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Chapter 1
Principles of Vibration

Objective: Describe the relationship between the waveform and spectrum and
how the waveform is generated from a machine’s movement.

This Chapter presents the following topics:

e  Simple harmonic motion

e  Amplitude: Peak, peak-to-peak, and RMS
e Period and Frequency

e AnIntroduction to phase

e Displacement, velocity, and acceleration
e Units and unit conversions

e  Overall level readings and crest factor

e Complex vibration

e The FFT and the spectrum

e  Orders and forcing frequencies
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PAGE 1-2 CHAPTER 1 - PRINCIPLES OF VIBRATION

Introducing Vibration

A thorough understanding of the basics is required in order to become an expert in the field of
vibration. A person needs to know:

e how to make a measurement

e what you are measuring

e what the signals look like

e how tointerpret the final data graphically

This first section presents a brief overview of the vibration analysis process. It presents the
basics of vibration including the sources of vibration. The terms Waveform and Spectrum are
introduced along with terms used to describe it such as Frequency and other units. The goal is
to become comfortable with the waveform and spectrum.

The actual measurement, signal processing, and detail diagnostic issues are covered in other
modules.

What is Vibration?

Rotating machines such as fans, pumps, motors, and turbines vibrate when they are operating.
The vibration can be listened to and mechanical problems or faults can often be heard. But that
is only part of the story. Using special sensors and monitoring electronics, the vibration
provides an early warning of a wide range of fault conditions: damaged bearings, misaligned
components, out-of-balance rotors, loose foundations, and many, many other conditions. The
vibration changes as the condition changes.

The forces within the machine cause vibration which is transferred to the bearings. The forces
are the result of rotational and frictional forces. When vibration is measured at the bearing of a
machine, it is actually the response of the bearing housing to the forces generated inside the
machine.

Getting started with the basics of vibration

If you want to become an expert vibration analyst, you need to start with the basics. You need
to know how to make the measurement, you need to know what you are measuring, you need
to know what the signals look like, and you need to know how to interpret the final data
graphically. Let's start that journey of discovery right now!

In this module we will focus on the fundamentals of vibration. You will [earn about the time
waveform, the vibration spectrum and the RMS overall reading. You will learn how to
characterize vibration amplitudes and frequencies in various units and will see you they relate
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to one another. You will also learn a bit about phase and how it is used to relate one signal to
another. The goal of this section is to make you comfortable with the basic characteristics of
vibration, whether it is coming from a machine or a guitar string, and to teach you the
terminology that describes vibration. Vibration measurement, signal processing, and machine
fault detection are covered in other modules.

Introducing amplitude

The height of the vibration waveform is the “amplitude” and the amplitude is related to the
severity of the vibration. When we looked at the case of the mass and the spring we said that
the amplitude of the vibration was the same as how far up and down the spring moved. This is
called its “displacement.” We will see later that we can also talk about how fast the mass moves
as it is going up and down (“velocity””) or we can talk about how much is accelerates as it moves
up and down (“acceleration”)

Amplitud
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Figure 1-1 The amplitude of a sine wave
Describing vibration data

Now we will look at vibration amplitude a little more closely and we will define the important
terms: RMS (Root Mean Square), Average, Peak and Peak to Peak and how these can be used
to describe vibration amplitude in more detail.
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Pelk-to-Peak

Average
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Figure 1-2 Understanding vibration amplitude

Peak and Peak to Peak amplitudes

If we consider the mass on the spring we can think about the total distance it travels all the way
from the bottom to all the way at the top. This total distance is called the peak-to-peak
amplitude of its vibration. This is often abbreviated “pk-pk.” Looking at the figure above you
can see this labeled on the waveform and it corresponds to the distance from the bottom most
point on the waveform to the top most point.

The next term to define is its “Peak” amplitude. Here we are talking about the furthest
distance the mass moves from its point of rest or zero on the graph. From its point of rest, how
far did it move upwards or how far did it move downwards? In the case of this particular mass
and spring and in the case of “simple harmonic motion” the distance it moves up is equal to the
distance it moves down so we can choose either. Itis also true in this case that the Peak
amplitude (abbreviated “pk” or “o-pk”) is equal to half the pk-pk amplitude. This will NOT be
true in most cases of vibration and therefore we must understand that the peak is defined as
the farthest movement from “0” in either direction up or down and the pk-pk is defined as the
total movement from the lowest point to the highest point. As an example, if the mass moved
down “3” and up “2” then the peak value would be “3” and the peak to peak would be “5.”

RMS amplitude

RMS stands for “Root Mean Square” and in a general sense it describes the average amount of
energy contained in the waveform (or in the vibration). Consider the mass on the spring
bouncing up and down hour after hour and day after day, we may want to know over this span
of time what was its highest movement away from zero (pk amplitude) or we may want to
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know how far it traveled at any time from the very top to the very bottom (pk-pk). These are
both valid pieces of information to want to have.

Now let’s look at it a different way. Imagine that the spring and mass is the electricity coming
out of your wall outlet - this electricity is also a wave and very close to a sine wave in fact! Now
consider you want to power your computer with this electricity — do you care so much that it
varied in level a tiny bit during one cycle or another - or — are you more concerned about how
much energy on average is coming out of the wall? If you chose the second option then what
you want to measure is RMS.

& Maobius 2009 wears_mobiusinstitete com

Figure 1-3 RMS and Peak amplitude of a sine wave

rMS = LK _ 6 707xPeak 0707 = —
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Figure 1-4 Calculating RMS for a sine wave

In a sine wave and only in a sine wave, the RMS amplitude is equal to 0.707 times the peak
amplitude as per the formula above. Later we will see how to calculate the RMS amplitudes of
other waveforms. For now, here is an example of how to calculate the pk, pk-pk and RMS
values for a pure sine wave.
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RMS = 7.07 PK-Pk = 20
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Figure 1-5 Example calculations of pk, pk-pk and RMS for a sine wave

In Figure 1-5, the amplitude of the graph is labeled 10 to -10. To calculate the pk amplitude we
look for the greatest distance up or down from zero. In this case (because it is a sine wave) the
distance is the same whether we go up or down and thus the peak value is 10. The pk - pk value
is twice the pk value or we can measure from all the way at the bottom (-10) to all the way up
top (10) and we will see that the total amount of movement is 20. Thus the pk-pk amplitude is
20. Now, because this is a sine wave, we can calculate the RMS value by multiplying the pk
value (10) by 0.707. This gives us an RMS value of 7.07.

We will see later that the RMS amplitude is a measure that is often trended in unsophisticated
vibration monitoring programs. Because the RMS value relates to the average amount of
energy contained in the waveform, the idea is that if the RMS value goes up it means the
machine is vibrating more and may have a problem. What you will learn in this course is that
there are many reasons for the vibration to increase that are not related to mechanical
problems and other cases where mechanical problems may not cause the RMS value to
increase.

Before we move on to the next section; a quick reminder: The RMS value is only equal to 0.707
x pk for a pure sine wave. Most real life vibration is not in the form of a sine wave.

Period and frequency

The Basics — The time waveform is the electrical signal from the sensor. It is a trace of the
voltage changes as the instantaneous vibration changes from moment to moment. This voltage
is graphed versus time; hence the name time waveform. The waveform provides a view into
exactly how something (like the mass on the spring) is moving or vibrating over time.

The Fan below has a coin attached to one blade to cause it to be unbalanced.
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On the fan, a coin is attached to a fan blade to cause it to be out of balance. The added weight
of the coin generates centrifugal force as the fan spins. The centrifugal force actually pulls on
the fan, forcing it to rotate off center, causing vibration. The centrifugal force due to the coin
affects the fan blade, the shaft, and is transferred to the bearings holding the shaft.

Imagine that the fan makes five complete revolutions every second. So as the shaft turnsa
strong pulsating vibration is felt at the bearings.

Time
Figure 1-6 Fan with sensor mounted and resulting time waveform

The pulsation of the vibration coincides with the turning of the shaft. In fact, we get one
pulsation per rotation. If a sensor is placed on the bearing, and just one second of vibration is
looked at, we would see 5 pulsations or cycles in the waveform (because it rotates 5 times per
second).

One second of time

Figure 1-7 A trace of the vibration over 1 second.

As the fan turns, the coin rotates with it changing the location of the unbalance it creates.

© 1999-2013 Mobius Institute — All rights reserved www.mobiusinstitute.com

Produced by SUMICO Technologies



PAGE 1-8 CHAPTER 1 - PRINCIPLES OF VIBRATION

Several snapshots are captured showing the position of the coin relative to the waveform. See
Figure 1-8.

When the coin is at the top position, the waveform is also at its most upward point of travel.

Figure 1-8 The position of the coin is shown relative to the waveform trace.
Notice also that the trough of the waveform occurs when the coin is at its most bottom

position. The waveform generated by the unbalance is called a “sine wave.”

This sine wave looks the same as if generated by a sensor and an analyzer.
Introducing “frequency”

We have already discussed the amplitude of vibration. It is now necessary to explain another
important attribute of vibration namely: “frequency.”

Frequency describes how often an event occurs in a defined period of time.

We are all familiar with the concept of frequency in other contexts. For example, how many
bus departures there are per day from the bus station; how many times per day we should take
our medicine; how many times per week we call our mothers etc. These are all examples of
frequency.

In the vibration world, the “defined period of time” is typically either a second or a minute.
When we talk about cycles per second, we use the terms “Hertz” and when we talk about
cycles per minute we use the term “CPM”.

The fan in the previous example was completing five complete rotations per second, or 5 hertz
(5Hz).
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If the fan completes 5 revolutions every second, then it is completing 300 revolutions every
minute. (5 revolutions per second X 60 seconds.) It could be said then that the fan is
completing at 300 revolutions per minute (300 RPM.) or 300 cycles per minute (300 CPM) in this
case the two are interchangeable. Here are the formulas:

Hertz = Hz = Cycles per second = CPS
RPM = Revolutions per minute

CPM = Cycles per minute

CPM = RPM = Hz x 60

One second of time
Figure 1-9

The fan rotates five times per second.
Therefore there are 5 cycles per second.
The frequency must be 5 CPS or 5 Hz.
Fan speed = 5 Hz or 300 RPM

CPM and RPM

CPM and RPM are often used interchangeably. CPM is the more general term because it can be
used to describe things that are not “rotating” for example my heart might beat at 100 beats
per minute and | could say my heart rate is then 100 CPM. It would not sound correct to say
that my heart is 100 RPM (rotations per minute) because it is not rotating!

You may also occasionally hear “CPS” or cycles per second in place of Hertz (Hz) but Hertz is
the more common term. Both terms are identical and acceptable however.
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Introducing the “period”

Another important term is “period.” The period is the amount of time required to complete
one cycle. In the example of the mass on the spring, the period would be equal to the amount
of time it takes the mass to move all the way from the bottom to the top and back to the
bottom again (one complete cycle). The period can be measured in the waveform or it can be
calculated from the frequency and vice versa. The formulas below show the relationship
between the period and the frequency.

Period (seconds) = 1/ Frequency (Hz)

The Period is measured in units of time: seconds or milliseconds.
1 millisecond = 1 thousandth of a second.

1ms =0.001 seconds

Calculating the Period from the Frequency : Going back to the recent example of the fan
turning at 5 Hz or 5 cycles per second, we can ask: How long does it take to complete 1 cycle -
or — what is its “period” in seconds? The formula is 1/ F Hz = Period (in seconds). Thus 1 /5 Hz =
0.2 seconds. So the period is 0.2 seconds.

Calculating the Frequency from the Period: Referring to the formulas again, the F Hz = 1/Period
(in seconds). In this example the Period will be measured from the waveform.

Period = 1/Freauency

Figure 1-10 The period for one cycle is .2 seconds
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The waveform in Figure 1-10 is one second long. Measuring the time for one cycle (using the
bottom of the troughs as a guide,) the cycle goes from 0.15 seconds to 0.35 seconds for a
duration or period of 0.2 seconds.

The value for the frequency can be calculated since we know the Period is 0.2 seconds. The
Frequency (Hz) is 1/Period (seconds) or in this case 1/ 0.2 =5 Hz. (5 cycles per second)

The period is an important concept, as are the formulas from converting between period and
frequency, because sometimes we know how long it takes for an event to occur (period) and
we want to know the rate at which it occurs (its frequency) other times we will know the
frequency of some event and we will want to know how long it takes for the even to occur
once. Therefore we will often convert between period and frequency.

Increase the frequency

What would the waveform look like if the fan speed were doubled? There are twice as many
cycles during a second due to the doubled fan speed. There are 10 pulses in one second, or 10
complete cycles in the second.

T T T
m h & k= O =

.
™

Period = 0.1 seconds

Figure 1-11 Doubling the fan speed doubles the number of cycles in one second.

The frequency now is 10 Hz (10 cycles per second) or 600 CPM (600 cycles per minute.) The fan
speed is 600 RPM.

The Period is now 0.1 seconds (1+10Hz = 0.1)

So as fan speed increases, the frequency increases, but the period decreases. Here is another
example:
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0.25 seconds
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Figure 1-12 Period and frequency example.

The period is 0.25 seconds. The frequency in Hz is equal to 1/ Period in seconds or 1/ 0.25=4 Hz.
In this example, what is the frequency in CPM?

Hz x 60 = CPM
4 Hz x 60 =240 CPM

Displacement, velocity and acceleration

When vibration amplitudes are discussed, the units must be quoted.

Amplitude can be measured in different ways, using different sensors. It can also be displayed in
different ways, in other words we can switch units or convert from one unit to another.

If you consider the mass bouncing up and down on the spring; the simplest form of vibration,
we can talk about its movement in three different ways.

Displacement: This describes the distance traveled by the mass, how far up and down it is
moving. In the case of the vibrating shaft it is how far in and out it moves. For a child on a
swing it is how high they are swinging...

Velocity: This describes how fast the mass is moving at any point, or how quickly it is covering
distance. Velocity is the rate of change of displacement - how many miles one covers in an hour
for example.

Acceleration: Acceleration is the rate of change of velocity. It describes how quickly the mass is
speeding up or slowing down.
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The various measurements could be compared to measurements made of a sports car running a
slalom course, racing back and forth around the pylons. Imagine that in a large parking lot, two
rows of pylons are lined up parallel to each other. A sports car starts at one row and races to
the other making a U-turn around a pylon and races back to the first row. The car goes around
a pylon there and races back to the 2™ row of pylons again. The car continues this pattern to
the end of the rows of pylons.

Figure 1-13

There are at least 3 measurements that could be calculated on the sports car’s slalom course.
They are speed, the distance back and forth, and acceleration.

e Speed: Thisis describes how fast the caris moving at any instance. What is the position
of the car when it is moving at its fastest speed? When it reaches the cones on either
end it stops and switches directions, so its speed is zero. The maximum speed must
therefore occur at the midpoint between the cones.

e Distance back and forth: This is not the total miles logged onto an odometer, but
distance the car went back and forth from one side to the other. In other words the
distance between the rows of pylons plus the turnaround space. It is how far the car
travels before it has to stop and switch directions.

e Acceleration: When is the car experiencing the greatest acceleration? As it approaches
a pylon it uses the brakes to slow down and stop, then it presses the gas to speed up in
the opposite direction.

The path the sports car was traveling resembles the waveform trace from the unbalance
condition of the fan. Vibration is measured in similar ways and similar units, but with different
names.
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Figure 114 the path the car traveled resembles the vibration waveform of the fan's unbalance.

Speed is not measured in Miles or Kilometers per hour. It is measured in inches per second
(in./sec., or IPS) or millimeters per second (mm/sec.) And it is not called speed but Velocity.

Distance is not measured in Miles or Kilometers, but mils or microns. And it is not called
Distance, but Displacement.

The figure above describes the points of maximum displacement, velocity and acceleration.
You may wish to consider the mass on the spring again; its total movement from top to bottom
is its maximum displacement. When it reaches the top or the bottom, it is not moving, so its
maximum velocity must occur when it is in the middle. At the top and bottom it needs to stop,
change directions and speed up, so the end points are the location of maximum acceleration.

Looking at the figure more closely, what is the phase difference between two points of
maximum displacement, velocity and acceleration? Notice they are 9o degrees apart from each
other. This is an important point to remember. The units we choose will have an effect on our
phase readings!
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Maximum velocity
Leads displacement by 90°

Figure 1-15 Acceleration leads velocity which leads displacement by 90 degrees

A simple way to remember the phase relationships between displacement, velocity and
acceleration is this: Consider you are in an automobile. First you press the gas (acceleration)
then you speed up (velocity) and then you move some distance (displacement). In vibration
terms, we can say that acceleration Leads velocity by 90 degrees and velocity Leads
displacement by 90 degrees. We could also say that displacement Lags velocity by 9o degrees
and velocity Lags acceleration by 9o degrees.

Here is a practical example to explain why this is important. Let’s say you collect vibration and
absolute phase readings, using an accelerometer and a tachometer as a reference, on two
motor bearings in the vertical direction. The units of vibration are in acceleration and the phase
readings are 90 and 150, so we could say that the phase difference between the bearings is 150
- 90 = 60 degrees. Now, let’s say the analyst converts the first measurement to units of velocity
(we will see later that this is a common thing to do), this will change the phase reading at that
bearing by 90 degrees. Velocity lags acceleration so the phase reading will now be 0 degrees at
that bearing. If the analyst forgets to convert the second bearing to velocity and simply
compares the phase readings at this point, he will think that the phase difference is 150 - 0 =150
degrees! This can lead him to an incorrect diagnosis.

Vibration units

Now we will take a closer look at the units of vibration and how they compare to each other.
Later we will see that we can view vibration data in either of the three units, acceleration,
displacement and velocity by converting from one unit to another. We will also see that we can
measure these quantities directly using different types of sensors.

The sensor we use and the way we display the data will depend on the application. Itis
important that we understand these concepts so that we can choose the correct sensor and
display units for our application.
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Amplitude units: Displacement

Displacement describes the movement of an object in terms of distance. In rotating machinery,
proximity probes measure the distance between the sensor and the shaft.

Figure 116

Typical units are:

e  Metric: micron pk-pk
e Imperial:  mils pk-pk

1 Micron = 1 um = 1000th of a mm = 0.04 mils
1 Mil = 1000th of an inch = 25.4 microns

Notice that the waveform is measured peak-to-peak or Pk-Pk. In other words it measures the
total distance the shaft travels.

Here are some important characteristics of displacement:

e Atlow frequencies displacement can be high (acceleration will be low).

e At high frequencies displacement will be low (acceleration will be high).

e Because displacement is more sensitive at lower frequencies it is typically the unit of
choice for low speed machines (below 600 RPM.) or when you are interested in
measuring low frequencies.

e Displacement is typically measured with proximity probes. These sensors are typically
installed in machines with journal or sleeve bearings such as turbines and turbo
compressors.

e Units of displacement are commonly used when performing balancing.
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Figure 1-17

Displacement is proportional to stress. Strain is the fractional deformation produced in a body
when it is subjected to a set of deforming forces. Strain produced in a body is directly
proportional to stress.

To understand this concept, consider a piece of metal like a paper clip being stretched or pulled
apart. As you stretch it, it will begin to get longer, and thinner and weaker until it breaks. This is
how a material fails when it is subject to stress and strain.

The grid in Figure 1-18 shows the relative location of the shaft to the sensor above. Note that
this is a Displacement waveform.

0l1/0'ff Speed .
1 Level .

Displacement

Figure 118 The maximum displacement in the positive direction is when the shaft is furthest from the
sensor... Greatest Displacement

The highest amplitude occurs when the shaft is the greatest distance from the sensor. Thenitis
at the maximum displacement. In this case, since the sensor is on top, the maximum positive
displacement occurs when the shaft is in the most downward position.
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Amplitude units: Velocity

Velocity is a very common vibration unit. Technically, it is the rate of change of displacement.

Figure 1-19 Velocity is a good unit of measure for most plant equipment.

Typical units are:

e  Metric: mm/sec RMS
e Imperial:  in/sec pk (or IPS pk)

1mm = 0.04 inch
1inch = 25.4 mm

In general velocity is a good measure of vibration across most machine speeds and frequencies
of interest. For this reason, it is the most commonly used measure of vibration for general
rotating machinery with rolling element bearings.

Velocity is best used to measure frequencies between 2 and 2,000 Hz (120 - 120,000 CPM)

Velocity is proportional to fatigue. Strain results from displacement and strain-cycles result in
fatigue. To understand this concept, consider a paper clip. If you bend the paper clip slowly
(low velocity) back and forth, it will not break, but if you bend it back and forth quickly (high
velocity), it will break due to fatigue.

Note that Velocity is a measure of severity. When machines, machine components or structures
such as piping or foundations are subject to high levels of vibration (measured in velocity), they
are subject to fatigue and can be damaged by the vibration.

Earlier in this section it was pointed out that there are really three distinct waveforms, one for
each of the amplitude units. Each one displays the maximum amplitude in its units as the top of
the waveform. To demonstrate, the Displacement waveform will be used again.
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The waveform in Figure 1-20 is the Displacement waveform from the fan with an unbalance
condition. Recall that the Displacement is the distance measured from the bottom of the
trough to the top of the curve or peak. Notice that the shape is the same shape as the path of
the sports car on the slalom course. (Figure 1-13) The distance the car went back and forth was
measured the same way.

The maximum speed of the car was achieved at the midpoint of the straightaway. The same is
true for the vibration. From the bottom of the trough, the shaft of the machine increases speed
toward the top or peak of the waveform. It reaches maximum speed at the midpoint and then
slows the forward travel until it stops and begins returning the opposite direction.

-1
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Figure 1-20 The displacement waveform. The maximum speed is at the midpoint.

The important concept to notice is that the point of the maximum speed in the positive
direction is not directly in line vertically with the peak of the Displacement waveform, but to the
left of it. If the graph were redrawn with this point at the top (normalized to velocity), the new
peak would be offset from the peak representing the Displacement of vibration. The new
Velocity peak will be to the left of the displacement peak. See Figure 1-21. Because the x axis of
the graph is Time and the earliest time is on left, the velocity waveform is earlier than the
displacement waveform. It is said that velocity leads displacement. Velocity reaches its
maximum amplitude before displacement reaches its maximum amplitude.

Figure 1-21 shows the shaft’s relative position to the sensor as being half way between the
minimum and maximum distance (displacement) from the sensor. Although the shaft is
rotating, the vibration sensor sees it as moving closer or further away. It is at this mid-point
that the shaft is moving the fastest in its travel away from the sensor. It is the point of greatest
speed (velocity).
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-6

Yelocity Displacement

Figure 1-21 Maximum velocity occurs when the shaft is midway between the minimum and maximum
displacement. The velocity waveform shows the point at the top of the waveform. The velocity waveform
reaches its maximum before the Displacement waveform reaches its max

Amplitude units: Acceleration

Acceleration is becoming more popular as a preferred measurement of vibration due to the
greater dynamic range available in modern data collectors.

Acceleration is the rate of change of velocity. It is how fast something is speeding up or
slowing down.

Typical units for Acceleration are:

e  Metric: g’s ormm/sec’ RMS or m/s* RMS
e Imperial:  g’s RMS, in/s’and AdB

Acceleration is the rate of change of velocity. Some characteristics of acceleration:

e Acceleration is most sensitive at high frequencies

e Atlow speeds there s little acceleration.

e  Acceleration units are typically used on high-speed machines greater than 10,000 RPM.
Itis also used on high Frequency analysis such as bearing and gearbox analysis.
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Figure 1-22 Acceleration is useful for high speed machines. It is proportional to the forces within.

Acceleration is proportional to the forces within a machine.

Returning to the example of the mass on the spring, we can consider that acceleration reaches
its maximum when the mass approaches either the top or the bottom, because at this point it
must decelerate and stop, change directions, the accelerate and speed up. When the mass is at
the midpoint between top and bottom, its original point of rest, there is no force placed on the
mass by the spring and therefore its acceleration is also zero at that point.

We can also return to the example of the sports car on the slalom course again (Figure 1-13).
Recall that the greatest force exerted on the car was as it was coming around the pylons. As
the car rounded the pylon at the top of the pattern, it reached its greatest speed halfway
between the rows of pylons then it began to decelerate as it approached the pylon at the
bottom. Its forward travel stops abruptly and accelerates in the opposite (positive) direction
increasing speed toward the point of greatest speed (maximum velocity) and greatest distance
(maximum displacement). Imagine the force the driver feels as he negotiates the pylon. As he
comes out of the turn his body is pushed hard against the seat and he can feel his face being
pulled back. There is a lot of force on the car as the tires begin to roll under in that turn.

Notice that this point of travel is at the apex of the curve (the negative peak) prior to the
maximum speed and maximum distance (displacement). It is opposite the peak of the
Maximum Distance and occurs before the maximum speed and maximum distance.
Acceleration is therefore said to lead velocity by 90 degrees.
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Maximum displacement

Maximum velocity
Maximum
acceleration

Figure 1-23 Acceleration leads Velocity which leads Displacement

Vibration is similar. The shaft moves toward the sensor, accelerating until it reaches the
midpoint. It begins to slow until it “slams” against the sensor and is yanked in the opposite
direction. The sensor measures the maximum force when the shaft bumps the sensor. See
Figure 1-24.

On/off

Figure 1-24 Acceleration waveform - the maximum acceleration is when the shaft is closest to the sensor. (it
bumps against the sensor)

Comparing Units

As noted in prior sections, displacement is most sensitive to lower frequencies, acceleration is
most sensitive to high frequencies and velocity is sensitive to most frequencies but not so great
with very high or very low frequencies. To illustrate the importance of these characteristics;
remembering that we can convert from one unit to another in our software. Take a look at the
three graphs in Figure 1-25. These graphs are the same data displayed in the three different
amplitude units.
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Figure 1-25 The same data in Displacement, Velocity, and Acceleration

Displacement: Notice in the top graph in Figure 1-25 that the only information in the graph is
located up against the left side of the graph. These are low frequencies. As you move to the
right (higher in frequency) there is no information at all.

Acceleration: Now look at the acceleration graph at the bottom. Here we see prominent
information towards the right end of the graph (higher frequencies) but very little towards the
left end of the graph.

Velocity: Compared to the other two graphs, the velocity graph clearly contains more
information. We can see vibration peaks both at the right side of the graph and also at the left
side of the graph. This is the main reason that velocity is the most popular unit to use.
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Why is this important? Imagine that the prominent peaks visible towards the right end of the
velocity and acceleration graphs relate to a particular mechanical fault in a piece of machinery
such as a motor rotor bar problem. If we were to collect or view the data in units of
displacement, we would not see these peaks and we would not be able to detect the problem.
Although we may be dutifully collecting the readings, they do not contain the information that
is important for finding this fault. Therefore, one must consider what frequencies are of
interest and then choose the correct sensor and display units to detect these frequencies.

Figure 1-26 shows the relationship among the three amplitude units.
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Figure 1-26 The relationship among Acceleration, Velocity, and Displacement
Which units do you use?
There are three issues related to vibration units. One is the type of sensor used, and the other is

the application and the third is the frequencies we wish to measure. These are related to the
speed of the machine, the type of bearing, and the failure modes of the machine.

Chapter Four discusses the different sensors and their applications. In brief:

e  Proximity probes measure displacement
e  Velocimeters measure velocity
e  Accelerometers measure acceleration.

It should be noted that it is possible to convert between acceleration, velocity, and
displacement.
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Converting vibration units

Most analysts use accelerometers to measure vibration but then they convert the data to units
of velocity before analyzing it. The data collector converts from acceleration to velocity using
an integrator. Or we can say that data is “Integrated” from acceleration to velocity. Most
software converts from one unit to another very easily.

[%] Mobius iLearnUnits: DANGEROUS
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Figure 1-27 The conversion software in iLearnVibration

To perform the conversion of units, the frequency must be known. Conversions are automated
in software programs and data collectors.

Figure 1-27 is from the iLearn program. It converts a specific frequency and amplitude into all
the units. It also displays the relationship to a Severity Chart to give some guidance into the
condition. A similar units conversion program is available for use on the Mobius Institute
website: www.mobiusinstitute.com.
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Conversions: 1SO 14694:2003(E)

Of course there are the math formulas, too. The conversions here are the 1SO 14694:2003(E)
standards. These are the generic ones. The following pages contain additional formulas.

These calculations are based on the following:

e Frequencyisin Hertz
e Disinmillimeters

e Visinmm/s

e Aisinm/s’

e G=9.8m/s’
Vv
_ Vpeak _
Vrms - NG Vpeak - T[poeak—to—peak
Apeak 1000g9A4peak
Ay = 2EE Voeark = ———2%k
rms NG pea 2nf
Dpeak-to-peak __2nfVpeak
Dips =——F7— Apeak ~ T 10000
2x\2 1000g
D — Vpeak A _ Z(nf)szeak—to—peak
peak—to—peak nf peak 1000g
1000g94peak
Dpeak—to—peak = 2
2(mf)
© 1999-2013 Mobius Institute — All rights reserved www.mobiusinstitute.com

Produced by SUMICO Technologies



CHAPTER 1 - PRINCIPLES OF VIBRATION

PAGE 1-27

Conversions: Imperial

e  Frequencyisin CPM

e Dinmilspp

e Vinin/sy

¢ AiNgms

e 1inch=25.4mm

e  1mil =25.4 micron

e 1in/s=25.4mm/s

e 1in/s pk=17.96 mm/sec,s
e 1g=9.8m/s’

e 1Hz=60CPM

19098 Vi
Dpk—pk -
fcpm
D _9.958x107 Ay
k-pk — — =2
p p fczpm
V _ fcmepk—pk
pk 19098

_ 5217 Arms
Vor = 7
cpm
A — fcpmVpk
rms 5217
_ fczmepk

A —
rms — 9958x107
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Conversions: Metric

e  Frequencyisin CPM

e Dinmicronsyp

o  Vinmm/sms

¢ AiNgms

e 1mMm=0.001m=0.04inch
e 1micron= 1um =0.04 mil
e 1mm/s=0.04in/s

e 1g=9.8m/s’

e 1Hz=60CPM

D __ 27009 Vs __ 93712 Ay

k-pk — rms —
pr=p fcpm fcpm
D _ 2.53x10% Apms A _ JepmVrms

pk-pk fczpm rms 93712

1% — fcmepk—pk A _ fczmepk—pk

rms 27009 rms 2.53x10°
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Conversions: Metric

e FrequencyisinHz

e Dinmicrong

o  Vinmm/sms

e AiNgms

e 1mm=0.001m=0.04inch
e 1micron= 1um =0.04 mil
e 1mm/s=0.04in/s

e 1g=9.8m/s’

e 1Hz=60CPM

pk—pk fHz

D __ 702778 Arms
pkopk = T

V — szDpk—pk
rms 450

1562 A
‘[rms — rms
sz
A — szVrms
rms 1562
A _ fI-ZIszk—pk
rms 702778
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Examples: Imperial

e  Frequency =1800 CPM

e Acceleration =1gms

e Velocity = 5217 x 1/1800 = 2.9 infsg

e Displacement = 9.958x107 x 1/18002) = 30.7 milsypk
e Velocity = 2.9 X 25.4 X 0.707 = 52.1 MM/S s

e Displacement =30.7 x 25.4 = 780 microng«

V. = 5217 Arms D _9.958x107 Apps
= — kepk =5 —
p fcpm pk=p fczpm
1% _ Vpeak
rms T V2
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Examples: Metric

e Frequency =1500 CPM =25 Hz

e Acceleration =1gms

e Velocity =1562 x 1/ 25 = 62.5 MM/Syys

e Displacement =702,778 x 1/ 252) = 1124.5 MiCronsp.
e Velocity = 62.5 X 0.04 X 1.414 = 3.5 infseCy

e Displacement =1124.5 X 0.04 = 44 milsppx

1562 Arms 702778 Ayms
Vims = Dpk—pk = 2
fHz sz
174 _ Vpeak
rms — V2
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Overall level readings

Wouldn’t it be nice if we could describe vibration with a single number and then trend that
number or compare it to acceptance criteria? We could just sum up all of the vibration energy in
a frequency band and say “this is how muchiit is vibrating.” It would certainly simplify things!

Simple vibration measurements

Vibration can in fact be summed up into a single number that can be trended and compared to
alarm limits. This number is called an “Overall level” or an “Overall RMS” reading and there are
a large number of inexpensive devices available on the market that can take these readings.

EXAMINER

. VIBRATION METER
ELECTRONIC STETHOSCOPE

ONiSelect

Figure 1-28

The vibration meter may give a single value of velocity (mm/s or in/sec), or may provide
acceleration, velocity and displacement readings.

These reading provide an “overall level” reading using the RMS value. Over time it is expected
that the level may trend upward if a fault develops.

It is common to capture and trend velocity readings and compare the readings to ISO alarm
charts, the idea being that as mechanical faults develop, the vibration levels will trend upwards.
If this sounds too good to be true, and if you are now wondering why you need to sit through
the rest of this course if all that is required to detect mechanical faults in rotating machinery is
to collect and trend a single vibration value, then you it should be noted that it is too good to be
true! There are many limitations to this approach that must be considered.
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Understand the history

Twenty or thirty years ago, before digital computers became ubiquitous, RMS overall readings
were the only type of measurement most people could take in the field. There were high priced
and complex instruments that could take more sophisticated readings but they were only used
in critical situations where the cost of the instrument and the personnel to run it were justified.
Even today as the prices of high end digital data collectors keep dropping, these simple
instruments remain an order of magnitude less expensive.

Figure 1-29 Low priced overall vibration meters

Because these simple instruments were in wide use for a long time, numerous guidelines from
ISO and others were produced to help people make sense of the readings. If you ask some
people about vibration, this is how they understand it, as one value “how much is that machine
vibrating?” “It’s vibrating a lot!”” But this gives us no indication of what the problem might be. It
is like asking someone how they liked the symphony and them answering “It was loud.” It tells
you nothing about the quality of the sound, that the violin was a bit out of tune or the flute
squeaked.

Consider the example of your automobile. You can tell when something is wrong by the sounds
it makes, but it can make all sorts of sounds that mean different things and not all of them, even
if they are loud, are problems. There are limits in just measuring the overall “loudness” or
overall vibration energy and trying to make heads or tails of what it means in terms of the
mechanical condition of the machine. Here are some more warnings.
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Warning I: Limited frequency range

According to the ISO standard for RMS overall readings, they are only taken in the limited
frequency range between 3 and 1,000 Hz. Later in this course we will learn about the
relationship between vibration frequencies and mechanical components and mechanical faults
in machines. For now you will simply need to accept the fact that many mechanical problems
produce frequencies outside of this range. These include bearing vibration, gears, friction
caused by a lack of lubrication, cavitation etc.

Warning ll: Depending on a single value

As noted in the analogy of the symphony, a single value does not give us any indication as to the
source of the vibration. In other words, we cannot differentiate between unbalance,
misalignment, looseness, resonance, bearing wear etc. All of which are common machine faults.
Even if we do get some indication that the condition of the machine is changing based on the
change in the overall value, it still does not provide us with enough information to resolve the
problem.

If we collect and trend overall values in all three units; displacement, velocity and acceleration
(Figure 1-30) we can get a bit more of an idea of what frequencies are dominant in the vibration,
remembering that the three units accentuate low, mid and high frequencies respectively.
Although an improvement from the use of a single value, it is still a very crude method
compared to the technology available to today.

Gear Damage - Legend "
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Figure 1-30 Trending overall values in displacement, velocity and acceleration
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Warning lll: An “overall” is not universal

If you remember, we noted that the RMS levels are NOT equal to 0.707 times the peak value for
most signals and we mentioned that there are more complicated means of calculating the RMS
values for these signals. Unfortunately, different calculations and techniques are used in
different instruments so it may not be valid to compare the values collected with different
instruments. They can however still be trended.

We also mentioned that the ISO overall value is taken within a specific frequency range of 3 -
1,000 Hz. Some vibration meters offer other frequency ranges, so you need to be careful that
you know what you are collecting. Different meters will also use different filter types to
remove the unwanted frequencies that can also result in variations in readings between
different meters.

If you intend to use the I1SO 10816 chart, ensure you know how the velocity reading was derived.
Next we will explain some of the ways to calculate RMS overall readings.

RMS: Analog method (True RMS)

Recall from the previous section that for a pure sine wave, the RMS value is 0.707 times the
Peak value but that this is NOT true for any other waveform. Most vibration is NOT sinusoidal,
so we will need to use other means to calculate the RMS level.

Figure 1-31

There are two ways the RMS is derived based on whether it computed digitally or is from an
analog signal.
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® Analog ® Analog
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Figure 1-32 The True RMS calculated from an Analog signal. The squaring makes it positive.

\/Hv(t)zdt

Recall that RMS is calculated as the reverse of its name. First the values are squared so that
they are positive. Then the average value is calculated of the values under the curve. And
finally the square root is computed of that averaged value. Figure 1-32 shows the process for
the Analog signal.

RMS: Digital method

The process is not quite the same for a digital signal.

In this case, the analog signal is digitized or broken up into a number of discrete samples “n.”
Each sample “n” is squared. The sum of the squares is then divided by the number of samples.
The square root of this value is computed resulting in the true RMS value as per the formula
below.
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Figure 1-33 True RMS computed from a digital signal
RMS: From the spectrum

The RMS overall values can also be computed from the vibration spectrum. One benefit of this
approach is that the RMS value can be calculated for any frequency range such that it captures
the particular frequencies that are relevant for this application. The down side of that is that
you have to remember that this overall RMS value is NOT the same as the ISO overall value, so
you cannot just compare the value collected to an alarm chart. Additionally, if you want to
trend these readings you will have to be sure to not change the settings on the data collector

from test to test for this point.

® Spectrum 1,000 Hz @®  Spectrum 10,000 Hz
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Figure 1-34 The RMS value can be calculated from the spectrum
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Vibration Severity and ISO 10816.

The I1SO 10816 defines vibration severity as the RMS level of vibration velocity measured over a
frequency range of 3 Hz to 1000 Hz.

Figure 1-35

Instead of measuring the amplitude of a transient at a single high frequency, the vibration
severity reading represents an average of all vibration components within a wide and
comparatively low frequency range.

Vibration severity is directly related to the energy level of machine vibration, and thus a good
indicator of the destructive forces acting on the machine.

The ISO alarms are discussed in another chapter.

Overall measurements and trending can provide good results and be a valuable time saving
tool. The analysis and alarm limits sections provide additional options for alerting to problems.

Crest factor

The crest factor of a waveform is the ratio of the peak value to the RMS value. It is sometimes
called the peak-to-RMS-ratio. The ratio between the peak and the RMS value gives us an idea of
how much impacting there is in a waveform. A signal from an out-of-balance machine will be
sinusoidal and thus it will be close to 1.4. However machines with a bearing fault will have a
more “spiky” waveform so the crest factor will be much higher.

Peak

C t tor = ———
rest factor RIS
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Figure 1-36 The crest factor is 1.41 for a pure sine wave

Figure 1-37 The crest factor for this waveform is high due to impacting

The crest factor adds some more information to a simple reading such as an RMS overall
reading by giving us some indication of the amount of impacting in the waveform. This can help
us determine the root cause of the vibration and the type of fault it may indicate.

Complex vibration

Thus far we have discussed simple vibration. We used an example of a mass on a spring
bouncing up and down. We explained that the vibration had the characteristics of frequency
(Hz, CPM or RPM) and amplitude (pk, pk-pk or RMS) and that the motion could be described in
terms of displacement, velocity or acceleration. We also noted that we could relate one
vibration signal to another in terms of phase.

Now we will ask the question: What happens if we have two masses on springs?
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Figure 1-38 What happens when we have two masses and springs?

Remember that each mass and spring creates a single sine wave with an amplitude and
frequency. If we look at Figure 1-38 we can see that the sum of the two simple waveforms is
already quite complex. In fact, if we did not know this was created by two masses and two
springs, we would really have no way of knowing what caused this waveform.

How this relates to a machine

In a machine, things get even more complicated. The machine has a rotor that is spinning,
pulleys, gears, bearings, fan blades and many other sources of vibration. Each of these
components are vibrating in their own way, at their own frequencies and amplitudes and all of
this adds together to create a complex waveform.
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Figure 1-39 Two sources of vibrationin a fan
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Consider the vibration due to a fan

In Figure 1-40 we see a simple squirrel cage fan and the corresponding waveform. In this
example we can consider two sources of vibration, one from the shaft rotating and the second
from the fan blades. In order to visualize this, imagine the fan has a weight on it like we did in
an earlier example, as the weight spins around and passes a sensor, we get a waveform related
to the shaft rotational rate frequency. This is because the weight passes the sensor one time
per revolution.

\ 0 01 0 03 04 0s 08 07 08 0% 1
Unbalance Measured vibration — a

combination of both sources
of vibration

Copyright © 2005-06 Mobius Institute — All rights reserved
Figure 1-40 The individual sources of vibration combine to produce one complex waveform.

To visualize the vibration coming from the fan blades (Figure 1-40), imagine you hold a piece of
paper so that the blades hit it as they pass. How many hits will the paper receive? In one
rotation of the shaft, the paper will get hit once by each blade. Therefore the rate at which it
gets hit is equal to the number of fan blades times the shaft rate. This is another source of
vibration in the fan and it will have its own amplitude and frequency.

In Figure 1-40 we can see that when we add these two sources of vibration together, the result
is a complex waveform. If we just had that waveform and did not know it came from the fan
shaft and fan blades, we would have no idea of how to interpret it.

How to deal with complex vibration

As we have noted, when added together, even two simple waveforms can result in a very
complex waveform. Yet, what we wish to do is somehow separate the vibration coming from
the shaft from the vibration coming from the fan blades so that we can analyze them
separately. Our point here is that we cannot do this by analyzing the time waveform.
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This does not mean that the time waveform is not useful, in fact we will return to it and discuss
ways to analyze it in both the category Il and category Ill classes.

In the next section we will introduce a new way to look at vibration data and it will help us deal
with the problem of waveforms adding up and getting complicated in the time domain.

Introducing the spectrum

The vibration spectrum allows us to separate components that overlap in the waveform and
display them by frequency. As we noted at the end of the last section, even when we have only
two simple sources of vibration added together, the waveform becomes quite complicated and
it is impossible to separate it into its components —i.e. to know it was created by these two
simple sources. The vibration spectrum allows us to do just that; it allows us to separate the
vibration waveform into its components.
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Figure 1-41 The waveform from a machine is complex

The spectrum is derived from the waveform through a process called the Fast Fourier
Transform, or FFT.

Remember that a sine wave has a frequency and an amplitude. What we are doing with the
spectrum is simply graphing this information in a different way, on a graph of frequency versus
amplitude instead of a graph of time versus amplitude. The FFT separates the various
waveforms from the complex waveform and displays them on a graph according to
frequencies. See Figure 1-42
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Figure 1-42 The FFT process separates the individual waveforms and displays them according to frequency.

To keep it simple, the fan example (with thecoin on a blade) will be used again. Assuming that
it is rotating five times per second, it might produce a spectrum like the one shown at the top of
Figure 1-43. If the speed of the fan is doubled, which also increases the vibration amplitude,
(shown at the bottom of Figure 1-43) the height of the peak will increase, and the peak will
move to the right — in fact, it has moved twice as far along the x-axis, since the frequency of the
peak has doubled.
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Figure 1-43 The top waveform of a 5 Hz cycle produces a spectrum with the 5 Hz peak. The bottom
waveform is a result of doubling the speed to 10Hz. It produces a spectrum with a peak at 10 Hz. Notice the
height of the peaks reflects the amplitude of the waveform.

This is just one frequency extracted from a simple sinusoidal waveform. Both waveforms

generated a spectrum with one peak. The process works similarly when the waveform is more
complex.
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Figure 1-44 The FFT process separates the complex waveform into the individual waveforms and displays
them in the spectrum.

Similar to the earlier fan example, a metal block is inserted to rub against the fan blades. This
produces a second peak on the spectrum. Recall that the vibration due to the rub occurred at a
higher frequency (there are 8 blades, so there are 8 pulsations for every rotation). If the fan

rotates at 10 revolutions per second, or 600 revolutions per minute (RPM), the frequency of the
peak due to the rub will be 8 times that value: 80 cps or 4800 CPM.
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Building the spectrum

Figure 1-45 shows a machine with 3 sources of vibration, motor speed, a bearing, and fan
blades. The waveform below the machine is the composite of the three. To the right of the
machine is a box with the individual frequencies overlaid on each other.
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Figure 1-45 Three sources of vibration are combined in the composite waveform (left). They are individually
overlaid in the box to the right of the machine.

The FFT process separates the individual sine waves from the composite waveform and displays
them according to their frequencies.

The spectrum is as if we are looking at those separated waveforms from the end. Notice how in
Figure 1-46 the individual waveforms are in a 3 dimensional box that is being rotated. Figure
1-47 shows the fully rotated box and the end view of each of the sine waves.
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Figure 1-46 The individual waveforms are shown in a 3 dimensional box that is partially rotated.
Figure 1-47 shows the 3 dimensional box rotated 9o degrees. The X axis of this view is
Frequency. The individual lines or peaks shown are the end view of each of the waveforms.
They are spaced apart according to their individual frequencies.
The tall peak on the left is the running speed of the pulley. The next peak is from the fan
bearing. The peak on the right is from the fan blades.
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Figure 1-47 The 3 dimensional box is shown rotated 9o degrees revealing the end-view of the waveforms.
They have been truncated so that nothing is shown below the zero line. The X axis is Frequency.
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Peaks relate to parts of the machine

This new view of the vibration called the spectrum is the key to seeing the condition of
machinery. The frequency tells the source of the vibration and the amplitude tells us about the
severity of the vibration.

Bearings

/
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Figure 1-48 Relating vibration frequencies to machine components

The concept described in Figure 1-48 is incredibly important in understanding vibration in
machines. What we have demonstrated here is that we can relate a particular machine
component to a particular frequency in the vibration spectrum. This is how we will know that
we have a bearing problem as opposed to an unbalance or misalignment problem. We will talk
more about this in a moment.

The X axis of the graph in Figure 1-48 is in “frequency.” Frequency can be expressed in 3
different units. We have already discussed two of them, cycles per second or hertz (Hz), and
cycles or rotations per minute (CPM or RPM). The third unit is Orders.

