methodologies along with our multi -technical and electro  -mechanical

(VIV, VPM, CPM, VFD , EIBD, etc.) training, skills, and experiences for total overall analysis and evaluations.
When the total analyzed facts about a machine, motor or engine are known we formulate a true condition report
and recommend the best possible solutions. We work wit h clients to organize necessary actions in order of
urgency or budgets.

Where do we work?

Our service area is mainly Southern BC mainland and the Vancouver Island. As requested we can service other
areas in Western Canada. Sales territories are Canada and USA depending on the products.
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Who have we worked with?

VIBES Corp service capabilities have been used and accepted by high -ranking officials in:
9 other service companies 9 agricultural
1 manufacturing and processing T mining
1 engineering firms  skihills
9 universities f  marine
9 colleges 9 aircraft
1 hospitals T lumber
1 government agencies 9 pulp and paper
1 oiland gas 9 research and development
9 transportation and construction 9 test equipment and military from Ontario to British
1 commercial towers Columbia

We take due diligence to the highest level on all projects regardless of size or budget.

Do we offer training?

Yes. In the sales department VIBES Corp represents and offers training courses in technologies and quality

products that we use, are industry -trusted and relate to improved machinery, engine, electric motors health and
performance, energy savings and preve ntative maintenance. Examples:

9 Vibration Monitoring & Trending 9 Bearing Maintenance & Precision Installation

f Laser Shaft Alignment f  Accu-Guard PdM Program (™

1 Fan & Motor Maintenance Training 1 Dynamic Balancing Agricultural Machinery ON -SITE
Learn more
You can download all catalogues and educational articles from our home page at www.vibescorp.ca . Here are
three recent articles:

1 Learn About Vibration, Volume 1: Basic Underst anding of Machinery Vibration at www.vibescorp.ca/lavl

I Electrically Induced Bearing Damage ("EIBD") / Shaft Currents at www.vibescorp.ca/eibd

{ Failure Prevention of Variable Pitch in Motion Axial Fans at http://www.vibescorp.ca/af
Please review our full range of services, sales and training courses information on our website at
www.vibescorp.ca . Wedd be please to provide additional detailed proj
Contact us
We look forward to your calls or emails at all times and offer 24/7 emergency service.

Yours in Serious Service ,
Garrett Sandwell,  MET, CvA
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Vibration and the Spectrum

Objectives of this section

1. Understand simple harmonic motion and time domain representation of a sine wave.
2. Understand the relationship of vibration unit: amplitude (disp, veloc, accel, linear, log, VdB),
Frequency (cpm, Hz, orders).
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Simple Vibration

An example of simple vibration is a weight suspended on a spring as in Figure 1 below. If the weight is displaced
downward from the point of rest of A and released, it will vibrate vertically through a distance of 2A. If we were to
ignore losses due to friction the weight would continue vibrating definitely. This is called Simple Harmonic Motion,
often abbreviated SHM. A plot of the movement of the weight versus time would be a sine wave. Because simple
harmonic motion can be plotted with a sine wave, it is also know as sinusoidal motion.

A = Amplitude or “How much does it move”.

T = The time of one complete cycle or “How long does it take”.

Sine Wave Relationships

Pk= Peak Amplitude. The amplitude from zero reference to the positive or
negative maximum, or top or bottom dead center.
Pk-Pk = 2xPk. Peak to Peak Amplitude. The amplitude from the positive or

negative maximum. This value would be equal to the total indicated
runout (TIR) of a dial indicator on an eccentric rotating shaft.

RMS = 0.707 Pk. The Root Mean Square Amplitude. Equal to the square root
of the sum of squares for all the amplitude values of the sine wave in
one cycle.

Peak
RMS N\
Average

Peak-to-Peak
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Vibration Units

So far, we have been looking at displacement of a vibrating object as a measure of its vibration amplitude. The
displacement is simply the distance from a reference position, or equilibrium point. Displacement is defined as the
actual distance the vibration causes a part to move, and is measured in thousands of an inch (mils) or millimeters
(mm). By popular convention, displacement measurements are made in peak-to-peak units (p-p). In addition to
varying displacement, a vibration object will experience a varying velocity and a varying acceleration. Velocity is
defined as the rate of change of displacement and is usually measured in units of inches per second (ips).
Acceleration is defined as the rate of change of velocity, and is usually measured in units of G, or the average
acceleration due to gravity at the earth’s surface.

The displacement of a body undergoing simple harmonic motion is a sine wave as we have seen. It also turns out
(and is easily proved mathematically), that the velocity of the motion is sinusoidal. When displacement is at a
maximum, the velocity will be zero because that is the position at which its direction of motion reverses. When the
displacement is zero (the equilibrium point), the velocity will be at a maximum. This means that the phase of
velocity wave form will be displaced to the left by 90 degrees compared to the displacement wave form. In other
words, the velocity is said to lead the displacement by a 90 degree phase angle.