Understanding Orders

Most of the discussions in this chapter that have been regarding the source of some vibration
have explained the frequency in terms of running speed or its multiples rather than CPM, Hz, or
cps.
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= Fan blades
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Figure 1-49 2 Frequency units are CPM and Hz.

Going back to the example of the fan from the last section; the coin on the fan blade produced
a vibration once every time the shaft turned. It didn’t matter how fast the shaft turned. The
vibration occurred at the same frequency as the shaft. Therefore instead of saying that the coin
went around at 100 CPM or 50 Hz we could just say that the coin went around “Once per
revolution” or “At the shaft rate frequency.” These statements would hold true no matter what
the turning rate of the shaft.

Similarly, the “rub” on the fan was at 8 times the running speed. 8 fan blades hit the paperin
one revolution of the shaft or the paper was getting hit at a rate of 8 x the shaft rate. It doesn’t
matter if the running speed was 5 Hz, 6Hz or 10 Hz. The rub still occurred at 8 times the shaft
rate.

In order to simply things, we could simply say that the shaft turns at “1x” which means “1 x the
shaft rate” and the fan blades pass at “8x” or “8 x the shaft rate.”

Notice that what we have done is simply relate everything to the rotational rate of the shaft. If
I can identify the shaft rate then I can immediately identify the fan blade rate (by multiplying it
by 8 in this case). This greatly simplifies things!

Itis very useful to refer to the occurrence of something in terms of multiples of running speed
rather than absolute terms of Hz or CPM. It is good to know the specific frequency, but it is
generally far more useful to know the frequency relative to turning speed.

If someone were to cite that the 1X peak was high, then most practicing analysts would know
that they were talking about the peak at the running speed (because that frequency is 1 times
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the speed of the machine). In our example, we would refer to the 8X peak as the "blade pass"
peak at eight times the running speed frequency.

Analysts say the frequency in different ways. The 1X peak may be called the “one times peak”,
or it may be called the “one X peak”. Itis the same.

The term for expressing frequency in multiples of running speed is Orders.

Motor speed

Figure 1-50 The motor fan vibration displayed in orders

It is common for analysts to speak of frequency in terms of orders. For example, “thereis a
peak at 12 orders.” “There is a group of peaks between 15 to 20 orders.” The termis used
interchangeably with “12 times running speed,” or “12 X,” etc. This is much easier than
multiplying 12 fan blades by 3578 CPM (the actual running speed)

In Figure 1-50 we can see the squirrel cage fan vibration displayed in orders where “1” on the
graph corresponds to “1x” or 1 x the motor shaft rate. In relation to the motor shaft, the fan
blades pass at a rate of “6x” or 6 x the motor shaft rate and the fan shaft rotates at 1/2x or ¥
the motor shaft rate.

Another example illustrates the differences that occur when using Orders. It is using our fan
example again at 2 different speeds.
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Figure 1-511Xis at 1 Hz or 60 CPM. Blade pass of 8X is at 8 Hz or 480 CPM.

The first speed is 1Hz. So 1Xis 1 Hz or 60 CPM. This one is very simple since the machine is

turning at 1 Hz. Blade passis at 8 Hz.
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Figure 1-52 1X reduced to 0.5 Hz or 30 CPM. Blade pass of 8X is at 4 Hz or 240 CPM.

Now, reduce the running speed to 0.5 Hz. So 1Xis 0.5 Hz or 30 CPM.

Blade pass of 8Xis at 4 Hz or 240 CPM.

Whether the fan is turning at 0.5 Hz or 20 Hz, the frequency component due to the blades
rubbing the block will always be 8 times that frequency.

Rather than displaying the spectrum graph with the horizontal axis (x-axis) in units of Hz or
CPM, it can be changed to Orders. All the peaks can then be easily stated in terms of Orders.

Working in orders is also important because it allows us to overlay and compare graphs that are
“normalized.” If a machine changes speed from 1755 to 1735 CPM the peaks will not overlay in a
graph. But if the graphs are “normalized”, 1X will appear in the same place, 10X will appear in
the same place, and so on. We will discuss this further in the Vibration Analysis section.

www.mobiusinstitute.com
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Figure 1-53 Spectrum with frequency in Orders.

Units of Orders is so useful in trying to find the source of peaks in a spectrum. When a peak is
present at 5 orders it is easier to relate it to a physical occurrence such as vane pass on a pump.
A peak at 38 orders could be rotor bars in a motor. A peak at 3X could relate to a 3 jaw

coupling.

Of course there are peaks that are not integer (whole number) multiples of turning speed. You
will soon learn that there is a HUGE difference between 6X and 6.1X - fan blades, pump vanes,
etc. can generate “integer” orders (e.g. 5X, 6X, 10X), and only bearings and external shafts can
generate vibration at non-integer orders (e.g. 3.09X, 6.1X, 7.3X)

All the energy in a spectrum can be grouped into one of three categories. The three categories
all relate to the concept of Orders.

016
0.141

Sub-Synchronous

Figure 1-54 Spectral energy can be categorized into one of three groups.

Synchronous Energy- Energy that is an integer (whole number) multiple of running speed.
Non-synchronous Energy - Energy that is a fractional multiple of running speed.
Sub-synchronous Energy — Energy that is below running speed.

We will define these terms again later in the course.
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How peaks relate to each other
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Figure 1-55 These peaks are multiples of the first one

Not only do we want to relate every peak in the spectrum to the motor shaft rate (1x), we also
want to be able to quickly determine how peaks in the spectrum relate to one another. For
example in Figure 1-55 we can see that these three peaks are multiples of the one on the left. It
is easy to see this if we measure the distance between them (with the arrows), but if we just
look at the number on the graph scale at the bottom (in Hz) it is not immediately obvious that
the three are related.

- Amplitude

d
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0 10 20 30 40 50 60 70 80 90 100
Frequency (Hz)

Figure 1-56 The peak on the far right is not a multiple

If we did not have the black arrows displayed on the plot in Figure 1-56 it would be difficult to
see that the peak on the far right is not a multiple. We will see later that the difference
between these two plots is very significant in terms of how they relate to potential mechanical

problems in machines.
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Figure 1-57 The same plot in orders

By changing the x axis on the graph from Hz to “orders” and by defining the first peak as 1x, it is now
obvious that the three peaks are related (Figure 1-57) and in Figure 1-58 it is also obvious that the
peak on the far right is not related.

1X

Amplitude

2X

3.2X

- N W & U0 D

0 1 2 3 4 5 6 7 8 9 10 12
Frequency (orders)

Figure 1-58 The peak on the right is clearly not a multiple
The frequency unit “orders” helps us in three ways

e It makes forcing frequency calculations easier (next section)
e Itallows usto compare two spectra collected at slightly different speeds
o This allows us to trend data on our machines
e It makes it easy to see if peaks in the spectrum are related to each other or not
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Forcing Frequencies

We have already spent quite a bit of time talking about forcing frequencies without having
properly defined them. Different components in a machine produce forces at particular
frequencies. We used a fan with the weight on a blade to show how an unbalance force
generated forces at the shaft rate frequency and we held a piece of paper up against the fan
blades to show how they generated forces (hits) at a different frequency. These are both
examples of forcing frequencies.

Introducing “forcing frequencies”

In a general sense we can say that forcing frequencies allow us to relate specific peaks in the
spectrum (specific frequencies) to particular machine components (fan blades, shaft, gear teeth
etc) and also to particular mechanical faults (bearing wear, unbalance, misalignment etc.)

Converting a waveform to a spectrum allowed us to separate the waveform into its
components or sources of vibration. Forcing frequencies now allows us to relate those
individual sources to machine components and mechanical faults. The concept of forcing
frequencies is therefore central to the practice of using vibration for machinery fault
diagnostics or condition monitoring.

Forcing frequencies may also be referred to as "fault frequencies" or “defect frequencies”.

Figure 1-59 A rolling element bearing creates forcing frequencies related to inner and outer race faults as well
as ball faults
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Examples of Forcing Frequencies include:

e Blade passing rate

e Vane passing rate

e  Bearing frequencies

e Ballspin

e (agerate

e Ball passinnerrace

e Ball pass outer race

e Belt Frequency

e Gearmesh

e Rotor-bar passing rate

Calculating forcing frequencies

Common forcing frequencies are calculated by multiplying the number of components times
the shaft rate. For example:

*  Blade pass rate = # Blades x RPM
* Vane passrate =# Vanes x RPM

If I have a motor that runs at 3000 CPM and it has a cooling fan mounted on its shaft with 6
blades, then the blade pass rate = # blades x shaft rate or 6 x 3600 CPM =21600 CPM.

The same calculation can be made in Hz. If the motor is running at 50 Hz and the cooling fan
has 6 blades the blade pass rate will be 6 x 60 Hz = 360 Hz.

To be clear, it is the number of components x the shaft rate of the shaft the component is
mounted on! Therefore, if we have a multi shaft machine, not only will we need to know how
many fan blades, pump vanes, compressor lobes we have, we will also need to calculate the
speeds of each shaft.

Forcing frequencies: Belt drive machine

Here is how one determines the shaft rates for a belt driven machine:

Output speed = Input speed x (Input sheave diameter [ output sheave diameter)
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This could also be written:

S2 =S1(D1/D2)
Where
e  S2=Output shaft rate
e S1=input shaft rate
e D1=input sheave diameter
e D2 =output sheave diameter

= |
i) |

Figure 1-60 S2=S1x D1/ D2

|

|

Example:

A motor running at 3000 RPM with a pulley diameter of 60” drives a pump with a pulley
diameter of 20”. What is the shaft rate of the pump in RPM? The pump has 6 vanes on its
impeller, what is the impeller pass rate in CPM?

Calculations:

S1=3000, D1=60, D2 =20, Pump vanes (PV) =6

Solve for S2 (the pump shaft rate). S2=S1(D1/D2)

S2=3000 (60 /20) =9000 RPM

What about vane pass rate? 6 vanes x the pump shaft rate (9ooo RPM) = 54,000 RPM

Don’t forget it’s the number of elements (such as pump vanes) times the rate of the shaft that
they are attached to, not necessarily the motor shaft rate!
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Forcing frequencies: Calculating the belt rate

In a belt driven machine, the belt also spins around at its own frequency. This is another forcing
frequency we need to calculate. Although there is a formula to calculate the belt rate, it is often
easier to use a strobe light to measure the belt speed in relation to the shaft speeds. It should
also be noted that the reason we are calculating these frequencies is so we can identify them in
the vibration spectrum, because they will appear in the spectrum, we can sometimes use the
spectrum itself and make some educated guesses about which peaks relate to the belt.

[1=PI=3.1416

B, = Beltdength

SD = Sheave diameter

SRPM = Sheave RPM

S, = Sheave diameter

SRPM = Sheave RPM

Figure 1-61 Belt rate: BR =[] x SD x SRPM / BL

The belt rate formula is as follows:
(BR) = (Tt X SDX SRpm)/ B|_
Where

e BR=BeltRate

e T=3.14

e Sp=Shaft diameter
e Sgew = Shaft RPM

e B, =Beltlength

Note that the sheave diameter and shaft RPM are taken from the same shaft. The sheave
diameter and belt length need to be in the same units of length.
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Forcing frequencies: Gear driven machines

In a gear driven machine it is necessary to calculate the speeds of each shaft as well as the gear
mesh frequency. The gear mesh frequency is the rate at which the teeth of the gears mesh with
(or hit) each other.

Gear mesh (GM) = # teeth x shaft rate

The number of teeth and the shaft rate are for the shaft that the gear is mounted on. In other
words if the motor shaft is turning at 100 CPM and it has a gear mounted on it with 20 teeth, the
gear mesh frequency is 100 CPM x 20 teeth = 2,000 CPM.

In order to calculate the output shaft rate we use the following formula:
S2=S1x(T1/T2)
Where

e S1=Theinput shaft rate

e S2=The output shaft rate

e Ti1=Teethontheinput gear

e T2=Teethonthe output gear

You may notice that the formula is similar to the belt driven machine formula except sheave
diameters are replaced with gear teeth.

Example calculation:

A motor running at 20 Hz drives a pump via a gearbox with 9o teeth on the input shaft and 30
on the output shaft. What is the pump shaft rate in Hz?

S1=20, T1=90, T2=30

S2=20(90/30)=60Hz

Forcing frequencies: Practice calculations

[1] If the following compressor ran at 1785 CPM, and there are 8 vanes on the impeller, calculate

the compressor vane-pass rate in CPM, Hz and orders:

* 8vanes x1785 CPM = 14,280 CPM
* 14,280 CPM /60 =238 Hz
* 8vanes x 1x = 8x
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Which of these was easiest to calculate? What would happen if the compressor speed changed
to 1773 RPM when tested the next time; which of these calculations would NOT change? The
answer is orders — and this is why orders are the preferred unit of frequency.

[2] If the following fan had 12 blades, and the motor RPM was 1800, calculate the fan blade-pass
forcing frequency in orders, Hz and CPM:

* 12 blades x 1x = 12x
* 12 blades x 1800 CPM = 21,600 CPM
* 12 blades x (1800 / 60) = 360 Hz

[3] If there were 8 vanes on the following compressor, and the compressor vane rate was
28,560 CPM, calculate the RPM of the compressor:

* 28560/8=3,570 CPM
Forcing frequencies: Recap

We have just taken a brief look at what forcing frequencies are and we have given some
examples and formulas for how to calculate some of them. There are other forcing frequencies
we have not covered yet. At this point, the important thing is to understand that in order to do
vibration analysis we need to begin by understanding the machine, how fast the shafts turn,
how many fan blades, pump vanes and gear teeth there are, and then we need to calculate the
forcing frequencies. This is the process for relating peaks in the spectrum to particular machine
components and then to particular mechanical faults.

Earlier we gave an example of the inadequacy of the RMS overall level to describe how a
symphony sounded. All the overall RMS value could tell us was how loud or soft it was. Now
that we understand a bit about the vibration spectrum, frequency analysis and forcing
frequencies we should now understand that these tools will allow us to say much more about
the symphony and what in particular does not sound right.

Understanding forcing frequencies is an important part of vibration analysis!
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Figure 1-62 Understanding forcing frequencies is an important part of vibration analysis

An introduction to phase

In this section we will provide an introduction to the concept of phase. In later chapters we will
discuss applications for phase measurements.

In prior sections we discussed some characteristics of vibration such as amplitude and
frequency. Consider two children on swings, swinging next to each other. Let us say they move
at the same frequency and the same amplitude. These two characteristics; amplitude and
frequency, give us a great deal of information to help us visualize the two children on the
swings and how they are moving. What they do not provide however is any indication of how
the children are swinging relative to each another. Are they moving forward and back at
exactly the same time? Is one swinging forward while the other one is swinging back? Is one of
them closely following the other, arriving at the top in front just after the first one arrives there
and then arriving at the top in back just after as well?

These are the types of questions that phase readings will answer for us.

At this point, the important concept to understand is that phase is a relationship between two
things.

Before we continue, please remember that one rotation of the shaft or one cycle of vibration is
equal to 360 degrees.
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Figure 1-63 One cycle is equal to 360 degrees

Figure 1-64 shows two fans that are rotating together. They are said to be in-phase with each
other. Notice how the sine waves reach their peaks at the same time? They are in time. They

are synchronized. They are in-phase.

Figure 1-64 Two machines in phase with each other

In this case the two fans are also vibrating at the same amplitude. Please note that amplitude
and phase are not related. The phase relationship will not change if the amplitudes of either
waveform changed. The phase is related to the timing; when do each of them pass the
maximum in the vertical direction? If they arrive there at the same time then they are “in

phase.”

Also notice that the position of the blades with the coins is the same for both fans.
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Introduction to phase: Out-of-phase

Figure 1-65 The fans are out of phase

Figure 1-65 shows the waveform of the two fans moving in opposite directions from each other.
The peak of the top fan occurs when the bottom fan is at the bottom of its travel. They are
“out of phase” with each other. If this referred to the children on the swings they would be
swinging exactly opposite to each other — when one is in front the other is in back.

There is a way to measure how much out of phase the two fans are. Using the top waveform as
the reference waveform, one cycle can be divided into 360 equal intervals. Each intervalis
actually a degree of rotation and one rotation is 360 degrees.

The peak of the lower fan reaches its peak 180 intervals after the top wave reaches its peak. It
is 180 degrees different from the top waveform. It is said therefore that it is 180 degrees out of
phase with the top fan. This is also ¥ the period.

Phase is measured in degrees. The fans in Figure 1-66 are 90 degrees out of phase.

UsS on/oft speed ' CPI\-'I
&P 1ot é

Copyright (c) 2005 Mobius Institute
wurw. mobiusinstitute.org

Figure 1-66 The fans are 9o degrees out of phase with each other.
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Where does phase come from?

We’ll discuss phase measurements in more detail in the Data Acquisition section but there are a
few important points we should cover now. As we mentioned, phase is the relationship
between two things; it could be the movement of the two fans in relation to their unbalance
forces or it could be the relationship of the movement between children on swings. In either
case, when measuring phase one needs to collect two things in order to understand the phase
relationship between them.

When measuring phase with a single channel data collector, one typically uses a tachometer as
a phase reference. This is called Absolute Phase. In this case it will show the phase relationship
between the tachometer and the vibration sensor at the shaft rate frequency.

When measuring with a two channel data collector it is often possible to measure the phase
relationship between the two vibration sensors directly. This is termed Relative Phase.

Using a tachometer reference

In Figure 1-67below we can see a typical configuration for collecting phase using a tachometer
and a vibration sensor. A piece of reflective tape (white in the image) is placed on the shaft.
When the reflective tape passes by the beam emitted from the tachometer (labeled “2”) it
creates a pulse. We can see the pulse in the top right graph labeled “2.” It should be noted that
the tape passes by the tachometer one time per shaft revolution, so the frequency of it passing
is the same as the shaft rate.

Figure 1-67 Measuring phase with a tachometer

The vibration sensor (labeled “1””) is collecting a vibration reading from the bearing housing. We
can see this in the graph labeled “1.” The vibration waveform has an amplitude and a frequency,
as we know from our earlier understanding of vibration. Now the question is how do these two
items relate to each other? This is where we measure phase.
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Let’s overlay the two graphs, the one from the tachometer and the one from the vibration
sensor, in time. You can see this in Figure 1-68. The next step is to measure the difference, in
degrees, between the tachometer pulse and the high point of the vibration wave, remembering
that one revolution is equal to 360 degrees.

Looking a little more closely at Figure 1-68 it appears that the phase difference is about 8o
degrees or slightly less than % cycle.

Time
difference One cycle = 360°

Figure 1-68 Measuring phase with a tachometer
Relative phase: Two channel

Another option for measuring phase is to use a two channel data collector and measure the
phase difference between two vibration sensors. This is termed “relative phase.” We can see a
typical configuration in Figure 1-69 below.

Take a moment to look at this figure and remember the earlier example of the fan with the
unbalance weight. What do you think the phase relationship will be between the two sensors?
How much later will the weight pass one of them than the other one? Consider how the
sensors are oriented in relation to each other. When you think you have an answer, take a look
at Figure 1-70 and compare the waveforms to each other. How many degrees apart are they?
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Figure 1-69 Measuring relative phase with two accelerometers
Time
difference

N a—t

Figure 1-70 Relative phase between two accelerometers
Representing phase data

Phase is useful for diagnosing some mechanical faults in machines. We can just use the analyzer
and make observations, or we can record the readings and analyze the patterns to see what
they are telling us about the machine. If we will be collecting and storing data to show to or
share with our colleagues or clients, we need to have some conventions for presenting the
data.
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Figure 1-71 Angular misalignment with phase information

In the figure above we see a vibration graph and at the top right there are two circles with lines
coming out of them that describe the phase relationship between axial readings on both sides
of the couplings. These circles are referred to as a “bubble diagram.”
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Figure 1-72 Bubble diagram for documenting phase readings

Note that in most cases we are interested in the relative phase readings between one or more
points on the machine, such as in where the readings were taken on the axial faces of the
machine components on either side of the coupling. In this case it is the fact that the readings
are 180 degrees apart that confirms we have this fault. We are not interested in knowing that
the reading on the right was 90 degrees or 135 degrees, we simply want to know how it relates
to the reading on the left.

Therefore we have some options on how to use the bubble diagrams. We can write in the
phase values as we see done in the top row (noting that the bottom half of the circle would
contain the vibration amplitude) or we can just use the tails sticking out of the circles (bottom
left) or inside the circles (bottom right) to display the phase. As described in the top row — zero
degrees is shown with the tail pointing upwards, 90 degrees is 3:00, 180 degrees is 6:00 and 270
degrees is 9:00.

© 1999-2013 Mobius Institute — All rights reserved www.mobiusinstitute.com

Produced by SUMICO Technologies



CHAPTER 1 - PRINCIPLES OF VIBRATION PAGE 1-67

Summary of phase

Here is a brief summary of phase:

Phase describes the relationship between two signals, so we need a reference or two separate
signals to calculate phase. Typically, a vibration sensor and a tachometer are used to collect
absolute phase or two vibration sensors are used with a 2 channel data collector to collect
relative phase.

Phase readings are used in many applications including:

e Balancing

e  Diagnosing common machine faults
e Verifying resonance

e Understanding how structures move

Figure 1-73 Animating the movement of a machine with phase data

Introducing orbits

If we look at a time waveform from a proximity probe (a sensor that measures displacement or
the distance between itself and the shaft) we will see a familiar pattern (Figure 1-74)
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Figure 1-74 A sine wave produced by a proximity probe

And if we place the sensor in the horizontal direction we will see the same pattern shifted over
90 degrees (Figure 1-75).

Figure 1-75 A sine wave with a 90 degree phase difference from the vertical reading

Now, if we plot the two waveforms against each other we will get a circle. This plot, the
combination of the two waveforms, is called “Lissojous figure” or an “orbit” (Figure 1-76)

Figure 1-76 Combining two waveforms creates an "orbit"

The orbit plot is typically used when monitoring large journal or sleeve bearings using proximity
probes. The orbit describes how the shaft is moving within the bearing. If the shaft moves
more in the vertical than the horizontal direction, the orbit will change shape (Figure 1-77).
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Figure 1-77 Vertical motion is greater than horizontal motion

Other interesting shapes are also possible (Figure1-78). In a general sense one can say that the
shape of the orbit directly relates to how the shaft is moving and hence can give a good
indication of the common problems associated with large journal or sleeve bearings. Typically
orbits are filtered to only display vibration at 1x or the shaft rate. There are however
applications where 2x or other frequencies may be collected and analyzed.
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Figure1-78 A figure 8 indicates misalignment
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Chapter 2
Understanding Signals

Objectives:

® Describe amplitude and frequency effects of mixing signals

® Recognize transients, clipped signals, and distortion and describe how they affect the
spectral data

® Describe Amplitude Modulation and how to recognize it in waveform and spectra
® Describe Frequency Modulation and how it differs from Amplitude Modulation

® Describe ‘Beating’ and how it looks in waveform and spectra

® Compare and contrast ‘Beating’ and Amplitude Modulation

® Describe and calculate sum and difference frequencies
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Understanding signals

The previous section focused on signals generated by specific forcing frequencies in the
machine. They were fairly simple or mixed signals of only one or two sources which yielded a
simple FFT or spectrum. However, not all the signals are that simple. Numerous signals can mix
together and generate many peaks in the spectrum. This section looks at those results plus
some other phenomena such as:

e Square waves

e Truncation

e Transients and impulses

e Amplitude and Frequency Modulation
e Beating

Although some of this may seem theoretical, if the concepts are understood, then when these
patterns show up in data it will be clearly understood what is going on in the machine. This can
lead to a better diagnosis. Many of the screen shots in this chapter that show the signals are
taken from the iLearn software.

Classic Signals

THE PURE SINE WAVE
The pure sine wave is a single frequency producing a single peak in the spectrum
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Figure 2-1- Classic pure sine wave produces one peak in the spectrum.
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Figure 2-2 - A real signal with a dominant sine wave indicates a single dominant force - such as unbalance

When additional sources of vibration are added, it changes the waveform dramatically. The top
graph has two signals, the first at 160 Hz and a second at 140 Hz. The signals have equal
amplitude. The spectrum reflects this with two peaks of equal amplitude.
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Figure 2-3 - The 160 and 140 Hz signals move in and out of phase, adding and subtracting

In Figure 2-3 the two simple signals add and subtract from each other as they move in and out
of phase causing an unusual shape in the combined waveform. Notice how there are places in
the combined waveform that the amplitude goes to zero. This is because the two signals are
the same amplitude and cancel each other out. The maximum amplitude is 10... the combined
values of both signals.
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DIFFERENT AMPLITUDES

In Figure 2-4 the amplitude of one signal has increased so that one signal still is 5 mm/sec and
the otheris 10 mm/sec. Notice the changes in the resultant combined time waveform. The
amplitude now sums to a maximum of 15 mm/sec and a minimum of 5 mm/sec. So there is no
place where the amplitude goes to zero.

In the spectrum there are two peaks, each with amplitudes corresponding to their individual
waveform amplitudes.
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Figure 2-4 - The two signals are no longer equal so there is no place the combined waveform goes to zero.

SAME FREQUENCY, SAME AMPLITUDE, IN-PHASE
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Figure 2-5
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In Figure 2-6 the Frequency of both signals has been adjusted to 160 Hz. The amplitudes are the
same, 5 mm/sec, and they are in-phase. Notice in the top graph how the two individual signals
look as if there is only one.

The middle graph shows the combined waveform where the two signals are added together.
Notice that they add to be only one frequency, but the amplitude is the combination of them, 10
mm/sec.

This situation can occur in machines when two signals of the same frequency are in-phase.
Notice there is only one peak in the spectrum.
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Figure 2-6 - The two signals are now the same frequency, 160 Hz, and the same amplitude, 5 mm/sec. They
add together because they are in-phase.

Resolution - In reality, the source could be from two different frequencies that are close together,
but if the resolution is not good enough they will combine and appear as a single frequency.
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EFFECTS OF PHASE

Select a tutonal panel from the list: ﬂ
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Figure 2-7

The two signals are now at frequencies of 140 Hz and 160 Hz with equal amplitudes. When the
phase is varied, the individual sine waves in the top graph seem to “slide over each other.” The
pattern in the combined waveform adjusts or shifts as the phase changes.

The spectral data shows the two peaks of equal amplitude.
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Figure 2-8 - A 160 Hz and a 140 Hz signal 87 degrees out of phase
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PHASE CANCELLATION

Select a tutarial panel fram the list; ﬂ
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Figure 2-9

Two signals with the same amplitude and frequency, but 180 degrees out of phase with each
other cancel each other out.

The top graph shows the two signals. The middle graph shows the combined resultant... as
straight line. The spectrum shows the result of the combined waveforms... no peaks.
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Figure 2-10 - The result of two signals of the same frequency and equal in amplitude...they cancel each other
out.

© 1999-2013 Mobius Institute — All rights reserved www.mobiusinstitute.com

Produced by SUMICO Technologies



PAGE 2-8 CHAPTER 2 - UNDERSTANDING SIGNALS

Signal Rules

SINGLE IMPULSE

If the input signal is a single impulse, the waveform will have just one spike init. Itis not
sinusoidal because it is not repetitive or “periodic.” It is only a single impulse.

The result in the spectrum is a flat line. Animpulse injects energy into all frequencies in the
spectrum. Essentially it raises the noise floor of the spectrum to some amplitude.

An application for this single impulse is the “Bump Test” which is discussed in the “Natural
Frequencies and Resonances” chapter. The machine is struck to inject energy at all frequencies.
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Figure 2-11- An impulse injects energy into all the frequencies, raising the floor of the spectrum.

PULSE TRAIN

The result is very different when there are multiple pulses in the time window. Multiple peaks
appear in the spectrum. This pattern is called “harmonics.”

Harmonics are a series of evenly spaced peaks. Their amplitudes could vary, but the peaks will
be spaced at integer multiples of the first in the series.
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Figure 2-12 - Multiple pulses in the waveform produce harmonic peaks in the spectrum
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SQUARE WAVE

A pure square wave generates odd harmonics... 1x, 3x, 5X... Pure square waves are not
common in machinery analysis.
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Figure 2-13 - A pure square wave produces odd harmonics in the spectrum.
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CLIPPED WAVE - DISTORTION

Clipped waves are a little different than the square waves. They are a normal wave that appears
as if it has been chopped off on one side. The signal is distorted. The result is harmonics in the
spectrum.

Clipped waves are fairly common in machinery analysis. It occurs when the motion is restricted
in one direction. This generates all harmonics, not just odd harmonics as the square wave.

When the waveform is clipped more, the harmonics are much stronger in amplitude. When the
wave is clipped, the impact that occurs as the motion is restricted may be strong enough to
produce a transient.
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Figure 2-14 - A clipped wave produces harmonics at all integer multiples, not just odd harmonics.

IMPACTS

An impact is a very steep increase in amplitude with an equally steep decrease in level, possibly
with some ringing afterwards. This occurs when there is extreme looseness in a machine. The
impacts of rattling or banging produce strong harmonics. In extreme cases the harmonics will
be half-order harmonics or even 1/3 order harmonics. Peaks will be at 0.5x, 1x, 1.5x, and so on.
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Figure 2-15 - The impact produces harmonics and in severe cases sub-harmonics...multiples of 0.5 orders

Example from the rotor kit.
A bearing pedestal was loosened on the rotor kit so that it rattled as it was running.

Waveform Data from the horizontal direction has strong impacts that are clipped. These
transients produce harmonics. In this case the 1x harmonics are strong and there are small 1/3
order harmonics.
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Figure 2-16 - Transients from a rotor kit produce strong 1x harmonics and small 1/3 order harmonics...1/3, 2/3,
1,11/3, etc.

WAVEFORM SYMMETRY
In a pure sinusoid there is as much positive vibration as negative vibration

However, in some cases there is far more movement in one direction than another. See Figure
2-17 which is an expanded section of the waveform in Figure 2-16.
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Figure 2-17 - The waveform indicates there is more freedom of movement in one direction.

DISTORTION VS. ACTUAL SIGNALS

If there are peaks at 1x, 2x, 3x, 4x, etc it does not necessarily mean there are actual signals in the
machine at those frequencies. Signals as multiples of 1x can come from two sources:

e  Actual sources of vibration — misalignment, blade pass, couplings, etc.
e Distortion - the FFT process creates harmonics in the spectrum
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Figure 2-18 - Multiples of 1x can come from actual signals in the machine at those frequencies, but can be
effects of Distortion in the FFT process

Amplitude Modulation

Two types of modulation are common in machinery analysis. They are the same ones as are on
the radio dial, AM and FM. AM is Amplitude Modulation. This is discussed here. Frequency
Modulation is discussed in the next section of this chapter.

Amplitude modulation occurs when two frequencies are “tied together” or locked together and

one of them is varying in amplitude. The frequencies are not close together, just tied together
in some way. This is explained later.

Of the two related frequencies, the higher frequency is varying in amplitude periodically. Itis
the Carrier Frequency. The lower frequency is the modulated frequency. Figure 2-19 -
Amplitude Modulation produces peaks around a central Carrier Frequency. Figure 2-19 shows
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two signals, a 20 Hz and a 200 Hz signal. A Forcing Frequency in the machine is actually varying
in amplitude. Itis not merely two signals coming in and out of phase to generate the waveform
shape as shown in Figure 2-10. Instead, the amplitude of a forcing frequency is actually
fluctuating.
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Figure 2-19 - Amplitude Modulation produces peaks around a central Carrier Frequency.

In the spectrum, the center peak is the Carrier frequency and it is surrounded by equally spaced
peaks that are the modulated frequency and are called sidebands. The sideband spacing is
equal to the modulated frequency, which in this case is 20 Hz.

It is typical to find multiple peaks on either side of the carrier frequency.
AM RADIO

In order to transmit the radio signal over long distances, and to distinguish one station from
another, it is necessary to transmit using a high frequency (~500 - 1700 kHz). This is the
"carrier".

The music and DJ babble is superimposed - or modulated - on the carrier.

When the signal gets to the radio, the carrier is removed (it is demodulated), leaving the lower
frequency music and talk.
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Figure 2-22 - The Amplitude Modulated signal.

Looking closer, the amplitude of the high frequency is varying with time periodically. The
amplitude of the higher frequency signal is increasing, then decreasing, increasing, and so on.
Could that happen inside a rotating machine? It sure can.

CLASSIC MODULATION - INNER RACE FAULT

Consider a ball bearing as it turns and there is a spall on the Inner Race. Since the innerraceis
locked onto the shaft, it rotates with the shaft. The balls impact the spall on the inner race
every time one rolls across it. (The balls impacting the spall create a transient so there will be
harmonics) The inner race spall is constantly moving in and out of the load zone as the shaft
turns. Therefore the impacts of the balls on the spall vary in amplitude.

So, the balls striking the spall on the inner race are doing so periodically at the Ball Pass Inner
Race Frequency (BPI). This is the Carrier Frequency which varies in amplitude as the shaft turns.
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The inner race is “tied to” or locked onto the shaft. It is this frequency, then that is the
modulated frequency, generating the sideband spacing. Sidebands indicate that modulation
exists.

Figure 2-23 - The low frequency is 1x (the modulated frequency) the fluctuating, higher frequency is the inner
race defect frequency.

It is not the purpose now to learn to diagnose bearing faults, rather to understand that
Amplitude Modulation is very common when diagnosing machines. Frequency modulation is
less common but does occur.

AMPLITUDE MODULATION - GEARS

Gears often generate Amplitude Modulation. If a gear is eccentric the forces will vary as the
gears mesh. If a gear is on a bent shaft, the same situation occurs. Misaligned gears, (especially
helical gears) tend to vary in load each shaft revolution. The carrier frequency is the gearmesh
frequency (the shaft speed x the number of teeth on that gear).

If there is modulation there will be sidebands. But what will the sideband spacing be? Recall
that amplitude modulation occurs between frequencies that are “tied together” or locked
together. A gear is locked onto its shaft which is a different frequency than the gearmesh
frequency. So the sideband spacing (modulation frequency) will be the shaft speed of the
offending gear.
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Figure 2-24 - Gearmesh Frequency is the carrier frequency. Shaft speed is the modulation frequency,
generating the sidebands.

DISTORTED MODULATION

When an amplitude modulated signal is distorted there will be sidebands due to the
modulation. But there will also be harmonics due to the distortion.

For example, an inner race bearing defect will cause impacting. If those impacts are distorted,
then there will be harmonics of that BPI (Ball Pass frequency Inner race).

Harmonics of a modulated frequency reproduces the “family” of peaks centered at a multiple

of the BPI.

© 1999-2013 Mobius Institute — All rights reserved www.mobiusinstitute.com

Produced by SUMICO Technologies



CHAPTER 2 - UNDERSTANDING SIGNALS PAGE 2-17

1% Mobius iLearn¥ibration [LearningCenter] www.ilLearnlnteractive.com

File Wiew Tools Help
B -
Select a tutorial panel from the list ﬂ )
. &
[Fundamenta: panel = Channel Arnplitude Frequency Phase AL E
[mm/sec) [Hz] [Degrees] Comprnd, | -
" Sine wave mgﬂ: - == Composite | |3
H
" Impul ]
IR P | [t ] ] E 2] Time: 03153 ses Ampliude: 31172 min/ssc: Dela: 2589 secs [3.86 Hz 6]
O Pulsetrain |t
™ Sguare wave Modulated freq.
CCETET 200 SiE b VT T o H'”::::T PO T
" Tiangient —y 1 =l iH ﬂﬁ - ﬂﬂ: ﬂﬂ” 5
.......... in
" Modulation 2 ? m‘lﬂ mlﬂ—
f+ Clipped mod. Zoom  Zoom t 2
E
" Beating out L -3
>y -4
5
&
35
3
E 25
s 2
E1s
1
0s
o
Stark/refresh simulation | Lin
'_l Training .Easa histories ETESI ig HSignals EMach\nE faults and alarms

Figure 2-25 - Distorted Modulation generates the harmonics of the "families" of peaks.

el

Figure 2-26 - Typical results of Distorted Modulation. Harmonics of gearmesh frequency and muiltiple
sidebands. A "skirt" of sidebands is common.

Frequency Modulation

Frequency Modulation is common in machinery analysis. It differs from Amplitude Modulation
in that the frequency varies in Frequency Modulation. This occurs when a machine changes
speed periodically. It could be due to process loading or other causes. It occurs in gear boxes
when they are set incorrectly allowing a little too much play. The gears rock back and forth as
they turn, changing the frequency periodically.

The result of the frequency modulation in the spectrum is similar to amplitude modulation
except that generally there will be a lot more sidebands.
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Figure 2-27 - Frequency modulation occurs when a frequency changes periodically.

Noise

Noise can be viewed a number of ways in vibration analysis:

e Asource of random, non-periodic or external vibration that negatively affects our
vibration readings
o Signal problems, external machines, process sounds, etc.
e Anindicator of a fault condition
o Bearings, lubrication, cavitation, turbulence, etc.

We have to deal with noise during the measurement process:

e More averages reduces the impact of noise
o Non-synchronous noise is removed with time synchronous averaging
o Noise is averaged with linear or RMS averaging to improve repeatability
e  Better dynamic range, transducer sensitivity, and measurement electronics improve
signal-to-noise ratio (S/N)

Raised Noise Floor =@
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& Mabius 2007 www. Bearninteractive.com Frequency (Orders)

Figure 2-28
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Beating

There are many instances in a plant when there is a droning sound that gets louder and then
softer. The period between the loudest points could be from 10 seconds or (longer) or as little
as a half second or less. The closer spaced occurrences may sound more like a throbbing sound
than a droning sound.

While collecting data or monitoring a machine a peak in the spectrum may rise and fall
periodically.

What is the source of these common occurrences?

It could be due to a phenomenon known as “Beating,” two signals with similar frequencies. It
can come from two identical machines near each other that run at exactly the same speed. The
vibration from one machine transmits to another.

Let’s start with the basic concepts. If one of two identical machines is running at 10 Hz and all
the vibration is at running speed, then the waveform might be like the one at the right.

- N 00 S

hinhblie

Shbl

Figure 2-29 - Waveform of 10 Hz running speed.
In a one second time waveform there would be 10 cycles. We could hear a 10 Hz “tone” and the

amplitude would be constant.

If the second machine is started, too, and they were exactly the same speed and both perfectly
in phase, the waveform measured on the machine would be the sum of the two. The amplitude
would be twice as high.

The sound coming from the machines would still be the 10 Hz frequency, but would be twice as
loud.

So the frequency would not change, but the amplitude would double.
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Figure 2-30 - The waveform from the two machines in phase with each other. The amplitude has doubled but
the frequency is the same.

Now suppose the two identical machines were 180 degrees out of phase. What would the
result be? It would be very quiet because the signals would cancel each other out. The
waveform would be a flat line. But this is unrealistic.

The chances of the machines being 180 degrees out of phase are remote, and there would be
losses in vibration from one machine to the other means that there would really be some

amplitude to measure and hear.

To cancel each other out, the two machine speeds would have to be identical.

P =
WN SO =Nwad N O o

Figure 2-31- The waveform from 2 identical machines 180 degrees out of phase results in a flat line.

What would happen if the two machine speeds were different?

Example: If two machines were running at different speeds, 600 RPM and 660 RPM, (10 Hz & 11
Hz), then what would happen? What would be measured and what would be heard?

Figure 2-32 shows the two individual signals in the top graph. The composite signal is in the

bottom graph.
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Figure 2-32 - A10 Hz signal and an 11 Hz signal are in the upper graph. The composite signal is in the lower
graph.

The composite graph is what would be measured on the machine. Note that the time
waveform is rescaled to two seconds long.

What would be heard is “beating” - a droning sound with a duration of one second. The
amplitude would rise from zero to full amplitude and back to zero in one second.

Figure 2-33 shows this more clearly. The top graphs shows that the two signals are in phase at
one point and 0.5 seconds later they are 180 degrees out of phase. In between those times
they are somewhere between 0 and 360 degrees. When they are in phase, the composite signal
adds the signals giving twice the amplitude of each individual signal. When the signals are 180
degrees out of phase, the composite signal cancels them out. (There is zero amplitude in the
graph at that point.)

10.

1] nz2 0.4 06 0.8 1 12 14 16 18 2

0 0z 04 o0& o0& 1 1.2 14 186 18 2

Figure 2-33 - The two signals add and cancel out depending on whether they are in-phase or out of phase.
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Because the signal is periodically varying from zero amplitude to a maximum amplitude, we
hear a pulsation - the pulses have a 1 hertz cycle - that is, there is one second between pulses.
Note that the two signals, 10 Hz and 11 Hz, are separated by 1 Hz.

What if the speeds were closer together?

If one signal was at 10.5 Hz and the other at 11 Hz, what would it look like and how would it
sound?

Figure 2-34 is the two signals just 0.5 Hz apart. Notice how the time for one cycle is now two
seconds.

Figure 2-34 - the cycle time for the 0.5 Hz beat is 2 seconds.

The beat frequency is the difference in frequency between the two signals. So this is a half Hz
beat. How is the time figured?

Recall from chapter two that the period for one cycle is the inverse of the frequency. The
frequency is 0.5 Hz. Divided into one it yields 2 seconds.

Figure 2-35 shows 20 seconds in the time waveform. 10 cycles are clearly seen.

Figure 2-35 - 10 cycles in the 20 second time waveform
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Two frequencies closer together

Figure 2-36 shows the result of two closer frequencies... 10.9 Hz and 11 Hz. The beat frequency
is 0.1 Hz so the time for one cycle is 10 seconds (1/0.1).

1

|
N2k ~NoS

Figure 2-36 - A 10.9 Hz signal and an 11 Hz signal produce a waveform cycle 10 seconds long.

The pulse that would be heard is 10 seconds long.
Different Amplitudes

If the same two frequencies have different amplitudes, how would it differ? Figure 2-37 shows
the result of the two signals if one signal is less than previous.

oy
Bif e B

Figure 2-37 - the two signals are not equal amplitude. They don't cancel to zero nor go as high in amplitude.

When the two signals are 180 degrees out of phase they do not sum to zero. When they are in
phase their sum is not as high in amplitude.

Beating vs. Amplitude Modulation

The waveforms of Beating and Amplitude Modulation may look similar but they are vastly
different.

Amplitude modulation occurs between two frequencies that are far apart.

Beating occurs between frequencies that are close together. (Usually less than 4 Hz apart.)
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In Amplitude modulation, one signal (the carrier) is being varied periodically by a second signal
— this produces sidebands. In Figure 2-38 the 200 Hz carrier signal varies in amplitude 20 times
per second.

Beating sums two similar frequencies as they go in and out of phase.

200 Hz “carrier”
modulated by20 Hz - the
200 Hz varies in
amplitude 20 times per
second

--------------------------------------------------------------------------------------------------

i} 100 200 300 400 s00 600 To0 &00 900 1000
Lin Hertz

Figure 2-38 - Amplitude modulation - a 200 Hz carrier frequency varying in amplitude 20 times per second.
Spectrum Analysis of Beating

It is difficult to tell from a stored spectrum if beating is occurring. It could be that a particular
frequency changes drastically from one reading to another which could be the result of
capturing the data when the signals were in phase during one measurement and out of phase
the next measurement.

It is much easier to spot the beating while collecting measurements at the machine. If
resolution is not sufficient to separate the two signals, a peak will be rising and falling. It could
be due to the beating. If the two frequencies are 1 Hz apart, the peak will rise and fall once per
second.

BB A

0 50 100 150 200 250 300 350 400
Lin Herz

Figure 2-39 - If a peak is rising and falling during data collection, it could be due to beating.
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How does this affect us in reality?

When two machines are running at very similar speeds, and there is a good mechanical
transmission path between them, then beating could occur. The vibration level on both
machines could cycle between quite low levels to quite high and therefore destructive levels.

T \\23““,.. ._. N
= . )

In one recent example, the vibration level was cycling from 3 mm/sec (0.17 in/sec) to 20 mm/sec
(1.1in/sec) over a 10 minute period (the vibration level was normally about 10 mm/sec (0.56
in/sec). This is very destructive on the machine.

Correcting Beating

To correct the situation, the speeds must be controlled, or find out why the speed of one of the
machines has changed. In the example above, one of the machines had been recently
balanced, and when one of the balance weights was removed, the beating stopped.

The second way to correct the situation is to examine how the vibration is being transmitted
from one machine to the other. In most cases, there will have been some recent change to one
or both machines which resulted in this beating phenomenon. Isolating the bases and
foundations helps to remove the transmission path between the two machines.

Intermodulation

When two closely spaced signals mix, they can beat, or they can modulate. Peaks may show up
in the spectrum at Sum and Difference frequencies.

Assume there are two signals at frequencies of 99 Hz and 100 Hz. They may “Sum” together
producing a peak at 199 Hz.
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And on the other hand, they may also subtract from each other and produce the “Difference”
frequency at 1 Hz. See Figure 2-40.

‘Difference’ ‘Sum’

MT¥Ee s Mme

Figure 2-40 - 2 close frequencies may produce Sum and Difference frequencies.

It is common to see the beating and the peaks at Sum and Difference frequencies in the
spectrum.
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Chapter 3
Understanding Spectra

Objective:

e Understand the features of vibration
o Purefrequency
o Harmonics
o Sidebands
o Noise
o Sum/difference frequencies
e Define spectral regions
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PAGE 3-2 CHAPTER 3 - UNDERSTANDING SPECTRA

There are three ways to approach fault diagnosis:

1. Understand the forces on the machine and determine how the vibration will change as a
result.

2. Understand the common features of the vibration spectrum and “reverse engineer” the
fault based on the patterns observed.

3. Remember all of the patterns for each fault condition (or keep a wall chart close by) and
try to recognize the patterns

In order to be a successful vibration analyst it helps to understand why the vibration patterns
change the way they do. What generates peaks in the spectrum? Where do harmonics come
from? What is noise? Where do sidebands come from?

Now we will look at it from the opposite point of view - recognizing features in the spectrum
and deciding what to do next.