Remembering that acceleration is the rate of change of velocity, it can be shown that the acceleration wave form of
an object undergoing simple harmonic motion is also sinusoidal, and also that when the velocity is at a maximum,
the acceleration is zero. In other words, the velocity is not changing at this instant. Then, when the velocity is zero,
the acceleration is at a maximum — the velocity is changing the fastest at this instant. The sine curve of acceleration
versus time is thus seen to be 90 degrees phase shifted to the left of the velocity curve, and therefore acceleration
leads velocity by 90 degrees.

These relationships are shown here:

Displacement

Each one is phase
shifited by 90 degrees!

Velocity \ /- -\ o
in/sec peak \ / \

Acceleration

mils p-p

Gs rms

Amplitude Units

Note here that acceleration is 180 degrees out of phase with displacement. This means the acceleration of a
vibration object is always in the opposite direction to displacement.
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Displacement, Velocity, and Acceleration

A vibration signal plotted as displacement vs. frequency can be converted into a plot of velocity vs. frequency by a
process called differentiation. Differentiation is a mathematical process, which converts a displacement signature
to a velocity signature, or a velocity signature to an acceleration signature.

From these considerations, it can be seen that the same vibration data plotted in displacement, velocity, and
acceleration will have very different appearances. The displacement curve will greatly emphasize the lowest
frequencies, and the acceleration curve will greatly emphasize the highest frequencies at the expense of the lowest
ones.

Displacement

6 8
CPM x 1000

A
10 12

E . 8
CPM x 1000
Acceleration

L

8 10 12

6
CPM x 1000
The three curves above display the same information, but the emphasis is changed. Note that the displacement
curve is difficult to read at higher frequencies, and acceleration has enhanced higher frequency levels. The
velocity curve is the most uniform in level over frequency. This is typical of most rotating machinery, but in some
cases the displacement or acceleration curves will be most uniform. It is a good idea to select the units so the

flattest curve is obtained — this provides the most visual information to the observer. Velocity is the most
commonly used vibration parameter for machine diagnostic work.
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Complex Vibration

In real machines, there is usually more than one source of vibration. For example, there may be one source of
vibration from a gear mesh and another from a gear bearing. To illustrate this, let's take another look at the spring
system described earlier.

If two different weights are suspended side by side from two different springs, there will be two separate sinusoidal
vibratory inputs to the system. Two separate forces will act on the bar supporting the springs. The frequency and
amplitude of the two forces will be different and will add together at the support. If an accelerometer is attached to
the support, the resulting vibration signal that results from the input of the separate sinusoidal vibrations will be a
complex cyclic wave. However, even though the wave from the accelerometer signal does not look like a sine wave,
it can be broken down into two pure sine wave components.

Vibration generated by a typical machine would appear as a number of individual springs or forces. A time
domain plot of a typical machine is illustrated below.

Time Domain and Frequency Domain

Before we look at specific machine faults, it will be helpful to understand the relationship between vibration data
displayed in the time domain and the same data displayed in the frequency domain. To help you understand why
machine faults appear as they do on the frequency domain graphs, we will study an idealized example of mechanical
motion.

The following illustration compares the same information presented in the time domain and the frequency domain.
The time domain representation is called the wave form, and the frequency domain graph is called the spectrum. A
simple mass suspended from a spring will vibrate with a smooth up and down pattern that we call “simple harmonic
motion”. The shape of the graph of the instantaneous position of the mass vs. time is called a sine wave, and this is
the same sine wave you may remember from your high school mathematics courses.

The complete characteristics of the motion of the mass can very easily be seen from either of the two presentations.
The wave form shows repetitions of the same curve shape, and the time it takes for one repetition of the wave form is
called the period of the wave. Any wave form which repeats the same shape over and over is called a periodic wave
form. The number of these repetitions that occur in one second gives us the frequency of the motion. The excursion
of the graph up and down from the zero position represents the amplitude of the motion. These two components,
amplitude and frequency, can be more easily seen from the spectrum; The frequency is represented by the position
along the horizontal axis, and the amplitude is simply equal to the maximum height of the peak.
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The complex vibration from our two oscillating weights would be represented in the frequency domain by two .
separate vertical lines equal in height to the amplitude of each sine wave component that made up the complex

wave. The amplitude lines of the sine waves would each be located on the X-axis, which would correspond to the

frequency of each sine wave. Similarly, the height of each line would indicate the amplitudes of the sine waves.

Time domain and Frequency domain display of the same data

Unfortunately the vibration data that you collect on your machinery will not produce such simple wave forms as in

the previous example. They will produce complex signals that look something like the following illustration.

Vibration Wave Form

Ld
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The wave form shown above contains all the information about the vibration of the machine at the point where it was

measured, but the individual patterns of vibration caused by different effects in the machine are all overlapped and

jumbled together. By examining this wave form, it would be very difficult, if not impossible, to separate all the

individual motions of the machine that are represented.