We will review vibration from distinct sources, harmonics, sidebands, the noise floor, and
sum/difference frequencies. If we can identify these patterns and relate them back to the root
cause, then we can determine what is happening inside the machine
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Figure 3-1 The vibration spectrum

Feature one: Pure frequency

As we learned in “Understanding signals” certain peaks in the spectrum are generated by the
machine directly: unbalance, blade-pass-frequency, etc. We need to identify the frequency and
relate it back to the machine and we need to know how it is related to the turning speed of the
machine. We can then see if there are any harmonics or sidebands or sum-and-difference
frequencies.
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Feature two: Harmonics

One of the most common patterns seen in spectral data is harmonics. A waveform that is
repetitive (periodic) but not a pure sine wave creates harmonics in the spectrum.

Harmonics are a series of evenly spaced peaks that are multiples of the first peak in the series.
The first peak is called the fundamental frequency.

In Figure 3-2 the first peak (with the square on top) is the fundamental frequency of 1785 CPM
which is shaft turning speed. The remaining peaks marked with a triangle shaped cap are
integer multiples of that frequency. These are the harmonics. The Fundamental Frequency in
the series is often referred to as the first harmonic.
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Figure 3-2 Harmonics are multiples of any frequency. The first in the series is the fundamental frequency.

The most common harmonics are multiples of the shaft turning speed. However, harmonics
can be multiples of any frequency. Figure 3-3 shows harmonics of a non-synchronous peak
which could be a bearing frequency. Harmonics can be multiples of belt rate frequency, or
other frequencies.
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Figure 3-3 Harmonics can be multiples of non-synchronous peaks such as this. Bearing fault?
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Recall from the “Understanding Signals” chapter, that harmonics in the spectrum is only half
the story. Harmonics are generated when there is clipping, transients, or random impacting in
the waveform. Whenever harmonics are present, it is a good idea to look at the waveform.

The waveform associated with the spectrum in Figure 3-3 does have significant transient
impacting. We would expect to see harmonics in the spectrum.

e
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Figure 3-4 Waveform for spectrum in Figure 3-3 shows the transients.

The waveform in Figure 3-5 looks almost like a sine wave, but not quite. This is why there are
some harmonics on the spectrum below it.
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Figure 3-5 Because it is not a perfect sine wave, there are harmonics.

When the vibration is not pure, for example, it is distorted, has random impacting, has clipping
or transients, there will be harmonics. Figure 3-6 has significant random impacting and
produces a spectrum with many harmonics.
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Figure 3-6 Impacting produces harmonics

Figure 3-7 is typical of structural looseness. The waveform has impacting with clear transients.

The waveform autoscales from a positive 0.4 g’s to a minus one g. This is also a typical clipping

situation. Clipping occurs when there is more freedom of movement in one direction than the

other. In this case there is considerably more impacting downward (away from the sensor) as

the bearing pedestal bangs against the base.

Notice how there are harmonics of turning speed to 25 orders.
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Figure 3-7 The impacting, transients, and clipping in the waveform produce harmonics of turning speed to 25

orders.

Conditions that can produce harmonics include:

e Looseness

e  Misalignment
e Bearing Wear
e  Gear Faults
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Figure 3-8

Feature three: Sidebands

Sidebands are a very important phenomenon to look for (and understand) in machinery
analysis. Sidebands are a result of amplitude modulation between two signals. Sidebands are
common when studying rolling element bearing, gearbox, electrical, and certain other fault
conditions.
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Figure 3-9 Sidebands are evenly spaced peaks around a center frequency or peak.

In the spectrum, sidebands look like evenly spaced peaks, centered on another peak called the
"center frequency". Depending upon the situation, we may either be interested in the
frequency of the "center frequency", or the frequency of the spacing between the sidebands,
or both.

The center frequency is the “carrier” frequency and the sidebands are the “modulation”
frequency.
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Figure 3-10 Sidebands around a center peak

Examples of Carrier Frequencies include:

e  Gearmesh Frequency
e Bearinginner race frequency
e Rotor bar pass frequency

Examples of the Sideband Frequencies include:

e Running speed
e  Fundamental train frequency (cage frequency)
e Pole pass frequency

Figure 3-11

An example of modulation is an inner race defect on a rolling element bearing. In Figure 3-12
the waveform pattern is produced from the bearing with the inner race defect. The waveform
is separated into its two component frequencies.

The sinusoidal waveform is the shaft turning speed and remains constant in amplitude. The
higher frequency impacts are from the inner race defect. These impacts vary in amplitude
because the inner race defect moves in and out of the load zone since the inner race is tied to
the shaft.
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Both frequencies are produced because these two frequencies are locked together. The inner
race is locked onto the shaft, so it has the shaft speed associated with it. The frequency of the
balls impacting that defect is the calculated inner race defect frequency.

Figure 3-12 Inner race defect produces amplitude modulation

Another example is from Gear Misalignment. The modulation occurs in a gearbox due to two
frequencies locked together. The two frequencies are the shaft turning speed and Gearmesh
frequency. (Gearmesh frequency is the number of teeth on a gear times the speed of its shaft.)

Figure 3-13 Gear box with misaligned gears

Because the shafts are misaligned, the forces against each other vary as the shaft turns
producing varying amplitude. This varying amplitude is evident in the waveform pattern. See
Figure 3-14.

The frequency of the modulation is the shaft speed of one of the gears.

The spectrum shows the Gearmesh frequency as the center or carrier frequency. The sidebands
are spaced from the center frequency at spacing equal to the frequency of one of the shaft
turning speeds. In this case, the sideband spacing is the frequency of the pinion.
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Figure 3-14 Amplitude modulation from misaligned gears.
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Figure 3-15 Sideband spacing around the gearmesh frequency is the shaft speed of one of the gears.

Feature four: Noise

Noise is generated by either:
e Asingle event in the waveform (like an impact) or
e Random vibration — a waveform that does not repeat itself

The “noise floor” of the spectrum can tell us a great deal about the machine. Noise can indicate
that a fault exists (cavitation, bearing fault, rotating looseness, turbulence, poor lubrication,
impacts and rubs). Noise can come from the internal process. Noise can come from an external
machine.

If there was no noise the base of the graph would be flat.
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Figure 3-16

Sources of noise will cause the noise floor to rise up in different ways. The noise floor of the
spectrum can tell us a great deal about the machine.
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Figure 3-18
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Figure 3-21
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Raised Noise Floor: Resonance
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Figure 3-23

If the time record used to create the FFT has one large impact then the spectrum can look the
same as if the vibration contained a lot of noise. In this case time waveform analysis is
important.
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Figure 3-24
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Feature five: Sum and difference

When you see peaks in a spectrum you may be at a loss to identify their source. Possibilities are
unidentified forcing frequencies, external vibration, noise or harmonics or sidebands. We
should consider another possibility: sum and difference frequencies due to intermodulation.

If two frequencies, f, and f,, are present, the non-linear response would produce
intermodulation products equal to the sum and difference of the two frequencies, thatis m f, =
n f,, for any whole numbers m and n.*

Due to the ear’s non-linear response we can hear tones that are not actually present. The same
is true in a machine.

This does not indicate a fault condition; it is simply a way to explain the presence of unidentified
peaks in a spectrum

Spectral Regions

A quick scan of three regions of order normalized spectra helps to categorize the fault types.

1
1
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Sub-Synchronous | Non-synchronous

Figure 3-25 - The spectrum can be separated into 3 regions

The section on Forcing Frequencies showed how many faults are related to turning speed and
its integer multiples (synchronous energy). Other faults are fractional multiples (non-
synchronous) and still others show up at frequencies below the shaft turning speed (sub-
synchronous). By taking a quick look at an Order Normalized spectrum, a good indication is
given of the source of the peaks. Figure 3-25 is a typical spectrum with the three regions
shown.

Sub-synchronous energy refers to any energy below the frequency of the shaft turning speed.
The shaded area in Figure 3-26 is the sub-synchronous region of the spectrum.
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Spectral Regions =@®
Sub-Synchronous

0 1 2 3 4 5 6 7 8 9 10

© Mobius 2007 www.ilearninteractive.com Fre quency (Orde rs:l

Figure 3-26 - Shaded area is the sub-synchronous region

Sources of energy in the sub-synchronous region include:

e  Another component in the same machine (the fan speed of a belt driven fan unit)
e  Another machine

e Beltfrequencies

e Hydraulic instability in journal or sleeve bearings (oil whip and oil whirl)

e  Rotorrub, shaft rub, compressor wheel rub

e Cage frequencies in rolling element bearings

e Severelooseness

The synchronous region is the whole number multiples of turning speed (integer multiples).
The synchronous regions are marked in Figure 3-27 as shaded areas at each order of turning
speed.
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Figure 3-27 - Synchronous energy is the shaded areas at the order intervals

Many forcing frequencies generate energy at turning speed or its multiples. Some of them
include:

e Unbalance

e  Misalignment

e Bentshaft

e Looseness

e Blade and Vane pass frequencies
e  Reciprocating motion

e Gears

e Slot frequency in motors

e  Eccentricity

Non-synchronous energy is all energy above turning speed frequency that is not an exact
integer multiple of turning speed. The shaded region in Figure 3-28 is the non-synchronous
region.
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Figure 3-28 - The shaded areas are the non-synchronous areas

Non-synchronous energy is Non-integer multiples of running speed such as 3.1x, 5.65x, etc.
Sources of non-synchronous energy include:

e  Another component in the machine
e  Multiples of belt frequency

e Rolling element bearing defects

e Systemresonances

e (Cavitation

e  Electrical

e Lube pumps

e Sliding surfaces

e  Another machine

Using the information in this section, a quick analysis and generalizations can be made of the
spectrum used in the illustrations. Whether the data is from a motor, pump, or fan, thereis a
process of evaluation that can follow a line of reasoning that asks questions about the potential
sources of each peak and each mound of energy.

When the analyst knows the machine and measurement point the data came from, many
possibilities will be eliminated to narrow the options even more. The waveform data can be
viewed to confirm many of the questions.
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Chapter 4
Signal Processing

Objective:

e  Describe the purpose of filters and what they do

e  Describe how sampling affects spectral data

e Determine Lines of Resolution needed to resolve frequencies
e  Explain the purpose for Windowing

e  Describe three Averaging methods and how they work

This chapter discusses what really happens to the signal from the transducer; the processes
related to making the measurement from the perspective of capturing and manipulating the
signal to produce the data we need. It involves digitizing the signal and producing the
spectrum. Issues related to that are covered such as filters, sample rates, resolution and
windowing.
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A Quick Overview

Inside the Data Collector/ Analyzer the “analog” signal from the sensor is converted to provide
usable data: waveforms, spectra, rms readings and more

There are many settings and we need to know what is happening inside the box in order to
better understand the information it is giving.

Step One Power the sensor - The ICP accelerometer requires power sent to it. The signal from
the sensor is an electrical signal — an analog signal.

Step Two Digitize the signal — The Analyzer is a digital instrument so the data must be
converted into a digital signal so the analyzer will have numbers to work with.

Figure 4-1- The analog signal must be digitized so the analyzer has numbers to work with.

There are a number of considerations:

e Does the voltage from the sensor match the input range of the analyzer?
e How quickly should the signal be sampled?
e How many samples are kept?

Step Three - Process the signal - generate other data that can be worked with: spectra, rms
overall readings, envelop spectra

Considerations in the processing:

e Filtering

e Integration
e  Windowing
e Averaging
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Filters

When a transducer is mounted on a machine, the electrical output is a continuous analog signal
representing the vibration at that location. It is important to understand what filters do and
how they are used in the field of vibration.

There are four types of filters:

e Low pass filters: let low frequencies pass through

e Band pass filters: let frequencies within a band to pass through

e Band stop filters: blocks frequencies within a band from passing through
e High pass filters: lets high frequencies pass through.

Figure 4-2 is spectral data from a compressor. This data is unfiltered data from o to 10kHz.

Figure 4-2 - Data from a machine, no filter applied.

Figure 4-3 is the same data but with a Low Pass filter applied. It is letting the low frequencies
through while blocking the high frequencies.

Low-pass filters are by far the most common filter type, earning wide popularity in removing
alias signals and for other aspects of data acquisition and signal conversion. For a low-pass
filter, the pass-band extends from DC (o Hz) to the frequency specified, and the stop-band lies
above the specified frequency.

Figure 4-3 - Same data but with a Low Pass filter applied.
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Band-pass filters transmit only those signal components within a band around a center
frequency. An ideal band-pass filter would feature brick-wall transitions at fL and fH, rejecting
all signal frequencies outside that range. Band-pass filter applications include situations that
require extracting a specific tone, such as a test tone, from adjacent tones or broadband noise.
See Figure 4-4

Figure 4-4 - Band Pass filter applied. It effectively blocks the high and low frequencies.

Band-Stop (sometimes called band-reject or notch) filters transmit all signals except those
between specified frequency ranges. These filters can remove a specific tone - such as a 50 or
60 Hz line frequency pickup - from other signals.

Figure 4-5 - Band Stop filter blocks the frequencies in a particular frequency band.

In a High-Pass filter, the pass-band lies above a specified frequency, while the stop-band resides
below that point.

Figure 4-6 - High Pass filter blocks all frequencies below the specified frequency.

High pass filters are normally used in early bearing wear detection. Manufacturers have their
names for this feature: Spike energy detection, HFD, and others. It blocks the high amplitude,
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lower frequencies to enable the scaling to adjust to the low amplitude levels of early bearing
wear in the higher frequencies.

FILTER CHARACTERISTICS

Two types of filters are common used in the field of vibration, Digital and Analog.

Digital filters are achieved with special “digital signal processing” (DSP) chips or software.

Analog filters are created with electronic components such as capacitors and resistors. Many

analyzers still have some analog filter.

There are two issues to be concerned about:

e Thefilter characteristics (the cut-off)
e  Settling Times

Ideally, the filters would block the unwanted frequencies like putting up a brick wall to stop
them. See Figure 4-7. This would provide a clean break and keep out all unwanted signals.
However, this is not the case.

Stop
Band
P |
Amp
Siop Stop
Band Band
P

Band-Pass Filter

Amp

o /ﬁ///

High-Pass Filter

N
7

é /2 e 5’2:::%
W42

Band-Reject Filter

Figure 4-7 - Ideal Filter Design would block out all unwanted frequencies.
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In reality, especially with analog filters, there is a region where some frequencies will be
attenuated, but not blocked. There are other ways the data is massaged to get the results
needed.

Amp A

Pass top Stop Pass

/ Band Band Band \
é Band §

/ Transition Transiticn \\\
Band Band
} i ™ k FI

o
Low-Pass Fitter [ High-Pass Filter e
A Amp
A . !

Stop Pass Fass

Band Band Band
o TR P i ol 7

Band-Pass Filter Band-Reject Flitor

Figure 4-8 - Actual Filter design has a transition band that lets some of the frequencies through.

Settling time for filters - there is one concept that is important to understand regarding filter
electronics. When data is applied to the filter circuitry, it causes the output of the circuit to
“ring”. This requires the settling time to be set for a duration long enough to allow the circuit
to settle to normal levels before capturing the data.

Filters are used in a number of applications inside the data collector. Four of the most obvious
application are anti-aliasing filters, integration (converting the acceleration signal to velocity), tracking
filters, and filters used in high frequency bearing analysis (demodulation, PeakVue, acceleration
enveloping).
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Sampling and Aliasing

What really happens to the signal from the transducer? Sophisticated software and hardware
capture and manipulate the signal to yield data that can be used for accurately determining
machinery condition.

In the past, discussions regarding signal processing and sampling have been somewhat
confusing. This is probably due to the many similar terms that have very different meanings and
applications. The confusing terms include the word “Sample” or “Sampling.” There are three
of these and they will be discussed in a manner which will hopefully add clarity. The three terms
are:

1. Sample Rate or Sampling Rate
2. Sample time
3. Number of Samples

There is a number which is applied in two ways in working with sampling and resolution. The
number is 2.56. An attempt is made to give a clear picture of how it is used and why it is so
important.

Sampling the Signal, Sample Rate

When the transducer is placed on the machine, its electrical output is a continuous analog signal
representing the vibration at that location.

It contains all of the information in either velocity, displacement, or acceleration

RTATAYATA

Figure 4-9 - Continuous Analog signal from the sensor

The signal must be digitized to enable the box to record and store the vibration. To do this the
continuous analog signal is converted into a series of discrete numbers called a time record.
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Figure 4-10 - The time waveform is sampled at discreet intervals. Each point is an individual sample. The rate
of the sampling is called the Sampling Rate.

Figure 4-10 shows the process of digitizing a standard analog waveform. It has been marked
where individual samples have been made at discreet time intervals. The samples are
converted to numbers and stored so the waveform can be rebuilt later and build the FFT.

The Rate at which the waveform is sampled is called the Sampling Rate or sample rate. It is the
number of samples made in one second.

To represent the time waveform, the data collector only has the samples to work with.
Anything that happened between the samples is lost. When the data collector or software
draws the time waveform it simply “connects the dots.” This is called the Time Domain.

What is actually stored in the data collector is therefore not as detailed as the original
continuous analog signal.

Fast Fourier Transform

The FFT process takes the time waveform and creates the spectrum which is referred to as the
Frequency Domain.
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Fast Fourier Transform or FFT

The vibration spectrum is the result of a Fourier Transform, named after the mathematician
who developed the equation which turns a complex wave into its harmonic components.

Two other mathematicians, Cooley and Tukey, in 1965 developed an algorithm to effectively
speed up the processing of the Fourier Transform and thus the name Fast Fourier Transform or
FFT.

ft) =ay+ z a; sin(2nf; + ¢;)t
i=1

Fourier, Jean Baptiste Joseph - French baron, physicist, mathematician 1768 - 1830

The FFT works best on waveforms that include only periodic signals. It will build sine waves out
of those signals. Each peak in the spectrum represents a sine wave with an amplitude a;,
frequency f; and phase 8.

For the FFT to work correctly we have to deal with three problems:

e Aliasing - we need at least two samples per cycle if we wish to resolve that frequency.
e Leakage - aloss of resolution if the cycles are not perfectly periodic in the time record.
e Resolution (picket fence effect)

We only have data at specific frequencies - we don’t know what happened between those
frequencies

Aliasing

The Sampling Rate affects the range of waveform that can be reconstructed.

In Figure 4-11 a 50Hz signal is sampled at a sampling rate of 50 times per second (50 Hz). This
yields one sample during each cycle. Connecting the sample dots yields a straight line. The
waveform cannot be reconstructed. There are not enough samples.

© 1999-2013 Mobius Institute — All rights reserved www.mobiusinstitute.com
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Figure 4-11- A 50 Hz signal sampled at a rate of 50 times per second yields one sample per cycle. Connecting
the dots yields a straight line.

|

Figure 4-12 - The 50Hz signal sampled at a rate of 100 Hz. Connecting the dots still yields a straight line.

In Figure 4-12 the sampling rate has been doubled to 100 Hz. But connecting the dots again
yields a flat line. There are still not enough sample points to reconstruct the waveform. The
waveform must be sampled at a rate greater than twice the frequency of the waveform.

The Nyquist Theorem or Criterion states that the waveform must be sampled at a rate greater
than twice the input signal. This frequency is often referred to as the Nyquist Frequency.

Most digital analyzers sample at 2.56 times the maximum frequency of interest.

A digital vibration measurement consists of a large number of samples, enough to be
representative for the time record. The speed at which these samples are taken depends on the
maximum frequency to be covered when the spectrum is produced. See Figure 4-13.

The sampling frequency must be larger than twice the maximum frequency in the spectrum. To
get a spectrum line at 400 Hz it must sample at faster than f, = 800 Hz, that is collect more than
800 readings per second. This means that there is less than 0.00125 seconds for each reading.

Another example, if the Maximum Frequency of interest (often called the Fmax) is 400Hz, the
sampling rate would be 400%*2.56 = 1024 times each second.

Sampling time: ts
Sampling Frequency: fs  (fs = 1/ts)

Nyquist theorem: fs > 2 x Fmax
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Figure 4-13 - the sampling frequency depends on the maximum frequency to be displayed in the spectrum

Sampling means that we measure a continuous real time event in a number of points and then
try to reconstruct the event by connecting these points. If we do not sample fast enough, the
reconstruction will not match the event. In Figure 4-14, the reconstructed curve has the right
amplitude but the wrong period. This effect is called “aliasing” and the effects must be
corrected.

AVAVAVAVA

Figure 4-14 - The effects of aliasing is that a false signal is constructed. It has the correct amplitude but the

wrong period.

Two signals are said to alias if the difference of their frequencies falls in the frequency range of
interest. This difference frequency is always generated in the process of sampling
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Figure 4-15 - The analog signal showing points of sampling and the digital reconstruction.

In Figure 4-15 the analog signal is not sampled at a rate fast enough to reconstruct it. Instead, it
generates a waveform at a much lower frequency. Note that the analog signal is a real signal,
but there are not enough samples to reconstruct it accurately. The reconstructed waveform is
at a much lower frequency, it is an aliased signal; a signal that appears real in the spectrum but
does not really belong there.

Figure 4-16 shows an analog signal with a 1x signal of 48 Hz and a 6x signal at 288 Hz. The
Sampling Rate is 960 samples per second. So the 1x peak is sampled 20 times per cycle and the
6x pk is sampled 3.333 times per cycle.
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Figure 4-16 - The 1x and 6x signals are sampled more than twice per cycle so they are reconstructed
accurately in the digital waveform.
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Since both signals are sampled more than 2x their frequencies, they are both reconstructed

accurately in the digital waveform. Both signals are also accurately reflected in the spectral

data.

Another example, Figure 4-17, has a 65 Hz signal. The spectrum has an Fmax of 100 Hz so the
sampling rate is 256 samples a second. The peak in the spectrumis at 65 Hz.
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Figure 4-17 - A signal is sampled at a rate of 256 times per second includes a 65 Hz signal. Itis at 65 Hz in the

Select a tutorial panel fram the list:

spectrum.

Anti-alias panel

Sampling _ =
Sample rate 4o B4 Ted 266
Freq range 125 25 50 100Hz

Signals

0B o5 &

a0 a0
an ‘{"*}: 120 40 :("*}i 120
0 ‘150 o~ ‘150
Hz Hz

Startrefresh simulation

mmise s

&

«©

hhhone®

ﬂ |M| Aﬁﬂ AJAXA_| B| Click on the araph for a cursor readout
[

MMz s e

Lin

Figure 4-18 - A 65 Hz signal is sampled at a rate of 64 times per second. The aliased peak shows up at 1 Hz.

Figure 4-18 is the very same signal but sampled at a rate of 64 samples per second. The
frequency range is 25 Hz. The 65 Hz signal is in the analog signal but cannot accurately be
reconstructed because the sampling rate is too low. It placed the aliased signal at 1 Hz.

© 1999-2013 Mobius Institute — All rights reserved

www.mobiusinstitute.com

Produced by SUMICO Technologies



PAGE 4-14 CHAPTER 4 - SIGNAL PROCESSING

COPING WITH ALIASING

In the previous example there was a signal of 65 Hz but in the spectrum there was a peak of 1
Hz. The peak looks real and can easily be mistaken for a real peak. However, it not real. Itis the
aliased peak.

But there is no way to know what frequencies are contained in the signal. It must be assumed
that there will always be some signals that will fold-over into the spectrum.

To eliminate the effect of aliasing, all signals that are too high for our sampling rate must be
filtered out. Alow pass filter is put in place that filters out any signal above the sampling rate.
So the low pass filter is set at the Fmax to correct this phenomenon. This filtering is called an
Anti-aliasing Filter.

All spectrum analyzers use some form of anti-aliasing filter.

The cause of Aliasing- a frequency is present in the signal that is not being sampled fast enough
(more than 2 times the frequency).

The Effect of Aliasing - If the difference frequency (the difference between the Fmax and the
actual frequency) falls below the Fmayx, it will show up in the spectrum.

Correcting Aliasing —Filter out all frequencies above the Fmax.
Another Example

Using the example fan from the “Principles of Vibration” chapter, and adjusting the speed to 1
Hz, the blades produce a signal at 8 Hz. So the combined signal is a 1 Hz signal plus the 8 Hz
signal. It’s easy to see that if that signal is sampled at a rate of 1 Hz, the result would be a flat
line.

According to the Nyquist Criterion, if it is sampled at three times per second, there would be
enough data to resolve the 1 Hz signal, but still not enough for the higher frequency 8 Hz signal.

Amplitude /

6
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4

3 —

2 ?

1 -

O'I'I'I'I'I'I'I'I‘I'IJI
[s) 1 2 3 4 5 6 7 8 9 10

Frequency (Hz)
Figure 4-19 - Sampling at 3 times/sec ignores the 8 Hz signal, but it will show up somewhere in the spectrum.

If the 8 Hz signal is expected, and we wanted to measure it, the signal would have to be
sampled ABOVE 16 times per second (8 * 2 =16). But if we did not know it was there, and only
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sampled at 3 times per second, there would be a peak in the spectrum at a "ghost" frequency
from the 8 Hz component.

The only solution to eliminate the ghost frequency is to filter out everything above the
frequency that is known to be valid in the data. Sampling at 3 times per second, filters out
everything above 6 Hz. (3% 2=6)
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Figure 4-20

Unfortunately filters are just not that good. They are unable to pass everything below a
frequency, and reject everything above a frequency. If the filter were perfect, every frequency
above the sampling rate would be completely removed. But in reality the filters are not that
good. Instead some signal level at those frequencies makes it through, so all of the spectrum
cannot be used.
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Figure 4-21

THE BOTTOM LINE ON ALIASING

Two steps are taken to eliminate the effects of aliasing. First, a low pass filter is applied to the
Fmax before sampling so that the sampling is still limited to those frequencies for the spectrum.

Secondly, recall that for N samples in the time record the FFT produces a spectrum with N/2
lines. So a 2048 sample time record produces a 1024 line spectrum. However, to correct for
anti-aliasing, only 800 lines are kept. The accepted rule is that the number of lines in the
spectrum is equal to the number of samples in the time record divided by 2.56.
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e N=2"= 256 — 100lines
e N=2°= 512 — 200lines
e N=2°= 1024 — 4o0lines
e N=2"= 2048 — 800lines
e N=2"= 4096 — 1600 lines
e N=2®= 8192 — 3200lines

DELTA-SIGMA

There are actually two ways to solve the Aliasing dilemma. One is to use an analog anti-aliasing
and the other is to use “digital” filtering, often called the “sigma-delta” method.

Most modern data collectors now employ the sigma-delta method, as they have better
performance, and are less expensive to manufacture. In effect, it produces a much better filter
which would allow many more lines to be kept in the spectrum. For convention, the industry
has kept the same number of lines as we used in the past.

Sampling and Resolution

We can control 2 parameters: The Sample Rate and the Total Number of Samples collected.
The Sample Rate is controlled by selecting the Fmax.

The Number of Samples is defined by the Lines of Resolution.

Taking a closer look at the sampling process leads to some conclusions. The Sampling Rate
must be 2.56 times the highest frequency of interest. To recreate a signal of 1000Hz requires a
Sampling Rate of 2560Hz. This produces a spectrum with an Fmax (Maximum Frequency) to
1000Hz. This yields Rule #1.

Rule #1

Sample Rate is proportional to frequency range
(The Sample Rate is 2.56 x Fmax)

Another relationship to remember involves the waveform and spectrum. The number of
samples in the time waveform determines the bandwidth or resolution in the spectrum. In
most analyzers the bandwidth or resolution is set by the “number of lines” chosen by the
operator. This number is referred to as Lines of Resolution or LOR.

One line is one data point in the spectrum. It is sometimes referred to as a cell or bin. Two
frequencies cannot be resolved if they are closer together than the lines. The bandwidth or
resolution of each line, bin, or cell is calculated by dividing the Fmax by the number of lines.
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Resolution = Fmax /[ LOR

For example, a spectrum with a maximum frequency of 1000Hz and 400 lines results in a
maximum resolution of 1,000/400=2.5Hz. This means that two discreet frequencies will appear
as one if they are closer than 2.5Hz apart.

If the Lines of Resolution is increased to 800 lines, the resolution is 1000/800=1.25Hz.

The Number of Lines is proportional to resolution

But this is not the whole story. There is a link between the number of lines and what is called
the Number of Samples. The Number of Samples required is 2.56 times the number of lines
(LOR). (There’s the 2.56 number again) For 400 lines in the spectrum, the Number of Samples
is 400 x 2.56 = 1024. Rule #2 in its broadest scope then is:

Rule #2

The Number of Samples is proportional to resolution
(Number of Samples = 2.56 x LOR)

The net result is that good resolution can be achieved. It requires a greater number of samples
and increases the time to collect the data.

To resolve frequencies that are close together, more samples are needed.

Number of samples ‘N’ is proportional to resolution

e N= 256 — 100lines
e N= 512 — 200lines
e N= 1024 — 4o00lines
e N= 2048 — 8o0lines
e N= 4096 — 1600 lines
e N= 8192 — 3200lines
Sample Time

There is a trade off in results vs. time. The faster the data is sampled, the more data that is
collected - which has to be stored, transferred, graphed, and used in calculations. The more
data collected to get greater resolution, the longer it takes to collect it, which means more time
at the machine.

The time required to collect the samples is equal to the number of samples required, divided by
the sampling rate. (Number of samples/sampling rate)
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For example: an Fmax of 400 Hz sets the Sampling Rate at 1,024Hz. A resolution of 400 lines
sets the Number of Samples at 1,024. So the Sample Time is 1,024/1,024 = 1 second.

Another way to compute the Time for one average is to use the numbers that we can control,
i.e.the Fmax and LOR. So T =LOR/Fmax. Using this simplified formula for the previous
example yields... T =400LOR/400Hz Fmax = 1 second.

Another example using the simplified formula for an Fmax of 100 Hz and 12,800 lines of
resolution.... T = 12,800LOR/100Hz Fmax = 128 seconds to collect one average.

Figure 4-22
Example: Sampling Rate
—— Original analog signal
—— Digital time record
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I Ao L N A P I I 2
Noh | | ' | ' | |
]~ =A%~ N -- - [ I 0= o . - _T__ -
| 'I Jld ’ : !i[‘ r‘i Q il "rl I | l
A L
o . C Vo C L D A T"""."
i gl il e Sl Sl it Niniaiait [t il

Figure 4-23 - The sampling rate is set too low capture the high frequency occurrences in the waveform.

In Figure 4-23 the sampling rate is too low to capture any of the high frequency signal.
Information contained in the waveform signal will be lost.

Example: Resolution

Figure 4-24 is a waveform which contains 3 signals, a 6 Hz, an 8 Hz, and 380 Hz signal. However,
there are only two peaks in the spectrum.
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Select a tutarial panel from the list:

ﬂ |M| uﬁﬂ ujf_| B|Elick on the araph for a cursor readout
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| Sampling panel

Fesolution Fange
200 lines 200Hz
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Figure 4-24 - There are three signals but only two peaks

The frequency range is set to 400 Hz which is a sampling rate of 1024 samples per second. This
captures the 380 Hz signal.

However the number of samples is 512 which produces a 200 line spectrum. The 6 Hz and 8 Hz
signals combine and produce a peak around seven Hz. The resolution is not good enough to
separate the peaks. The resolution is 2 Hz (400 Hz Fmax /200 LOR). This only separates signals
greater than 2 Hz apart.

Select a tutorial panel from the list:

ﬂ |M| A_.Jﬂ uji(_| E|Elick ot the araph for a cursor readout
[~

Sampling panel

Fezolution Fange
M0lnes | 20002 |
[Cammimes1|||  400w: 8
800 ine 800 Hz E
1600 lines 1600 Hz
Signals [Hz]

Start/refresh simulation

mmis e e

| Lin

Figure 4-25 - The Resolution is increased to 400 lines and the two signals are now separate peaks

Figure 4-25 is the same signal but with 400 lines of resolution, 1024 samples in the waveform.
The resolution is now 1 Hz and the two signals have their own discreet peaks.
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It takes a combination of Sampling Rate and No. of Samples (Fmax and LOR) to capture and see
the data that may be needed.

Figure 4-26 has two signals, a 15 Hz and a 17 Hz signal. The Fmax is set to 800 Hz and the
number of lines is 800 lines. The resolution is one Hz. The spectrum is zoomed in to show only
the first 25 Hz. The dotted lines indicate the lines of resolution.

1%} Mobius Institute iTeachWindowi ng El [El gl
Signal

Frequency one: 15 Hz

o o]
¥ Frequency two: 17 Hz
I i
Set Frax

Fmax: 800 Hz

K i

Resolution

* 200 lines (2042 samples)
" 1600 lines (4095 samples)
Windowing

[ Hanning window

Facts

Fesolution: 1 Hz
Bandwidth: 1 Hz

Figure 4-26 - Two peaks are separated but smeared over two lines of resolution.

The peaks are “smeared over two lines of resolution because there is not enough resolution to
make them more precise. So although the resolution is 1 Hz, these peaks are 2 Hz wide.

NOTE: The Resolution is further limited by the Window factor which will be discussed in a later
section. See Window Type Affects Frequency Resolution in the Windowing section.

TIME FOR ONE MEASUREMENT

The time required for collecting one spectrum is calculated by dividing the number of lines in
the spectrum by the Maximum Frequency of the spectrum.

T tsx N N N lines
=ts X = — = =
fs 256X Enge Fax

Example: A spectrum with 800 Lines has an Fmax of 1000 Hz. The time to collect this spectrum
is:

T =800/1000 = 0.8 seconds
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Resolution: In a spectrum, the measured vibration is shown as evenly spaced lines. The

distance between these lines, in Hz, is the resolution of the spectrum. It is obtained by dividing

the range through the number of lines in the spectrum.

If the resolution is 1 Hz, all vibration frequencies between e. g. 99.5 Hz and 100.5 Hz
(approximately) will be shown at 100 Hz, because in such a spectrum there is nothing in
between 99 Hz, 100 Hz, and 101 Hz.

Example: for a spectrum with an Fmax = 200 Hz...

Lines — number of lines in

Resolution — width of

Time required to

the spectrum each bin compute one spectrum
200 1 1sec
400 0.5 2 sec
800 0.25 4 sec
Table 4-1

The illustration below shows part of a spectrum with a range to 200Hz. It has 400 lines of

resolution. The frequency resolution is the Fmax [ number of lines or Fmax / LOR.

200/400=.5Hz

TEST YOUR KNOWLEDGE:
What is the Number of Samples required to get this spectrum?

What is the Sampling Rate used to yield this frequency range?

Figure 4-27
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What is the Sample Time for each average to compute this spectrum?

] lines res. (Hz) time (s
200 1 1 200 25 0.4 200 5 0.2
400 0.5 2 400 1.25 0.8 400 2.5 0.4
800 0.25 4 800 0.625 1.6 800 1.25 0.8
1600 0.125 8 1600 0.3125 3.2 1600 0.625 1.6
3200 0.0625 16 3200 0.15625 6.4 3200 0.3125 3.2
0-2000 0-5000
lines res. (Hz) time (s) | lines res. (Hz) time (s)
200 10 0.1 200 25 0.04
400 5 0.2 400 12.5 0.08
800 2.5 0.4 800 6.25 0.16
1600 1.25 0.8 | 1600 3.125 0.32
3200 0.625 1.6 | 3200 1.5625 0.64

Table 4-2 lists the increasing number of lines for a constant Fmax showing the resolution or
bandwidth, the sample rate, the number of samples and the sample time.

400

1000 2.50 2560 1024 0.4

800 1000 1.25 2560 2048 0.8

1600 1000 0.63 2560 4096 1.6
3200 1000 0.31 2560 8192 3.2
6400 1000 0.16 2560 16384 6.4

Table 4-2 - Effect of resolution on the Sample Time. Fmax and therefore the sample rate are constant.

Dynamic Range

Up to this point the focus has been on the accuracy of the frequency. But there are concerns
regarding the resolution of the amplitude. Vibration waveforms from machinery contain a
great deal of information, and some signals are very low in amplitude compared with the more
dominant frequencies.

Remember, when analyzing the data do not just look at the high peaks, but also look at the
lower peaks. Harmonics of bearing tones, for example, can be quite low in amplitude, but they
are still critical to the diagnostic process.
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Figure 4-28 - low level bearing peaks in the presence of other moderate peaks.

The signal is digitized by recording the voltage level at discrete time intervals. The analyzer can
record a maximum voltage and a minimum voltage. For example, +or — minus 1 volt. But what
happens if the signal is only 0.1 volts?

Figure 4-29

When the data collector digitizes the incoming signal it can only assign a limited number of
amplitude values to each sample it takes. Let's take the extreme. If a digitizer (the A/D) was
only 5 bit, that means it can assign one of 32 numbers (2”5 = 32) to the sample.

If the maximum voltage was 1 volt, which is called the input range, our amplitude resolution
would be (1/32 * 1000) 31.25 mV. The smallest amplitude measured would be 31.25mV and the
largest would be one volt. The reading would all be increments of 31.25 mV.
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Figure 4-31- Chunky spectrum due to poor dynamic range.

This is not nearly enough dynamic range. The waveform is chunky and the spectrum will be
similar.

Dynamic range is a measure of the ability to 'see’ small signals in the presence of large ones. It
is a ratio of the smallest signal to the biggest, and is typically represented in decibel (dB).

Dynamic range = 20 x log (smallest / Biggest signal)

A wide dynamic range means very small signals can be resolved in the presence of very large
signals. In theory the dynamic range is solely dependent on the resolution of the A/D converter.
However, in reality, data collector electronics (including the signal conditioning, amplification
and filtering components) add noise to the system thus reducing the dynamic range (because
the noise swamps the lower amplitude signals).

Many of the older data collectors on the market have 12 bit A/D converters, which gives them a
theoretical dynamic range of 72 dB.

12 bit gives 4096 possible values (2" = 4096)

72 dB is the dynamic range of 20 x log(1/4096)
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The more recently developed data collectors have 16 bit A/D converters which provides a
dynamic range of 96 dB. This really means that if the input signal was 1 volt, we could still
detect changes as small as 0.015 mV - which is excellent.

Data collectors do not have only one input range. There is usually an amplifier (a gain stage)
before the A/D to increase the amplitude to best suit the input range of the A/D converter.

If we go back to our 5 bit A/D example (Figure 4-29,) the ideal situation exists when the signal is
actually 1 volt in amplitude. All of the available input is being used.

The measurement quality of a data collector is actually a measure of the resolution of the A/D
(for example 16 bit), and also its ability to amplify the signal so that the collector utilizes the
majority of its input range. We would like to be able to change the range settings in small steps
to cater for the wide range of possible signals.

While most data collectors will allow you to manually set the input range settings, in most cases
you will allow the collector to auto-range - it will determine the best range automatically. It
actually does this by trying each range setting to find which is best.

SETTING THE INPUT RANGE

If we go back to our 5 bit A/D example, the ideal situation exists when the signal is actually 1 volt
in amplitude. All of the available input is being used.

Figure 4-32 - In this 5 bit example, all of the available input is being used. The signal actually is 1 volt.

But what would happen if the input is only 0.05 volts? Our smallest signal measurable is still
only 31.25 mV, so the actual dynamic range is greatly reduced to 20 * log (31.25/50) = 4 dB. What
a terrible measurement!
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Figure 4-33 - A fixed range with only a 0.05 amplitude signal. It is very poor.

Fortunately, analyzers have the ability to auto —-range. That is, they sample the signal before
actually collecting the data, and set the gain for the best fit. They do this by actually trying each
range setting to see which has the best fit.

Additionally, some analyzers have the ability to manually set the gain, or pre-set the input
range, which can be very useful in some special tests.

The measurement quality of a data collector is actually a measure of the resolution of the A/D
(for example 16 bit), and also its ability to amplify the signal so that the collector utilizes the
majority of its input range. Modern data collectors have excellent amplitude resolution and
they have multiple gain settings — therefore they have excellent dynamic range.

AUTO-RANGE VS. AUTO-SCALE
Many people confuse auto-ranging with auto-scaling. They do not mean the same thing at all.

As just described, auto-ranging is the process of selecting the optimum gain setting. Auto-
scaling is a simple graphical routine which takes the spectrum and displays it with the optimum
display range.

The two spectra below are the same data and illustrate the effects of auto-scaling. One takes
advantage of the full graph scale so that low amplitude frequencies can be seen more clearly.
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Figure 4-34 - Auto scaling merely adjusts the display to utilize the full display area.

Windowing

There is another property of the FFT which affects its use in vibration analysis. You may
remember that the FFT is performed on a block of samples called the time record. One
assumption made in the FFT calculation is that the time record is continuous. That is, the signal
just before the captured time record, and the block immediately after our time record are
identical.

In this example, although we are performing the FFT on the block of data with the black
background, the FFT calculation "assumes" that the data continues endlessly before and after
this block of data - as shown with the data with a gray background.

In this example it is true that the single frequency sine-wave begins and ends at zero amplitude.
Four complete cycles live within the time record

Figure 4-35 - The FFT process assumes the block of data goes to zero at the ends. In this case it does.

If we are analyzing a pure sine wave, i.e. just one frequency, and there is an integer number of
cycles in the time record, then this assumption is correct.

However it is seldom true that the time record starts and ends at zero. More commonly they
are similar to Figure 4-36.
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Figure 4-36 - The time window does not start nor end at zero.

When the FFT calculation is performed the signal is discontinuous. It seems to have a step
increase in level and looks similar to an impact to the FFT calculation. It generates a peak that is
spread over a wide frequency band similar to an impact.

Recall from the chapter on Introduction to Vibration that an impact generates energy in a wide
frequency range. That is not what we want to see as a result of this.

The real data in Figure 4-37 shows that the ends of each sample do not have the starting and
ending amplitude at zero.
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Figure 4-37 - Real data example where the ends of the sample blocks do not end at zero amplitude.
This phenomenon is called Leakage. The result is a broadening of peaks within the spectrum.
Figure 4-38 shows a signal of 10.9 Hz where it does not end at zero. No window is applied. The

result is a widening of the bottom of the peak (the skirt). Notice it is in Linear scale. The inset is
in Log scale shows how the frequency is smeared over several lines of resolution.
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Figure 4-38 - A signal that is non-periodic within the time window and the resulting spectrum in Linear and
Log scaling.
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Figure 4-39 - After applying the Hanning Window

Figure 4-39 is the data after applying the Hanning Window. Notice how the skirt is now much
narrower so that it is not smeared nearly as much.

To get around this problem the shape of the time record is actually changed so that there is no
data at the beginning or end of the record. The ends are pushed to zero amplitude. This is
known as windowing the data. The window has a minimal effect on the frequency content, but
it does affect the shape of the spectral peaks and the amplitude levels.
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Figure 4-40 - This is the raw data before any window is applied.
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Figure 4-41-This is the same data with the Hanning Window applied. Both ends have zero amplitude

In this illustration, (Figure 4-41) it is clear that when the windowed time records are placed end

to end there is no longer any sudden change in amplitude at the start or end of the record, and

thus there is no leakage.

Resolution and Accuracy

Using a window has its effect on the spectrum. Depending on the type of window and the

spectrum resolution, the spectrum lines shown, both their number and their amplitude, are

more or less true pictures of the measured vibration, i. e. of the time record.

The Hanning window will result in a correct amplitude when the frequency corresponds exactly

with a spectrum line. However, there will also be “leakage”: a spectrum line with a reduced

amplitude to either side of the “true” line.
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Figure 4-42 - A 30.5 Hz signal with an amplitude of 1, but bins at 30 Hz and 31 Hz

In this example the vibration occurs at 30.5 Hz but can only be shown at 30 Hz or 31 Hz, the
Hanning window will produce two lines, both with an amplitude of 85%, plus small leakage. The
accuracy of the peak is + % the resolution.

oal Amplitude = 0.85 [glkaliaialy

meEiac asn

Figure 4-43 - The peak will change shape - the amplitude will be 15% less
Window Type and Bandwidth

Although the Hanning Window has the best frequency accuracy, it still affects it. To correct for
this phenomenon, a Window Factor is used. The Window Factor is a multiplier to apply when
determining resolution.

The Window Factor for the Hanning Window is 1.5. This means that after determining
resolution in the normal manner, the result is multiplied by 1.5. This effectively decreases the
resolution. The term Bandwidth is used to describe this. For example:
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If the frequency range is1600 Hz and the Lines of Resolution is 800 lines, then the formula for
determining resolution is 1600/800=2. Now multiply that by 1.5 and the Bandwidth using the
Hanning Window is 3Hz. This means that two discreet frequencies that are closer than 3 Hz will
appear as one peak.

Another way to express the resolution formula using a Hanning Window is:

Resolution = 1.5 x Fmax/Lines

There are a number of window functions to choose from, each with a different shape, and each
having a different effect on the resultant spectrum. The "Hanning" window is most commonly
used in vibration analysis of rotating machinery. It yields the best frequency accuracy although
it does affect the amplitude.

Other Window types include:

e  Flat Top Window - has better amplitude accuracy but the frequency accuracy is poor.

e Hamming Window - similar to Hanning window except the ends do not go to zero
amplitude.

e Rectangular, Uniform, or No Window - the Rectangular and Uniform are the same as
having no window at all. These can be used during special testing situations and are
discussed in Category Il

Most analysts use only the Hanning Window for routine measurements.

Figure 4-44 - The shape of the Hanning Window

Example: For a spectrum with an Fmax of 400 Hz and 400 lines of resolution RES=Fmax /LOR
=400 [ 400 x Window Factor = 400/ 400 x 1.5 = 1.5 Hz

A drawback of the Hanning window is the Amplitude Accuracy is poor. If the frequency in
question is periodic in the time record, its peak will fall exactly on a spectral line, and its
amplitude in the spectrum will be accurate. Otherwise, the level may be attenuated by up to
16% (1.5 dB).
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Figure 4-45 - When the frequency falls on a line, the amplitude is accurate.
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Figure 4-46 - When the frequency does not fall on a line, the amplitude is incorrect by as much as 16%.

If the speed of the machine is exactly the same from test to test, then the error will be
repeatable and you can compare levels safely. But machines are rarely that stable.

The good news is that the nature of the inaccuracy is well understood, so most analysis
programs have an option to compute the exact frequency and amplitude of a peak. Most
automated routines that compare spectral levels to alarm limits also perform this correction.

FLAT TOP WINDOW

There is another option called the Flat Top window. It has greater amplitude accuracy with only

1% (0.1 dB) error, however the frequency resolution is poor.
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Figure 4-47 - Shape of the Flat Top window

Because vibration analysis of rotating machinery involves the detection of key frequencies, and
it is quite common to have closely spaced peaks, most analysts only use the Hanning window.
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Figure 4-48 - Flat Top window has greater amplitude accuracy, but poor frequency accuracy.

RECTANGULAR OR UNIFORM WINDOW

Some analyzers provide the option for a Rectangular or Uniform Window which is actually the
same as having no window at all. It is used when performing transient analysis tests such as an
impact test or a bump test. Because the impact response is located at the beginning of the time
record, other window types such as Hanning, Hamming, and Flat Top destroy the most
important part of the waveform.

Figure 4-49 - The Rectangular or Uniform window is used for impact tests.

Transient data is typically zero at the beginning and end of the record anyway (especially if the
test has been set up correctly), so leakage is not a problem.
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EXPONENTIAL WINDOW

Another window type used primarily for impact testing is the Exponential Window. It is used
primarily in modal analysis to window the response of a structure after impact.

Many analyzers do not offer this option.

Figure 4-50 - Exponential window is used primarily for impact testing.

RESOLUTION, WINDOW, AND BANDWIDTH
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Figure 4-51

When deciding upon the data collection parameters for each machine it must be looked at
individually to determine the rotation rates of the important components, and decide what the
lowest and highest frequencies of interest will be. Remember to analyze harmonics of key
frequencies, which will dictate the highest frequency of interest - a gearmesh frequency or
rotor bar rate for example.

* If Fmax is not high enough you can miss faults
* [fresolution is insufficient you cannot distinguish between peaks
* Ifresolutionis too high, you will spend too much time collecting data

= Setting the Fmax is discussed in the analysis section
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These are all very important decisions as they do influence the usefulness of the data.

Averaging

In an ideal world, the data collector would collect a single time record free of noise from a never
changing vibration signal, then produce the FFT and store it. But the vibration is constantly
changing slightly and there is noise in the signal. Changes occur as rotating elements go
through cycles and there is random noise from inside and outside the machine.

There is a way to minimize the effects of the noise and keep more of the changes due to cycles
inside the machine. The process used to correct this is called Linear Averaging. It simply
computes the Average Value for each line in the spectrum. This process helps in maintaining
repeatability so that two measurements taken 5 minutes apart should be the same.
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Linear Averaging collects a time record, produces the FFT and holds the FFT or spectrum. The

Figure 4-52 - Linear Averaging with 4 samples

second time block is collected immediately after the first and produces the FFT and holds it.
This is repeated for each average (usually 4). The spectra are then averaged to yield an
Averaged Spectrum. It is stored and the rest are dropped from memory.

When the measurement calls for storing the waveform, most analyzers store either the first or
last time record without any window applied. This way the analyst can see the actual time block
that produced the spectrum. Some manufacturers collect and store a separate waveform after
the spectral data has been averaged and stored.
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Reducing Noise
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Figure 4-53 - One average. Are all the peaks real?

Figure 4-53 shows a waveform and the resulting spectrum. It is one average, or essentially no
averaging. Notice the dominant peak. Itis likely that it is the frequency of the background
sinusoidal waveform.

But what about the other peaks? Are they real? Are they really a result of conditions in the
machine such as bearing frequencies?

Additional averages help in resolving that. If it is due to a mechanical or electrical vibration it
should be in every block of data. If it is random noise it will be averaged down.
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Figure 4-54 - Four averages. Most of the peaks are drastically reduced. They are random noise.

The spectrum in Figure 4-54 is the result of 4 averages. Notice how the spectrum has changed.
The primary peak is still present but all the other peaks have been reduced significantly. They
were random noise and were averaged down to 1/4™ the amplitude because of the averaging (4
averages). Notice that the noise is NOT removed, it is only reduced.

How many Averages should be used?

The number of averages is dependent on the machine being measured, but generally should be
long enough to see the shaft rotate 6 to 10 times. If there are transient shock loads, use more
averages. The goal is to average all the sources of vibration and noise.

Figure 4-55

One way to find out what is needed for a specific machine is to set the analyzer to free run and
watch the data.
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Another way is to set the number of averages to 30 and see how long it takes for the spectrum
to settle out.

Typical machinery such as motors, pumps, fans, etc., do well with 4-10 averages with 4-6 being
the most common. A key point to keep in mind is that the noise floor will have more energy in it
with 4 averages. 6 averages reduces the noise 30% over 4 averages. Reducing the noise floor
helps in reducing the potential for investing valuable time trying to analyze noise related peaks.

Increasing the number of averages reduces the noise further. Figure 4-56 shows the effect
after 10 averages. Note that the spectrumis in Log scaling which amplifies these frequencies.

Select a tutorial panel from the list: ﬂ |M| »LEY.\.| »LEY.\.| E| Click an the araph for & cursor readout
Averaging panel j
Signal source ; ; T ; T ™ 3
" FReal signal B [T W W Tl |I ------------------------------- W | [
" Real rundown signal 3% o SEERYL | BERE B MR I " [N Y 2. N N ukl R S L SR B TR
= iSmulated notsy signat - 5 D
" Simulated gear tooth E 1 [ B (T L N TR YO L
Avarage control St T 17— i Y 1 A |17 Nl
i~ Free-run [no averaging] PR AP U | Y | NRUPUU s AU | | U | S O | NP R - -
* RMS [linear) averaging !
¢ Time synchronous o 041 0.2 03 04 05 08
¢~ Peak hold ¥
Mo of averages | | | | | | |
1| 2458 p 10 boenoenees bomemnenees bomenoenees bomemmneas bommmeenees s s T
10 20 | 100 | 00 | 1000 = B B B B B =3
E 44l
o4l [ EE R S i N L [T
o a0 100 130 200 250 300 390 400
Start/refresh simulation | Log Herz

Figure 4-56 - 10 averages have been used in this spectrum to reduce noise. Note that this is in Log Scaling.

HOW AVERAGING WORKS

Linear averaging works by collecting a time record, windowing the data, converting it to an FFT,
stores it in temporary memory, then collecting another time record, producing the FFT, and
adding it to the average. This is repeated for each average. The averaged spectrum is then
displayed. Note that the spectra are averaged by averaging each bin or line of resolution in the
spectra.
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Figure 4-57 - Linear averaging captures a time record, windows it, computes the FFT, stores it temporarily,
averaging the specified averages.

Notice that the person collecting the data must wait the total duration of time for all samples or
averages to be completed.

But recall from the discussion on windowing, the start and end of the time record is windowed
and pushed to zero. The vibration information at the start and end of the record is being
“wasted.” So what if the waveforms are overlapped? Instead of using an entirely new time
record for each average, part of the previous record is used.

Figure 4-58 uses a 50% overlap. That is, 50% of the previous time record is used for each
average. The data collector collects 1024 samples, windows them, creates the FFT and starts
the average, then it collects just 512 samples, appends them to the last 512 samples of the
previous time record, performs the window, produces the FFT and adds it to the averages.

ANy

~h"*-"%p”"‘w"“"|""'w“'1'f'u"llnr*“’\w"“'«I""‘J‘J“"IIJ‘W‘IWIV"L}"U“M

Figure 4-58 - Time Records with 50% overlap saves data collection time

The net effect of this overlap is twofold:

1. Itrequires less time at each measurement point to collect the data
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2. The data that was “wasted” at the beginning and end of each time record is now fully
represented in the spectrum.

Below is another example illustrating the time saved for each measurement point. This may
seem miniscule but when multiplied by 500 points to collect in one day, that is significant.

Data collection time saved
(less time at the machine)

Figure 4-59
Peak-Hold averaging
Another method of averaging data is to use the Peak-Hold averaging. It is not really averaging

at all but is a comparison of values in each bin of the spectrum. It holds the highest peak for
each line of the spectrum.

N\

Find the
maximum
and keep it

Figure 4-60 - Peak-Hold Averaging
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For a spectrum with 4 averages using the Peak-Hold method, it works as shown in Figure 4-60.

Select a tutorial panel from the list: ﬁ |]]J,)\§| uﬂﬂ ﬁ| E|Fl9qi 20 Hz [1%] Ampltude: 8.0633 mm/sec

ing panel

Signal source
" Real signal
" Real rundown signal

+ Simulated noizy signal

mmisec

(" Simulated gear tooth

Average control

" Freeun [no averaging)
" RMS [linear] averaging
™ Time spnchronous 0 04 0z 03 0.4 0s 0g

+ Peak hold T T T T T T T hd

Mo of averages

1 2 4 [ 3
10 20 | 100 | 500 {1000

ICENELS

MMésec s

JIl J. j Looale ; badhd
: : 100 150 200 250 300 350 400
Start/refresh simulation | Lin Hertz

Figure 4-61- Peak Hold averaging with 10 averages - holds the highest value in each line. The noise floor is not
reduced.

Peak hold averaging is normally not used in routine data collection. Instead it is used for special
tests such as Run-up, Coast Down, and Bump Tests.

Time Synchronous Averaging

To this point all the averaging methods are averaging in the spectrum or frequency domain.
Time Synchronous Averaging averages in the Time Domain.

Recall that linear averaging does not actually remove noise, it just reduces noise, improving the
statistical accuracy of a noisy spectrum. Averaging the Time data can actually reduce the level
of noise by removing noise from the data. It therefore can be used to uncover low level signals
that may have been obscured by noise. This noise is not just the random noise from
surrounding machines or from the processes, but it really means sources of vibration that are
not wanted in the measurement.

Figure 4-62

Each time record is captured and averaged with previous time records. The final averaged time
record is often analyzed and/or used to create a final spectrum.
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Time Synchronous averaging uses a trigger to synchronize the beginning of the record. The
trigger must be synchronous with the signal of interest. This is typically done with a tachometer
once-per-revolution transducer. When analyzing a gearbox, for example, it is necessary to
trigger off the shaft of the gear of interest.

Synchronous signals, the signals that are fixed in the time record, will remain in the waveform
(because they occur at the same time relative to the trigger reference). Non synchronous
signals will eventually average to zero.

This method is commonly used to extract signals from gearboxes.

Recall from Understanding Signals, that waveforms add and subtract from each other
depending on the relative phase. Averaging waveform in the normal way can cancel out to
zero. The illustration below shows this well.

Figure 4-63 is waveform averaging with non-triggered data capture. The top two waveforms
are 180 degrees out of phase therefore cancelling each out. The bottom two are also 180
degrees out of phase and cancel each other out.

Figure 4-63 - Non-triggered waveform averaging: the top two waveform are 180 degrees out of phase and
sum to zero. The bottom two do the same, resulting in a zero value.

When the data collection is triggered so that each waveform starts and ends at the same
relative phase, the data is very useful.

Figure 4-64 uses the same data as in the previous example, but synchronizes the data capture
with a trigger. This data can be averaged.
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Figure 4-64 - Time Synchronous Averaging triggers the data collection so that all time records are in phase
and can therefore be averaged.

Time synchronous uses many averages to remove the noise and yield a useful spectrum.
Typically 100 averages or more are used.

The simulator demonstrates how this works. A noisy signal is averaged in the waveform using
100 averages. The result is a time waveform without much noise. The spectrum is shown in Log
rather than linear scaling, showing the noise is still there. In linear scaling, these would appear
to be gone. Frequencies that are not harmonics of shaft speed are removed. See Figure 4-65.

Sictet @ il e e i e X 12 2] Frem 20 1= [1 %1 Ampltude: 73354 mm/sec
Awveraging panel LI
— Signal sourc

" Real sighal

" Real rundown sighal

" Simulated noisy signal

" Sirmulated gear tooth

— Awverage control

mmizec
kb one DD

" Free-mun [ho averaging)
i RBMS [linzar] averaging -8.
& Time synchronous | u] 01 0.z 0.3 0.4 05 0.6
" Peak hold

Mo of average:

1 l=z]4]6]58]
10 | 20 | 100 500 1000

[LHIERE

mmizes e

Start/refresh simulation

Figure 4-65

Time Synchronous averaging can be very useful in determining if a signal is coming from the
machine being measured or a nearby machine. If the vibration from the nearby machine is not
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exactly the same frequency, or if it is out of phase with the triggered signal, it will be averaged
out.

Another good application is in gearboxes.

Figure 4-66 shows an example of Time Synchronous on a shaft of a gearbox. Every 10"
revolution has a higher amplitude value which is clearly seen in the waveform. In fact, because
the data is captured using a trigger, it can be seen that the 6™ tooth from the tach reference is
the one with the problem.

Select a tutorial panel from the list || IS ] ] 3] Frea 20z 11 amplitude: 4158 mméses
Averaging panel j

Signal zource
" Real zsignal
" Real rundown signal

¢ Simulated noisy signal

[EIEA

= Simulated gear tooth
Awerage control

" Free-run [nho averaging)

mmizes
hbhbbro2nuans

" RMS [linear) averaging

= Time synchronous
" Peak hold

Mo of averages

1 2 4 E 2
10 20 500 | 1000

[EILRY

MM e Mme:

5 : 400
Start/refresh simulation | Log Hertz

Figure 4-66 - Time Synchronous Averaging of gear with a bad tooth. Waveform is very useful.

Notice how little information is present in the spectrum. Although this is only simulated data,
similar results can be expected from real data. If a problem is suspected from the gearbox, look
in the time waveform.

The need for the trigger/synchronizing signal (the tachometer signal) means that this method is
not often used. In addition, a large number of averages are typically required, so the
measurement can take a long time. However, in certain situations (such as gearbox analysis),
the additional effort will pay dividends.

Figure 4-67
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Chapter 5
Time Waveform Analysis

Objectives:

® (Calculate Resolution, sample rate, and record length

® Select the best units for the application

® Describe 3 distinct waveform patterns

® Describe Beating, Modulation, and Transients

® Describe how to analyze waveforms with spectra

® Describe or Recognize Looseness, belt damage, and cavitation in waveform

® Describe how waveformis used to analyze gearboxes
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CHAPTER 5

TIME WAVEFORM ANALYSIS

Time waveform analysis is a complex topic, but one that the analyst should understand in order
to correctly diagnose faults. There are classic waveform patterns and steps to analyze the
waveform. Faults can be used to diagnose machinery faults.

CEETS

Figure 5-1

Waveform analysis is essential in the analysis of gearboxes and bearings. The waveform can

confirm findings in spectral data.

A simple Time Waveform

This time waveform has a strong sinusoidal pattern and therefore one dominant peak in the
spectrum corresponding to the running speed of the machine. This pattern is from a machine
that is out of balance. The time waveform and spectrum are in velocity units.
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Figure 5-2 - The strong sinusoidal waveform produces a dominant peak in the spectrum

A More Complex Waveform

This second example is from the drive end of the motor on a belt-driven fan. The belt is
damaged so that every rotation of the belt hits the pulley.
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Figure 5-3 - A damaged belt produced this waveform. It is much clearer than the spectrum.

The time waveforms in both examples tell us a great deal. In the second example, the
waveform provides more information than the spectrum. The waveform often reveals the key
to accurate diagnosis.

Where does the waveform come from?

If the output of the sensor was displayed on an oscilloscope, it would be a time waveform
similar to the pattern that comes from a microphone. Sometimes the signal can appear quite
simple, like a "sine wave". At other times, however, the pattern can appear quite complex.

Figure 5-4

The waveform displayed on the data collector or computer screen is not the original, pure
analog waveform that came from the sensor. It is digitized so the computer can store and
manipulate it.
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There are three parameters that can be controlled:

e Thesample rate
e Thelength of the time record
e Whether to integrate the signal

If the signal was sampled a zillion times a second for one minute, it would provide a very clear
picture of how the waveform changed as the shaft turned and the balls rolled around the
raceway, but the data collector would run out of memory. On the other hand, the signal could
be sampled at 20 times per second for a tenth of a second, but the waveform would reveal no
information at all. Obviously, the ideal setting is somewhere in between.

The two sources of vibration in Figure 5-5 were sampled at different rates and look very
different.

The first time waveform is 16384 samples over 4 seconds. The second time waveform is also
16384 samples, but over a 12 second time span.

0z i !

04 ‘| ‘. |‘| “,.| ||” i |'|[ ||| "' : i u’ |H ‘| I|| |“||

[EENEDS

o 0

il b o I bt 0

-0z |

O

JEEA

-0z

Figure 5-5 - Two waveform with same # samples for differing time spans.

For routine data collection, the recommend settings for the time waveform are to collect 6
shaft revolutions with 2048 or 4096 samples. (The 2048 or 4096 samples is equivalent to
selecting 800 lines or 1600 lines of resolution in the spectrum.)
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Time Window and Number of Samples
Example:
Shaft speed = 1770 CPM or 29.5 Hz
Time for one revolution = 1/29.5 = 0.034 seconds
Six shaft revolutions = 6 x 0.034 seconds = 0.205 seconds = desired time waveform length.

For 2048 samples and a time window of 0.205 seconds, the sample rate =2048/0.205=9990
samples per second.

Therefore the Fmax =9990/2.56 ~3900 Hz.
(For 4096 samples, the Fmax would be ~7800 Hz)

If the analyzer does not have an option for 3900 Hz, use the next HIGHER Fmax.

Many systems collect the time waveform as part of the spectrum measurement. Either the first
or last set of 2048 samples (for an 800 line spectrum) are saved in the data collector and then
saved to the database. Soin that case the spectrum definition defines the length of time in the
waveform.

Time = Number of Samples / Sampling Rate

Since both the Number of Samples and the Sampling Rate have a multiplier of 2.56, it can be
dropped out to simplify the formula to:

Time = Lines of Resolution [Fmax.

For routine data it is easy to set the time window too long. Too many cycles of rotation
hampers analysis unless a large number of samples is also collected. (Number of samples = LOR
X 2.56)
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Don’t set the time window too long.
Example:

Shaft turning speed = 1770 CPM or 29.5 Hz
Fmax = 20 orders = 20 X 29.5 =590 Hz

Lines of Resolution (LOR) = 800

Time = LOR / Fmax = 800 / 590 = 1.36 seconds

1.36 seconds ~40 shaft revolutions

Note: Fmax = # samples [ (Time window * 2.56)
Use Acceleration or Velocity or Displacement?

The other issue to consider is whether to look at the time waveform in units of acceleration,
velocity or displacement. A lot could be said on this topic, but in most cases it is best to use
acceleration (e.g. g’s). The acceleration waveform will highlight (retain) the important high
frequency impacting information. If the signal is “integrated” to velocity, the higher frequency
information is reduced or lost, and double integrating to displacement will remove the
remaining high frequency information. (The rules are different for journal bearing machines -
displacement is the unit of choice.)

The two signals in Figure 5-6 in come from the same position and axis of the same machine.
You can easily see that the high frequency information is far more obvious in the acceleration
waveform (and spectrum).
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Figure 5-6 - Top waveform is in Acceleration - g's and the bottom is in Velocity. Same measurement point on
the machine.

It is usually best to collect and store the waveform in Acceleration. Recall that Acceleration is
proportional to the Forces in a machine. Force of the vibration impacts can be very destructive
and degrade the condition rapidly. Those forces can be from a degraded bearing, cavitation,
misalignment or looseness problem. The fact that there is considerable force warns the analyst
that the machine is being damaged and that failure is imminent.

The Vibration Signal

When analyzing time waveforms there are a few terms that must be familiar: the peak, rms,
peak-to-peak, measurements and how they are calculated. Also the period and frequency.
These are all shown below, and are discussed in more detail in the “Vibration Analysis” chapter.

Akey issue is that if the time between two “events” in a time waveform is measured, and then
the inverse is computed, it yields the frequency. With that information the spectrum can be
searched for the corresponding peak, and more importantly, it can be compared with what is
known about the machine: speed, bearing forcing frequencies, belt rate, etc.

Hertz = Hz = Cycles per second

RPM = Revolutions per minute

CPM = Cycles per minute

CPM = RPM = Hz x 60
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..............................................................

1/Frequency
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Pegk-to-Peak:

Figure 57

Waveform Patterns

In order to perform time waveform analysis it is VERY helpful to understand the relationship
among mechanical phenomenon, signals, and the spectrum.

The analyst should recognize sinusoidal patterns, transients and pulses in the waveform (and
harmonics, sidebands, or a raised floor in the spectrum) and know why and how they got there
and relate that to what is happening inside the machine.
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Figure 5-8
Waveforms and Spectra

A single frequency waveform produces a single peak in the spectrum.

As new signals are added, with different amplitudes, the waveform becomes more complex,
and the spectrum has additional peaks.

Peak

10 20 30 40 a0 60 T an an 100
Hertz

Figure 5-9 - Simple 10 Hz signal

Figure 5-10 has two signals, a 10 Hz and a 15 Hz signal with zero degree phase difference.
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Peak

an 100
Herz

Figure 5-10- A 10 Hz plus a 15 Hz signal with o degrees phase difference

The resulting waveform appears very different from the two individual waveforms.

The spectrum has a peak for each of the two signals.

Peak
OO0 e
b im0 TR e e

100
Herz

Figure 5-11- The same 10 Hz and 15 Hz but with a 90 degree phase difference.

Figure 5-10 and Figure 5-11 are made up of the same signals and produce the same spectrum.

However, their composite waveforms are very different.

Phase of the signals do make a difference in how the composite waveform appears.
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“Beating”

The term “beating” describes the phenomena that occurs when two signals are less than 4 Hz
apart

In this Example the two signals are a 200 Hz signal and a 202 Hz signal. They will go in and out
of phase, adding and subtracting from each other. The sound that is heard is a droning sound
that rises and falls in amplitude. The frequency of the droning depends on the spacing of the
peaks. Closer peaks cause alonger droning frequency.

There is 0.5 seconds between the peaks in the waveform which is a frequency of 2 Hz. The
beating sound will rise and fall 2 times per second.

&—>. 0.5 seconds = 2 Hz
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Figure 5-12 - Beating occurs when two signals are closely spaced. They go in and out of phase.
Note that “Sum and Difference” frequencies may be in the spectrum. The Sum frequency is

equal to the sum of both frequencies: 200 Hz + 202 Hz or 402 Hz.

The Difference Frequency is the difference between the two: 202 Hz — 200 Hz = 2 Hz. So peaks
at 2 Hz and 402 Hz may be present.
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Amplitude Modulation

Amplitude Modulation may at first glance look similar in the waveform to a Beat Frequency.
But it is vastly different and the spectrum is different. It occurs when two signals, far apart
from each other in frequency, are tied together and one of them varies in amplitude.

The signal that fluctuates in amplitude periodically is called the carrier frequency. The other
frequency is called the modulating frequency. In the example, the two frequencies are a 20 Hz
signal and a 200 Hz signal. The high frequency signal is the “carrier” and is modulated by the 20
Hz signal. In other words the 200 Hz signal fluctuates 20 times a second.

So the waveform looks similar to the one associated with “Beating.” However, the underlying
mechanism is quite different.

Feak
in

u] 100 200 300 400 500 GO0 Foo goa 900 1000
Lin Herz

Figure 5-13 - Amplitude Modulation of a 200 Hz "carrier" and a 20 Hz signal.

The spectrum will have a peak at the frequency of the carrier with sidebands spaced at the
frequency of the modulated signal, which in this case is 20 Hz.

So there will be peaks at 180 Hz, 200 Hz, and 220 Hz. Additional sidebands may be present
spaced at 20 Hz apart.

What produces this phenomenon in the real world of our plant machinery?

It is especially common in rolling element bearings and gearboxes.

© 1999-2013 Mobius Institute — All rights reserved www.mobiusinstitute.com

Produced by SUMICO Technologies



CHAPTER 5 - TIME WAVEFORM ANALYSIS PAGE 5-13

Here is a typical scenario that occurs in machines. A ball is rolling around inside a bearing - a
ball with some damage. As it rolls around, the damaged area impacts the inner and outer race,
which generates vibration. The frequency of the vibration can be calculated, as it depends upon
the size of the ball and the diameter of the inner and outer race. But the amplitude of the
impacts is not constant — and therefore the vibration is not constant. This occurs because, as
the ball rolls into the load zone of the bearing, the forces are greater, reaching its greatest level
when it is in the center of the load zone. But as it rolls out of the load zone, the force of the
impacts is reduced, reaching its minimum level when the ball is on top of the inner race (out of
the load zone).

The result is that the amplitude of the vibration rises and falls periodically. The “carrier”
frequency is the ball spin frequency, and it is modulated by the cage frequency (the rate at
which the ball moves around the bearing). The spectrum has a peak at the “ball spin”
frequency, and another peak at the “fundamental cage” or “FT” sidebands.

Ball spin frequency

/

> - - ™

=

e
Cage rate (fundamental train frequency)

Figure 5-14 - The Ball-spin frequency is the "carrier" frequency modulated by the cage frequency.

The same scenario occurs with the inner race defects. Since the inner race is tied to the shaft, it
goes in and out of the load zone, changing the amplitude at the rate of the shaft speed. The
carrier frequency is the inner race defect frequency and it is modulated by shaft turning speed.
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Inner race frequency (BPFI)
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Running speed (1X)

Figure 5-15 - An inner race defect being modulated by shaft turning speed.

Amplitude Modulation and Gears

Another classic case of Amplitude Modulation is misaligned gears. In this particular case there
is modulation of both gears. The larger, slower gear has the highest amplitudes and dominates
the waveform, but the pinion is there, too.

1X pinion

H
2

1X Driven

Figure 5-16 - Amplitude modulation is visible for both gears.

The spectrum has multiple 1x sidebands of the slower shaft around the carrier frequency which
is the gearmesh frequency.
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Figure 5-17

“Non-linear” clipped vibration

Another very common phenomenon is “non-linear” vibration, or truncated waveforms. If

movement in one direction is restricted, then instead of a classic sinusoidal signal, the

waveform is clipped.

In this example there are two 100 Hz signals, one clipped, and one normal. The normal sine
wave has just a single peak in the spectrum, but the clipped waveform has harmonics - peaks at
100 Hz, 200 Hz, 300 Hz, and so on.

In more severe cases, the harmonics will appear at 1/2 the frequency, or 1/3 the frequency.
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Figure 5-18 - A clipped signal produces harmonics in the spectrum.
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Impacting

Impacts can easily be seen in the waveform. Impacts can occur as defects on rollers strike the
inner and outer race of a bearing; impacts occur as loose parts rattle; and there are other
causes. If we were to strike a machine and look at the waveform it would have one pulse or
transient, and the spectrum would have energy at all frequencies. The spectrum does not have
any peaks, because there are no repeating patterns in the waveform, but the noise floor has
been raised. So, if impacting occurs we would expect the noise floor of the spectrum to be
raised.

In this example, there was actually an electrical spike in the waveform. The raised noise floor is
somewhat apparent, and the classic “ski-slope” at the beginning of the spectrumis there. If a
ski slope is present, it can be assumed that there was a severe impact or some other kind of
transient. The measurement should be repeated and reason for the ski-slope should be found
(there are a few possibilities).

L
2
1Ipapn

(LE] LYY

inisec Peak
o
@

Raised noise floor
Ski-slope

Figure 5-19 - Impacting produces no peak in the spectrum except the ski slope, but raises the noise floor.
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Rotating Looseness

Some conditions produce repetitive, periodic impacts. One of these conditions is rotating
looseness. Three characteristics will be present in the spectrum.

First, because there is impacting, the noise floor will be raised. This is due to the fact that
impacts impart all frequencies into the spectrum, meaning there will be some amplitude at all
frequencies. That raises the noise floor.

The second characteristic is that because the impacting is repeating periodically, there is a peak
in the spectrum at the periodic rate, which in this example is shaft turning speed.

The third characteristic is that because the impacts are non-linear (clipped or not even + and -),

there are harmonics of that frequency.

In severe looseness examples sub-harmonics can occur. They can be % and % harmonics or 1/3

and 2/3 harmonics.
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Figure 5-20 - Repeating Periodic impacts produce harmonics and a raised noise floor.
Relating the waveform to the spectrum

Sometimes it seems it is difficult to relate occurrences in the waveform to peaks in the
spectrum. But taking the time to zoom-in can help us find what is going on in the spectrum.

Looking at the difference in time between two impacts gives the period. The inverse is the
frequency which then can be compared to the spectrum to see what may match up.

In the example here, the period between impacts related to a non-synchronous peak that
corresponds with the outer race frequency of a bearing. Since the impacts of this outer race are
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repetitive, it has a peak at that frequency, and since the impacts are non-linear, there are

harmonics of that frequency.
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Figure 5-21- Expand the waveform to see the peaks. Convert the time span to frequency and compare to
known machine frequencies.

Belt Damage

When a belt is damaged and a chunk of rubber is missing, that defective area makes an impact

as it passes over the pulleys. Itis common for it to show up at 2x the belt frequency (or belt

rate) because the defect passes over two pulleys in one rotation of the belt.

In this example the time between the pulses is 0.1441 seconds which relates to 6.94 Hz or 416

CPM. The running speed of the machine is 1792 CPM, so this frequency is 0.23 orders.
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Figure 5-22 - The time between impacts coincides with the belt rate which is 0.23X.
The Belt Rate calculation is shown below.
X Sd
Belt rate =
Jez — (R2 — R1)2

Where
Sd = sheave diameter
c = the center to center distance between the two pulleys
R1 =radius of one pulley
R2 = radius of the other pulley
In the simplest explanation, the belt rate is a comparison of its circumference to the
circumference of the pulleys. More specifically, it is the pitch length of the belt compared to
the pitch circumference of the pulleys.
Pump Cavitation
When this waveform data from the pump is played back through speakers it sounds as if it
pumping gravel. There are many random impacts.
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The waveform data shows many pulses, but unlike other examples used, these pulses are not
evenly spaced. They are not periodic. They are random.

In the spectrum the noise floor is raised, especially at the higher frequencies.

Non-periodic pulses
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Figure 5-23 - Cavitation produces non-periodic pulses. The floor of the spectrum is raised. Fmax is 1500 Hz.

Classic Looseness

This is the same data used in the Rotating Looseness example, but is used here again to
emphasize the nature of looseness.

On the machine, the pedestal bearing is loose, so as the shaft turns it is rattling up and down. If
the hold down bolts were extremely loose, and there were no impacts, there would be no
harmonics - just a high 1x peak as it rocks back and forth.

But there is severe impacting so there are many harmonics. In the waveform the impacts are
clearly seen and the harmonics are in the spectrum. In fact there are 1/3 harmonics present, a
sure sign of severe looseness.

Another interesting point about this data is that the negative going peaks are much greater
than the positive going peaks. The positive side has amplitudes of 1 - 1.5 g’s. The negative side
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has amplitudes of 2-2.7 g’s. This means the bearing has more freedom to move in one direction
than the other, which is consistent with the looseness diagnosis.
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Figure 5-24 - Non-linear impacts produce harmonics. Severity is revealed by 1/3 harmonics.
Comparing Vibration Patterns and Levels

This example shows how important it is to collect a waveform for all the points on the machine
and in all directions. If the waveform had been collected in the horizontal direction only, the
severity of the condition would have been missed.

Some faults may only show up in certain axes and can often best be understood when
comparing the level or pattern across axes (or between points on the same machine).
Therefore it is best to perform comparisons with waveform data in the same manner that it
typically done with spectral data.
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Figure 5-25 - Comparing data from different directions shows how important it is to store waveform data on
all measurements.

Gearbox Analysis

The spectrum has a raised noise floor, but the source of the problem is not necessarily real
clear. There were no alarms on this spectrum. However, the waveform shows 4 clear impacts
that repeat themselves. The impacts are at the interval of the RPM of the gear with spalling.

Note that this is the first set of data on this gearbox, so no trends, nor historical data is
available. Trending and narrow band alarming may have alerted to the spalling developing on
the gears.

Note that the peaks in the waveform are nearly 3 g’s on the positive side to the same on the
negative side. That is nearly a 6 g peak to peak swing which indicates a lot of force is going on
there.
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Figure 5-26 - The four peaks in the waveform are at the RPM of the gear with the spalling. Notice the highg
levels.

Gearbox Analysis Example 2

Here is another example of gears with spalling on the teeth. The spectrum does not make it
very clear what the problem could be, but the waveform clearly reveals the problems. Thereis
not a peak over 0.006 in/sec.

The spacing of the impacts in the waveform are at the RPM of the gear with spalling. In this
case notice the low g levels that would not trigger an alarm.
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Figure 5-27 - The impacts are spaced at the RPM of gear with spalling. No alarms were triggered.

Healthy Gearbox

This waveform is from a healthy gearbox. There are no pulses or spikes but is continuous and

fairly even.

Notice the levels are from +1 g to -1 g or a 2 g swing.

Figure 5-28 - Healthy gearbox.
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Gearbox Example 3

The spectrum indicates there must be a lot of impacting due to the raised floor and there must
be some non-linearity due to the hundreds of harmonics. But what is the source of the

problem?

The waveform clearly identifies the problem with the periodic pulses spaced at the RPM of one

of the gears.
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Figure 5-29 - Another case where the waveform makes it clear as to the cause of the raised floor and many

harmonics in the spectrum.
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Chapter 6
Data Acquisition

Objectives:

® |ist three factors that affect repeatability

® Select the proper sensor for the measurement

® Select the best measurement location

® Select the best mounting method for the measurement
® List three measurement point naming conventions

® Describe How to Recognize Bad Data

® Describe how to make phase measurements
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Measuring vibration is the most important aspect of the vibration analysis program. Without
good data, good results cannot be achieved. The analyst and automated software rely on good
data to make accurate diagnosis. Clichés abound, but there is a good reason people say,
"Garbage in, garbage out".

Vibration measurements can tell a great deal about the machine. They can indicate whether a
fault condition exists and whether maintenance is required. With good measurements, and
appropriate analysis, the exact nature of the fault, and the severity of the fault condition can be
determined.

Figure 61

MAKING A GOOD MEASUREMENT
Making a good measurement involves:

e  Selecting the correct transducer for the type of measurement. The measurement units
are in units of Acceleration, Velocity or Displacement.

e  Selecting the model that suits the environment, such as low speed or high temperature,
etc.

e Mounting the sensor correctly. It must be in the correct location and the correct
mounting type that produces the required results.

For most people and in most plants only two transducers will be required and the mountings
used will be fairly uniform. However, high speed and low speed machines generally cannot be
measured the same. Machines operating in hazardous environments, or with unsafe access
require special treatment. Turbines may have sleeve or journal bearings requiring a different
sensor type. One size does not fit all.
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Figure 6-2

The data should be collected the same way every time it is measured. It should be under the
same operating conditions and the same load, with the same mounting method.

One very valuable aspect of data collection is the observations about the machine that are
noted during data collection. Most data collectors have a Notes option that stores comments
or notes regarding the machine. This feature should be used often. These notes can lead to
maintenance action and are extremely useful to the analyst.

The automated software and the analyst assume the data was collected correctly, i.e.

In many plants the person collecting the data is the only one to see some machines and some
areas of the plant. It is imperative that this person keeps eyes and ears open and tuned for
hints of abnormalities. Notes should be entered into the analyzer for reference later.

Figure 6-3

Most machines will be measured every 30 days. One key aspect the software and the analyst
will be looking for is a change in the vibration pattern.
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Measuring Vibration

A transducer (sensor) is required to capture the vibration and convert it to an electrical signal.
This waveform can then be used by the software for signature analysis.

Figure 6-4

First, revisiting the basics of vibration may be beneficial. In the example used in the “Principles
of Vibration” chapter a shaft had a vibration at shaft turning speed. The Displacement sine
wave generated by this 1x vibration is very sinusoidal.

Displacement

Figure 6-5 - the Displacement measurement is a measure of the distance the shaft moves relative to the
sensor.

Looking closely at the movement of the shaft reveals that the measurement is actually
measuring the distance from the shaft to the sensor. As the shaft moves, the distance between
the shaft and the sensor is growing smaller, then larger, over and over. Measuring that
changing displacement and graphing it versus time, produces a displacement time waveform.

If the shaft was turning relatively slowly, and the shaft could move inside the bearing, such as in
a journal (or sleeve) bearing, then this would be an excellent measurement.

But what if the shaft was turning very quickly inside rolling element bearings? It is not likely
that there would be very much displacement to measure inside the bearings. Sure, there would
be some movement (displacement), but another measurement is better.

The Velocity measurement measures the speed of the shaft’s up and down movement. Note
that this measurement is also very periodic and produces a time waveform that is sinusoidal.
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velocity

Figure 6-6 - Velocity measures the speed of the shaft movement.

Comparing Velocity and Displacement, the shaft is moving fastest while the displacement is
zero. When the displacement is greatest the velocity is zero. They are out of phase. Phase is
discussed later in this chapter.

The Acceleration Measurement reflects the force of the change of direction as the shaft
accelerates toward the bottom, decelerates, comes to a stop and then accelerates back toward
the top.

Acceleration

Figure 6-7 - Acceleration measures the force as the shaft changes direction

At low speed there is very little acceleration. Speeding up the shaft increases the acceleration
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Acceleration

Figure 6-8 - Acceleration increases with an increase in speed.

Unless the forces are huge, the shaft movement will be very small. The velocity will be high, but
can you see that the velocity of the shaft is changing very rapidly? It is moving quickly in one
direction, then it moves quickly in the other direction. As the shaft increases in speed, this
acceleration and deceleration becomes greater, and is the best way to measure the vibration.

Showing all three units, with velocity remaining constant, the relationship can be seen between
acceleration and displacement. As speed increases (while keeping velocity constant) the
acceleration increases but the displacement decreases.

Acceleration
velocity
Displacement

Figure 6-9 - The relationship of all three.

Acceleration (or deceleration) is highest when the velocity is zero - when it has to change
direction. So the acceleration is also out of phase with the velocity.

Further, the acceleration is out of phase with the displacement, because when the acceleration
is at its greatest, the displacement is at its minimum, and vice versa. So they are completely out
of phase - or 180 degrees out of phase.

Considering all three measures; displacement, velocity and acceleration, displacement and
acceleration are 180 degrees out of phase with each other, and velocity is 90 degrees out of
phase with both of them.
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Figure 6-10

This graph shows the relationship among displacement, velocity and acceleration for a fixed
vibration level of 0.1 IPS. Notice that the x and y-axis are logarithmic scaling. The y-axis
indicates vibration level, while the x-axis indicates frequency. It indicates that at low frequency
very little acceleration vibration is produced, whereas much larger displacement amplitudes are
produced. The opposite is true at higher frequencies.

The graph indicates that if there is a signal at 10 Hz, the acceleration value is just over 0.01 while
the value in velocity is 0.1. In displacement the amplitude of the peak would be equivalent to
over 5.0 on this scale. Displacement is good for low speeds, while acceleration is good for very
high speeds, and velocity is a good general purpose measurement for most standard ranges of
industrial vibration.

The difference between Displacement, Velocity, and Acceleration is clearly seen in these spectra
of the same data.
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Displacement

L_u.u.ta.. - J—

Velocity

haM«ULuLHJ‘FMAJ._ J'-..J..--J..Ll._J\.r L PR

Acceleration

u...a..u.LlLJ.J_A_uJ. ot -"""MN‘-_-L.. AJ-'KI.-'-\—-L (_— s

Figure 6-11 - The same data displayed in the 3 vibration units.

In Chapter three the value of the vibration units was illustrated using the spectra in Figure 6-14.
The sensor type clearly has an impact on the signal recorded. The sensor type chosen will
depend on the machine and what data is needed.

The first step is selecting the right type of transducer. Select among displacement, velocity, and
acceleration. Issues such as machine speed and bearing type come into play.

Next, select the brand/model that suits the measurement environment. Consider the operating
temperature, space restrictions, presence of water or other liquids, and other factors.

Then consider mounting techniques. The type of machine, the nature of the machine's surface
and other environmental factors, the frequency range required, and accessibility issues are
important. Study the machine and make sure to identify the best location for the transducer.

There are three types of sensors commonly used: Displacement “proximity’”’ probes; Velocity
probes; and accelerometers. The sensor is selected based on machine type and machine speed.
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Figure 6-12

Converting Units - Sometimes one transducer is used but the data is displayed in other units. To
convert from acceleration to velocity, or from velocity to displacement the math process of
integration is used.

Differentiation is the math process used to go from displacement to velocity or from velocity to
acceleration.

The most common integration is from acceleration to velocity. The process involves a phase
shift that suppresses the higher frequency information and amplifies the lower frequency
information.
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Figure 6-13

The very low frequency information is amplified so much that it has to be filtered out either
electronically or in the software with the use of a high-pass filter.

The issue of acceleration, velocity and displacement is very important when it comes to
transducer selection. Measuring displacement is best for low speed machines, and acceleration
is best for high speed machines, and machines with high speed rotating components. Velocity
fits the middle ground and most common plant equipment.

Comparing the units - Acceleration is highest when the velocity is zero, that is, when the shaft
has to stop its travel in order to change direction. So acceleration is out of phase with velocity.

Acceleration is also out of phase with displacement because when acceleration is at its
maximum, displacement is at its minimum.
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Acceleration

Velocity

A/I Displacement

Figure 6-14 - Acceleration is 90 degrees ahead of velocity and 180 degrees ahead of displacement.

This phase relationship per se does not really affect us in our day-to-day condition monitoring
activities. It is one of those things that should be understood. However it is important when
performing more advanced time waveform analysis and balancing.

Knowing what integration means, and how it affects the vibration is important, since this term
is used when dealing with the data collector and in some vibration analysis software.

CONVERTING UNITS

Most vibration software programs convert the units without problems. A set of formulas is
shown below. Note that frequency does matter, it is in the formulas. Pl is 3.1416.

Velocity =2 PIf D = A/2PI f

Acceleration=2PIfV=(2PIf)’D

Where D = peak displacement (inches or mm)
f = frequency — (Hz or Cycles/sec)

V = velocity (in/sec or mm/sec)

A = Acceleration (in/sec or mm/sec?)

Note: All values are peak values. Multiply by .707 for rms values or by 2 for Pk-Pk values.
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Displacement Transducers

Displacement transducers measure the relative movement between the shaft and the tip of the
sensor. So rather than being mounted on the outside of a machine, they are drilled into the
journal or sleeve bearing. Therefore, they are permanently mounted.

Figure 6-15

Displacement transducers are typically used in permanent monitoring (protection) of plain
bearing machines such as turbines, large pumps and large fans. However it is usually possible to
connect a portable data collector to the dynamic output to perform "normal" spectrum and
trend analysis.

Displacement transducers are called Eddy Current Probes. They are also known as non-contact
probes and commercially as Proximity probes. They all work on the same principle.

There are three components: a driver, a probe, and a cable between them. A voltage is supplied
to the driver that produces an RF signal. That signal is transmitted through the cable to the
probe. A coil inside the probe tip acts as an antenna and radiates the high frequency energy
into the gap - its sets up a magnetic field. Any conductive material within the magnetic field
absorbs the energy - eddy currents are set up in the material (the shaft), hence the name.

Figure 6-16 - Eddy current probes have 3 components: the probe, a driver, and the cable between them.

The absorption of the field causes the output of the probe to decrease in proportion to the gap
distance. As the distance to the shaft changes dynamically, so does the output signal.
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The driver then acts as a ""demodulator" and "detector" and has two outputs. The dynamic
output produces the time waveform, from which we derive the spectrum and overall level.

There is also a DC voltage proportional to the average gap distance. The DC gap signal is also
used in monitoring systems to determine where the shaft is located relative to the bearing.

Typically a gap reading is taken when the shaft is at rest, and then as the machine (a turbine is a
typical example) runs up to speed, the gap voltage is monitored. From this information we can
detect shaft rubs, and produce a "centerline diagram".

On most turbines, two eddy current probes are installed on the machine 9o degrees apart
(usually at 45 degrees and 135 degrees). This enables the analyst to see exactly how the shaft is
moving within the bearing.

Figure 6-17

Orbit diagrams are commonly used to display this movement. The trained eye can detect
unbalance, misalignment and a host of other fault conditions.

Figure 6-18 - Orbit Diagram

Cracks in the shaft can be detected this way, as the dynamics of the shaft change. Advanced
software packages exist that look at whole shaft dynamic motion by examining the signals from
all the eddy current probes, plus casing accelerometers if available. Orbit diagrams are covered
in Category Il vibration training.

The transducer will have an output sensitivity: 200 mV/mil or 7.87 V/mm. If the shaft moves
5 mil pk-pk per rotation, the voltage will vary 1V pk-pk.
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Figure 6-19 - As the gap between the surface and the probes is decreased, the voltage will increase

The transducer will have a linear range. The “set point” should be set in

the middle of the linear range. Dynamic displacement from that

point will remain in the linear range of the transducer. The sensitivity of both transducers
must be the same.

Advantages of Displacement Probes:

e  Wide frequency response (0 Hz to 10,000 Hz)

e |t measures the actual relative displacement of the shaft within the bearing (1mm -
10mm or 4omil to 40omil).

e  They are reliable (when installed correctly).

e  Broad temperature range: -50 C - 200 C(-60 F t0 390 F) or-50 C - 125 C (-60 F to 260 F) if
using integrated oscillator.

Disadvantages:

e  They are difficult and expensive to install

e Their calibration (determining the ratio between output voltage and actual
displacement) is dependent upon the shaft material (different materials absorb the
energy at different rates).

e  Shaft runout and surface glitches produce false signal

Applications:

e Usedinlarge journal bearings / protection systems.

e They are useful as a key phasor (a reference signal proportional to running speed) for
dynamic balancing and analysis.

e  Used for dynamic balancing due to filtering at 1XX RPM
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Units:

e  The units are mils pk-pk or microns pk-pk.
e (1mil=.001")

Velocity Transducers

While we often analyze vibration data in units of velocity, we typically do not actually use
“velocity” transducers per se. Velocity transducers are still used in industry to some extent.
Today there are accelerometers with built-in integrators to yield a Velocity output. Here are the
pros and cons.

Figure 6-20

The “electrodynamic velocity sensor” is basically a suspended magnet, mounted between a
spring and a damper. A coil surrounds the magnet. As the case of the transducer vibrates, the
magnet remains stationary due to inertia. Therefore you have movement of the magnet within
a coil, which generates electricity proportional to the velocity of the mass.

The construction can also involve a coil attached to a mass, surrounded by a stationary magnet.
The result is the same; electricity is generated when there is relative movement between the
magnet and coil.