To clarify and simplify the data representation, we perform a frequency analysis of this vibration signal, and the

result is the vibration spectrum, as shown next:

Al —>

Vibration Wave Form

Vibration Spectrum

M

Isrequency

Note that the spectrum generated from this wave form looks much simpler than the wave form, and there are discrete
peaks present. These peaks are at specific frequencies that represent phenomena that are going on in the machine.
Most of the discipline of machine diagnostics is involved with matching up the peaks in the spectrum with events
that exist in the machine. That is the topic we will investigate in the next section.
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Although the spectrum is almost always a very simple and clear way to present vibration data, there are some
instances where it is actually too simple, and the wave form is sometimes able to give us more information about the
machine. Wave form analysis is a more advanced topic, and we will not go into it now, but you should be aware that it
exists and can be of great benefit, especially with very slow-moving machines and in diagnosing cavitation in pumps,
to name two applications.

Frequency Analysis

To get around the limitations in the analysis of the wave form itself, the common practice is to perform frequency
analysis, also called spectrum analysis, on the vibration signal. The time domain graph is called a wave form, and the
frequency domain graph is called the spectrum. Spectrum analysis is equivalent to transforming the information in the
signal from the time domain into the frequency domain. The following relationships hold between time and
frequency:

1 __
Time

M —

Tims = Frequency

Frequency =

Why perform Frequency Analysis?

In the time domain wave form, individual frequency components are difficult to extract, and are not easily identifiable.
The vibration wave form contains a great deal of information which is not apparent to the eye. Some of the
information is in very low-level components whose magnitude may be less than the width of the line of the wave form
plot. Nevertheless, such very low-level components may be important if they indicate a developing problem such as a
bearing fault. The essence of predictive maintenance is the early detection of incipient faults, so we must be sensitive
to very small values of vibration signals, as we will see shortly.

On the other hand, there are circumstances where wave form provides more information to the analyst than does the
spectrum.

Basic rules in performing Frequency Analysis

Following are some wave forms and spectra which illustrate some important characteristics of frequency analysis.
While these are idealized, they do show certain attributes which are commonly seen in machine vibration spectra.

Rule #1 for Frequency Analysis

ANAANNANNA
TRTATATAVAVAVATRY

A sine wave consists of a single frequency only, and its spectrum is a single point. Theoretically, a sine wave
exists over an infinite time and never changes. The mathematical transform which converts the time domain wave
form into the frequency domain is called the Fourier transform, and it compresses all the information in the sine wave
over infinite time into one point.
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A periodic signal produces harmonics.

Rule #3 for Frequéncy Analysi

N\

An impulse produces a continuous spectrum. Note that the spectrum above is continuous rather than
discrete. In other words, the energy in the spectrum is spread out continuously over a range of frequencies
rather than being concentrated only at specific frequencies. This is a characteristic of non-deterministic signals
such as random noise and transients.

Rule #3.5 for Frequency Analysis

"Accurate Analysis, Diagnostic Evaluations, Corrections on All Types of Machinery"
Vibrations, Noise, Dynamic Balance, Performance, Laser Shaft & Drive Alignment, Electro-Mechanical Repairs
ACCU-GUARD PdM ProgramE Monitoring Contracts, DUE DI LI GE
Agents / Specialists: Industrial & Commercial Fans, Rotors, Blowers, Cooling Towers, Motors, Magnetic (ASD) Drives.

24/ 7 SERVICES A S®A0PRSES TRAI NI N

© 201 2 VIBES Corp Page 11



‘ I VIBES Corp.“" Est. 1967
WBE’S Vibration Industrial Balancing & Equipment Services, Corporation
’ s 720 - 999 W. Broadway, Vancouver, BC V5Z 1K5

h ' ulm )

www.vibescorp.ca email: info@vibescorp.ca

’hl.- .|l||’ ™

SERIOUS SERVICE Phone: 604-681-9444 Cell: 604-619-9381 Fax: 604-738-4080

Rule #4 for Frequency Analysi

Amplitude Modulation produces Sidebands. Notice that the frequency of the wave form seems to be constant
and that it is fluctuating up and down in level at a constant rate. The spectrum has a peak at the frequency of the
carrier, and two more components on each side. These extra components are sidebands. You will see that there
are only two sidebands here compared to the great number produced by frequency modulation. This type of signal
is often produced by defective bearings and gears, and can be easily identified by the sidebands in the spectrum.

Rule #4.5 for Frequency Analysis

ANV\/\ /\/\AA

Frequency Modulation produces sidebands. Frequency modulation is the varying in frequency of one signal by the
influence of another signal, usually of lower frequency. In the spectrum shown above, the largest component is the
carrier, and the other components, which look like harmonics, are the sidebands. The sidebands are symmetrically
located on either side of the carrier, and their spacing is equal to the modulating frequency. Frequency modulation
occurs in machine vibration spectra, especially in gearboxes where gear mesh frequency is modulated by the rpm of
the gear.

Modulation Summary

Modulation is a non-linear effect in which several signals interact with one another to produce new signals with
frequencies not present in the original signals. The modulated signal is called the carrier and the carrier is usually
higher in frequency than the modulated signal. In rotating machinery there are many fault mechanisms which can
cause amplitude and frequency modulation, and vibration analysis can expose the sidebands, or can perform
demodulation to detect the faults.
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