Advantages:

e No external power required - it generates electricity
e The signal output is powerful
e Itis easy to use - not as sensitive to mounting problems
e Ability to operate at higher temperatures (-50 C—200 C (-60 F to 390 F))

Disadvantages:

¢ Not suitable for very low or very high frequency measurements: 1Hz — 2000Hz.
e  (alibration changes with temperature.

e  Giventhat moving parts are involved, internal wear can shorten its life.

e Velocity transducers are quite large.
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e Not as accurate due to comparatively lower signal to noise ratio.
Applications:
e  While velocity transducers were very popular, they are no longer the transducer of
choice. Accelerometers that are internally “integrated” to velocity are more common
as “velocity sensors”.

Units:

e  Typical units are in/sec, mm/sec rms or VdB.

Accelerometers

Accelerometers are by far the most common types of transducers used in machinery vibration
analysis. All portable data collectors are supplied with an accelerometer, even though most
people actually "integrate" the signal to velocity and view the data in units of velocity.
Permanent monitoring systems also use accelerometers, except where eddy current probes are
specifically called for.

Figure 6-21- Accelerometers come in various shapes and sizes.

There are actually a number of different types of accelerometers. Several years ago, most
accelerometers were charge mode piezoelectric which required an external charge amplifier.

Today’s accelerometers are ICP accelerometers or Integrated Circuit Piezoelectric
accelerometers meaning the amplifier is inside the unit. They are mounted externally, typically
on the bearing housing. The method used to mount the transducer is very important. They
come in all shapes and sizes to satisfy different installation applications.
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Figure 6-22

How do they work? Do you remember the old record players? The "needle" was a crystal, and
as the record track moved beneath it, the crystal was compressed and decompressed as it
"bounced" over the vibration pattern imprinted in the track.

Figure 6-23 - crystal and mass in accelerometer

This compression caused a charge to be produced, which was amplified, and played through
your speakers as Deep Purple or Frank Sinatra - depending upon your taste!

That is similar to how modern piezoelectric accelerometers work. The piezoelectric material
(crystal) is placed under a load using a mass. As the transducer vibrates the crystal is
compressed and a charge is produced.

The charge output is proportional to the force, and therefore acceleration (Newton's second
law; force is proportional to the acceleration of the mass). An amplifier is then required to
convert that charge output to a voltage output.
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Figure 6-24 - Charge Mode amplifier for older style accelerometers.

While an external charge amplifier was common several years ago, in modern accelerometers
the amplifier is actually inside the transducer, and is powered by the data collector. These are
known as "internally amplified piezoelectric accelerometers" (or Integrated Circuit Piezoelectric
- 1CP). This amplifier is powered by a DC polarization of the signal lead itself, so no extra wiring
is needed. The data collector therefore needs to have this DC power available to this type of
transducer.

Note: There is a setting called "ICP Power" or something similar that is used when specifying
the set up - only accelerometers require this power. (Eddy current probes also require power,
however that is supplied by an external device.)

Most data collectors monitor this DC "bias" voltage in order to determine if the transducer has
a fault, or if there is a fault in the cable.
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Figure 6-25 - courtesy IMI

The existence of the amplifier results in limited low frequency response (meaning that they
normally cannot be used at very low frequencies). The "low frequency roll-off" of the amplifier
is typically at 1 Hz for most generally available ICP units. There are some that are specially
designed to go to 0.1 Hz if very low frequency data is required.
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The amplifier is powered by the data collector using 18 to 30 VDC bias voltage. The data
collector can check the sensor and cable to verify whether they are ok via the “bias voltage.”

Accelerometer Configurations — Accelerometers come in different configurations for many
applications and requirements such as Accessibility, cost, and environmental issues.

Three basic structural designs are used in manufacturing industrial accelerometers. They are the
flexural, compression and shear designs. All three designs contain the basic components of the
piezoelectric element, seismic mass, base, and housing.

In the flexural design the piezoelectric element is secured to the seismic mass in the form of a
double cantilever beam. Figure 6-26 shows the sensing element/mass system being driven at
the fulcrum or the base. Flexural designs have lower resonant frequency and are generally not
well-suited for machinery monitoring applications. Because of their very high output (up to 100
V/g), flexural designs excel in low level, low frequency seismic applications. The flexural element
is often epoxied which limits its application in high shock environments.

Connector
y Piezoelectric
- Element
SR
z
~ Fulcrum
Muss
Buase
Flexural Mode

Figure 6-26

The compression design is generally the simplest and easiest to understand. The crystal, quartz
or ceramic, is sandwiched between the seismic mass and the base with an elastic pre-load bolt.
Motion (vibration) into the base squeezes the crystal creating an output. Compression designs
are much more suited than flexural designs for industrial machinery monitoring applications
because of their high resonance and more durable design. Compression designs generally have
thick bases and should be used on thick walled structures because of base strain and thermal
transient sensitivities.

Comnnec
Muss
Prezoelectric
Element

Base
Compression Mode

Figure 6-27 - Compression Mode accelerometer
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The shear design subjects the sensing element to a shear stress. The piezoelectric via a retaining
ring as shown in Figure 6-28. This preload produces a stiff structure with good frequency
response and greater mechanical integrity. As the sensitive axis is not in-line with the mounting
surface, adverse environmental conditions such as base strain and thermal transients do not
produce false signals as in the other designs.

Comnnector

Retamning

£ H Rin
g[jﬁ E'E Piezoelectric
Mass Eﬂ',"/’ [EH  Element
/ 1™~ Base
7

Shear Mode

Figure 6-28 - Shear Mode accelerometer

FAQ: Which is the best accelerometer operating mode, compression, shear or flex?

Answer: In recent years, shear mode sensors have gained popularity with sensor designers
while compression mode operation often considered as "old technology." Meanwhile, flexural
mode sensors, once considered too fragile for industrial applications, are now being
incorporated in an increasing number of new sensors using special design techniques.

Sensor design engineers weigh the advantages and disadvantages of each operating mode,
minimize the disadvantages and design sensors to best perform in various applications. When
purchasing sensors for a quality manufacturer, the construction method of a sensor is less
important than its performance. Many times the difference between the three operating modes
can be seen in such specifications as base strain, weight, thermal transient response and shock
resistance.

Low Frequency characteristics - The existence of the amplifier results in limited low frequency
response (meaning that they normally cannot be used at very low frequencies). The "low
frequency roll-off" of the amplifier is typically at 1 Hz for most generally available ICP units.
There are some that are specially designed to go to 0.1 Hz if very low frequency data is required.

FAQ: Why don't all piezoelectric vibration sensors have a frequency response down to 0 Hz (0
CPM)?

Answer: Piezoelectric materials generate an internal charge when stressed by motion
(vibration). Inherent to all piezoelectric materials is internal resistance, which dissipates the
charge over time. Zero frequency operation would require no dissipation and is therefore not
possible. Additionally, very low frequency outputs from the crystal due to environmental
effects such as mechanical parts thermal expansion must be eliminated.
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To get rid of these unwanted signals, a high pass filter is incorporated in the electronics of all
piezoelectric accelerometers. The filter has a resistor and capacitor in series and the value of
these components, RC, determines the low-end cut-off. Also known as the discharge time
constant (DTC), the larger the RC value, the lower the frequency response. The DTC also defines
the sensor response to abrupt changes in sensor powering such as turn-on and signal overload.
When the sensor is turned on or begins to recover from an overload, the time it takes to
become usable is directly related to the DTC value. Therefore, the low-end cut-off is inversely
proportional to the turn-on time (and shock recovery time). In other words, the lower in
frequency the sensor measures, the longer it takes to turn-on or recover from an overload. For
general-purpose sensors, some low-end frequency performance is sacrificed in favor of better
turn on and shock recovery response.

FAQ: What are the differences between general purpose and low frequency accelerometers?

Answer: Low frequency accelerometers employ a larger seismic mass to increase the output
from the sensing element assembly. This reduces the electronic noise from the amplifier and
allows higher voltage outputs from the sensor. The higher voltage outputs of low frequency
sensors help overcome data collector noise when measuring low amplitude signals.

An internal low pass filter is also used in low-frequency sensors to help eliminate undesirable
high frequency signals that can create distortion from saturation.

Sensitivity

There are a number of factors to consider when selecting an accelerometer. The first is
sensitivity. The sensitivity is a measure of the output voltage levels in response to a set
vibration level. Accelerometers quote their sensitivity in mV/g. For example, if the sensor was
the common 100 mV/g, and the vibration level was 1g, it would produce 100 mV (or 0.1 Volts) of
voltage.

For a precision machine, like a machine tool, or a very low speed machine where the vibration
level is low, a more sensitive accelerometer is needed. It needs to produce enough voltage for
the data collector to measure. A typical sensitivity in this case would be 1V/g (1000 mV/g).

On the other hand, for very large noisy machines, the sensitivity needs to be much lower,
perhaps 10 mV/g.

Most of the accelerometers supplied with condition monitoring systems, and used in
permanent monitoring applications use 100 mV/g accelerometers. These sensors take the
middle ground, providing sufficient dynamic range for the majority of test conditions.

Due to the design of sensor electronics, the frequency response of the sensor is not the same
for highly sensitive accelerometers as it is for less sensitive units. (This is independent of the
effects of different mounting methods.)
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A common question arises: why not use a low frequency, high sensitivity accelerometer for all
the measurements? First, due to the low frequency specifications of the internal high pass
filter, the transducer takes far longer to settle after a mechanical, thermal or electronic (power-
on) shock.

Also, they typically have a low pass filter, limiting their high frequency response, which makes
them unacceptable for many "general purpose" applications. And finally, due to their high gain
amplifier, they are susceptible to overload.

So, while these sensors play an ever more important part in condition monitoring, they should
only be used when the application specifically calls for their unique capabilities.

Another common application for accelerometers is in very hot environments, such as the dryer
section of a paper machine. Standard accelerometers can survive in high heat conditions,
however due to their internal amplifier they have a limit. Over approximately 300 degrees F
(150 Q), it is normally recommended to use a charge mode accelerometer.

Charge mode accelerometers use an external "charge amplifier”, located away from the sensor,
in a more hospitable environment. A special heat resistant cable is then used to join the two.

Note: As with all charge mode accelerometers, care must be taken to secure the connecting
cable (while the measurement is in progress), as any movement will induce noise on the cable.

In summary, internally amplified, 100 mV/g accelerometers are the most commonly used sensor
in machine vibration monitoring. However, there are many situations when additional sensors
designed specifically for the unique vibration level, operating conditions or frequency range
should also be used.

Calibration

Excessive heat will damage an accelerometer, as will dropping them on a hard surface. If an
accelerometer is dropped more than a few feet on to a hard surface, the crystal inside the
accelerometer can crack. This affects the sensitivity and frequency response. Given the
environment in which most accelerometers are used, it is a good idea to have them checked
and calibrated once each year.
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Figure 6-29
Accelerometer Settling Time

When an ICP accelerometer is connected to the power source, it takes a few seconds for the
amplifier to stabilize, and during this time, any data the unit is collecting will be contaminated
by a slowly varying voltage ramp. For this reason, there must be a time delay built into data
collectors to assure the unit is stable.
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Figure 6-30 - The effect of powering on the transducer and the characteristic ski slope in the spectrum.

If the delay is too short, the time waveform will have an exponentially shaped voltage ramp
superimposed on the data, and the spectrum will show a rising very low-frequency
characteristic sometimes called a "ski slope". This should be avoided because the dynamic
range of the measurement is compromised.

Many data collectors have a setting called "settling time". This is the phenomenon to which
they are referring. However, when the transducer is placed on a very hot machine (after testing
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a cooler machine), the transducer will go into a thermal transient and will take a longer time to
settle. In this case longer settling time must be selected.

Piezovelocity Transducers

Because standard velocity transducers are not suited to industrial applications, transducer
companies make accelerometers with an output proportional to velocity.

They are called “piezovelocity” transducers

| — —

-

~

Figure 6-31

The sensor contains both the amplifier and the integrator circuit. They can be used down to 1.5
Hz (90 CPM)

COMPARING DISPLACEMENT MEASUREMENTS

Acceleration can be double integrated to displacement, but that does not mean the data will be
the same as data taken with a displacement probe.

It can become confusing when talking about eddy current probes measuring displacement, and
the fact that accelerometers are available that internally integrate twice to output
displacement. If both sensors were mounted on a turbine journal bearing, would they measure
the same thing? No.

The eddy current probe is measuring the relative movement between the bearing and the shaft.
The accelerometer measures the vibration on top of the bearing, and then "converts" that to
displacement. There are situations where the relative movement between the shaft and
bearing is small, while the entire bearing is vibrating a lot - the eddy current probe will not
measure that, the accelerometer will.

The two sensors are measuring two very different phenomena. For this reason, many
professional analysts will monitor the eddy current probe and place an accelerometer on the
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bearing case. They can then see how the bearing is vibrating relative to ground, and how the
shaft is vibrating relative to the inside of the bearing - they have the complete picture.

Triaxial Accelerometers

One interesting variation to the standard accelerometer package is the "triaxial" accelerometer.
In this case there are three accelerometers mounted orthogonal to each other. When mounted
to the machine the package is capable of measuring the vertical, horizontal and axial vibration
from the single location.

Portable data collectors from some manufacturers are actually able to sample from all three
accelerometers simultaneously, resulting in a test that takes the same time as a standard single-
axis measurement, but gaining far more information.

.

Figure 6-32 - Triaxial accelerometers have 3 accelerometers in one unit

Other types of accelerometers include strain gage, piezoresistive, and variable capacitance.
And even the modern internally amplified sensors can use different crystal materials and
different arrangements of crystal and compression mass.

Advantages:

e Verywide frequency range: 0.1 Hz - 30 kHz. Higher frequencies supported by special
models.

e  Wide amplitude range.

e  Broad temperature range: up to 125°C/260°F. Higher temperatures supported by special
models.

e Typically very rugged, and designs exist for a very wide range of applications

e  Velocity and displacement available as output (through internal integration)

e Theyremain stable and thus maintain calibration for a long time (for the same vibration,
they output the same signal).

Disadvantages:

e Notresponsive down to o Hz (low frequency accelerometers are available).
e Temperature limitations due to use of internal amplifier
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Applications:

e  Accelerometers enjoy the widest application in industry. From portable data collectors
to permanent monitoring systems, including special modal tests, accelerometers are
available for a wide variety of environments and machine speeds.

Units:

e GrmsorAdB
Testing the machine

We need to collect enough data to detect changes in machine health OR collect enough data to
identify specific machine faults.

e Too much data: more time to collect + analyze = $$ spent
e Too little data: not enough information to act on

e  (Collect repeatable data for trending

e  Collect good quality data

Very important issues:

e Limitations of the accelerometer

e Limitations of the mounting method
e Mechanical transmission path

e Importance of the mounting location

e  Repeatability

e  Capture vibration that will tell us about machine condition
e Time/costissues

e Safety

Selecting a Transducer

Even if an accelerometer is to be used, it is still necessary to select the most appropriate
accelerometer, and decide whether the signal should be integrated to velocity for analysis.
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Frequency response

In an ideal world, if a transducer is placed on a machine which vibrated an equal amount at all
frequencies from o0 Hz to 1 MHz, the transducer would produce an output equal to that level of
vibration at all frequencies.

e 1gat10Hz would generate 100 mV
e 1gat1,000 Hz would generate 100 mV
e 1gat10,000 Hz would produce 100 mV

But they do not. The transducer output is not “flat” at all frequencies. Instead, the physics of
the transducer, the method used to mount the transducer, and the electronics involved all
conspire against us. All transducers by themselves have practical limits. And that limit is often
further compromised by the mounting technique (a hand held sensor is worse than a stud
mounted sensor for example).

The frequency response is represented by a curve of input signal versus measured signal. Fora
known (and constant) input at all frequencies, the output of the sensor is examined. In the
ideal world, the curve would be flat.
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Figure 6-33 - The Ideal Response Curve

The reality is the response curve is not flat. There is a low frequency limit, a flat usable (or
linear) region, and a sensor resonance at the high end after which the response tends to fall
away.
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Figure 6-34 - Typical frequency response function

Some measurements actually utilize the resonance range of the sensor to amplify very low
levels in the high frequency range. These include: shock pulse, spike energy, HFD, SPM, SEE
and demodulated spectra.
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Figure 6-35 - The non-linear range of the sensor

Operating Range - Sensors have amplitude limits too. The upper limit is the point where the
output begins to exceed the capabilities of the sensor. The output becomes “saturated” if
vibration levels exceed output specifications. The lower limit is level below which the noise of
the electronics becomes too great and swamps the data.
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Figure 6-36 - When output is exceeded the spectrum noise floor may be lifted, and/or there may be a ski
slope.
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Seeing this in the spectrum, some may believe that the sensor is faulty. However, this
phenomenon can be used as a diagnostic aid - it is often an indication of very high frequency,
high amplitude vibration, as a result of cavitation or other conditions. So don't automatically
assume there is something wrong with the sensor - the machine may be trying to tell you
something.

In this case, remount the transducer with a rubber washer between it and the machine, which
will dampen the higher frequency vibration. If the signal looks OK, the problem is saturation.

Operating Range: Low Amplitude - At the other end of the scale, is the need to be sensitive to
the lower limit of the transducer's dynamic range. For low speed machines, where vibration
levels are very low, a very sensitive sensor is needed that can amplify the signals sufficiently,
and it must have very low electronic noise.

Frequency Range

100
Beyond amplifier voltage range
10 T

Volts out 1 0.5 g broadband response @
(100 mifig sensor) fas]
of the 1
Sensor - %
m . o
Operational Range 2
0m g
0001 §.
.000 01 =]
000 001
‘ Below electronic noise floor
000 000 1
.1 Hz 1Hz 10 Hz 100 Hz 1000 Hz 10 kHz 40 kHz
8 cpm 80 cpm 800 cpm 8000 cpm 80 kcpm 800 kcpm 2.4 Mcpm

Figure 6-37 - Low amplitude vibration requires another sensor

Selecting the Sensor — The sensor must be selected based on:

e  Frequency range required (both high and low)

e The sensitivity and noise

e  Environmental conditions (temperature, moisture)
e  Mounting Type

As noted earlier, eddy current probes are used on large machines with journal bearings, or in
very low speed machines. Eddy current probes are very common on turbines. The frequency
response of the displacement transducer extends from DC (0 Hz) to about 1000 Hz.
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Figure 6-38

For most other applications an accelerometer is used. Now it becomes a question of the exact
type and model number of accelerometer, and the units used to analyze the data.

There are a large number of sensors to choose from. One key issue is sensitivity. The standard
accelerometer is 100 v=mV/g. Precision machines and low speed machines require low noise,
very sensitive sensors with a much higher sensitivity such as 1V/g.

Machines with high levels of vibration may require a much less sensitive sensor with a sensitivity
of 10 mV/g.

Due to the design of sensor electronics, the frequency response of the sensor is not the same
for highly sensitive accelerometers as it is for less sensitive units. (This is independent of the
effects of different mounting methods.)

20

. | I T TTRTA

._:; 10 High Sensitivity (1V/g) } ‘\

- e

2 "I'IA

% 10 i Medium Sensitivity (100mVy/g)

g‘ 20 "] i
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w 40 —
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Frequency {Hz) suiiz
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Figure 6-39 - The sensitivity affects the low and high frequency ranges.

There are a great many applications for highly sensitive, low frequency accelerometers. In days
gone by, sensor and data collector electronics were not designed to take such measurements.
Many applications require these sensors, including machine tool, petrochemical, and paper.

The requirements on the transducer are a highly sensitive amplifier (to give sufficient output to
the data collector - typically 500 to 1,000 mV/g), very low internal electronic noise (otherwise
the noise will be amplified by the more sensitive amplifier), and a low frequency cut-off (often
down to 0.1 Hz or 6 CPM).
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With their high sensitivity and consequently lower amplitude range, these transducers are
susceptible to overload, especially in the presence of significant high frequency vibration. For
this reason, some manufacturers use an internal low pass filter to attenuate the high frequency
signals.

You may be wondering why you would not simply use a low frequency, high sensitivity
transducer for all your tests. There are very good reasons. First, due to the low frequency
specifications of the internal high pass filter, the transducer takes far longer to settle after a
mechanical, thermal or electronic (power-on) shock.

Also, as mentioned earlier, they typically have a low pass filter, limiting their high frequency
response, which makes them unacceptable for many "general purpose" applications. And
finally, due to their high gain amplifier, they are susceptible to overload.

So, while these sensors play an ever more important part in condition monitoring, they should
only be used when the application specifically calls for their unique capabilities.

LOW FREQUENCY ACCELEROMETERS (COURTESY OF WILCOXON)

Low Frequency measurement is critical for many industries. The petrochemical, machine tool,
and paper industries use low frequency for both condition monitoring and process
measurements. Other applications include slow speed agitators, cooling towers, semiconductor
lithography, and structural testing.

Low frequency measurements and low levels of vibration are closely related. Acceleration
levels decrease at low frequencies. In order to have adequate voltage signals at the acquisition
equipment, low frequency sensors have greater output sensitivity (usually 500mV/g) than
general-purpose sensors. Additionally, the low-end frequency cut-off is improved (down to 0.1
Hz @ -3dB) in order to read slow speed vibration signals.

Hot Environments - Another common application for accelerometers is in very hot
environments, such as the dryer section of a paper machine. Standard accelerometers can
survive in high heat conditions, however due to their internal amplifier they have a limit. Over
approximately 300 degrees F (150 C), it is normally recommended to use a charge mode
accelerometer.

Charge accelerometers use an external ""charge amplifier", located away from the sensor, in a
more hospitable environment. A special heat resistant cable is then used to join the two.
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Figure 6-40

Note: As with all charge mode accelerometers, care must be taken to secure the connecting
cable (while the measurement is in progress), as any movement will induce noise on the cable.

Wet or Humid Environments — Not all sensors are hermetically sealed and should not be used

for underwater applications, nor on paper machines where steam can be a problem. Moisture

penetrates the sensor, damaging the electronics and changing the performance and frequency
characteristics.

Accelerometer Mounting

Another consideration regarding the sensors is the way they are mounted. Their mounting
method greatly affects the accuracy of the measurement.

Several years ago most analyzer manufacturers supplied an accelerometer with a "stinger" or
probe tip. The user then simply held the accelerometer to the bearing and started the
measurement. It was fast, easy, and allowed measurements to be taken in otherwise
inaccessible locations (because the tip could reach in to tight spaces). But the frequency
response and repeatability were unacceptable.

Figure 6-41- Stinger or Handheld probe used with the sensor
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The typical choices include a handheld probe, magnets, and stud mounts. Each mounting
method affects the response range of the sensor. If it is not mounted correctly the data will not
be useful. Repeatability and Frequency Response will be an issue.

Instead, the measurement must accurately represent the state of the balance condition and the
bearing condition, the degree of misalignment, and other faults. Steps must be taken to
ensure the quality of the data or it will not provide the information needed for accurate and
thorough analysis.

Figure 6-42

Another issue is Repeatability. The concern should not be centered on today’s data alone, but
the analyst needs to see how it has changed since the last reading, and today’s reading must be
compared to the next reading.

If the readings are taken correctly every time, and the machine is operating in the same way
every time, then the only explanation for changes in vibration will be a change in condition.

However, if the way the sensor is mounted changes from measurement time to measurement
time, the changes seen can merely be a reflection of the change in sensor mounting method. It
is just not practical to go out and collect additional readings every time the readings change.

The sensor must directly contact the machine surface on a place that is smooth and flat. The
stronger and stiffer the connection, the more likely it is to get a reading with acceptable
frequency response. If there is excess paint, paint chips, rust or grit, the readings will be
compromised.

© 1999-2013 Mobius Institute — All rights reserved www.mobiusinstitute.com

Produced by SUMICO Technologies



CHAPTER 6 - DATA ACQUISITION PAGE 6-33

Figure 6-43 - Machine surface should be clean and smooth.

There are a number of mounting configurations that are used to attach the sensors to the
machine surface. The method chosen is dictated in part by the application, that is, whether a
temporary mounting is used or a permanent mounting for online monitoring.

AR A BB R

P - i3 Ll

Probe Flat . Cementing _, . Isoltating
. 2-pole Quick Stud Epoxy
tip marl;net magnet conpect  Pad stud

Figure 6-44
Stud mounting

The best option is Stud Mount. This gives the best frequency range. All other mounting
methods reduce the upper frequency range of the sensor.

Removing the sensor from direct contact with the machine and inserting mounting pieces such
as adhesive pads, magnets, or probe tips, a mounted resonance is introduced.

The level response range of the sensor is the useful range of the data. The mounting methods
in Figure 6-45 are shown in progressive order of worst to best response range.
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Figure 6-45

Notice that the Probe tip induces a mounting resonance at approximately 1000 Hz but the level
range is only to about 500 to 800Hz. Frequencies above that are amplified and therefore not
accurate.

All of these mounting methods are shown individually below.
Temporary Mounting

Although Stud Mounting is practical with permanently mounted online systems, it is impractical
with portable, walk-around data collection. That leaves four options:

e Handheld or Stinger probes
e  Magnets

e Quick Connect

e Screw-in

There are various styles in each of these mounting types. Each has its unique characteristics
regarding the influence on the data collected.

HANDHELD PROBES

The length of the probes available are from about 2 inches to 8 inches. They were used in the
early days of data collection due to their convenience. However, the data varied considerably
depending on the amount of pressure used to hold the stinger, the angle it was held, and the

position.
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Wl ol b

Figure 6-46 - Handheld probe

Therefore the repeatability is poor and the level response range is poor. Its convenience is not
worth the data loss.

There are times when “some data is better than no data” and they can be used. One instance is
reaching through an expanded metal guard to reach a pillow block bearing that is otherwise
inaccessible. A better method is to permanently mount sensors on the pillow block bearings
and wire them to a junction box for data collection.

Probe Tip (Stinger)

1,200 6,000 chm 60,000 300,000
20
15 \
N 1,100 Hz
s " 400 g
:E % 5 =
> nEd
(]

20 100 Hz 1,000 5,000
Frequency

Figure 6-47 - The response curve of a Handheld Stinger

Magnet mounts provide much better results. Magnet technology has improved over the years
ensuring a much stronger hold on the machine (which of course has to be magnetically
attractive). Used properly, two pole magnets can be successfully applied to slightly curved
surfaces, although we would still recommend that the target area be machined flat if possible.

If the surface is painted, it must be kept clean and well maintained. So must the magnet
surface. All grit, metal particle and burrs must be removed.
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Figure 6-48

Coupling fluids, such as heavy machine oil or beeswax, greatly improve the transmission of the
higher frequencies, and ideally should be used with flat bottom magnets.

The magnets vary in size and the amount of pull they have to hold onto machinery. Large two
pole magnets for curved surfaces can have as much as a 120 Ib pull. Other two pole magnets
typically range from 10 Ib to 9o Ib. pull.

The flat “Rare Earth magnets range in size from 10 Ib. pull to 60 Ib. pull. They should be used
only on flat surfaces such as a mounting pad or a surfaced area of the machine. Surfacers mill a
circle on the machine surface the same diameter as the magnet so that it provides a smooth,
flat target area for repeatability.

Flat Surface Magnet

21521‘.!] 6,000 cpm 60,000 600,000
20 L
H
s 15 ﬂnmm
‘g =10 ||r
o
a ; all
L~ |
o _'f'# 1]
-51'11 L1]1] 0,000
1 Hz 1000 10,

Frequency

Figure 6-49 - The flat mount magnets provide a useable range to about 4000 Hz.
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Magnets for Curved Surfaces
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Figure 6-50 - two pole magnets for curved surfaces have a useful range to more than 3000Hz (depending on
size)
Magnets have a very strong pull. Be careful when placing them on the machine so that they do
not “thump” down. This can damage the sensor. Also avoid getting a finger caught under the
edge as the stronger magnets can severely pinch it.

A good method of placing the sensor is set one edge down and then roll it over to make full
contact.

Figure 6-51- Set one edge of the magnet down and then roll it into full contact with the machine.

MOUNTING PADS OR TARGET PADS

Alternatively, "target pads" can be permanently mounted on the machine. The pads
themselves may be bonded to the machine via a stud or epoxy (discussed later). The pads
provide a clean, flat area for the magnet to attach (especially useful on machines without
magnetically attractive surfaces).
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Pads improve measurements making them more repeatable with a higher frequency response.

(7)®

Figure 6-52

Model Description
‘ SFs5 Cementing pad, anodized aluminum, 10-32
integral stud, 0.5 inch hex
M SF8 Cementing pad, 1/4-28 integral stud, 1inch
— diameter
o SF8-2 Cementing pad, 1/4-28 tapped hole, 1inch
diameter
= SF11 Magnetic mounting pad, 416 stainless steel -
= will accept <1inch magnetic base
SF20-3 Cementing pad 3/8 - 24 integral stud
QuickLINK® sensor base, adapter mates to 1/4-
- 28 sensor, for walkaround data collection.
QB-1 . .
=" Allow quick mount of sensors in less than one
turn
QuickLINK® mounting pad, 1/4-28 tapped hole
QP-1 X
— base, for use with QB-1
l.{ QP-2 QuickLINK® cementing pad, flat base, for use

with QB-1

Figure 6-53 - Pads come in all shapes and sizes
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Model Description
FM101 Fin mount, 0.5000 fin width, 1.25 length
—_—
|
J FM102 Fin mount, 0.500 fin width, 2.00 length
~——
FM103 Fin mount, 0.250 fin width, 1.75 length
_—
‘/) FM104 Fin mount, 0.250 fin width, 1.00 length

Figure 6-54 - Fin pads are designed to fit between the cooling fins of a motor.

Sensors are attached to the pads via a magnet, or it can be threaded for a stud mount. The
sensor is then bolted to the pad which is itself bonded to the machine. This method is highly
recommended when triaxial sensors are used. It is extremely useful for repeatability.

Figure 6-55 - Triaxial Accelerometer and mounting pad.
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Figure 6-56

Quick-connect mounts are now offered by many of the data collector companies. These
devices are permanently mounted to the machine and employ a locking method. The
accelerometer is then attached to the pad with a half-turn.

These devices offer excellent repeatability and some are even coded so that the data collector
can automatically identify the matching point in the route. They tend to provide good accuracy
response if maintained properly.

Figure 6-57 - Quick Connect fitting with RFID capability

Table 1 — Effect of mounting on transducer performance

Mounting method Effect on transducer performance (e.9. for a 30 kHz resonant lransducer)

Rigid stud mouwnt Mo reduction in the resonant frequency of the acoelerometer due to its mounting

Isolated stud mount I a non-conducting rigid material, such as a mica washer, is introduced to prevent ground
loops or other influences, the mounted resonance is slighty reduced to about 28 kHz

Siiff cement mount The resonance is reduced to about 28 kHz

Soft epoxy mount The resonance is reduced 1o about 8 kHz

Permanent magnet mount The resonance i reduced 1o about 7 kHz

Hand-heid The resonance s reduced 10 about 2 kHZ, but this method is not recommended for
measuremeants above 1 kHz

Figure 6-58 - 1SO 13373-1:2002 frequency response limitations
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Mechanical transmission path

There must be a good mechanical transmission path between the source of the vibration (the
bearings) and the location of the sensor. Many things vibrate on the machine however it is
essential to choose the point with the shortest path between the source and sensor.

You must be sure not to mount the sensor on a piece of structure that is itself excited by the
machine vibration. Fan covers, coupling guards, motor cooling fins, and other structures are
not suitable locations for sensors. These objects can rattle and resonate, and they can block
high frequencies from reaching the sensor. Plus, if they are too far from the bearings, the high
frequencies that indicate bearing wear will be lost.

Measurement locations

Safety first! It must be safe to access the test point: there must be no risk of becoming
entangled, there must be no risk of becoming burned, you should not have to lean over moving
or rotating parts, you should be safe from fumes etc.

General guidelines:

1. If the distance between the bearings on a machine component is less than 30 inches
(75 cm) — measure only one bearing on that component. If you have a choice, measure
the thrust bearing or fixed bearing.

2. Measure at least one bearing on each machine component (i.e. motor, pump, gearbox
etc.). Faults like misalignment are detected by comparing data from both sides of a
coupling.

3. Different mechanical faults will appear in different measurement locations and
measurement axes. The goal is to take the appropriate tests to detect the most
common faults. Begin by understanding the machine and its failure modes, then
determine how and where to test the machine.

It is necessary to understand the machine being monitored. Vital information should be
gathered to determine the frequency ranges of the forcing frequencies. Typically the speed
and load are determined from the motor nameplate data. Determine the bearing type and
physical details if possible.

Try to gather the motor information such as the number of rotor bars, if possible.

If the machine is not direct driven, gather information regarding sheave sizes, the number of
teeth on sprockets, and the number of teeth on any gears. Calculate all shaft turning speeds.

The goal is to determine all possible Forcing Frequencies for the machine.
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A sample form is shown below for gathering the information. When one is completed for each

machine to be measured and then compiled in a reference book it provides a very useful

resource for the analyst.

MACHINE PLANT
UNIT # MID
Prepared By DATE

AREA

AVERAGES

TEST RPMs and OPERATING CONDITIONS

Variable Speed? YES NO
VERTICAL HORIZONTAL

Driver

Intermediate Shaft

Driven

Reference RPM

Ornt: () Q

Ranges: Low_ X High X
Mfr:

Serial #:

Model:

Type:
RPM:

Passing Elements

SPEED RATIO:
Oornt: (_) Q

Coupling Type:
Mfr:

Serial #:

Type:

RPM:

Gear Mesh 1: Driver

Driven

Overhung? Yes
ornt: () Q)

Mfr:
Serial #:
Model:
Type:
RPM:

Passing Elements

Bars: Gear Mesh 2: Driver

Slots: Driven

Poles: #Belts

Other: #Coupling Elements

Other: Other: Other:

Brg (namejtype): Brg (namejtype): Brg (namejtype):
Brg (name/type): Brg (name/type): Brg (namejtype):
COMMENTS

Sketch (include mounting block locations, direction of notch, orientations and bearings)

Measurement axes

Figure 6-59

Triaxial data is best if you have software that can “screen” through the data so you don’t need

to analyze each plot manually. The next best axis is vertical or horizontal per bearing (as per
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the distance between bearings guideline) and one axial reading per component. Some
mechanical faults appear in the axial direction. If we do not take data in this axis we may miss
the fault. The majority of mechanical faults show up in the vertical or horizontal axis, so don’t
bother just taking axial readings.

It is important to know where we want to test the machine in order to detect the faults of
interest. Unfortunately, we cannot always test the bearings we want to test due to safety
issues, motor covers and cowlings, and accessibility.

Often we can find one test point on a bearing, in one axis, but not test points in the other two
axes. Using a triaxial sensor or a mounting block allows us to collect all three axes from one
point.

Figure 6-60 - Poor measurement locations

Sensor location suggestions

For motor close-coupled pumps and fans:

e If the motoris < 40 HP (30 kW), measure at the motor driven end (MDE).

e Ifthe motoris > 40 HP (30 kW), also measure at the motor free end (MFE).

e  Asarule of thumb, if the distance between the MDE and MFE is > 30 inches (75 cm), test
on both bearings
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For coupled motors:

e  Preferred location of the pad is on the MFE.
e If the motor has cooling fans and finned housing, the next preferred location of the pad
will be at the MDE

For overhung coupled pumps and fans:

e  Preferredlocation of the point is on the bearing housing.

e Ifthe design includes a squirreled cage fan supported by pillow block bearings, the
preferred location of the sensors are on the MFE and each of the pillow blocks.

e If the design includes a vertical, overhung coupled pump, the preferred sensor locations
would be on the MFE and the pump thrust bearing (pump driven end - PDE)

e If the design includes a vertical, coupled, double suction pump, then the sensors will be
located on the MFE and the lower pump bearing housing (pump free end - PFE).
Note: If the pump capacity is > 3,000 GPM (10,000 LPM), you should take
measurements on both the upper and lower bearings

For coupled double suction pumps and fans:

e Ifthe design includes a horizontal, coupled pump, the preferred location of the pads are
at the MFE and PFE. Note: If the pump capacity is > 2,000 GPM (7,000 LPM), you should
take measurements on the PDE as well

For belt driven machines:

e The preferred location of the test point will be at the MDE where the belt sheave is
located close to the motor and at the driven end where the belt sheave is closest

The number of sensors placed on the machine depends in large part on the type and size of
component, and on the accessibility. It also depends upon the type of coupling between
components: belt, gear, direct drive, flexible coupling, and so on.

It is best to err on the side of too much data. You can always trim back the number of test
locations once you have the program up and running, and you can determine if there are any
redundancies in the data collected.

Naming conventions

It goes without saying that when you collect vibration readings on a route you must test the
correct bearing, on the correct machine in the correct axis. However if you are not sure which
machine is “unit 2” or which bearing is “number 2” or what the “V” means then you are likely to
make a mistake.
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Spend time with the program manager to learn the naming scheme used in your plant, and to
understand which machine is which. The convention identifies the position and axis and
sometimes also the machine type. We would recommend that you place name tags on points,
or mark the point names on the bearings. That will reduce the risk of incorrect point
identification.

Many naming schemes number the bearing locations (if there are two back-to-back bearings it
is still considered one location). The points are numbered in the direction of power flow; from
the “free end” of the motor to the “free end” of the driven component.

Figure 6-61

Another method uses a combination of an identifier for the component (M:Motor, P:Pump,
G:Gearbox, F:Fan (or air handling unit), C:Compressor, and T:Turbine and the designator for
inboard “I” and outboard “0O”.

Figure 6-62
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Another method identifies the point on the component as either drive-end “DE” or non-drive-
end “NDE” (also called “free end”).

Figure 6-63

And then we must add the axis information. We typically use V:Vertical, H:Horizontal, and
A:Axial. Some systems also use the terms radial “R” and tangential “T”, however for a
horizontal machine Radial = Vertical, and Tangential = Horizontal.

For vertical machines, there is still an axial measurement (although it is in the vertical direction),
and vertical and horizontal do not make sense. So we use Axial, Radial and Tangential.
Alternatively, there is a convention which makes the vertical axis in the same axis as the
discharge pipe, and horizontal axis 90 degrees around the machine in a clockwise direction
(looking down on the machine).

There are some systems that use special point identifiers: barcodes, id tags, and other methods.
These systems take the guesswork out of data collection. You just connect the sensor, (maybe
swipe the barcode), and then the data collector knows exactly where you are. You can take the
measurements in any order, and you are assured of the data coming from the correct
location/axis.

ISO 13373-1:2002 MIMOSA convention

The convention defines location, transducer type and orientation separately. Six definitions are
then combined into an unambiguous, fourteen character (no spaces), measurement location
identification.
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Definition Length Example
Component part (shaft, awalary gearbox, roll, etc ) | four alphanumeric characlarns Sea D22
HOEOH i unknowm
Locaton (housing mumbser designation) three digns 007 ho 980
Transducear type code Ty betlers See Table D.2
XX i unknown
Angular onentation three digis 000 1o 360, XXX if unknown
Transducer axis onenlation one letter See Table D.3
X if unknowm
Dvirection of motion one letter SeeD2T

Figure 6-64 - MIMOSA convention rules

Example: SFTA003AC090RN - Shaft A, bearing housing number 3, single-axis accelerometer
positioned 90° counterclockwise from zero, mounted radially, normal motion.

The transducer type is designated by a two-letter abbreviation according to Figure 6-65.

Code Transducer type Code Transducer type
AC Single-aas accelaromeater PD Dwnamic prassure
AV Single-aas accelercmater with intemal integration | PS Statc pressure
AT Trnaxial accelerometear 5G Strain gauge
CR Current TC Temparatura-thamocoupbe
DP Desplacemant proba TR Resislance lamparature detector (RTD)
DR Displacement probe used as a phase reference T Torque fransducer
LT LVDT (linear voltage differential transfonmer) TO Torsional fransducer
MP Magnetic pick-up (shaft speediphase reference) VL Velocity transducer
Mi Microphone VT Vollage
oP Oplical transducer oT Oithar

Figure 6-65 - Transducer type abbreviation listing

The angular position of a vibration transducer is measured from a zero reference located at 3
o'clock when viewed at position number 001, looking into the machine. The angle increases
counterclockwise (regardless of the direction of shaft rotation) in the plane of shaft rotation
from 0° to 360°.

270

Figure 6-66 - Angular convention: horizontal

The zero reference is located in the direction of flow with angular position measured
counterclockwise in the plane of shaft rotation when viewed from the top (position 001)
looking down (see Figure 6-67). The zero reference on machines that reverse flow (e.g. pump
storage units) is established for operation as a generator.
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Postion
nag® 001
180 - 000"
70
#_,-w"' — 02
003
—f
-
004

Figure 6-67 - Angular convention: vertical

A single letter defines the direction of the transducer sensitive axis (see Table D.3). This portion
of the identification provides unique descriptive information when the transducer sensitive axis
does not coincide with the radial defined in D.2.5 (see Figure D.7: XXXAC135H, XXXAC090T,
XXXAC315A). It is redundant when the sensitive axis coincides with the defined radial.

Code Direction Description

R radial transducer sensitive axis perpendicular to and passes through the shaft axis
A aaal transducer sensitive axis parallel o the shal axis

T tangential transducer sensitive axis perpandicular to a radial in the plané of shaft rotation
H honzaontal transducer sensitive axis locatad at 000" or 180 only

v vertical transducer sensitive axis located at 090" ar 270" only

Figure 6-68 - Transducer axis orientation reference code

The final character in the measurement location identification code is either an N (normal) or R

(reverse) to identify transducers mounted in opposition where machine motion in one direction
results in positive motion in one transducer (N, normal) and negative motion (R, reverse) in the
other.

Axial transducers mounted in opposite directions at the two ends of a machine are the primary
example. Axial machine motion towards the reference end is normally designated as positive.
The axial transducer closest to the reference end of the machine, position 001, will be
designated as normal (N) when mounted so that positive motion towards the transducer
produces a positive signal output. Likewise, motion towards the reference end will produce a
negative signal from the axial transducer at the opposite end, which is then designated R
(reverse).

The angular orientation defines the direction of motion for radially mounted transducers.
Therefore, a default of N (normal) should be utilized for transducers mounted radially.

© 1999-2013 Mobius Institute — All rights reserved www.mobiusinstitute.com

Produced by SUMICO Technologies



CHAPTER 6 - DATA ACQUISITION PAGE 6-49

Collecting Good Data

MEASUREMENT PROCEDURE

On a routine basis each machine will be visited and vibration measurements collected.
Elsewhere in this training course we have discussed how often to take measurements (monthly,
quarterly, etc.), and what type of measurements to take (overall readings, waveforms,
envelope/demodulated spectrum, etc.). For now we need to develop the measurement
procedure.

Figure 6-69

Earlier the concept of repeatability was discussed. The sensor must be mounted on the
machines in the same way every time so that the only reason for change in the vibration
measurements will be a change in the condition.

What if it was running at a different speed, or load? The vibration measurements are affected
by these parameters, and others. Our task is to attempt to define a repeatable and controllable
set of test conditions.

A measurement procedure must be in place and it must be followed for each measurement,
every time.

The data MUST be repeatable.

But there may be situations beyond anyone’s control. What if the speed or load cannot be
controlled? There are some solutions that can help. Depending on the software used, options
may be available to help compensate for speed or load changes. However, if not, there are two
other solutions.

1. Define a set of Measurement Conditions and collect data only when the speed/load are
well within the defined range.
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2. Create multiple machines in the database, one for each speed range or load range. This
provides the benefit of comparing the machine to similar conditions.

It just may be possible to coordinate with Operations to adjust the speed or load to fall into the
range required for the measurement. Cooperation with Operations is always a good policy and
they often have information that can lead to a quicker diagnosis of problems, too.

Figure 6-70

Besides the wrong speed or load, other things can go wrong, too. Anyone who has a lot of
experience collecting can tell you that they have collected data on machines that were not
running, or collected data on the wrong measurement point, or even the wrong machine.
Those things do happen.

Any measurement made and stored in the database MUST be stored at the correct point. It
must be the correct machine, and the correct measurement point direction.

One solution that helps in this is to use Bar Codes, or RFID tags or connectors that locate the
matching point on the route. The use of barcode labels and keyed quick connect pads can
greatly reduce this source of error, and generally make navigating the plant much easier - and
more repeatable.

BE OBSERVANT

Just take a moment to stop, look and listen. Look for oil leaks. Listen for unusual noises. Feel
for unusually hot bearings. And if possible, talk to local operators who may have specific
information.

If something of interest is observed, most data collectors enable you to enter a note or a quick-
"notecode". It takes time, but it is incredibly valuable information.
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Figure 6-71

One of the greatest benefits to operating a vibration monitoring program is that someone is
visiting the machine regularly, making these observations. It’s surprising what one might find.

Some things to look for include:

e  Checking that the machine is operating under the correct conditions.
e Check thatit appears to be operating normally.
e Check for General Maintenance: cracks, loose/broken bolts, leaks, clogged vents, grout
cracks or other foundation problems.
e  Check the machine as a whole:
o Doesit sound or smell different?
o Do the bearings feel hot?
o Are pipes or structure vibrating excessively?

Record these observations. It may be useful later.

These observations made in the “Note codes” of the data collector normally store them with
the machine data. These are then included in the Measurement Exception Report. This is
always a useful tool for the analyst.

FOLLOWING THE ROUTE

In this Category Il course it is expected that you are experienced in collecting vibration data.
However, here are some helpful tips:

Make sure the surface is clean from dirt and grit. Carry a rag and wipe the surface before
collecting the data.
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Figure 6-72

If a flat magnet is used, the surface should have been prepared so that it is even and flat. There
are surfacing tools that are available for this. The addition of a lubricant between the flat
sensor and machine can enhance the measurement.

CHECKING AND REVIEWING THE DATA

On many analyzers it is possible to get a sneak preview of the data before committing to the
measurement. This may be in the form of the overall reading or even a waveform or spectrum.
Monitoring the data prior to collecting the data for the point shows how the machine is varying
due to load or speed changes. If there are fluctuations, attempt to collect the data at the peak
of the cycle.

Figure 6-73

Check the spectrum for a Ski slope or transients. After collecting the data for the measurement
point this is something that should become normal habit. This can normally be done while the
data is being collected if the analyzer is set for live display of the spectrum.

If the person collecting the data is familiar with the machine, then the data should be checked
now for to see if levels have increased. If something doesn’t look quite right, recheck the
sensor mounting and the operating conditions. If it is warranted, then perform additional
measurements for better analysis. Measurements that can be made include:
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e Highresolution data - collect a higher resolution spectrum to include the region that is
questionable. Store this data along with the route data.

e Phase Data - take along an additional accelerometer and cable. This can be used to
perform Cross-Channel Phase measurements. Record the readings in notes orona
notepad.

These additional measurements should only be performed by qualified personnel.
REPEATABILITY IS ESSENTIAL

It cannot be stressed strongly enough how important it is to collect the data in such a way that
the only thing that changes from one test to the next is the machine's condition. If not, as soon
as a change is detected, a retest of the machine will be required because of a lack of confidence
in the data. The fault may be misdiagnosed and time will be wasted, and you may generally
embarrass yourself.

Recognizing Bad Data

There are some rules of thumb for collecting data. One basic one is to view the data as it is
collected. Most analyzers have an option for displaying the data as it is collected. Use this
mode and watch the screen as it is collected. This is the time to check the data for problems,
not after it has been uploaded into the computer.

Besides checking for machinery condition problems the data should be checked to see that it
seems reasonable, that the data is good data. There are indications in data that are typical
recognizable patterns of bad data. Bad data can be caused by a bad cable or cable connections,
a sensor fault, mounting conditions, settling time, or even cable movement. A few concepts
must be clearly understood regarding the way transducers work and the way they are powered.

Earlier in this chapter the internal construction of accelerometers was discussed and the way
they are powered. In that section we learned that there are a few reasons why the output of a
sensor may become unstable. First, a sensor has a built-in amplifier, and in some cases an
integrating circuit. When power is applied to the transducer the signal will ring, becoming
unstable while the circuit "settles". Any data collected during this settling time will have a time
waveform which shows a varying DC offset, and the spectrum will have a "ski slope".
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Figure 6-74 - Bad data due to insufficient Transducer Settling Time for the sensor

If this phenomenon is observed, the “settling time”” setting in the software must be increased.
This controls the settling time in the analyzer. Note that this applies only to ICP transducers
(internally amplified.) This setting is also available in the analyzer.

Thermal Transients

Thermal Transients cause similar ski slopes when the sensor is moved from a hot surface to a
cold surface or vice versa. The thermal shock causes the sensor output to ring. Allow the
sensor to change temperature before beginning the measurement.

Figure 6-75

Mechanical Shock

A similar situation occurs when the sensor is bumped or thumped down as is common when
using a magnet mount. A higher voltage is produced and the output will “ring”. Again the
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spectrum will have the characteristic ski slope and the waveform may have a transient or surge
evident. See Figure 6-76. A solution is to prevent the sensor from being bumped during the
measurement and to place it gently by setting down one edge of the magnet and rolling the
sensor into position.

Figure 6-76 - Mechanical shock produces a ski slope in spectrum and a transient in the waveform

Sensor Overload

High amplitude vibration (sensor overload) can “saturate” the amplifier generating a ski slope
in the spectrum due to intermodulation distortion or “washover distortion.”

35
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100 200 300 400 500 600
Figure 6-77 - High amplitude ski slope due to "sensor overload"
The excessive vibration can come from surrounding machinery or even excessive cavitation.
The amplitude may be excessive.
The saturation can occur in the integration circuit in piezovelocity sensors.
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If this continues regularly on a machine, an isolating washer between the magnet and the
machine can be used to damp high frequency vibration.

POOR HIGH FREQUENCY DATA

If the high frequency content of the measurement is "missing" or is reduced (this is only seen if
data is compared to previous measurements), then it may be that the sensor was not mounted
correctly.

If the contact surface is dirty then the frequency response will be reduced - the high frequency
content will not be transmitted through to the transducer, which of course means that it will be
missing from the measurement.

Figure 6-78

Improve the data collection techniques, ensuring the surface is smooth and clean before the
test. If target pads are used, consider purchasing caps that keep debris off the surface.

Loose Mounting and Unexpected Harmonics

Loose mounting can cause the sensor to rattle generating harmonics in the waveform. It is
typically caused when the sensor did not make a strong contact with the machine. Ensure the
sensor is firmly in place.
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Figure 6-79 - Ski slope and unexpected harmonics in the spectrum due to loose sensor mounting.
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POOR SETUP

If the input range is very high and the measured voltage is very low, a “chunky” time waveform
may result which produces a ski slope in the spectrum. This may occur due to the sensor being

bumped in the beginning of the measurement and the circuit auto-ranges to the maximum
amplitude. Retake the data after allowing the sensor to settle.

[0z HOH

infsec Peak

Figure 6-80 - Chunky time waveform due to poor sensor setup

This spectrum is typical of the ski slope due to bad cable connection, or mounting issues. Note

the overall alarm was triggered.

Point Note (2/13/2008 3:43:43 AM)
Ski slope - bad reading

12

B i
D = 4

I-8.984 mm/s rms

Pover (mm/s rms)

mm/s ms

0 200 400 800 300 1,000 1200 1400 1,600 1,800 2,000 2,200 2,400 2,600 2,800 3,000
Hz
. 1/15/2008 10:39:41 PM O/All 8.984 mm/s rms 3575 RPM

Figure 6-81- This spectrum shows the ski slope and the alarm triggered.
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ICP SENSOR PROBLEMS
There are problems that can occur with internally amplified (ICP) accelerometers.

As described in the accelerometer section, these transducers are powered by adding a DC bias
voltage (of between 8 and 14VDC) to the leads of the transducer. The dynamic AC signal is then
superimposed on that bias voltage, resulting in a swing from o VDC to the limit of the power
supply, typically between 18 and 30 VDC. The data collector then removes the bias voltage,
leaving the dynamic signal.

By observing the signal level, and checking the bias voltage (when a fault is suspected), it is
possible to detect a range of sensor and cabling faults. The analyzer should check for the
following conditions:

e  Open Bias Fault: Supply Voltage 18-30 volts
e  Short Bias Fault: o volts

e Damaged Sensor: Low Bias, High Bias

e  Erratic Bias and Time Waveform

e  Truncated Time Waveform: Sensor Overload

24 W Supply Voltage

q. 20V
10
+ 1 12 . BOw
10 W NS NS
—————————————————————————— 1.5 Y Above Ground
0 Ground

Figure 6-82 - from Wilcoxon, a transducer company. BOV is Bias Output Voltage
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Supply Voltage

18 to 30 VDC

T ||| I Dynamic
2-10 mA Signal

cch

Readout

f/’ * I_z (:j Equipment

- Connector

BOV

Amplifier Shield

Crystal

Isolation Layer

Figure 6-83 - Schematic of sensor and data collector - courtesy Wilcoxin
HARMONICS OF ACLINE FREQUENCY
Another source that wreak havoc on data influence from any line frequency. For this reason it is

good to avoid collecting data from the side of the motor that the electrical junction box is
fastened to.

N N
> ) A
f_ R
g“ it N = W
= N - 7‘
Figure 6-84

Wilcoxin, a manufacturer of sensors and data collection components describes it well. “Line
Frequency Harmonics in Spectrum Harmonics of AC line power frequency usually indicate
interference from motors, power lines and other emissive equipment. First ensure that the
sensor shield is grounded (at one end only!). If the shielding is good, check the cable routing.
Avoid running the cable alongside high voltage power lines and only cross power lines at right
angles. For example, if a power cable is 440 Volts and the vibration signals from the sensor are
at the milli and microvolt levels, any cross talk can severely corrupt the data.”
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Figure 6-85
Time
BOV Spectrum Fault Condition Action
Waveform
0 No signal No signal No power or Test/turn on power
cable/connector Test cable isolation
short Repair/replace cable
2.5-5V No signal No signal Damaged amplifier | e Replace sensor
10 - 14V | Highlow High amplitude | High frequency e Repair steam
Stable frequency “ski | high frequency | overload (steam leak/dump
slope” noise release, air leak, e Use less sensitive
cavitation etc) sensor
e Place rubber pad
under sensor
10 — 14V | Very high low Choppy Damaged amplifier | e Replace sensor
Stable frequency “ski
slope” no high
frequency
signal
10 —14V | Good signal 50/60Hz Inadequate e Connect/ground cable
Stable strong 50/60Hz shielding
10 -14V | Highlow High frequency | ESD arcing impacts | ¢ Reroute cable
Stable frequency spikes e Use less sensitive
noise sensor
e Place rubber pad
under sensor
10 - 14V | Highlow Jumpy/choppy | Intermittent e Repair connection
Stable frequency connection
noise
18 —30V | No signal No signal Reversed e Reverse leads
powering
18 —30V | Nosignal/weak | No signal Open cable e Repair connection

50/60Hz

connections

Table 6-1- ICP sensor Diagnostic Chart
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Measurement recommendations

ISO 13373-1: 2002 provides some guidelines as to measurement type, axis and location.

B.1 Machine details
For each machine being monitored, the following information should be recorded:
— unique machine identifier (e.g. equipment code);
— machine type (e.g. motor, generator, turbine, compressor, pump, fan);
— power source (e.g. electric, steam, gas, reciprocating internal combustion (RIC), diesel, hydraulic);
— rated speed (e.g. r/min or Hz);
— rated power (e.g. kW);
— configuration (e.g. direct, belt or shaft driven);
— machine support (e.g. rigid or resiliently mounted);
— shaft coupling (e.g. rigid or flexible).
The following additional information may also be recorded:
— function (e.g. driver or driven).
Figure 6-86
B.2 Measurements
For each measuring system, the following information should be recorded:
— date and time (including time zone) of measurement;
— instrument type;
— transducer type) (e.g. eddy current, velocity, accelerometer);
— transducer method of attachment (e.g. probe, magnet, stud, adhesive);
— measurement location?), orientation) (e.g. description or code);
— measurement value (e.g. numeric quantity);
— measurement unit!) (e.g. um or mm/s or m/s2);
— measurement units qualifier (e.g. peak, peak-to-peak, r.m.s.);
— measurement type (e.g. overall, amplitude over time, spectrum);
— FFT or other processing (e.g. filter, number of lines, number of averages).

Figure 6-87
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The following additional information may also be recorded:

— speed during measurement (e.g. r/min or Hz);

— power during measurement (e.g. k\W);

— other significant operating parameters (e.g. temperature, pressure);

— calibration requirement, type and date of last or next required calibration.

Figure 6-88
Measuring Phase

As a review of phase... there are two types of phase:

e  Absolute phase — a phase reading at running speed
e Relative phase - the phase difference between two points

|
0 or 360

270

an 180 270 360 180

Figure 6-89 - Relative phase is a phase difference between two points

Absolute phase readings are taken with a phase reference — often a once-per- tachometer.
Readings can be taken at a number of points and compared to understand relative movement.
They are used for balancing.

Absolute Phase reading is made at running speed only although methods do exist to get phase
at 2X, 3X, 4X, etc.

Figure 6-90

Relative phase readings are taken between two points on a machine, using a two channel data
collector and two sensors. Phase at all frequencies is available
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Figure 6-91

Relative phase is used to help in understanding the movement of the machine. Is the machine
out-of-phase across the coupling? Normally the relationship looked for is in-phase (zero degree
difference) or 180 degrees out of phase.

PHASE AND THE SPECTRUM

In normal routine data collection, whenever a spectrum is derived from the waveform, a by-
product is phase data at every line of the spectrum. These phase values are relative to the
beginning of the time record used to compute the FFT. But there is no way of knowing when
that time record was captured. So the phase values are meaningless and are discarded.
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Figure 6-92 - Phase values are calculated for every line in the spectrum, but are discarded.

In order to have value there must be a way to control the start of the time record. Or if two
time records were collected from different sources simultaneously, then the phase readings
would be relevant and useful.

Most data collectors measure phase. It is usually done via a tach pulse. The tach input may be
labeled “external trigger” or “phase”.
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Figure 6-93 - the tach input may be labeled trigger or phase.

There are a number of options for a tachometer reference.

A photo tachometer requires reflective tape on the shaft. This triggers the photo tach each
revolution and produces a square wave with a frequency of the machine speed.

WINADAOW
~

NN THOOR
=

Figure 6-94 - A photo tach

Instead of a photo tach, a laser head can be used.

A non-contact probe can be used on the keyway to produce a once per rev pulse.

Figure 6-95 - A laser tach
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Absolute Phase setup

Figure 6-96 - A typical setup with laser tach and sensor

STROBES

A strobe (stroboscope) with a tracking filter can also be used to obtain a phase reference.
However, if there is not a tracking filter, it is not recommended for phase reference because it
does not follow the machine speed accurately enough. It is imperative that the reference does
not change from measurement to measurement.

Figure 6-97
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What happens inside the data collector?

When set up correctly the data collector will begin each time record with the trigger signal.
When the FFT is performed, the phase value at the running speed frequency (based on the
trigger signal) is extracted. The phase reading is therefore relative to the trigger reference.

The phase reading can be used for balancing as well as for relative phase measurements.

To compare phase readings between points on the machine, the photo tach must not move,
but move the sensor to another position and record the reading.

Example:

1. Set up the tachometer and place it on the drive end of the motor in the axial direction
to see how it is moving end to end. The reading may be 23 degrees. Is that good or
bad? It really does not matter. It is the reference reading. Record that value.

Figure 6-98 - Adjust axial readings for sensor direction

2. Take areading on the inboard bearing of the pump in the axial direction. This time it
reads 28 degrees. But wait. The sensors must be pointed the same way for axial
measurements. In this case the reading was taken with the sensor pointed in the
opposite direction from the motor reading. So the reading must be adjusted by 180
degrees.

3. Adjust the reading by 180 degrees. The adjusted reading is 208 degrees. So the two
points are ~180 degrees out of phase which indicates an alignment problem.

TWO-CHANNEL RELATIVE PHASE

The absolute phase method involved controlling the beginning of the time record by
synchronizing it with the rotation of the shaft.

But how does that differ using a multi-channel data collector or analyzer instead of a tach
trigger? Now the time record for both channels starts at the same arbitrary time. So comparing
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the phase readings at 1X (in fact at any frequency), gives a measure of the relative phase
between the sources of the two vibration signals. This is called a “Cross-channel” phase
measurement.

Figure 6-99 - 2 channels can be used to measure relative phase - Cross Channel phase.

To make the same measurement on the motor —-pump that was made using Absolute Phase
requires a different setup.

Setting up for Cross-Channel phase measurement requires two sensors. Place one on the
motor drive end in the axial direction. Place one on the pump drive end in the axial direction.
The reading at the running speed will be approximately185 degrees.

OPERATING DEFLECTION SHAPE ANALYSIS: ODS

Absolute Phase measurements can be used to build a picture of “whole machine vibration” to
see how it is moving. The results can be plugged into software that then animates the readings
to show how the machine or structure is moving.

It makes it very clear whether the machine is rocking from side to side or up and down.

The process requires placing a sensor at an arbitrary point on the machine, which must be left in
place as a reference point for all measurements. The other sensor is moved from point to point
and the readings are recorded.

This provides a phase angle relative to the arbitrary point.

ODS is covered in detail in the “Natural Frequencies and Resonances” chapter.
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@

Figure 6-100 - Operating Deflection Shape -ODS
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Figure 6-101- Typical ODS program on motor and fan
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Trending
Objectives:

® Describe Overall trends

® Describe two methods to trend using spectra

® Describe the value of trending bands vs. overall values

® Describe the accuracy of forecasting future levels

® (Compare like machines
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Trending is very important in condition monitoring: We are very interested in the current state,
but we are more interested in how parameters change over time.

Trend plots show data has changed over time and how fast it is changing. This can help
pinpoint when action is required.
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Figure 7-1

Trend plots typically show alarm limits and how the data points are in reference to it.

There are typically two types of trends; trends of measured data and trends of computed
values.

Trends of measured data may include overall level readings, process data such as temperature
and pressure. It may include high frequency bearing measurements such as Shock Pulse, HFD,
PeakVue, etc. Figure 7-2is a trend of the Overall values.
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Figure 7-2 - Trend of measure Overall values
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Trends of computed data typically come from the spectral bands (or analysis parameter sets)
established for the measurement point. The data from the 1x band, 2x band and others can be
displayed separately or together to see a complete picture of what is changing in the machine.
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Figure 7-3 - Trends of computed data from spectra
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Figure 7-4 - Trending using displacement, velocity, acceleration, high frequency techniques (Shock Pulse,
ultrasound, etc.)
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INTERPRETING THE TRENDS

The first thing to look for is the change in level or amplitude, and how that level is relative to
preset alarm limits.

pal ?
Time

Figure 7-5 - How long until it reaches an alarm?

Figure 7-5 shows requires attention to determine the source of this upward trend.

When a trend is basically flat, then there is a fairly high confidence level that nothing is
changing. Don’t spend time on further analysis.

Time
Figure 7-6

However, if a trend shows an increase in level over time, and the levels reach or exceed the
alarm limits, then it requires attention.

I

Time

Figure 7-7
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If the alarm limits have not been exceeded, look at how quickly the trend is increasing in level
and attempt to estimate when the alarm limit will be reached.

TRENDING LIMITATIONS

Remember though that the alarm limits are not perfect. They will only ever provide an
indication of severity. It is up to the analyst to first assess how useful these limits may be (were
they created statistically on 4 samples or 24 samples? Were they just default limits applied by
the software system, or were they set by an experienced analyst, and so on).

Estimating the period of time until the trend will exceed the alarm limit, and generally assessing
the rate of change in the levels only serves to indicate how severe the problem is now, and how
much time you may have before action is required.

The same is true if the levels have exceeded the alarm limits. After reviewing the accuracy of
the alarm limits, you have to assess the overall condition.

NOTE: No single trend that the author is aware of is good enough to be used independently in
the decision making process. Trend data only serves to help paint a picture. The rest of the
picture is provided by other trend data, data such as time waveforms and spectra, data from
other points on the machine, and knowledge of the machine and process. And then production
demands, parts availability, and so many other factors come in to the decision making process.

FORECASTING

Some software attempts to predict future values. The data is “curve fit” with ‘“exponential”,
“parabolic” or other equation. It only provides an estimate of future values assuming the trend
continues as it has for the last several weeks.

Figure 7-8 shows the trend plots of the Peak and rms values of the parameter. The additional
line on each plot is the parabolic curve to extrapolate the change rate into the future.
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Figure 7-8 - Trend curves and the calculated future curve using a Parabolic curve.

Trending is not the answer, but it does indicate whether a problem is developing, and it can
reveal that a problem existed in the past. If you keep good records, you can see how high the
vibration/temperature (or whatever is being trended) reached in the past, and you will
hopefully remember what the condition was of the machine (how bad were the bearings, how
bad was the misalignment, etc.)
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Natural Frequencies and

Resonances

Objectives:

Define Natural Frequency and Resonance
® Describe how to identify resonance in spectra
® Describe resonance and its effect on the vibration

® Describe three special tests for resonance

® Describe three changes that can be made to affect resonance conditions in a plant
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PAGE 8-2 CHAPTER 8 - NATURAL FREQUENCIES AND RESONANCES

Introduction

Every single machine and structure in every plant has “natural frequencies”. If machines and
structures are designed correctly, these natural frequencies will not affect the operation or
reliability of the machines. In reality, however, a wide variety of fault conditions are either
caused by, or are affected by “natural frequencies” - many believe up to 50%.

It really is important to understand what they are, how to detect them, and how to correct
them.

Figure 8-1- All machines and structures in the plant have Natural Frequencies.

A classic example of a natural frequency is a bell. If a bell it “resonates” at its natural frequency.
In actual fact it has many natural frequencies, but one dominant natural frequency is the sound
you hear. When the natural frequency is excited, it is called a resonant frequency. The
resonance is the act of exciting the natural frequency.

There are two interesting things about the bell. First, under normal conditions it does not
resonate. While it is hanging at the top of the church spire it is quiet. The natural frequencies
exist, as they do in all structures, but until they are excited they lay dormant.

The second interesting fact about a bell is that if there are two identical bells hanging side by
side and one of the bells was struck, the vibration at the natural frequency would excite the
second bell, so that it would begin resonating.
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Figure 8-2

Plant Resonances

The pipes, foundations, and rotating machinery in every plant have natural frequencies. If
designed well, the natural frequencies are not excited (much). However, if a machine
happened to be mounted on a structure that had a natural frequency equal to the speed of the
motor, the vibration levels would grow considerably — there would be a resonance.

Resonances amplify vibration. The measured vibration levels may be 3 to 50 times higher than
they would be normally! So, instead of vibrating at 0.5 mm/sec, for example, the machine could
vibrate at up to 25 mm/sec. The potential for structural failure or a catastrophic failure of the
machine is high.

Figure 8-3 - All structures and machines in every plant have natural frequencies.

By definition, the natural frequency is: “The frequency of free vibration of a

system. The frequency at which an undamped system with a single degree of
freedom will oscillate upon momentary displacement from its rest position.”
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In simple terms, if energy could be injected at all frequencies into a structure, it will vibrate at its
natural frequencies. When a natural frequency is excited, the structure resonates, and the
vibration amplitudes are amplified. So the stress can be increased up to 100 times (as compared
to the stress at a frequency higher or lower than the natural frequency).

Critical Speed

The term critical speed is typically used regarding very large rotors such as large steam turbines.
These are flexible rotors. As the rotor approaches its natural frequency it will begin to flex.
When the machine RPM coincides with the first mode of vibration, that speed is called the
“critical speed.”

—
—

r

Figure 8-4 - Large, flexible rotors have Critical Speeds.

It is often defined more simply as the speed that excites a resonance. Vibration increases
dramatically near and at the critical speed. As these machines are run up to speed they must
run through the critical speeds quickly to avoid catastrophic damage.

The study of critical speeds is complex and beyond the scope of this course. The bottom line is
that the machine should not be operated within 20% of a critical speed.

Why are resonances important?

When a natural frequency is excited, the structure resonates. The amplitude of vibration will
increase significantly, thus the stresses on the machine increase significantly. The increased
stress reduces the life of machine components and structures. Welds crack, metal fatigues,
bearings fail, and worse.

Vibration readings will be higher in amplitude in the frequency range affected by resonance, up
to 50 times higher. It may lead to a misdiagnosis of the fault.
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Figure 8-5 - The mound of energy surrounding the peaks in the box is a due to resonance.

In Figure 8-5, the mound of energy surrounding the peaks in the 30 to 70Hz range is due to
resonance. Most of that mound is the amplified noise floor.

Natural frequencies

Example: Cantilevered Beam

Imagine a metal bar sticking out of a wall. If there were no machines around, i.e. nothing to
excite the natural frequencies, the bar would not vibrate.

Figure 8-6 - the cantilevered beam will not vibrate unless excited

But let’s imagine we had a variable speed motor that could be mounted on the bar. An out-of-
balance mass is placed on the rotor, and we run it at a very low frequency — 0.5 Hz for example.
(For the sake of the example, we will assume the vibration level generated by the motor would
be constant at all speeds, and that significant vibration is only generated at the frequency
corresponding to the running speed of the motor.)

Depending upon the design of the bar (its mass, stiffness and damping), we probably will not
excite the natural frequency when the motor is running at 0.5 Hz. If we measure the vibration
along the bar we will measure the vibration as a result of the motor.
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But if the speed of the motor is increased, and we continue to measure the vibration, two
things will be noticed:

) The vibration levels will begin to increase (beyond that generated by the motor), and
e  The vibration level will be much higher at the free end of the bar.

A certain speed of rotation (excitation frequency) would create the highest level of vibration.
That is the point at which the frequency of rotation corresponds with the natural frequency of
“the first mode of vibration”. The beam is in resonance.

Figure 8-7 - There is a point where the beam vibrates the most. The beam is in resonance at this point.

As speed is increased, the amplitude level of vibration would gradually drop to a point where
the level is again fairly uniform along the beam. But as the speed is increased, the excitation
frequency would begin to approach the second mode - the vibration would again be amplified
- but this time the pattern along the bar would be different.

At one point along the beam, there is no vibration. If you ran your finger along the bar you
would feel that at that point, called a node, there is no vibration.

This is the second mode of vibration. There is one node.

N

Figure 8-8 - Cantilevered bar bending in its second mode.

As the speed of the exciter motor is increased the vibration will reduce again as the exciter
frequency no longer coincides with a natural frequency of the beam.

Continuing to increase the speed of the exciter motor moves into the beam’s third mode of
vibration. This time there will be two nodes where there is essentially no movement. The wire
frame in Figure 8-9 shows the extent of the movement. The two lines show the uppermost and
lowest movement. The two circles are the nodes which don’t move.
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Nodes

Figure 8-9 - The third mode of vibration has two nodes.

Note that the speed of the exciter motor does not have to match exactly the natural frequency.
But it begins to excite the natural frequency as it approaches it. A good rule of thumb is to keep
excitation frequencies (such as running speed) at least 20% away from the natural frequency.

Figure 8-10 - Cantilevered motors in a plant

If this fictional bar was actually a cantilevered motor or support for a motor in a plant, and the
motor speed excited one of the natural frequencies of the support, the structure would
resonate. This would make the vibration levels on the motor far higher normal.

If the motor /fan mounted on a cantilevered structure is well balanced, precision aligned; if the
bearings are in perfect condition, and there are no flow or wear problems, the vibration levels
would be fine because the natural frequencies are not excited. It does not resonate.

But if the machine did develop a fault, unbalance, misalignment, etc., and the forcing frequency
coincided with a natural frequency, it would now excite the corresponding mode and the
machine/structure would resonate and the vibration levels would be amplified.

Describing the Natural Frequency

There is a way we can characterize the natural frequencies of a structure. Later we will discuss
some practical ways to gather this information, but for the moment we will consider the
scientific definitions.
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In this graph, called a Bodé Diagram, the magnitude and phase change with frequency. The
example shown here is for a model of our cantilevered beam, and only includes the first three
“modes”.

b agnitude [Amplification factaor]

50 H=

Figure 8-11- The top graph is the linear amplification of the structure. The bottom graph is the Phase Lag
graph.
The top graph is a “frequency response function” (FRF), or more simply, a graph of the linear
amplification; the amount that a unit input signal at a given signal will be amplified.

The lower graph is “phase lag”’; it indicates how phase will change as a function of frequency.
There are a number of interesting points to note:
1. There are three modes: the three “peaks” relate to the three modes.

2. Phase changes around the modes: the graph of phase shows that as speed approaches the
natural frequency, the phase changes 90°. As it goes past the natural frequency, the phase
changes a further 9o0°. So, by definition, the phase must change 180° for it to be a
resonance.

Note: the graph scale is 0 to 180°. Rather than plotting values of 181° for example, 180°is
subtracted and plotted as 1° - the graph wraps around. So the vertical lines are a product of this
graphing method (which is commonly used), not the actual data.

Notice that the peaks are not sharp peaks. They have some width to them. Therefore, even if
the excitation frequency (from the motor speed, blade pass frequency, etc.) does not exactly
match the natural frequency, there will be amplification.

The shape of the “peak” relates to “damping”. The first mode is “lightly damped”. A
frequency must be quite close to the natural frequency to excite this mode. The third peak is
quite different in shape. Itis more heavily damped. Itis very wide and a forcing frequency does
not have to be very close to excite this mode.
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This information can be displayed as a polar plot, called a Nyquist Diagram. It plots Magnitude
vs. phase with phase as a vector. A circle indicates the presence of a mode. See Figure 8-12.

Myquist diagram a0

180

27

Figure 8-12 - A Polar Plot of Magnitude and Phase. A circle indicates a mode.

In the following charts the shape of the frequency response function is affected by different
values of damping. A value of 0.05 is very lightly damped, and a value of 1 is very heavily

damped.
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Figure 8-13 - The Amplitude of the response is dependent on damping.
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Figure 8-14 - Damping affects Phase Lag

If the damping is increased the amplification is reduced significantly.
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Notice how the peaks are now somewhat wider than they were. If there is no damping, the
peaks will be narrow and sharp.

The Phase change is also spread over a wider frequency range with the added damping. Notice
the difference in the steepness of the phase curves of each of the three modes. The phase of
the first peak has the steepest curve indicating it is less damped than the others.

b agnitude [Amplification factar)

50 Hz

Figure 8-15 - Increasing damping decreases the amplitude and widens the peaks.

The resonance frequency can be moved either higher or lower by modifying two aspects of the
structure. Those two aspects are mass and stiffness.

Figure 8-16 shows the effect of adding mass. The resonances are moved to a lower frequency
range.

Large, more massive structures have mode shapes with lower natural frequencies.
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tMagnitude [Amplifization factar]
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Figure 8-16 - Adding mass moves the resonances to a lower frequency range.

Increasing the stiffness moves the natural frequency to a higher range. In Figure 8-17 notice
how the third mode has moved off the graph. So increasing the stiffness of a structure
increases the frequency of the modes.

It is similar to tightening a guitar string, as it is tightened the pitch moves to a higher range.

b agnitude [Amplification factor]

Hz

Figure 817 - Increasing stiffness increases the natural frequencies. Notice how the third mode has moved off
the graph.

This example used one frequency source, a motor, to excite the natural frequency of the
structure. In the world of machines there are many sources of vibration at many frequencies. If
a machine generates a signal that corresponds with a natural frequency, then the mode will be
excited, and the vibration will be amplified.
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Excitation spectium

Figure 8-18 - Spectrum with some peaks and a lot of noise

If the same cantilevered beam is exposed to the frequencies from a source that produces the
spectrum in Figure 8-18 , any vibration that coincides with the natural frequencies will be
amplified. There is a lot of noise in the spectrum.

Figure 8-19 shows the result of adding the spectral frequencies to the system. None of the
spectral peaks matched any of the modes, but the noise floor is raised substantially in all three

modes.

b agnitude [Amplification factor)

40

Figure 8-19 - The peaks of the spectrum did not match any modes of vibration, but the noise is amplified.

But if the 2X peak is close to the second mode it will be amplified and the structure will
resonate. See Figure 8-20.

M agnitude [Amplification factor)

40

50 Hz

Figure 8-20 - The 2x peak now is same frequency as the second mode and its amplitude is increased.
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Detecting Resonance Problems

Without doing any special tests, there are two basic ways to tell if you have resonance
problems: unusual failures, and tell-tale signs in the spectrum.

Unusual failures:

When there are machinery failures or structural failures that seem to be as a result of fatiguing
and there is not any other explanation, then consider resonance as a possible cause. Structures
should last a very long time, and fatigue failures should only occur after MANY years of service.

Typical failures as a result of resonance include:

e Brokenwelds

e  Cracked and leaking pipes
e  Premature machine failure
e  Broken or cracked shafts
e Foundation cracks

Four Tell-tale signs in the spectrum:
1. Unusually high peaks in the spectrum — peaks are amplified
2. High vibration levels in one direction [ axis but not in another

3. Areas in the spectrum where the noise floor and any peaks in the vicinity seem to have
been raised. These are referred to as “haystacks” and “humps”’

4. Peaks that change amplitude when machine speed changes. Resonance is only excited
under certain conditions.
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Figure 8-21- The modes amplify the frequencies in its amplification range. The region from30-70 Hzis
typical of Haystacks or Humps. The 3x peak is amplified.
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Because resonances amplify vibration, peaks in the spectrum that may normally be quite low (at
the blade pass frequency, or gear mesh frequency, etc.) can increase dramatically. When there
is a high peak, remember to consider the possibility that it is being amplified by a resonance.

On variable speed machines, you may observe that when the machine is operating at its highest
speed, the blade pass frequency may coincide with a natural frequency, so the machine
resonates, and the BP frequency peaks will increase in amplitude. However, when it is
operating at a lower speed, the BP frequency would be below the natural frequency, so the
amplitude would drop to “normal” levels, and the machine will not be in resonance.

Also, when studying the structure more closely, notice that the mass, stiffness and damping can
be very different vertically, horizontally and axially. So, there may be a resonance in the
horizontal direction (i.e. it is vibrating from side-to-side), but not so vertically (there will be
natural frequencies, but they may not be excited). In the case of vertical pumps, however,
resonances can quite often exist radially, but not at the same frequency vertically (axially along
the machine).

i
}
4

Figure 8-22 - Vertical pumps may have resonances in the radial direction
Testing for resonance

If a machine is suspected of resonating, but a better understanding is needed before
attempting correction, then there are a few tests that can be performed to show where the
natural frequencies are located and provide an indication of how the machine/structure is
moving.
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The best way to understand resonances is to excite them. As discussed earlier, multiple natural
frequencies exist in all structures. When they are excited is it is simpler to find where they are.
But how is that done?

Also, remember that machines do move in three axes. Unless it is already suspected that the
problem is predominantly in one direction (for example the motor/pump is rocking from side to
side), then these tests should be performed while collecting data in two or three axes.

Nodes

Figure 8-23 - There will be no vibration at the nodal points

Also, remember that “nodes” were discussed earlier. When performing these tests, be careful
not to measure vibration at a nodal point, as there will be no vibration to measure. One can
often tell where the nodes are located by along the structure. The same can be done with an
accelerometer while watching the collector in real-time mode.

METHOD ONE - CHANGE THE RUNNING SPEED

If it is possible to change the speed of a machine, set it at its highest speed and slowly reduce
the speed while watching the vibration levels in the spectrum. If possible, use the peak-hold
averaging function with many averages so that only maximum

In Figure 8-24 we were able to sweep across a broad range of speeds. The results are very
useful.

Peak hold (average] spectrum plat
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Figure 8-24 - A Peak-hold spectrum as a machine is adjusted through the speed ranges

In Figure 8-25, the speed could not be changed over such a wide frequency range. While it
reveals the presence of a natural frequency, more information would be useful.
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Peak hold [average] spectium plot

,.,n“lil |||||||Iil|IIIIlI|I|I|||||||||||II|II|I*I Jll M‘

(Ll
L

h 8 ) ! A e
0 S0 Hz

Figure 8-25 - The speed could not be changed over such a wide frequency range, more information would be
better.

METHOD TWO - THE BUMP TEST

Striking a machine interjects energy at all frequencies. Soft mallets inject more energy at lower
frequencies. A metal bar injects more energy at higher frequencies. The size of the striking
object should be adjusted for the size of machine or structure. A piece of hardwood timber
works well, but care should be taken to avoid damaging the machine or structure.

How and Why it works - When a machine is struck with a large piece of hardwood timber,
energy is injected into the structure at all frequencies. The spectrum of a single impulse does
not have any peaks, but instead, the floor across the entire frequency range is raised. That
means that any natural frequencies will be excited and their amplitude will be amplified,
producing humps or peaks in the spectrum (depending on the amount of damping.)

A bump test can be done while the machine is running although best results can normally be
obtained while the machine is off. Typically the vibration resulting from the strike is very short
lived and must be captured. Here are some recommended settings.

e Setthe analyzer to Peak-hold averaging mode

e Low resolution data is ok (400 lines or less)

e  Select a higher frequency range - (1000 Hz)

e Setitfor20averages

e If possible, set an appropriate gain setting and turn off the auto-ranging feature. If the
auto ranging is left on, additional strikes will have to be made to allow the analyzer to
adjust the gain.

e Some analyzers have a Pre-trigger feature. Setting this to 30 or 40 % moves the impulse
closer to the center of the time window and therefore it is not affected by the
windowing.

Start data collection and immediately strike the machine. Strike the machine several times,
making sure to strike only once in an average. The machine does not have to be struck during
every average. If auto-ranging is on, the gain may readjust if too much delay occurs between
strikes.

© 1999-2013 Mobius Institute — All rights reserved www.mobiusinstitute.com

Produced by SUMICO Technologies



CHAPTER 8 - NATURAL FREQUENCIES AND RESONANCES PAGE 8-17

When the pre-trigger option is used, the minimum pulse amplitude can be entered. The
analyzer waits until it sees at least that amount of energy before collecting an average. In this
case usually only 4 averages are sufficient

Special hammers are made for doing bump tests. A dead-blow hammer with lead shot inside
should not be used because the lead shot produces additional frequencies in the results. Some
hammers, called force hammers, are instrumented with an accelerometer built in to them. They
can be used to measure how much energy is imparted into the machine and correlate that to
the results. Specialty hammers for Bump Test range in size from a few ounces to a 10 Ib sledge
hammer for larger structures.

The Bump Test Results will have raised areas corresponding to resonances. If the machine was
running, the normal spectral peaks will still be present. The bump test on the cantilevered
beam produced the results shown in Figure 8-26.

Peak hold [average] spectium plot
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Figure 8-26 - Bump Test results on the cantilevered beam.

METHOD THREE - THE RUN-UP AND COAST-DOWN TEST

These two tests are very similar. The purpose is to catch many measurements during the time
the machine is started and run up to speed, or while the machine is coasting down after being
shut off. The running speed or other Forcing Frequency in the machine will excite resonances
and the data will be recorded in the form of a Peak Hold spectrum or multiple spectra
(displayed in a waterfall plot.)

If the speed of the machine can be controlled during these tests, then it will be more
successful. If the machine starts up too quickly or slows too quickly, the resonance may not be
excited as it passes through that frequency range or the analyzer may miss the event.

The setup for the analyzer is similar to the Bump Test. Set it up for quick measurements opting
for lower resolution. Peak Hold can be used but do not use pre-triggering. It is even better to
take a series of spectra quickly so they can be displayed in waterfall format which gives a 3D
effect.

A typical result is shown in Figure 8-27 which was done on the cantilevered beam. There are
three angled lines starting in the lower left corner and extending to the top right resembling a
mountain range or a ridgeline. These are the three peaks in the spectrum progressing in
frequency as the speed changes. As the 1x, 2x, and 3x pass through the natural frequencies
they are amplified, producing the mountain peaks.
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‘waterfall/Cascade plot or Spectral Map

0 50 Hz

Figure 8-27 - Waterfall plot of coast-down of cantilevered beam.

Figure 8-28 highlights 3 regions in the waterfall plot that the Natural Frequencies, and therefore
resonances occur. These are the same regions revealed in Bump Tests that indicate the first
three modes of vibration.

Wwaterfall/Cazcade plot or Spectral Map

o BO0Hz

Figure 8-28 - The highlighted regions are the 3 frequency ranges of the first three modes of vibration.

Another display of the same information is the Campbell Diagram which is used by some
advanced software packages. The circle radius is proportional to the amplitude. The color
intensity scale is sometimes used without the circles.
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Campbell Diagram

1} S50 Hz

Figure 8-29 - Campbell diagram shows amplitude with radiated circles

METHOD FOUR - ORDER TRACKING

Some analyzers support Order Tracking which tracks amplitude and phase during a run-up or
coast-down. It uses a tach signal to give a once per rev signal so the analyzer knows the exact
shaft turning speed. It extracts the amplitude and phase data as the speed is changed.

The benefit of this is that the data can be displayed in a Bode Diagram. The amplitude data will
resemble the outline of the 1x peak in Figure 8-30. It is only tracking the 1x peak although some
sophisticated software has the option of selecting a multiple of the tach signal.

tagnitude [Smplification factor)

G0Hz

Figure 8-30 - Bode plot of coast-down of 1x using Order Tracking.

EXTERNAL EXCITATION

There are at least two ways to excite a structure that does not have the ability to run-up or
coast-down, such as a framework, building, foundation, etc. The first way is to use a speed
controlled motor with an unbalance weight added to it. The motor should be clamped, bolted,
or strapped to the structure securely. When the motor speed is increased the unbalance weight
imparts a vibration at 1x of the motor. A vibration sensor can be placed on the structure and
the analyzer used as in a normal run-up or coast-down. Peak Hold averaging can be used or
collect a waterfall plot. Typically a 1/20™ to % hp motor is sufficient to excite most machines
and structures.
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“Shakers” are commercially available which perform the same function in a much more
controlled and precise way. It is possible to slowly change the frequency of excitation and set a
magnitude of vibration that suits the application.

Figure 8-31- Shaker to be used to excite natural frequencies

METHOD FIVE - ODS AND MODAL ANALYSIS

In all of the tests thus far, the natural frequencies have been excited so that they resonate, and
then a data collector was used to view a spectrum. The spectrum shows the tell-tale
“haystacks” which indicate the presence of the resonances.

But to correctly diagnose a resonance, and to fully understand the motion of the machine (the
mode shape(s)), it is ideal to be able to visualize the whole machine/structure vibrating. This
information not only helps to confirm the presence of a resonance, but it enables us to plan the
modifications required to change the structure so that the resonances are not excited.

For example, in the cantilevered bar example, when the bar is measured at the end there is high
vibration at three different frequencies — but what are the mode shapes? In actual fact, the
three modes look as follows.

Figure 8-32 - The three mode shapes of the cantilevered bar

As the name suggests, ODS (Operating Deflection Shape) analysis does not require the machine
to be stopped. One reference accelerometer is placed at a fixed position on the machine, and
another accelerometer is moved from position to position while cross-channel measurements
are taken. Amplitude and phase can be computed at all frequencies.

The data is extracted via special software and then plotted to animate the modes. The phase
and magnitude readings are then all relative to the reference point, i.e. it shows how each test
point is moving relative to that reference.
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ODS EXAMPLE

The following example is from the Emerson Process Management/Asset Optimization Division
paper titled “Operational Deflection Shape and Modal Analysis Testing To Solve Resonance
Problems” by Tony DeMatteo.

e  The pumps are Morris two-vane, vertical, centrifugal pumps.
o  New 800HP, US induction motors, on a variable frequency drive
o 700-890 RPM
e The pumpis bolted to the floor and the motor is supported on top of a tube covering a
15 foot long drive shaft
e Modal, ODS and FEA analysis was performed

Figure 8-33 - 33 800 HP vertical pump used for ODS

Pumps 1-4 are sewage pumps. The pumps are Morris two-vane, vertical, centrifugal pumps. The
drive motors on pumps 1 & 2 are new, 800 HP, U.S. induction Motors, on a variable frequency
drive. The motors on pumps 3 & 4 are older Reliance motors with a liquid rheostat speed
control. The operating speed range of the pumps is 700-890 rpm. The pump is bolted to the
floor and the motor is supported on top of a tube covering a 15 foot long drive shaft.

© 1999-2013 Mobius Institute — All rights reserved www.mobiusinstitute.com

Produced by SUMICO Technologies



PAGE 8-22 CHAPTER 8 - NATURAL FREQUENCIES AND RESONANCES

Discharge

Figure 8-34 - Pump is mounted to floor and connected to motor via 15 ft. long drive shaft. Motor sits on top
of the tube covering the shaft.

A model was created to describe the motor, base plate, tube, pumps, and legs. Measurements
are collected wherever two lines intersect. See Figure 8-35.
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Figure 8-35 - model of pump
ODS RESULT....

A lot of data was required but it is clear how the structure is moving at this natural frequency. It
was swaying side to side at a frequency of 30 Hz.

From this information three things can be confirmed:

e Aresonance does exist

e Itisat30Hz.

e Where stiffness should be added to increase the natural frequency to a point that it
does not coincide with any forcing frequencies.
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Figure 8-36 - ODS of the vertical pump

MODAL ANALYSIS

The goals of Modal Analysis are the same as ODS. It involves stopping the machine, using a two
channel data collector (or spectrum analyzer), using a specially instrumented impact hammer
(with a built-in force transducer) and striking the machine while measuring the response with
an accelerometer at each of the test points.

By computing frequency response functions (comparing what went in to the structure to its
measured response), the magnitude and phase values at any frequency can be extracted.

The hammer used to impact the machine has an accelerometer built in to it. The force of the
strike is measured through one channel of the analyzer.

Another channel of the analyzer is used to measure the response of the machine to the impact.
Phase and amplitude can be measured at any frequency. Special software extracts amplitude
and phase at the natural frequencies. Then the structure can be animated.
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Figure 8-37 - software enables drawing and animating the machine.

Once the amplitude and phase data is captured, it is possible to construct a picture of the
machine and structural movement. The animation makes it very clear how the machine is
moving and where the structure needs stiffening.

METHOD SIX - FINITE ELEMENT ANALYSIS

Finite Element Analysis goes one step further than modal analysis. It models the structure
mathematically. It models the materials, the studs, braces, welds and so forth, computing their
mode shapes.

FEA models the effects on the machine for a particular size brace when mounted in one place or
another. It shows where the natural frequencies move to before any modifications are actually
put into place. This helps the right decisions to be made before attempting modifications.

Figure 8-38 - Finite Element Analysis - FEA
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METHOD SEVEN - SIMPLE GRAPHING METHOD

There is no doubt that modal analysis and ODS in combination with powerful software will
provide the best picture of where the natural frequencies lie, and the shape of the modes. But
there is a simpler way.

Creating a basic chart of your machine/structure on a piece of graph paper, and then take
vibration readings at each point and plot them on the chart, provides a quick indication of the
shape of the resonant mode.

For example, if the foundation of a motor-pump set (a fabricated base) is 2 meters long, then
ten measurement points, 20 cm apart could be defined. Take vibration readings at each point,
and place a point on the graph in proportion to the measured amplitude. If the maximum
expected vibration level was 10 mm/sec, the maximum graph scale would be 10 mm/s.
(Displacement would be a better unit, but velocity will still work.) Figure 8-39is a simple
example:

mm/sec

—
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-
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Figure 8-39 - A simple plot of vibration amplitude along a machine foundation.

This example shows that the levels are highest in the middle of the baseplate. If we assume
that all of the readings are in phase, we can hypothesize that the motor-pump in the middle of
the skid is basically bouncing up and down.

Add phase to the picture:

A step further is to collect phase data to know for sure how it is vibrating. But there must be a
phase reference. Given that the machine is running, depending upon your data collector’s
capabilities, either place a reference accelerometer on a point on the machine and perform a
cross-channel measurement (as described for the ODS test), or use a tachometer on the shaft
of the motor or pump. Given that the vibration being measured on the foundation (or machine)
is generated by the motor/pump, this is a valid reference to use.
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Use phase alone:

As a third suggestion, use only the reference accelerometer or tachometer signal to collect
phase readings around the machine, just to see what points are in phase and out-of-phase. This
gives a very good indication of whether the machine is bouncing up and down, swaying from
side to side, rocking up and down, twisting around the center, or some other simple shape.

Correcting Resonance Problems

Once the situation is analyzed and you can see how the machine is moving, it is time to consider
altering the structure so that the forcing frequencies of the machine or structure no longer
coincide with the natural frequencies, or so that the resonances are so heavily damped that
they do not amplify the vibration to such an extent.

A temporary solution is to change the speed of the machine so that it no longer excites the
resonance. For example, if the vane pass frequency of a pump matched a natural frequency,
then reduce the speed of the machine by 15% so that the mode was no longer excited. Of
course, in many situations this will not be possible.

Typically, however, the aim is to change the stiffness so that the natural frequency is increased
(or decreased) to a point where it is a minimum of 15% away from the forcing frequency. For
example, if the vane pass frequency is 8880 CPM (148 Hz) and it is exciting a natural frequency,
then attempt to increase the stiffness of the machine so that the natural frequency is a
minimum of 148 * 1.15 or 171 Hz. 15% is @ minimum rule of thumb - some people recommend
20%.

In brief, the typical approach is to stiffen structures with additional braces and support
structure. But how much is required?

There are two basic approaches: if you have time and expertise, create a “finite element
model” of the machine and structure to model the effect of adding braces and/or stiffening. Or
apply some practical ideas - try to assess why the resonance exists, and make structural
changes that you believe will correct the problem.

It is beyond this paper to discuss finite element analysis (FEA), except to say that it is possible to
create a mathematical approximation of the structure which enables you to study its various
mode shapes. Then model the effect of adding braces, isolators, etc. until the desired effect is
achieved. This is a very challenging area.

EXAMPLES OF CHANGES MADE TO STRUCTURES

The next few pages give illustrations of resonance corrections. This material is based on a
paper given Juergen Twrdek at VANZ 2000. The modifications were made at the Wieland
Werke AG plants in Ulm and Véhringen.
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These are practical solutions to common problems that may generate ideas for solutions at your
plant.

EXAMPLE 1 — SOLUTIONS FOR SHEET STEEL BASES FOR PUMPS

In this common example we have a simple bent sheet steel base for pumps. It is common for
these foundations to have natural frequencies in the 10 to 35 Hz range - right around the
running speed.

Figure 8-40 - Bent steel bases for pumps can have problem resonances.

One solution is to fill the bases with concrete and put them on separate foundations.

= ARG

Figure 8-41- One solution - isolation + concrete
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EXAMPLE 2 - SOLUTION FOR OVERHUNG PUMPS

Overhung pumps without adequate support can have a rocking resonance, with high vibration
vertically and possibly axially. The solution is quite simple — add a cradle support under the
flange. This greatly stiffens the machine vertically, thus the resonance was no longer a
problem.

The support does not have to be welded in place or bolted to the floor; it can be created so that
the height can be set to match the application perfectly.

Figure 8-42 - Install a prop under the unsupported pump

EXAMPLE 3 - SOLUTION FOR HORIZONTAL FLEXIBILITY

A great many machines have high vibration in the horizontal axis due to flexibility in that
direction. By increasing the stiffness we reduce vibration levels.

This metal base had a resonance in the horizontal direction. After welding the braces and the
piece inside, there was no longer a problem.

Four triangular pieces of steel have been added to the outside of the baseplate, and one inside.
The stiffness was increased dramatically, and the vibration levels were reduced.
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Figure 8-43 - Metal base stiffened by adding braces

EXAMPLE 4 - SOLUTION FOR BASE RESONANCE - OVERHUNG PUMP

As a general comment, there are many overhung pumps with inadequate stiffness on the
coupling side and little to no support on the coupling side. They are mounted on foundations
with natural frequencies in their operating speed range.

In this example, the machine speed is just below 50 Hz. It was believed that the foundations
had a resonance in the operating range of the machine. Bump test data showed there was a
resonance at approximately 100 Hz or at 2x (it moved to 159 Hz after modifications). The
machine needed to be stiffened to increase the natural frequency away from any of the
machine forcing frequencies.
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Figure 8-44 - Bump tests on the base plate indicate a resonance at 100 Hz which coincides with 2x and 2 times
line frequency.
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Three modifications were tried:

1. Adding braces to the foundation
2. Adding support to the motor

3. Adding support to the pump

The change that had the greatest effect was adding support to the pump.

v W 8, gl
Figure 8-45 - Adding support to the pump had the greatest effect.

The comparison spectra before and after the modifications show a 6:1improvement. The peak
at 100 Hz prior to the changes was 5.829 mm/sec. After changes, the peak is less than 1 mm/sec.
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Figure 8-46 - The peak at 100 Hz reduced to approximately 1/6 of Pre-change readings.

IN CONCLUSION:

A few ordinary tests can remove some of the mystery of problem machines by providing

insightful information regarding Natural Frequencies and Resonances.

Peak and Phase measurements can be used in software programs to model the mode shapes.

Simple diagram can provide the information necessary in many instances.

Utilizing the principles of Mass, Stiffness, and Damping, changes can be made to the machine /

structure to move resonant frequencies so they are no longer troublesome.

Some changes can be fairly simple. The easiest changes usually increase the stiffness.
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Diagnosing Unbalance

=
g

Objectives:
® Diagnose Static Unbalance in waveform and spectra
® Diagnose Couple Unbalance in waveform and spectra

® Describe the phase conditions for Static, Couple and Dynamic Unbalance
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Unbalance

There are two types of unbalance:

e  Static or Force Unbalance
e Couple Unbalance

Figure 9-1

Mass Unbalance

Unbalance is a condition where a shaft’s geometric centerline and mass centerline do not
coincide.

“Unbalance - A shaft’s geometric centerline and mass centerline do not coincide”

Another way to describe it is that the center of mass does not lie on the axis of rotation. In
other words there is a heavy spot somewhere along the shaft.

Understanding Unbalance

In a perfectly balanced rotor, the center of mass is the same as the center of rotation. The
“center of mass” is the point about which the mass is evenly distributed.

e The “center of geometry” is the line through the shaft and bearings
e  The “center of mass” is the point about which the mass is evenly distributed

However, if the center of mass is not the same as the center of rotation, the rotor is not
balanced. In the example in Figure 9-2, a mass was added and it moved the center of mass
away from the center of rotation.
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Imbalance Mass

Figure 9-2 - Mass Unbalance - the center of mass is not the center of rotation

If the rotor is placed on two knife-edges, it would rotate and come to rest when the mass, or
heavy spot, is on the bottom. This is known as “static unbalance”, or “force unbalance”.

Figure 9-3 - the rotor wants to rotate around the center of mass but is forced to rotate around the shaft

If the rotor could spin in space, it would actually rotate around the center of mass. See the
dashed circles in Fig12-7. By forcing it to rotate around the shaft (within the bearings) those
bearings, and the rest of the machine, are placed under a great deal of stress.
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Causes of Unbalance

There are a number of reasons why a machine may not be in balance. Of course, if a machine
was not originally correctly balanced, due to poor training or the lack of the appropriate
equipment (and time), then naturally the machine will remain out of balance and damage to
seals and bearings may occur.

Figure 9-4

There are many causes of unbalance. They include:

e Damaged components

e  Manufacturing defects

e Uneven dirt accumulation on fans

e Lack of homogeneity in material, especially in castings. i.e. bubbles, porous sections,
blow holes

e Difference in dimensions of mating parts. (i.e. the shaft and bore)

e  Eccentricrotor

e Crackedrotor

e Roller deflection (in paper mill rolls)

e Machining errors

e Uneven mass distribution in electrical windings

e Uneven corrosion or erosion of rotors

e  Missing balance weights

e Incorrect key

e Uneven or excessive heating

© 1999-2013 Mobius Institute — All rights reserved www.mobiusinstitute.com

Produced by SUMICO Technologies



CHAPTER 9 - DIAGNOSING UNBALANCE PAGE 9-5

@ i —m»

Figure 9-5
ASSESSING THE SEVERITY

The acceptable 1X vibration level is dependent on the size and speed of the machine. Table 9-1
lists the level of vibration for machines operating in the 1500-3600 RPM speed range.

The size of the machine also affects the vibration limits that would be used. As a general rule:
for small machines, reduce these limits 4 dB (x 0.63); for large, low speed machines, increase
the limits by 4 dB (x 1.6); for large, high speed machines, and reciprocating machines, increase
the limits by 8 dB (x 2.5).

Operating speeds ~1500-3600 RPM

Reduce limits by 4 dB (x0.63) for slower machines
Increase limits by 4 dB (x1.6) for large high speed machines

Increase limits by 8 dB (x2.5) for reciprocating machines

1X Vibration level Diagnosis Repair priority
in/[secpk | mm/srms | VdB (US)

<0.134 <2.5 <108 Slight Unbalance No Recommendation
0.134-0.28 2.5-5.0 108-114 Moderate Unbalance Desirable

0.28-0.88 5-15.8 114-124 Serious Unbalance Important

>0.88 >15.8 >124 Extreme Unbalance Mandatory

Table 9-1- Guidelines for unbalance limits
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Figure 9-6

The heavy spot on the rotor produces a centrifugal force on the bearings when it rotates, and
this force varies smoothly over each revolution of the rotor.

Unbalance forces:

e  Putstress on bearings and seals
e  Excite resonances
e Exacerbate looseness problems

These “secondary” fault conditions are reduced or eliminated when Precision Maintenance is
practiced. (See Chapter One on Maintenance Practices.) Precision balanced machines are far
more reliable.

Precision balancing is even more important for high speed machinery because forces generated
due to unbalance are much higher at higher speeds. (See Chapter Two)

Assessing the severity of unbalance
ISO standards can be used to assess the severity.
ISO 1940

Mechanical Vibration - Balance quality requirements for rotors in a constant (rigid) state.
Part 1: Specification and verification of balance tolerances
Part 2: Balance errors

Specifications for rotors in a constant (rigid) state:
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e Balance tolerance
e Necessary number of correction planes
e Methods for verifying the residual unbalance

Recommendations are also given concerning the balance quality requirements for rotors in a
constant (rigid) state, according to their machinery type and maximum service speed

ISO 7919

Mechanical vibration of non-reciprocating machines — measurements on rotating shafts and
evaluation criteria.

Part1:  General guidelines

Part 2:  Land-based steam turbines and generators in excess of 50 MV with normal operating
speeds of 1500 r/min, 1800 r/min, 3000 r/min and 3600 r/min

Part3:  Coupled industrial machines
Part 4:  Gas turbine driven sets

Part5:  Machine sets in hydraulic power generating and pumping plants
ISO 10816

Mechanical vibration — Evaluation of machine vibration by measurements on non-rotating parts

Provides guidelines for measurements and evaluation criteria for a variety of machine types:

Part 1- General guidelines

Part 2- Land-based steam turbines and generators in excess of 50 MW with normal operating
speeds of 1500 r/min,

1800 r/min, 3000 r/min and 3600 r/min

Part 3- Industrial machines with nominal power above 15kW and nominal speeds between 120
r/min and 15000 r/min when measured in situ

Part 4 - Gas turbine sets with fluid film bearings
Part 5- Machine sets in hydraulic power generating and pumping plants

Part 6 - Reciprocating machines with power ratings above
100 kW
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ISO 14694: 2003

This International Standard gives specifications for vibration and balance limits of all fans for all
applications except those designed solely for air circulation. 1SO 14694 describes the
measurement locations, vibration amplitudes, and satisfactory/ alarm/shutdown limits.

Table 1 — Fan-application categories

Application Examples Limits of Fan-application
driver power category, BV
kw

Residential Ceiling fans, attic fans, window AC < 0,15 BV-1

>0,15 BV-2

HVAC and agricultural Building ventilation and air conditioning: =37 BVv-2

commercial systems .37 BV-3

Industrial process and Baghouse, scrubber, mine, conveying, =300 BV-3
power generation, etc. boilers. combustion air, pollution control, - 300 See 1SO 10816-3

wind tunnels

Transportation and marine Locomotive, trucks, automobiles =15 BV-3

>15 BV-4

Transit/tunnel Subway emergency ventilation, tunnel fans, =75 BV-3

garage ventilation, Tunnel Jet Fans - 75 BV-4

none Bv-4

Petrochemical process Hazardous gases, process fans = 37 BV-3

> 37 BV-4

Computer-chip manufacture Clean rooms none BV-5

NOTE 1  This standard is limited to fans below approximately 300 kW. For fans above this power refer to 1ISO 10816-3. However, a
commercially available standard electric motor may be rated at up to 355 kW (following an R20 series as specified in ISO 10816-1).
Such fans will be accepted in accordance with this International Standard
NOTE 2 This Table does not apply to the large diameter (typically 2 800 mm to 12 500 mm diameter) lightweight low-speed axial flow
fans used in air-cooled heat exchangers, cooling towers, etc. The balance quality requirements for these fans shall be G 16 and the
fan-application category shall be BV-3

Figure 9-7
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Table 4 — Vibration-levels limit for test in manufacturer's work-shop

PAGE 9-9

Fan application Rigidly mounted Flexibly mounted
category mm/s mm/s

Peak r.m.s. Peak r.m.s.

BV-1 12,7 9.0 15,2 11,2
BV-2 5,1 3,5 7.6 586
BV-3 3.8 2.8 5.1 3.5
BV-4 2,5 1,8 3,8 28
BV-5 2.0 1.4 2,5 1.8

NOTE 1 Refer to Annex A for conversion of velocity units to displacement or acceleration
units for filter-in readings.

NOTE 2 The rms. values given in this Table are preferred. They are rounded to a R20
series as specified in 1SO 10816-1. Peak values are widely used in North America. Being
made up of a number of sinusoidal wave forms, these do not necessarily have an exact
mathematical relationship with the rm.s. values. They may also depend to some extent on
the instrument used.

NOTE 3  The values in this Table refer to the design duty of the fan and its design rotational
speed and with any inlet guide vanes “full-open™. Values at partial load conditions should be
agreed between the manufacturer and user, but should not exceed 1,6 times the values given.

Figure 9-8
Table 5 — Seismic vibration limits for tests conducted in situ
Condition Fan-application Rigidly mounted Flexibly mounted
category mm/s mm/s

Peak r.m.s. Peak r.m.s.

Start-up BV-1 14,0 10 15,2 11.2
BVv-2 7.6 5,6 12,7 9.0

BV-3 6,4 4,5 8.8 6.3

BVv-4 4.1 2.8 6.4 4.5

BV-5 2,5 1.8 4.1 2,8

Alarm BV-1 15,2 10,6 19,1 14,0
BV-2 12,7 9.0 19,1 14,0

BV-3 10,2 7.1 16,5 11.8

Bv-4 6,4 45 10,2 7.1

BV-5 57 4,0 7.6 5.6
Shutdown BV-1 Note 1 Note 1 Note 1 Note 1
Bv-2 Note 1 Note 1 Note 1 Note 1

BV-3 12,7 9,0 17.8 12,5

BV-4 10,2 7.1 15,2 11.2

BV-5 7.6 5,6 10,2 7.1

NOTE 1 Shutdown levels for fans in fan-application grades BY-1 and BV-2 should be established based on historical data

NOTE 2 The r.m.s. values given in this Table are preferred. They are rounded to a R20 series as specified in 1S0 10816-1. Peak
values are widely used in North America. Being made up of a number of sinusoidal wave forms, these do not necessarily have an exact
mathematical relationship with the rm.s. values. They may also depend to some extent on the instrument used

Figure 9-9
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PAGE 9-10 CHAPTER 9 - DIAGNOSING UNBALANCE

Diagnosing Mass Unbalance

An unbalanced rotor will generate vibration at the frequency of shaft turning speed due to the
centrifugal force of the unbalance mass. This was seen in the “Principles of Vibration” chapter
with the examples of a coin placed on a fan blade.

Therefore it is expected that a machine with an unbalance condition will generate a sinusoidal
sine wave and a corresponding dominant peak in the spectrum at shaft turning speed (1x).
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Figure 9-10 - Unbalance generates a peak at 1x in radial directions.

Typically other sources of vibration are also present so the waveform does not have a pure sine
wave but is often very sinusoidal. See Figure 9-11. The other sources of vibration could be
looseness, misalignment, bearings, etc.
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Figure 9-11- Unbalance waveform is predominantly sinusoidal
There is almost always some residual unbalance, so there is almost always a 1x peak.
If the spectrum is dominated by 1x and the amplitude is high, suspect mass unbalance.
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Figure 9-12

Every rotor (fan, pump, etc.) will have some residual unbalance - nothing is perfectly balanced.
As a result, there will be a peak at 1X, and if the rest of the machine is "quiet", the 1X peak may
still dominate the spectrum, and the time waveform may look sinusoidal. Therefore it has to be
determined whether the unbalance actually represents a problem based on the amplitude
levels.

VIBRATION ANALYSIS OF UNBALANCE

The time waveform should be sinusoidal and there ought to be a large 1X peak in the spectrum.
This vibration characteristic is in the radial directions - i.e. vertical and horizontal.

The measured vibration level at 1X depends on the stiffness of the machine mounting as well as
the amount of unbalance, with spring-mounted machines showing more 1X than solidly
mounted machines for the same degree of unbalance.

The vertical and horizontal 1X levels should be compared. The more nearly equal they are, the
more likely that unbalance is the cause. In any case, the direction in which the machine has the
least stiffness will be the direction of the highest 1X level. The horizontal vibration will
therefore typically be higher than vertical.

VERIFYING UNBALANCE

To confirm whether the motor or pump is out of balance run the motor uncoupled. If the 1x
level is still high, the problem is the motor; otherwise it is the pump. If the speed can be
changed, then the amplitude should go up in proportion to the square of the speed. (If the
speed is doubled, the vibration should increase by a factor of 4.)
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CHAPTER 9

DIAGNOSING UNBALANCE

Static Unbalance

Figure 9-13

Static or Force Unbalance is the simplest type of unbalance and is equivalent to a heavy spot at
a single point in the rotor. This is called a static unbalance because it will show up even if the
rotor is not turning. When the rotor is placed on frictionless knife edges so that it is free to
turn, it will rotate so that the heavy spot is at the lowest position. The rotor has an unbalance

even in a stationary condition.

Imbalance (static) (2)[ veceno |
1X S
- —
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Figure 9-14

When rotating, the static unbalance results in 1X forces on both bearings of the rotor, and the
forces on both bearings are always in the same direction. The vibration signals from them are

"in phase" with each other.

The phase difference from vertical to horizontal is 90 degrees.
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Figure 9-15 - the force is radial

A pure static unbalance produces a strong 1X peak in the vibration spectrum, the amplitude of
which is proportional to the severity of the unbalance and the square of the RPM. The relative
levels of the 1X vibration at the bearings depend on the location of the heavy spot along the
rotor.

Couple Unbalance

Couple Unbalance is a condition when there are two equal unbalance masses on the opposite
ends of the rotor, but 180 degrees opposite each other.

Figure 9-16 - Couple unbalance has 2 equal masses at opposite ends 180 degrees apart.

A rotor with couple unbalance may be statically balanced (it may seem to be perfectly balanced
in a stationary condition when placed in frictionless bearings). But when rotated, it produces
centrifugal forces on the bearings, and they will be of opposite phase.

The vibration spectrum will look the same as static unbalance; only a phase measurement will
help distinguish between static and couple unbalance.
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Imbalance (couple) ’ @ [ weeeno |
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Figure 9-17 - Couple unbalance phase readings end to end are 180 degrees out of phase.
The unbalance may be stronger in the horizontal position than the vertical due to increased

flexibility in that direction.

There can be some axial vibration at 1x but it is usually moderate in comparison to the radial
directions.

Dynamic Unbalance

In common practice, a pure couple unbalance is seldom found in plant machinery. Instead itis a
combination of static and couple unbalance. This condition is called Dynamic Unbalance.

Imbalance (dynamic)

31| LEGEND

1X
909+ 30° betwean —
vertical and horizontal ..E'
&
0 1 2 3 4 5 6 7 8 9 10

& Mobius 2000-07 www _llzaminteractive com Orders

Figure 9-18 - Dynamic Unbalance has high 1x. Phase readings end-to-end will not be in phase nor 180 degrees
out of phase.

Dynamic unbalance cannot be corrected in one plane.

Vertical Machines

Vertical machines, such as pumps, are usually cantilevered from their foundation, and they

usually show maximum 1X levels at the free end of the motor regardless of which component is
actually out of balance.
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Figure 9-19

The spectrum again will show a strong 1X peak when measured in the radial direction

(horizontal or tangential).
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Figure 9-20

Unbalance in Overhung Machines

Radial

Overhung pumps and fans are common in industry. Examine the rotating machinery closely to
ensure that you know whether a component is in fact overhung or supported on both sides by
bearings. In an overhung or cantilevered machine, a high 1X vibration level is present, however
this time it will be present in the axial direction as well as in vertical and horizontal.
Measurements should be taken from the bearing closest to the overhung impeller or fan

blades.

The high 1Xin axial is present because the unbalance creates a bending moment on the shaft,

causing the bearing housing to move axially.
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Figure 9-21- Overhung machine configuration
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Figure 9-22 - Unbalance in overhung machine

Be sure to collect data close to the impeller vanes or fan blades. Phase data on these two
bearings in the axial direction should be in phase.
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Figure 9-23

Case Study: Ash Hopper Sluice Pump

Figure 9-24
e Speed=3600CPM
e 150 HP motor
e  Centrifugal-supported
e 245 GPM @ 385’ head
e  Paraflex coupling
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Figure 9-25 - 1x increased over time. Itis 2.17 in/sec.

The vibration level at the 1X frequency (2.17 in. / sec.) has been increasing over a period of time.
This could be because of uneven buildup of ash on the pump impeller, or erosion/corrosion of
the pump impeller.

It is also possible that continued damage to the feet/foundation have caused the machine to
become more flexible horizontally. However given that the vertical level has also increased, it
would be suggested that it is the out of balance condition that is responsible for the increase in
amplitude, and not in a continued weakness of the structure changing the horizontal stiffness
(i.e. affecting the horizontal flexibility).

Case Study: Black Liquor DIL #2

e Speed=1750 CPM

e 20 HP motor, AC

e  Centrifugal pump

e Impeller10.125”

e  Overhung pump

e Pumpvanes 6

e 400 GPM @ 112’ head
e  Paraflex coupling
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Figure 9-27

This data is from a "Black liquor pump" at a paper mill.

There is high 1X in the vertical direction and the time waveform looks very sinusoidal (periodic).
The "squiggles" are due to the 2X and 6X components also present.

A quick look at the horizontal data shows that the level at 1X is also dominant and quite high.
In the axial direction, we again see a dominant and high level at 1X.

So, this is a classic example of unbalance on a machine with an overhung rotor. The motor
levels were substantially lower, which is to be expected.

Eccentricity

Eccentricity occurs when the center of rotation is offset from the geometric centerline of a
sheave (pulley), gear, bearing, or rotor. It is being discussed now because the symptoms are
very similar to unbalance.

Shaft centerline is not coincident with the rotational centerline
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The object (pulley, gear, etc.) will “wobble” around the false center, producing a strong radial
vibration.

Figure 9-28

Eccentric sheaves/gears will generate strong 1X radial components, especially in the direction
parallel to the belts. This condition is very common, and mimics unbalance.

Eccentricity (9| ieeenp |
1X Fan -(B
1X Motor I
‘.::'EI
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Figure 9-29 - Eccentric gears or sheaves generate a strong 1x radial component.

In belt driven machines, there will be a high 1X vibration level on both components (motor and

fan for example), however due to the change in speed, these will be at two different
frequencies.

The highest vibration is in line with the belts. Phase readings taken 90 degrees from that will
have a phase change of 0 degrees or 180 degrees.
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Figure 9-30 - Collect vibration measurements in-line with the belts.

Eccentricity in belt driven machines can be checked by removing the belt(s) and checking again
for the 1X peak on the motor.

Note: Eccentric rotors are covered in the chapter on electric motor analysis.

Figure 9-31

The mass unbalance can be balanced out, but the “wobble” cannot be easily removed. The
gear or sheave will have to be replaced.

Eccentricity can affect gears, pulleys, belt drives, and electric motors.
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Figure 9-32 - Eccentric sheaves and gears must be replaced.

© 1999-2013 Mobius Institute — All rights reserved www.mobiusinstitute.com

Produced by SUMICO Technologies



n.

. (Ommm %
E. g h grams — ) ! m am-mnchdmh

Jones S final wud example *tordare performsp &= &

sBE z oquired

e @ oo
L . — cowre
B el h
i, 5 Qusermins T @] -1 Sy |
: ala

szachmem iy
ek °tqn';n!.’e,.%!3!iQ§"§-=
Chapter 10
Balancing Rotating
Machinery

e Understand vectors, vector addition and vector subtraction
e Understand how a single plane balancing works.
e Understand the difference between one plane and two-plane balancing.

e  Become familiar with the relevant ISO standards.
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Balancing rotating machinery

Balancing rotating machinery is an important part of any reliability program. Balanced
machinery run more smoothly and therefore run longer without incident. Modern vibration
analyzers and purpose-built balancing instruments have made it easier to balance machines in-
situ — that is, without having to remove the rotors and ship them off to a balancing machine.

Like any instrument of this type, it is always important to understand how the instrument works
and how to correctly prepare the job and deal with any unusual readings that you may observe.
In an ideal world you can take the vibration and phase readings, follow each of the steps, and
the machine will be precision balanced. But life is rarely that simple...

The goals of this chapter

This section is intended to provide an introduction to balancing. The aim is not to teach you
everything you need to know so that you can balance a machine - there is simply not enough
time on a detailed course like this. Instead you should:

e Understand vectors, vector addition and vector subtraction

e Understand how a single plane balancing works.

e Understand the difference between one plane and two-plane balancing.
e  Become familiar with the relevant ISO standards.

With this base knowledge you should find it far easier to learn the detailed steps required to
perform the balance, and you will have a greater appreciation of what is involved if your
request that a machine be balanced.

What is balancing?

First, what is balancing? The ISO standard 1940-1973 (E) definition is:

“Balancing is the process of attempting to improve the mass distribution of a body so that it
rotates in its bearings without unbalance centrifuge forces.”

Those “unbalance centrifuge forces” are destructive. The forces slowly destroy bearings, and
can generate vibration that can damage other equipment and processes. All machines should
be precision balanced and aligned to reduce these destructive forces — and therefore increase
the life of the machine and improve reliability.

The ISO standard 1940-1:2003 definition is:

“Balancing: procedure by which the mass distribution of a rotor is checked and, if necessary,
adjusted to ensure that the residual unbalance or the vibration in the journals and/or forces on the
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bearings at a frequency corresponding to service speed are within specified limits.” [Origin: ISO
1925:2001, definition 4.1]

The goal and the intent are the same - reducing vibration levels to within specified limits. Later
in this section we will discuss the ISO standards for balancing and the recommended vibration
levels for different applications.

There are two more definitions from ISO 1940-1:2003 that are important:

“Unbalance: condition which exists in a rotor when vibration force or motion is imparted to its
bearings as a result or centrifugal forces.” [Origin: 1SO 1925:2001, definition 3.1]

“Residual unbalance: unbalance of any kind that remains after balancing.” [Origin: 1ISO 1925:2001,
definition 3.0]

The ISO standard 1925:2001 is “Mechanical vibration — Balancing - Vocabulary”.

Preparing for the balance job - a word of warning

Given the ease of use of balancing software provided with modern analyzers it is conceivable
that balancing technicians may jump straight into a balance job without thinking about the
machine dynamics - the interplay between the unbalance forces, the rotor and the bearings.
Balancing is a difficult, time consuming, and potentially dangerous task. It is essential that you
take all precautions before and during a balance job. Follow all lock-out tag-out procedures,
and do not make any assumptions about the safety systems installed at the site.

Safety first!

There are four main sources of danger that you should be aware of. They are:

e The machine starting unexpectedly

e Balance weights flying off the rotor

e The general dangers inherent in working in a hazardous environment
e Becoming entangled - you or your equipment — in the machine
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Figure 10-1 Follow all lock-out and tag-out procedures

ISO 20806:2009 “Mechanical vibration — criteria and safeguards for the in-situ balancing of
medium and large rotors” is a useful standard to be acquainted with. It also includes
information on safety

Another ‘warning’ is to not to underestimate balancing. If everything goes smoothly you may
complete a balance job in a couple of hours. However there is a lot that can go wrong. You
need to think about what you are doing and not make any assumptions. Balancing programs
can make the measurements and calculations easier, however resonances, foundation
problems, thermal growth and more can make the balance job quite challenging.

Is the machine out of balance?

Many people fail at the first hurdle. They measure high vibration and assume the machine is
out-of-balance. So they attempt to balance the machine. Yet, to their surprise, the balance
weights recommended do not reduce the vibration levels as much as expected.

So you should verify that the machine is out of balance before you spend time trying to attempt
to balance it! It may sound obvious, but a great deal of time has been lost by people trying to
balance a machine that is misaligned, or that has some other fault that presents similar
vibration symptoms to unbalance.

It could be that the machine has more than one fault condition. Correct those other fault
conditions before you attempt to balance the machine.

Some conditions can make it very difficult to balance a machine. For example, a natural
frequency close to the running speed will cause the phase readings to be unsteady. If the
speed, phase or amplitude are not steady, then it will be difficult to successfully balance the
machine.
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The balancing check-list

Before you consider performing an in-situ balance job, you must first consider the following
checklist. In order to balance the machine you must check that:

e  You can start and stop the machine.

o The machine will need to be stopped and started in order to add trial weights
and the final balance weights.

e [tis possible to add balance weights (you will need access to the rotor, fan blades, etc.).

o Many machines have balance rings, or places on the rotor where balance
weights can be added. You must check how the weights will be added (or
removed) and that you have suitable balance weights.

e ltis possible to gain access to the machine.

o You will need to be able to access the balance ring or rotor (wherever the
balance weights will be added).

e Itis possible to control the speed of the machine.

o ltisimportant that the speed of the machine remains constant during the tests
and from one test to the next (i.e. between the original run and each of the
trial, final and trim runs).

e The speed, amplitude and phase must be steady during the tests.

o The speed of the machine, and the amplitude and phase readings, must be
constant during the tests. This may mean that you must run the machine for
many minutes (sometimes longer than one hour) in order for the machine to
be running in a stable, repeatable condition. Thermal transients and load
changes must be considered before attempting to balance the machine.

e Itis possible to take a phase reading (you will need access to the shaft).

o You will need to acquire phase readings during the test. This step will be
discussed in greater detail, however you must ensure that you can either add
reflective tape to the shaft and mount a laser or photo-tachometer, or mount a
non-contact probe to detect a keyway or other such physical irregularity.

¢ You will need the required instrumentation and a balance program/method.

o Of course, you will also need the instrumentation to measure the amplitude
and phase, a calculator or balance program (or polar plotting paper and
protractor), and some scales to weigh the balance masses.

Vectors and polar plots

If you wish to perform a single-plane balance with a polar plot, then you must understand
vectors. If you wish to understand the balancing process and the effect of adding trial weights,
then it helps a great deal if you understand vectors.

Understanding vectors, and knowing how to add and subtract vectors may involve learning
some new concepts, but | am sure that this section will make it very clear to you.
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Vectors are a combination of an angle and a “scalar” amount. The “scalar’” amount could be
wind speed, current flow in an ocean, or in the vibration world, a vibration amplitude at the
running speed of the machine. For example, if a ship was sailing at 10 knots in a northerly
direction, then we can represent that as a vector: 10 knts @ 0°. Readings such as 2 micron @
45°and 0.5 infsec @ 125° are vibration vectors.

Figure 10-2

Vectors are normally represented on a circular plot called a “polar plot” (Figure 10-3).

The scalar value (amplitude) is represented by the length of the line (arrow), and the angle is
drawn with 0° at the top.

240° 120°

180°

Figure 10-3

The markings on the polar plot make it possible to read angles and lengths, although it can be
helpful to also have a ruler and a protractor; especially when it comes to vector addition and
subtraction.
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The radiating circles represent the amplitude.

Figure 10-4 shows a simple example. We made the radius of the plot equal to 6 mils which
means every ring represents 1 mil (units of displacement). The ruler will help us to measure the
length of the vectors.

Figure 10-4

If we measured a vibration of 5 mils at 45° then we would draw the vector as shown in Figure
10-5.

Figure 10-5

To make sure we really understand vectors, let’s go through a simple example.

In Figure 10-6 we have a ship traveling at its maximum speed of 10 knots towards the east. The
ship is moving due to its engines. There is no wind and no current.

Therefore the ship travels east at 10 knots. As a vector we would describe this as: 10 knts @ 90°
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Figure 10-6

Unfortunately for the ship, a wind blows up from the south which has the effect of pushing the
ship to the north. The wind is strong enough such that if it turned its engines off the ship would
travel at 10 knots to the north.

But if the ship turns on its engines and tries to sail to the east, it would find that it does not
travel to the east; instead it travels to the north-east.

We can therefore represent the actual movement of the ship with a different vector, one that
points at 45° (Figure 10-7).

R~
N

Figure 10-7

If we were to measure the length of that vector we would find that it was
14.14 knots in length. So the good news for the ship is that it is traveling faster than before. The
bad news is that it is going in the wrong direction...
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We can determine the angle and length mathematically or we can plot the vectors on a polar
plot and either use the scale provided or use a ruler and protractor.

Adding vectors

What we have actually just done is to add two vectors. Let’s look at that a little more closely.
Adding vectors is a case of moving the tail of one vector to the tip of the other vector.

It does not matter which vector is added first. No matter how you add them the result will be
the same (Figure 10-8 center and right).

Figure 10-8

And it does not matter how many vectors must be added; the process is the same (Figure 10-9).

Figure 10-9
Vectors can “easily” be added mathematically. It is a case of breaking each vector into its “X”

and “Y” components, and then adding the “X” components and adding the “Y” components.

The length of the vector “Z” can be calculated using Pythagoras’ theorem. And the angle can
be calculated using ATAN (tan™), as shown in Figure 10-10).
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380

) Z=SQRT(X2 +Y?) o= ATAN (X/Y)

Y=Y, +Y,

Figure 10-10

It is worth making a very important point right now. If you consider an out-of-balance rotor, the
source of unbalance is probably not just one source at precisely one location (like a bolt that has
been attached to the rotor in the wrong location).

More than likely there are a number of sources of erosion and material porosity, dirt/grim build-
up, and so on.

Each source of mass (or loss of mass) can be represented by a vector (Figure 10-11).

Porosity or erosion: this is a loss of mass so the
vector points away from these points.

Build-up of dirt/grime that cannot be cleaned off.
They add mass.

”

Figure 10-11
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And just as before, we can add the vectors together. The red vector is the final vector that we
would measure as the unbalance (Figure 10-12).

PP

o

Figure 10-12

Please note that you would not need to add these vectors; this just happens naturally. The point is
that each individual source of unbalance contributes to the final unbalance that causes the
machine to vibrate.

There is one interesting situation to consider. What would happen if we added the two vectors
in Figure 10-13?

Figure 10-13

Yes, that is correct. Because they have the same length, and their angles are opposite, the
result is a vector with zero length!

Why is this relevant? Because that is exactly what we are trying to do when we balance the
rotor. If the red vector represents the sum of the sources of unbalance (porosity, erosion, etc.),

then we will add a weight that would create the blue vector - it will have an equal and opposite
effect.
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Subtracting vectors

Subtracting vectors often causes a great deal of confusion. It is a necessary step when
performing single-plane balancing with vectors. The confusion is unnecessary.

To subtract vector “A” from vector “B”, you simply turn vector “A” around 180° and then add it!

If we have vectors “A” and “B” and we want “A-B” then we flip “B” around by 180° and then
add its tail to the tip of vector “A” (Figure 10-14).

. s [us

Figure 10-14

Note that subtraction is not like addition: “A-B” is different to “B-A” (sorry if that sounds
obvious).

The result is the same vector as last time, rotated 180° (Figure 10-15).

Figure 10-15

Single-plane balancing

In order to perform a single plane balance we need to determine where to place the balance
correction weight, and how much it must weigh. Note that more than one weight may need to
be added if it is not possible to add the weight at the desired angle (because there is not a blade
or balance hole at that angle.
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Summary of the single plane method

First we take a vibration measurement on a bearing and record the magnitude and phase at the
running speed of the machine (therefore we need a once-per-revolution tachometer reference).
We document this information as the “As-found” condition of the machine prior to balancing it.

Next we add a “trial weight” to the rotor, and measure at the same point and record the
magnitude and phase at the running speed. We do this to see how the rotor was “influenced”
by the addition of the weight. The magnitude and phase should both change by 15% or

15 degrees or more.

Now we know how the magnitude and phase of the vibration at the monitoring point has
changed based on the addition of the trial weights. We can then perform a calculation (or
sketch it out with vectors on polar graph paper) to determine where we should add weights
(and how much they should weigh) to cancel the effect of the out of balance force.

Remember, we do not know why the machine/rotor is out-of-balance - we can’t see a weight
on the rotor. It is out-of-balance because of poor design/manufacturing/assembly, wear/erosion
on blades/vanes, build-up on blades/vanes, incorrect key length, and distortion/bends.

We then add the correction weight and take another measurement to see if the unbalance is
within tolerance. Often the unbalance will not be within tolerance on the first attempt, so we
use the new readings to determine where a “trim” weight should be added in order to bring the
machine into tolerance.

Once the machine has been balanced satisfactorily, the results should be documented.

The procedure just described is used regardless of whether you use a data collector, balance
computer, or graph paper. We take initial readings, add trial weights to see how the balance
state was “influenced”, and then we determine where the final weights should be placed.
(Please note that there are other ways to balance a machine, but they are not covered in this
course.)

Using vectors

Although you will probably use a balance calculator or your data collector to perform the
balancing task, it is important to understand the single-plane vector method. If you understand
this procedure, you will be able to cope when your balance job does not go smoothly, and you
will find it much easier to understand the two-plane and “influence coefficients” method used
by most balance calculators and data collectors.

We will use polar graph paper to record the vibration amplitude (magnitude) and phase. The
radial rings represent the magnitude (in this example each ring is 1 mil), and the radial lines are
angle (degrees). 360/0 degrees is at the top.
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Amplitude or
maghnitude

Phaseangle |8

Figure 10-16

When presented this way, the magnitude/phase pairs are called vectors. We draw a line the
length of the magnitude at an angle of the phase reading. We can use the format regardless of
whether we measure the vibration in units of displacement, velocity or acceleration. The only
rule is that we must use the same units (and the same sensors mounted in the same locations)
for the entire test.

Measurement setup

The first step is to set up your measuring equipment (data collector) so that you can take a
magnitude (i.e. vibration amplitude reading) and phase reading at the running (turning) speed
of the machine. The sensor will be positioned so as to measure the highest amplitude, which is
normally in the horizontal direction.
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Figure 10-17
Original balance run

With the machine is running at normal speed, the magnitude, phase and RPM are recorded.
This is called the “original reading”. The magnitude and phase are plotted on the polar graph
paper. In this example, the magnitude was 5 mils, and the phase reading was 45 degrees. Itis
labeled “O” for original unbalance.

270 / 0

240 120

210 150

180

Figure 10-18
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Figure 10-19

Add the trial weight

Then the machine must be stopped and we add a “trial weight”. In a moment we will discuss
how to calculate the mass of the trial weight, but we are trying to influence the state of balance
of the rotor.

For example, if we add 5 grams of weight and we see that the vibration amplitude reduces by
30% and phase angle changes by 30°, we can then calculate how much weight is required, and
the location of the weight, so that the unbalance force is cancelled altogether.

If we add a trial weight that is too small, the vibration amplitude and phase will not change very
much, and any calculation we perform will be very inaccurate. On the other hand, if the weight
is too large, and we happen to place it where the unbalance is greatest, we could create a
damaging and potentially unsafe situation.

Balance weights come in a large variety of shapes and sizes. Some are designed so that they
are easily added for the “trial run”, but they must then be affixed permanently at the
conclusion of the balance job.
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Figure 10-20

It is also very important to have a good set of scales so that you can weigh the trial and final
balance weights.

Figure 10-21

Selection of the trial weight is very important. As a general guideline (Wowk), add a weight
that produces a force of 10% of the rotor weight. This criterion was originally developed for
flexible rotors where the forces may be amplified as the rotor passes through the first critical
speed. For rigid rotors, you could safely use 2-3 times this mass.
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To calculate the forces produced by the trial weight, you can use these formulas
Imperial:

2
RPM )

F=1.77XWtXRX (m

W,=Trial weight (0z)

R=Radius of trial weight (inches)

Metric:

RPM )2

F =0.01 Rx |——
0.01x W, x x(lOOO

W,=Trial weight (grams)
R=Radius of trial weight (cm)

As noted, this force should be equal to 10% of the rotor mass, therefore, the “F” in the above
equations should be equal to the rotor mass (in pounds or kg respectively) x 0.1.

The following equation can also be used to calculate the mass of the trial weight:

Wr
Wt - 56,375 m

Wr=trial weight (0z)

Wg=Static weight of the rotor (Ib)

N=Speed of the rotor (RPM)

r=Radius of trial weight (inches)

For shafts rotating in the range 1200 to 3600 RPM, this equation can be simplified to:

Wr
Wt = 0.004 T
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In metric this simplified to:

1%
Wt = 30_

Wq=trial weight (grams)
Wg=Static weight of the rotor (kg)
r=Radius of trial weight (mm)

For example, if the machine had a 90 kg rotor, and the balance weights were positioned at a
radius of 350 mm, the trial weight would be 30 x 90 /350 = 7.7 grams

Selecting the position for the trial weight

Many people simply select an arbitrary position for the trial weight; often in line with the
tachometer reference. However we can be smarter than that. We can position the weight
opposite where we believe the heavy spot is located. If you are using a proximity probe and the
proximity probe is positioned in-line with the phase reference (optical-tach, laser-tach or
keyphasor), then we can simply place the trial weight opposite the unbalance vector. That is, if
we measure a phase angle of 45° we should place the weight at 225° (45+180). If the rotor is
rigid, and there are no significant phase lags due to the mechanical system or electronics, then
we are bound to reduce the vibration on the first shot. Not only will this help our calculations,
but it will ensure a safe trial run - if we happen to place the trial weight in-line with the out-of-
balance weight (for example at 45°), then we would cause the vibration levels to rise
considerably, and possibly to dangerous levels.

Trial run

With the trial weight carefully installed on the machine, we run it up to the same speed, wait for
the reading to settle, and then again record the magnitude and phase at the running speed.

If the magnitude has not changed by 30% or more, and if the angle has not changed by
30 degrees or more, then we will have to stop the machine and replace the trial weight with a
larger weight.

Let’s assume the new reading was 4 mils and 130 degrees. We add this to the polar plot. This
vector represents the vibration level due to the original unbalance and the trial weight, so it is
labeled “O+T".
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Figure 10-22

Now we draw a line from the end of the original “O” vector to the end of the “O+T” vector.
This represents a subtraction of the two vectors, leaving just the influence of the trial weight
alone, so we mark this vector “T”.

360

330 il

300 0

270 a0

240 120

210 180

180
Figure 10-23
The new vector represents the vibration due to the trial weight alone. If we could balance this

machine perfectly and then add the trial weight and measure the vibration, we would measure
the same amplitude and phase as represented by this vector.

Now we have to measure the length of the “T” line from the graph paper, and the angle
between the trial “T” vector and the original “O” vector. The length of the line is 6 cm (or
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major divisions), so that represents 6 mils. Using a protractor you can measure the angle as
40 degrees CCW (counter-clockwise).

So the solution requires the new mass to be added to the machine at a position 40 degrees
counter-clockwise from where you placed the trial weight. But what should it weigh?

The weight is calculated as a ratio of the original vibration level “O” to the vibration due to the
influence of the trial weight - our new vector “T” — multiplied by the mass of the trial weight. It
is therefore (5 x 5/6) = 4.1 grams.

If the trial weight is removed

Typically one will remove the trial weight and replace it with the final balance weight or
correction weight. It is possible to do the calculations if the trial weight is not removed but we
will not cover that in this course.

Now, remove the trial weight and add a new 4.1 gram weight 40° from where we placed the trial
weight.

But the big question is; in which direction do we measure the 40°% clockwise or counter-
clockwise? This is an area where a lot of balance jobs go wrong.

In modern vibration analyzers that use a photo-tach, positive phase angles are measured
against the direction of rotation.

Therefore:

e Iftherotoris rotating clockwise, move opposite the O+T shift
e Iftherotoris rotating counter-clockwise, move with the O+T shift

In our example in Figure 10-24, the shaft is turning counter-clockwise, so we have to place the
weight 40° against rotation, i.e. clockwise.
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Figure 10-24

Note that if you use a strobe to measure phase, it reports positive phase angles in the direction
of rotation.

Therefore:

e Iftherotoris rotating clockwise, move with the O+T shift
e Iftherotoris rotating counter-clockwise, move opposite the O+T shift

Residual unbalance

At this point we know what the unbalance is. We have just been told to add 3.3 grams. If we
are adding that weight at a radius of 12 inches, or 300 mm, then our unbalance is
39.6 gr-in or 990 gr-mm.

This is U,es — it is the residual unbalance. We could now look up the standards and determine if
that is permissible.

We will discuss this more in a bit.

Trim balance

Now we would add the 4.1 grams (we removed the trial weight) at 40° and run the machine
again. We are hoping that the vibration afterwards would be very low. But we do not always
find that... We often have vibration that is still a little too high.

In this case we measured 3 mil @ 320° (Figure 10-25).
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Figure 10-25

We need to perform another step to further reduce the vibration.
This step is called the trim run.

If you consider what we have just done, it is very similar to the trial weight process. We
measured a vibration and phase, added a weight, and then measured the vibration again. Like
the situation we discussed where we left the trial weight on the rotor, in this case we are going
to leave the final weight on the rotor.

So now we have to use the vectors to determine a new weight and location.
Now we have re-labeled the plot (Figure 10-26). The “O” original vector is still the original. But
the “trial” is actually the vibration measured with the trial weight removed and the final weight

of 4.1 grams added.

Note: we will leave the final weight on the rotor, so we are trying to balance out “O+T1”” not
I‘OH.

We will label the trim run “T1”” (our first trim run) so we have “O+T1” and the vector “T1” is just
the effect of adding the 4.1 gram weight.
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Figure 10-26

Now we are trying to counteract the unbalance force due to the final weight we added to the
rotor (Figure 10-27).

Actual effect of ”
final weight Desired effect of

trim weight

Figure 10-27

You can see that the red vector is too long so we need less weight, and it needs to be moved in
the opposite direction by approximately 120°

If we measure the angle we get 116° (Figure 10-28). Measure the lengths of the O+T1 vector
(which we know is 3 mils) and T1 vectors and compute the ratio — it tells us how much weight
should now be added.
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The solution is to add the balance weight 116° from where you placed the “final” weight in the

direction of rotation.
The weight is the ratio:
Final mass x (O+T1)/T1

4.1x 3.0/5.5 = 1.8 grams

Figure 10-28

PAGE 10-25

Note that “4.1” was the final weight we added to the machine; “3.0” was the measured
vibration in mils after we added the final weight, and we computed the effect “T1” as

5.5 mils.

| P
\

4
o

0+T1

N
116°

Figure 10-29

Once again we can calculate U, and check if it is less than U, based on G2.5 (or G1.0 or
whatever you choose to use).

Of course, we can repeat this process again and again until the vibration amplitude, or U, is

low enough.
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If you have to repeat it more than a couple of times the rule of thumb is to remove all of the
weights and start from scratch. You should also consider other possible causes of your inability
to balance the machine. These causes can include the presence of other mechanical faults such
as looseness, resonance, misalignment, soft foot etc. Other possibilities include problems with
the measurement equipment, phase readings, phase lag etc.

Splitting weights

When you calculate the final weight for the balance job, it must be added to the rotor. In some
cases the weight can be added at any angle on the rotor. However some rotors have holes
where weights are affixed or blades where weights can be attached. In this situation it may not
be possible to add the weight at the precise angle required. The solution is to add two weights
to the rotor (on available blades or holes) such that the combination of both weights has the
same net effect as a single weight at the desired angle.

For example if the balance solution was to add 6 grams at 75°, yet we have blades at 60° and
120°, we would need to split the weight between the two blades so that the vectorial
summation of the two weights is equal to 6 grams at 75°.

Note: The assumption is that the final weights will be placed on the blades at the same radius
that the trial weights were added.

The following procedure may be used to determine the correct mass of the weights:

DRAW THE POSITIONS OF THE BLADES AND DESIRED BALANCE WEIGHT
ON THE POLAR PLOT

For this example | have drawn the blades, but you simply need to indicate where the two blades
(or balance holes) are located. (We have to resolve the 6 gram weight at 75” into two
equivalent vectors at the angles of the two blades.)

Add the vector that indicates the desired weight. In our case the mass is 6 grams and the angle
is 75°. The weight is drawn at the limit of the polar plot.
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Figure 10-30

DRAW THE EQUIVALENCE VECTORS FOR ONE OF THE BLADES

Draw a line parallel with blade 2 so that it goes through the point representing the balance
mass. In this example we drew a line through blade 2 and a parallel line that goes through the

weight.

Figure 10-31

DRAW THE EQUIVALENCE VECTORS FOR THE OTHER BLADE

Now we will repeat the process for the second blade. We will draw one line through the blade
and a second line parallel with the blade that intersects the balance weight.
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Figure 10-32

ADD VECTORS THROUGH THE BLADES TO THE INTERSECTION OF THE
EQUIVALENCE VECTORS

Figure 10-33

DETERMINE THE MASS OF THE EQUIVALENCE WEIGHTS

Now we can compare the length of the two vectors to the length of the vector representing the
desired balance mass. You can see that the vector “OA” is longer than the vector “OB”,
therefore more mass will be placed on blade 2.
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In our example, we have scaled the plot such that each ring is 1 gram. We now look closely at
the scale and find that the mass of the weight on blade 2 should 4.9 grams, and the mass on
blade 3 should be 1.9 grams.

When 4.9 grams is added to blade 2 and 1.9 grams is added to blade 3, this fan will be balanced;
we will have added the equivalent of 6 grams at 75°.

Itis very important that you are not confused with the last step. Although we have drawn the
OA and OB vectors along the blades, this does not indicate where on the blades the balance
weights will be added. They must be added at the same radius as the trial weights. The vectors
are simply used to help us compute what the mass of the weights should be.

Figure 10-34

Rather than scaling the plot you can just compute the ratio of the lengths of the vectors.

The mass placed on blade 2 is the ratio of O-A to O-X times the mass to be split, and the mass of
the weight on blade 3 is O-B to O-X times the mass to be split.

Weight on blade 2 = 0—x X final weight

= ﬁ X 6.0 = 4.9 grams

Weight on blade 3 = 0—x X final weight

=50 X 6.0 = 1.9 grams
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In this example, because the plot was scaled correctly, the equations are simple and obvious.
But if you simply make the outer ring of the polar plot equal to the mass of your balance weight,
then these equations make it very easy to calculate the final weights.

Combining weights

When adding weights to a machine you may find that there are already one or more balance
weights on the machine: attached to blades, bolted into holes, etc. There will be situations
where it will become necessary to consolidate the existing weights with the weight(s) that
must now be added to the machine.

The vector method of summing weights is the reverse of splitting weights which was covered in
the previous pages. Instead of having a single weight and splitting it, start with two weights
and sum them.
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Draw a vector representation of each weight. Draw parallel lines across the tip of the opposite
vector. Where these two new parallel lines intersect is the point of the Sum Vector.

Software programs can sum multiple weights at a time and are very useful tools.

There are times when adding correction weights is not permissible for various reasons. But
mass can be removed. Most balancing programs have the option in the setup to choose
whether to add weights or remove mass. Selecting the ‘remove mass’ option (if available)
forces the analyzer to display the locations where weight should be removed instead of added.
There are tables that provide information about weight removed for various diameter and
depth of holes on various gauges of metal.
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Two-Plane Balancing

Two plane balancing is required when there is dynamic unbalance (i.e. a static component and a
couple). Although it is possible to perform a two-plane balance with vectors, it is not often
performed that way and we will not discuss that method. Instead we will assume that you have
a balancing system or a vibration analyzer with a balancing program.

It is beyond the scope of this course to go into much detail on two plane balancing, but we do
feel it is important that you know what it is and when it is necessary.

The first issue we must quickly discuss is whether you need to perform a two-plane balance.
There are four ways to determine whether a two plane balance is required:

1. Youcan allow the ISO standards to guide you.

2. You can decide based on a rule of thumb related to the ratio of the length of the rotor to the
diameter of the rotor.

3. You can attempt a single plane balance, and if that is unsuccessful, attempt a two-plane
balance

4. You can use phase readings to determine how the phase at the two bearings compare.

Rule of thumb

The general rule of thumb for determining whether a two plane balance is required is presented
in Table 10-1. It appears in MIL-STD-167A (2005) and in numerous text books.

L/D< 0.5 0-1000 Single-plane
>1000 Two-plane

L/D> 0.5 0-150 Single-plane
>150 Two plane

Table 10-1 (The Length and Diameter of the rotor are exclusive of the shaft)

While this method provides a guide, there are many situations where it will not work. It is best
to use phase readings to determine if there is a couple component.

Two plane balancing is far more challenging than single-plane balancing. On the face of it, two-
plane balancing may seem marginally more difficult as it only requires an additional trial run.
While the calculations may be far more difficult, most analyzers can perform them quite easily.
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Why is two plane balancing more difficult? The rotor must be rigid. There must be just two
bearing supports, and they must be flexible, but not resonant. And the system must be linear.
(Wowk)

In the single-plane balancing section we provided a rule of thumb regarding when two-plane
balancing must be used instead of single-plane balancing. In reality, the issue is simpler. If
there is a strong couple effect, or a strong cross-effect between the two bearings, then you
cannot use the single-plane method. As long as the machine meets the requirement above, you
may use the two-plane method.

It is therefore recommended that you attempt single-plane balance first. There are times when
one end of the rotor has much more amplitude than the other end. Some technicians choose to
perform a single plane balance on the rough end first and then do the opposite end.

Sometimes bringing the rough end into specs reduces the amplitude at the opposite end
enough that it does not have to be balanced.

A benefit of the two plane balance is that all planes of the machine are corrected in one
process.

Figure 10-35 A rotor set up for two plane balancing with four sensors

At least one sensor is required for each plane. The sensor is typically mounted in the horizontal
plane because there is likely to be greatest movement in the horizontal axis. Most software
packages can perform calculations for up to two sensors at each plane.

Two plane balancing procedure

-

The machine is run at normal speed

2. Amplitude and phase is recorded at both points
3. The machineis stopped. A trial weight is added to one plane.
4. The machine is run and readings are taken at both points.
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5. The machine is stopped. The first trial weight is removed. A trial weight is added to the
other plane.
6. The machine is run and readings are taken at both points.

The original run

After following all of the safety procedures discussed previously, you will take vibration
readings on each bearing. These readings indicate the original unbalance state.

It is important to remember to double-check that the machine is out-of-balance and not
misaligned or suffering some other fault condition that generated high vibration.

Trial run one

Now the machine is stopped and a trial weight is added to one of the balance planes. You must
add enough weight to the shaft so that, ideally, the amplitude and phase will both change
sufficiently for the balance program (or your vector plots if you wish to do it that way) to be
able to accurately determine what influence that mass at that location had on the balance of
the shaft. You would hope for a minimum of 15% change in amplitude and/or 15° change in
phase angle.

You should therefore perform the trial weight calculations that have been discussed in the
single-plane section.

The trial weight can be placed at any angular position on the shaft. You will need to record that
information in the balance program. The simplest approach is to place the weight at 0°.
Alternatively you can place the weight opposite the high spot.

Trial run two

Now you must remove the first trial weight (some balance programs allow you to leave it on)
and add a weight to the second plane.

As just discussed, the balance program will measure the amplitude and phase and determine
how much that mass influenced the balance state.

Balance calculation

The two-plane balance programs use an “influence coefficient” method. It is designed to
determine the optimum position for a weight on the two balance planes that will minimize the
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vibration levels. Some programs allow you to optimize the results over different speeds, and
they allow you to give greater preference to one end of the machine or the other.

The bottom line is that you will be given a mass and angle for each plane. You must then install
those weights, after removing the trial weights, and run the machine again to see if the
vibration amplitude is sufficiently low (see the balance grades section).

Trim run

If the amplitudes are not low enough, the balance program will suggest new masses and
positions for trim weights. You typically have the choice of either leaving the “final” weights on
the machine or removing them before adding the trim weights.

If the system is linear then this method should give you good results.

Balance standards

Balance standards exist and are commonly used to specify a balance job. Using a balance
standard does provide repeatability and accountability. Manufacturers and corporations may
also have their own criteria for balance quality.

There are two types of standards: standards based on the final amplitude of vibration, and
standards that specify the “permissible residual unbalance”. The residual unbalance is the
unbalance that remains once the balance job is complete.

It is important to have a target when balancing a machine and to understand what balance
standards apply to you and your facility. It is also important to document the balance job in
terms of the original unbalance, the amount of residual unbalance remaining after the machine
has been balanced and the standard used to determine that the balance job was successful.

1SO INTERNATIONAL IS0

INTERNATIONAL
STANDARD 14694

STANDARD 1940-1
A

[
2N

AL
Tty

DEPARTMENT OF DEFENSE
TEST METHOD STANDARD

Mechanical vibration — Balance quality MECHANICAL VIBRATIONS OF
requi tors in a constant B TPMENT

A
(TYPE I- ENVIRONMENTAL AND
TVPE II- INTERNALLY EXCITED)

Figure 10-36
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Chapter 11
Diagnosing Misalignhment

Objective:

® Diagnose Angular Misalignment in waveform and spectra

® Diagnose Offset or Parallel misalignment in waveform and spectra

® Describe the phase conditions for Angular and Offset or Parallel misalignment
® Describe the phase characteristics of misalignment vs. unbalance

® Define Soft Foot

® Explain two effects of soft foot condition

® [dentify misalignment in belt driven machinery
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Misalighment

Misalignment is the root cause of the majority of machine breakdowns: bearing failures, and
damaged seals, shafts and couplings. In fact, it is widely believed that 50% of machine failures
are due to misalignment.

Precision alignment significantly increases the life of machines. Misalignment adds load in the
form of stresses and forces to the bearings. A 20% increase in load cuts the bearing life in half.
Doubling the load reduces the life to 1/7"" of its design life.

Bearing life is often described as the L,, life factor = 1/ARPM x [1/ALoad]?

Misalignment damages seals and bearings. Shafts and couplings can break. The downtime,
parts, and labor are very expensive - and avoidable.

Figure 11-1- Misalignment is responsible for 50% of machinery failures

Seals are high cost items, often costing up to a third of the total pump cost. Misalignment also
causes seals to fail prematurely due to the increased load. Seals do not tolerate misalignment:
face rubbing, elevated temperatures, and ingress of contaminants quickly damage expensive
components. The life of the seal can be reduced to 30-50% of design life.

If the two shafts of a machine are correctly aligned, there is less stress on the seals, bearings,
shafts and couplings of the machine. The machine runs more smoothly, and power
consumption can be reduced. All of these factors contribute to increased life, and thus less
likelihood of unplanned downtime and catastrophic failure.
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Misalignment defined:

“Shafts are misaligned when their rotational centerlines are not collinear when the machines are
operating under normal conditions”

Unless special precautions are taken in installation the shafts will not be collinear. There will be
misalignment. The shafts will be vertically or horizontally offset from each other and there will
be an angle between the two shaft centerlines.

Figure 11-2 - Misalignment forces shafts to bend and flex

Causes of misalignment

There are many causes of misalignment. Usually more than one cause is the source of
misalignment found in machinery. Machines should be checked for these possible causes.

e Inaccurate assembly of components, such as motors and pumps.

e Relative position of components shifting after assembly

e Distortion due to forces exerted by piping

e Distortion of flexible supports due to torque

e  Temperature induced growth of machine structure

e  Coupling face not perpendicular to the shaft axis

e Soft foot, where the machine shifts when hold down bolts are tightened.

The top two machines in Figure 11-3 are viewed from above showing the two types of
misalignment. The first is Angular misalignment and the second shows Parallel or Offset
Misalignment.
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Figure 11-3 - Types of Misalignment

The bottom two illustrations are from the side view of the machine. The first illustrates the
Angular Misalignment and the bottom one illustrates Parallel or Offset Misalignment.

The only way to ensure the shafts are collinear is to first make sure the machine has good
foundations, there are no soft foot problems, and there are no looseness, runout, or other
problems, and then take such measurements (with dial indicators or laser alignment tools) to
determine where the shaft centerlines are located relative to one-another. Then typically one
of the machine components is moved so that the shaft centerlines are collinear.

Diagnosing Offset (Parallel) Misalignment

When the misaligned shaft centerlines are parallel but not coincident, then the misalignment is
said to be parallel (or offset) misalignment.
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Figure 11-4 - Offset or Parallel misalignment

Parallel misalignment produces both a shear force and bending moment on the coupled end of
each shaft.

High vibration levels at 2X as well as 1X are produced in the radial (vertical and horizontal)

directions on the bearings on each side of the coupling. Most often the 2X component will be
higher than 1X.

Axial 1X and 2X levels will be low for pure parallel misalignment.

Parallel Misalignment Parallel Misalignment
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Figure 115 - Offset or Parallel misalignment

The vibration is 180° +30° out of phase across the coupling in the axial direction, and out of
phase in the radial direction.

Diagnosing Angular Misalignment

When the misaligned shafts meet at a point but are not parallel, then the misalignment is called
angular (or gap) misalignment.
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Figure 11-6 - Angular or Gap misalignment

Angular misalignment produces a bending moment on each shaft, and this generates a strong
vibration at 1X and some vibration at 2X in the axial direction at both bearings.

There will also be fairly strong radial (vertical and horizontal) 1X and 2X levels, however these
components will be in phase. See Figure 11-7.
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Figure 117 - Angular misalignment patterns in Axial and Radial directions.
The vibration is 180 degrees out of phase across the coupling in the axial direction, and in-phase

in the radial direction.

Misaligned couplings will usually produce fairly high axial 1X levels at the bearings on the other
ends of the shafts as well. This means that you can collect the axial reading on the outboard
bearings of the motor or pump, for example, and still detect misalignment.

Almost all misalignment conditions seen in practice are a combination of these two basic types.

Diagnosing Common Misalighment

Most misalignment cases are a combination of parallel and angular misalignment. Diagnosis, as
a general rule, is based upon dominant vibration at twice the rotational rate (2X) with increased
rotational rate (1X) levels acting in the axial and in either the vertical or horizontal directions.
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Flexible coupling problems will add 1X and 2X harmonics. In reality, misalignment produces a
variety of symptoms on different machines; each case must be individually diagnosed, based
upon an understanding of the causes.

Severe Misalignment

In addition to the 1X and 2X peaks, a strong 3X peak is also often associated with misalignment.
(Higher order harmonics are also common when misalignment is more severe.)

Severe Misalignment

2X
1X
3X
4
5X
j 6X 7X g
0 1 2 3 4 5 6 7 8 9 10
© Mobius 2008 www.ilearninteractive.com Orders

Figure 11-8 - Severe misalignment produces 1x harmonics

It can be confused with looseness, however the harmonics will not be as strong and the noise
floor will not be raised.

Misalignment or Unbalance?

One way to distinguish between misalignment and unbalance is to increase the speed of the
machine. The vibration level due to unbalance will increase in proportion to the square of the
speed, whereas vibration due to misalignment will not change. Of course, this is not a test that
can be performed on all machines.

Another test that can be performed is to run a motor uncoupled. If there is still a high 1X, then
the motor is out of balance. If the 1X goes away, then either the driven component has the
unbalance problem, or it was a misalignment problem. Every little test can provide additional
clues.
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Figure 11-9 - Misalignment or Unbalance?

Always remember that overhung components will also generate high 1X axial vibration, and a
bent shaft can be easily mistaken for misalignment. So think carefully about the machine, and
ensure that unbalance and bent shaft is ruled out before making a misalignment call.

Figure 11-10 - Overhung rotors generate a 1x peak in the axial direction.
Beware of False 2x Peaks
Whenever there is a high 2x peak on a 2 pole motor, first make sure it is not 2x line frequency

(120 Hz or 100 Hz).

At first glance this data appears to have a high 2x peak, but is actually a mix of a 2x peak and
twice line frequency peak. Ifitis found that the 2x peak is indeed 120 Hz, investigate the
reason for this peak, but also continue investigating misalignment.
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Figure 11-11- The 2x peak can be twice line frequency in 2 pole motors
Temperature Effects on Misalignment

Due to thermal expansion and contraction, the best alignment of any machine will always occur
at only one operating temperature, and hopefully this will be its normal operating temperature.
It is imperative that the vibration measurements for misalignment diagnosis be made with the
machine at normal operating temperature.

Vibration Analysis of Misalignment

From the description of angular and parallel misalignment, one can see that the 1X, 2X, and 3X
frequencies are important, so it is therefore important (as always) to accurately determine the
running speed of the machine.

It is also necessary to analyze the vertical, horizontal, and axial data. The axial measurements
are very important when attempting to diagnose misalignment.

As noted earlier, both the vertical and horizontal levels can be high, however unlike unbalance,
they will not necessarily be equal. In fact, one may be over twice the amplitude of the other.

Be sure and collect an axial reading. Fortunately, it is typically satisfactory to take the axial
reading from the outboard bearings (collecting inboard readings can be difficult due to coupling
guards and lack of space). Comparison of axial and radial measurements is vital to determining
misalignment.

Phase data can always help in the final diagnosis if needed. Remember that phase data differs
for parallel and angular misalignment.
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Figure 11-12 - Phase characteristics for Parallel and Angular misalignment.

The time waveform data can be useful for identifying misalignment. When there is binding in
the coupling the waveform can exhibit “M & W” shapes. See below.

|y

|y

Low Range

Figure 11-13

Case Study: Cooling Water Pump #2

This machine is a 20 HP AC electric motor driving a centrifugal pump through a flexible coupling.
Nominal motor rotation speed is 3550 RPM. There are 6 vanes on the pump impeller.
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Figure 11-14 - Cooling Water Pump #2

Data from the vertical direction shows a high 1x and moderate to high 2x.

The vertical data from the pump has a high 1X peak, and moderate to high 2X vibration. The
high 2X is our first indication.

The Horizontal direction confirms it more. See Figure 11-15
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Figure 11-15 - High 1x and 2x in Vertical direction.

Figure 11-16 has a high 1X and 2X, and it is a pure 2X (the harmonic marker sits on top of the 2X
peak). There is also a small 3X peak. But what will the axial data reveal?
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Figure 11-16 - Horizontal has a high 1x and 2x
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The axial direction has a high 1x and a moderate 2x.
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Figure 11-17 - Axial with a high 1x and a moderate 2x peak.

Note that the graph scale is different - the amplitude of the 1X peak is actually lower than the
levels observed in the vertical and horizontal axes.

THE DESTRUCTIVE NATURE OF MISALIGNMENT

Inspecting the axial measurement on the motor, the data has many more peaks. Some of them
are sidebands around a non-synchronous peak with spacing of 1x turning speed. This is typical
of a bearing inner race. This is not really surprising considering the amount of misalignment and
the time it has been running out of alignment.
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Figure 11-18 - Data from the motor in the axial direction.

Vibration is not always a good indicator of misalignment. Studies have shown that
misalignment can exist without the normal patterns in the spectral data. Further, the vibration
levels may not increase as misalignment gets worse. The vibration patterns are related to the
type of coupling and the speed of operation. But misalignment can still exist and be very
destructive. . The solution is to perform precision alignment.
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Belt /Pulley Misalignment

If pulleys are misaligned, there will be a high 1X peak in the axial direction, of the motor and/or
fan (or other driven component). Data taken from the motor may have a high peak at the fan
1X frequency, and data from the fan may have a large peak at the motor 1X frequency.

Belt Misalignment 3| LeeEwD |

1X Fan/Motor

0 1 2 3

& Miobius 2000-07 www. ikarninteractive. com Orders
Figure 11-19 - Belt misalignment has a high 1x of opposite component in axial direction

Phase data in axial direction will be 180° out from the driver to the driven component.

Figure 11-20

Soft Foot

Soft Foot occurs when not all of the feet on a machine are flat on the base. They may not be all
the same height or it may be bent.
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If a soft foot condition exists, there will be a high 1X peak in the radial direction, and often a 2X
and 3X component as well. Because the soft foot condition can deflect or distort the frame of
the motor (or pump, etc.) other signs may be present. A motor will exhibit twice line frequency
(i.e. 120 Hz or 100 Hz). A pump may have a higher peak at the vane/blade pass frequency due to
uneven clearances between the rotating vanes and the diffuser vanes.

Figure 11-21 - Soft foot condition can cause 1x, 2x, and 3x peaks as well as twice line frequency.

Bent Shaft

A bent shaft is commonly caused by uneven heating in the rotor, due to a bad rotor bar. If the
bend is permanent, it can be balanced out to bring the vibration levels back in line. Bent shaft is
often confused with misalignment.

Figure 11-22
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Figure 11-23 - High 1X vibration, phase is 180° out of phase
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Figure 11-24 - 1X peaks will be present in radial direction
Cocked Bearing

A cocked bearing, which is a form of misalignment, will generate considerable axial vibration.
Peaks will often be seen at 1X, 2X, as well as 3X.

Cocked bearing can result from poor installation practices in thermal fitting or press fitting of
the bearing.

Figure 11-25
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A cocked bearing has a strong 1x vibration which can cause it to be confused with misalignment

or unbalance in an overhung pump or fan. The presence of a high 2x and 3x in the axial confirm
a cocked bearing. The bearing must be re-installed.

Cocked bearing
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Figure 11-26

The bearing may be cocked on the inner race or outer race and each has its own characteristics.
If it is cocked on the inner race, it will wobble with each rotation. If cocked on the outer race it

will have an angle relative to a position.

Phase is a good indicator and can be checked in the axial direction comparing readings across
the shaft such as side to side or top to bottom. In both cases the phase will be 180° +30° out

from each other.

Figure 11-27
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Chapter 12
Shaft Alignment

Objectives:

e Understand the importance of precision shaft alignment

e Understand the limitations of dial-indicator alignment

e Understand the importance of pre-alignment checks and soft foot corrections
e Understand reverse-dial and rim-face alignment

e Learn how to move the machine

e Understand thermal growth
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Introduction

This chapter of the training course will help you to understand misalignment - understand why it
is important to align your machines, and understand how to align your machines.

If you can achieve these goals, and you can put it into practice, your machines will run more
smoothly, and your plant will operate more profitably.

There is a lot to learn, but we will take it one small step at a time.

Why is misalignhment so important?

We are all under great pressure to increase uptime, reduce costs, and improve product quality.
No matter what your role in the organization we can all contribute to these goals. One way you
can help is to perform precision shaft alignment on your rotating machinery.

The fact is that misalignment is the root cause of the majority of machine breakdowns: bearing
failures, and damaged seals, shafts and couplings. It is widely believed that 50% of machine
failures are due to misalignment.

Figure 12-1 The majority of bearing failures are caused by misalignment

Poor lubrication practices, imbalance, resonances and other factors also contribute to
machinery failure, but it is widely agreed that misalignment is the major cause.

Bearing damage

Rolling element (anti-friction) bearings are precision components designed to operate with
clean lubricant, reasonably constant temperature, and axial and radial forces/loads within
design guidelines. When a machine is misaligned, the pre-load and dynamic forces are raised
considerably.
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Figure 12-2 Misalignment places considerable load on bearings

If you increase the load on a bearing by just 20%, its life is halved. If you double the load on a
bearing, you reduce the life to one seventh of its design life. When machines are misaligned,
the load on bearings is increased considerably.

When a bearing fails, production may stop and there can be secondary damage, i.e. damage to
other parts of the machine due to the bearing failure. The downtime, parts, and labor are very
expensive - and avoidable.

Seal damage

Seals are high cost items, often costing up to a third of the total pump cost. Misalighment also
causes seals to fail prematurely due to the increased load. Seals do not tolerate misalignment:
face rubbing, elevated temperatures, and ingress of contaminants quickly damage expensive
components. The life of the seal can be reduced to 30-50% of design life.

Figure 12-3 Seals will fail prematurely due to misalignment

The result is lubricant leakage and other lubrication problems, and in many cases, total seal
failure with little or no warning. When the seal fails, production may stop. The seal and bearing
will have to be replaced. The total cost of parts, labor and downtime can make this a very
expensive failure.
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Coupling damage

The impact of misalignment on couplings varies greatly according to the type of coupling used.
The forces and friction are detrimental to all couplings, however the signs of damage, and the
nature of the damage can vary.

Figure 12-4 Misalignment has different effects on different types of couplings

The rubber or plastic sleeve between the two hubs in flexible couplings can wear - in fact you
will often find a small pile of rubber or plastic under the coupling when you remove the
coupling guard.

There is a common misconception: "l use flexible couplings so | do not need to worry about
precision alignment". It is very important to understand that the life of the coupling will be
reduced if misaligned, and more importantly, bearings, seals and shafts will still be under
increased load and thus likely to fail prematurely.

Takes 4° angular misalignment «  Takes /3" parallel misalignment  «  Takes end-float of /4" 1o 54"

Figure 12-5 Misalignment will reduce the life of flexible couplings

In gear couplings, misalignment results in increased wear on the mating teeth. Under severe
misalignment conditions, the load on the teeth will be concentrated to the end of the gear
tooth flank. Misalignment can also cause lubrication problems, resulting in metal to metal
contact and therefore greatly increased wear.

© 1999-2013 Mobius Institute — All rights reserved www.mobiusinstitute.com

Produced by SUMICO Technologies



CHAPTER 12 - SHAFT ALIGNMENT PAGE 12-5

Figure 12-6 Misalignment can increase the wear on gear couplings

If you eliminate misalignment, the machine will provide greater service. Bearings, shafts, seals
and couplings will last longer. Unexpected breakdowns cause secondary damage to machines,
and the downtime and repair can cost a small fortune.

Vibration

The rotational forces that result from misalignment generate vibration. We have seen how
these forces can damage the coupling, seals, shaft and bearing, but the vibration can damage
other components - even machines located within close proximity.

Figure 12-7 Misalignment generates vibration

Have you ever heard of a standby machine that was started, only to quickly fail? This can be due
to "brinelling". The bearings in the standby machine are subjected to the vibration of local
machines, and that vibration either creates localized wear, or it results in "plastic deformation"
of the bearing surface.
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Figure 12-8 Brinelling — bearings are subject to vibration from surrounding machines

Energy consumption

Misaligned machines can also consume more energy. Although studies have produced varying
results, it is generally considered that a misaligned machine will consume up to 15% more
energy. Large studies have documented savings of between 3% and 8%.

Consider the following equations. If we can reduce the consumption of a 30 HP (22 kW) 460
Volt motor from 36 amps to 32 amps, and we are paying 0.06 per kW Hour then the savings are
approximately $1,500.

kW = (Volts x Amps x pf x 1.732)/1000
Annual savings = 8400 x kW x kWH cost
Example kW = (460 x 4 x 0.92 X 1.732)/1000 = 2.931

Example savings = 8400 x 2.931 x 0.06 = $1477

Product quality

Misalignment can also result in reduced product quality in many industries. By reducing
vibration levels, and aligning rolls and other items, product quality can be maximized.

Downtime and production capacity

The biggest issue of all is production capacity. If you can increase the reliability of rotating
machinery, downtime will be reduced. If you increase the uptime, your plant can increase
production which has a major impact on the bottom line.
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Figure 12-9 Reliability = increased uptime

Itis therefore in everyone's best interest to correctly align machines. The extra time and effort
required will increase profitability - and job security.

Detecting misalignment

There are two ways to determine if a machine is misaligned: you can look at the maintenance
records and alignment records to see if the machine was misaligned, and you can monitor
various physical parameters such as vibration and temperature.

First, if a machine has not been "precision" aligned, that is, it was aligned "by eye" or only using
a straightedge, then it is very likely that it will be misaligned.

Figure 12-10 Machines will likely be misaligned if precision alignment was not performed

Later we will discuss the alignment procedures, and we will discuss tolerances (which tell us
how good the alignment must be to achieve maximum life), but for now it is safe to say that if
you are not correctly using dial indicators or a laser alignment system, the machine will not be
within tolerance.
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Figure 12-11 Laser alignment (left) and dial indicator (right) systems

We have just described all of the reasons why you should perform shaft alignment: damaged
bearings, shafts, seals, and couplings. If you have experienced any of these problems then it is
probably due to misalignment.

Other physical signs include loose or broken hold-down bolts, loose shim packs or dowel pins,
excessive oil leaks at bearing seals, and loose or broken coupling bolts.

Figure 12-12 Misalignment can be detected via physical signs

You should always perform "root cause analysis" when a machine fails. Root cause analysis is
used to determine why a machine failed. Itis not good enough to simply repair it and put it
back in service - what is to stop the same fault from developing again? Issues like lubrication,
imbalance, resonance and misalignment should be considered when a machine fails. And thus
when a machine is put back into service, it should be precision balanced and precision aligned,
and the lubrication program should be maintained.

Detecting misalignment

Due to the nature of misalignment, there are at least two physical signs that shafts are not
aligned: the machine will vibrate in characteristic ways, and the coupling may get hot which can
be detected with non-contact temperature guns or thermal imaging cameras.

© 1999-2013 Mobius Institute — All rights reserved www.mobiusinstitute.com

Produced by SUMICO Technologies



CHAPTER 12 -

SHAFT ALIGNMENT

PAGE 12-9

Figure 12-13 Thermal imaging showing heat buildup due to misalignment

Using vibration analysis to detect misalignment

Vibration analysis has been successfully used for many years to detect misalignment.
Depending upon the nature and severity of the misalignment (and the nature of the coupling
and size/speed of the machine), vibration measurements can help us detect misalignment and

assess the severity.
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Figure 12-14 Vibration measurements help us detect misalignment

The specific methods used to detect misalignment are covered in the diagnostic section of
Category Il course, however there are a few quick comments to make:

e The combination of vibration spectra, time waveforms, and phase readings give the

best indication of misalignment.

e  Measurements should be taken in the axial and radial directions. One direction alone is

insufficient.

e Simple measurements like rms "overall" readings cannot provide definitive evidence of

misalignment.

e  High frequency readings (like shock pulse, spike energy, HFD, Peak Vue) cannot be used

to detect misalignment.

e Vibration analysis cannot always be used to detect misalignment.

Sometimes the

vibration levels and patterns do not change when a machine is misaligned.
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What is misalignment?

We should take a few minutes to understand what misalignment means so that you can better
understand why it is so destructive. A definition:

"Shafts are misaligned when their rotational centerlines are not collinear when the machines are
operating under normal conditions."

Figure 12-15 Different forms of misalignment

When two machine components, for example a motor and a pump, are assembled and coupled
together, there is likely to be some misalignment - in fact, it is guaranteed. The pump will have
been attached to its piping, and the motor connected to its conduit, and both will have been
bolted to their baseplate.

Figure 12-16 Motor and pump coupling

We hope there is no stress involved with the connection to piping and conduit - but there will
be. We hope the feet of the machines and the baseplate are true and make perfect, flat
contact, but they probably won’t. And we hope that the two machines are positioned at the
correct height and in a straight line, but that is also highly unlikely.
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Sadly, all of these factors, and others, contribute to the fact that unless we take special
precautions, machines will not be aligned correctly, and thus we will not get the desired life or
performance out of the machine.

A closer look at misalignment

First, let's look more closely at the term misalignment. Our aim is to have the "rotational
centerlines" of both shafts in line when the machine is operating. But what is the rotational
centerline?

If the pump was uncoupled and you turned its shaft, it would rotate around a straight line. This
is the pump's rotational centerline. When it is uncoupled, it is easy to turn the shaft (well, as
easy as it will ever be). The same is true for the motor - its shaft also has a rotational centerline.
Ideally, the motor and pump (Figure 12-17) will be mounted so that the two rotational centerlines
are aligned perfectly - there will be no offset, and no angle between the shafts in either the
vertical or horizontal direction. The coupling will bolt together easily, and there will be minimal
stress on the bearings, seals or any other components when the shaft is turned. In this case the
shafts are said to be "collinear".

Figure 12-17 Collinear shafts — aligned rotational centerlines

But instead what happens is that the two components do not come together perfectly -
perhaps one is a little higher than the other, and a little to one side. It might look okay to the
naked eye, so the components are coupled together and the machine is run that way. It "looks"
OK, and the machines runs, so what's the problem?
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Figure 12-18 Rotational centerlines misaligned

The different forms of misalignment are shown in Figure 12-19.

Figure 12-19 Vertical (left) and horizontal (right) offset and angular misalignment

You will see an offset and angle introduced in the vertical direction, and then you will see a
different offset and angle introduced in the horizontal direction. The result is two shafts that
are misaligned. In actual fact, when the components are coupled together, the coupling will be
forced to "give" in order to accommodate the misalignment, and the two shafts may be forced
to bend slightly (Figure 12-20).

Figure 12-20 Bend in shafts due to misalignment (exaggerated)
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Think about what is happening inside this machine - what is happening to the shaft, and the
bearings, and the seals, and the coupling? With every rotation the shaft has to flex - it is forced
to stay within the bearings. That puts strong radial and axial forces on the coupling, bearings,
seals and shaft.

Offset and angular misalignment

Let's have a look at the different types of misalignment.

If one component is higher than the other, or to one side, there will be an offset. Thisis called
"offset misalignment", or sometimes "parallel misalignment".

Figure 12-21 Offset or parallel misalignment

It is called "angular misalignment" (or "gap misalignment") when the two shaft centerlines
meet at an angle.

Figure 12-22 Angular or gap misalignment

In reality, shaft misalignment is a combination of both offset and angular - it will almost never
be just angular or offset (parallel) misalignment.

© 1999-2013 Mobius Institute — All rights reserved www.mobiusinstitute.com

Produced by SUMICO Technologies



PAGE 12-14 CHAPTER 12 - SHAFT ALIGNMENT

Figure 12-23 Offset and angular misalignment combined

It must be noted that the offset and angle exist both vertically and horizontally, to different
degrees. For example, the motor shaft may be offset a little higher but very much to the left of
the other shaft, and it may make a large angle vertically, but a small angle horizontally.

yright (¢) Mobius 2004

Figure 12-24 Vertical offset and angle (plan view, top) and horizontal offset and angle (side
view, bottom)

Visualizing tolerance

You can think of the tolerances as a cone - the motor's shaft centerline can exist anywhere
within the cone (Figure 12-25). The cone does not come to a point because we allow a certain
amount of offset.
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Figure 12-25 Tolerance ‘cone’ (exaggerated)

Tolerances and speed

While there are a number of factors to consider, the key issue when it comes to the relationship
between the misalignment and the damage that can be done to the machine is the machine
speed. If the speed is greater, the damage will be greater.

il inch . . . le
rmicron per mm Misalignment Tolerance Guide (degrees)
20

15
Alignment Necessary

1.0

Acceptable

0.5

EXCellent

Maximum deviation at either point of power transmission

0
© 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Speed (RPM x 1000)

Figure 12-26 Misalignment tolerance guide (From: Shaft Alignment Handbook by John
Piotrowski)

For this reason the tolerances need to be tighter on higher speed machines - that is, we allow a
smaller offset and smaller angle between the shafts for higher speed machines.
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Figure 12-27 Smaller tolerance ‘cone’ on higher speed machine (right)

In Figure 1227 we show that we can start with a certain amount of misalignment which is
acceptable (within tolerance) for a lower speed machine (1800 RPM), but if the machine was
running at 3600 RPM, the allowable offset and angularity is reduced, thus the machine is no
longer in tolerance (it turns red).

You can see that the machine has the same amount of misalignment, but because it is running
at a higher speed it is now out of tolerance.

Published tolerances

Tolerances are available from a number of sources. The tolerances from the PRUFTECHNIK
company have been included here for your reference. You can see that the allowable offset
and angularity is reduced for higher speed machines. You can also see that the tolerances have
been set as "acceptable" and "excellent". You should always aim for "excellent tolerance -
your machine (and company balance sheet) will thank you for it.
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RPM | inch (mils) metric (mm)
Acceptable | Excellent Acceptable | Excellent
Short “flexible” couplings
600 9.0 5.0
Offset: 750 0.19 0.09
900 6.0 3.0
1200 | 4.0 2.5
I 1500 0.09 0.06
1800 | 3.0 2.0
3000 0.06 0.03
3600 | 1.5 1.0
6000 0.03 0.02
7200 | 1.0 0.5
Angularity:
Inch: Gap difference per 10inch | 600 15.0 10.0
coupling diameter 750 0.13 0.09
Metric: Gap difference per 900 10.0 7.0
10o0mm coupling diameter 1200 | 8.0 5.0
" 1500 0.07 0.05
1800 | 5.0 3.0
3000 0.04 0.03
3600 | 3.0 2.0
6000 0.03 0.02
7200 | 2.0 1.0
Soft foot Any 0.06 2

Table 12-1 Tolerances from PRUFTECHNIK

Here is the tolerance table for spacer shafts.

RPM | inch (mils) metric (mm)
Acceptable | Excellent | Acceptable | Excellent
Spacer shaft and membrane
(disc) couplings:
Inch: Offset per inch spacer 600 3.0 1.8
shaft 750 0.25 0.15
Metric: Offset per 10omm 900 2.0 1.2
spacer shaft 1200 1.5 0.9
1500 0.12 0.07
1800 1.0 0.6
_ 3000 0.07 0.04
3600 | 0.5 0.3
6000 0.03 0.02
7200 | 0.03 0.02
Soft foot Any 0.06 2

Table 12-2 Spacer shaft tolerances from PRUFTECHNIK
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Dynamic movement

When we originally defined misalignment we said:

"Shafts are misaligned when their rotational centerlines are not collinear when the machines are
operating under normal conditions."”

Did you notice the phrase "under normal operating conditions"?

When you take alignment measurements the machine is normally cold, and it is certainly not
operating. But whenit is started, a number of things happen. Rotational forces, operating
pressures, and increased temperature all cause the position of the two rotational centerlines to
change! Your machine could go from a state of precision alignment to out-of-tolerance
misalignment.

Figure 12-28Misalignment within tolerance when cold (left), but out of alignment when
running (right)

In Figure 1228, the machine has a certain amount of misalignment (exaggerated) which is within
tolerance. But as the machine starts running, it heats up and moves out of alignment. All
machines will undergo some change - they all increase in temperature, and thus the metal
expands. They all experience rotational forces and most undergo changes due to pressure/flow
of process fluids/gases. But most of the time we can afford to ignore this effect.

The simplest way to deal with this condition on the physically larger machines that undergo
greater temperature changes is to compute the thermal growth and include that information
into the alignment targets. Some manufacturers of affected machines will provide this data.
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Figure 12-29 Compute thermal growth for larger machines

For example, using calculations that utilize the coefficient of expansion for different types of
metals, you may determine that the shaft of the blower may lift 10 mils [0.25 mm], while the
shaft of the motor will only lift 5 mils [0.125 mm]. You would therefore align the machine when
it is cold so that blower shaft is 5 mils [0.125 mm] below the motor shaft. When it starts the two
machines will gradually increase in temperature, and they will move into alignment.

It is also possible to align the machines soon after they have stopped when they are still hot.
There are a number of issues to consider, but it is better than doing nothing.

It is also possible to attach laser heads to the bearings of the machine via special brackets so
that you can measure exactly how much the two components will move. Measurements are
taken when it is cold and again when it is hot. The movement is then factored into the cold
alignment targets.

Pre-alignment tasks

One of the most important issues related to shaft alignment is what you do before you measure
and correct the alignment. Your preparation of the alignment job is key to your success (and to
your safety).

If possible, you should begin your work before the machine comes off-line. You should make
sure all of your alignment equipment is ready to go, and that the batteries in the laser alignment
equipment (if applicable) are ready for a day's work.

You should also review the maintenance records. Depending upon the nature of the alignment
job (i.e. why are you doing an alignment, and what type of machine is being aligned), it is a very
good idea to look at:
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1. The maintenance records, to see why it should require alignment (unless it is simply the
replacement of a motor).

2. Make sure that you have a good selection of shim sizes. They should be clean and straight.

3. Previous notes from the last time you performed an alignment on this machine: did you
experience bolt-bound or base-bound problems, were there any other issues?

4. You should determine your alignment targets. Are there any recommendations from the
manufacturer? Do you have to compensate for thermal growth?

5. And if possible, you should review the results from the previous alignment job performed on
this machine.

Before you approach the machine you must follow all lock-out and tag-out procedures. And
you must close all pump valves, etc. to ensure that the shaft cannot begin rotating because of
fluid/gas/air flow.

Figure 12-30 Follow all lock-out and tag-out procedures

Collect “as-found” readings

You should record the as-found readings - take a set of alignment readings to show the initial
alignment state. This is not necessary if it is a new installation, but it can be very beneficial to be
able to show the improvement to the alignment state as a result of your work.

Create a clean work area

You must create a clean work area. Any dirt, grit, burrs, or other debris that gets between the
machine and the baseplate, or under/between shims, etc., can cause you all kinds of problems.
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Figure 12-31 Remove dirt, grit, burrs and other debris
Prepare your shims

You should prepare your shims carefully. Remove any shims that are rusted, bent, painted, or
dirty (beyond cleaning). Shims can act like small springs under the machine feet which, among
other things, can make the alignment process very difficult.

Figure 12-32 Clean shims and remove those that are rusted, bent or painted

Take care of the bolts

You should replace bent, damaged or oversized bolts with new bolts. You should lubricate the
bolts, and always use the same torque when tightening the bolts. You should also tighten and
loosen the bolts in the same order.
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Figure 12-33 Replace bent, damaged or oversized bolts

Prepare the foundations of the machine

You should remove the taper pins and loosen off jacking screws before you begin taking
measurements.

You also need to loosen the coupling bolts (in a rigid coupling). If you do not do this, it will be
impossible to measure an offset and angle, as the coupling will cause the shaft to bend.

Check the physical condition of the machine

You should check the mechanical "health" of the machine. Rotate the shaft and see if there is
any looseness, rubbing or binding. You should check to see if the shaft is bent, and if there is
any coupling runout. You should check the coupling for excessive wear and proper fit, and
check that the key is the correct length.

Figure 12-34

You should check for excessive piping strain, conduit strain and other forms of stress placed on
the machine. If you loosen the feet and they move more than 0.002" or 0.05 mm then you
should make corrections.
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Figure 12-35 Check for excessive stress on the machine
Check and correct soft foot

You should check and correct soft foot. Soft foot is the condition where the feet do not make
perfect, flat contact with the baseplate. Some people equate it with a short leg on a chair,
rocking back and forth. But there is more to it than that.

N
Outside bent foot

4

3
Inside bent foot

Figure 12-36 Gross soft foot check — obvious gaps under feet

You can start with a "gross soft foot check". Look for any obvious gaps under feet, and shim
accordingly. Then you can perform a soft foot check with dial indicators or your laser alignment
system.
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Figure 12-37 Checking for soft foot using a laser alignment system

This involves loosening each foot, one at a time, and measuring how much the foot lifts. If it
lifts more than 0.002" or 0.05 mm, then the soft foot condition must be corrected.

Figure 12-38

Note in Figure 12-38 that as the bolt is loosened the needle indicates that the foot is lifting. But
when it reaches 10 the needle stops moving, even though the bolt is still being loosened.

Soft foot can take a number of forms. In summary, if two of the feet diagonally opposite each
other have the highest readings then you have rocking soft foot (Figure 12-39). Shims can be
placed under those feet. Otherwise the readings may indicate a bent foot condition, a "squishy"
foot condition (too many shims or dirty shims under the foot), or the existence of pipe/conduit
stress.
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Figure 12-39 Rocking soft foot

Soft foot can make the alignment task very difficult and frustrating, and it can distort the
machine frame and bearings - thus reducing the life of the machine. You must not ignore soft
foot.

Begin the alignment process

Once you have prepared the site, checked the mechanical health of the machine, and corrected
the soft foot condition, you are ready to begin the alignment measurements and correction.

Determining the alighment state

We now know what misalignment is, but how do you determine where the rotational
centerlines are located so that you can make corrections? If you knew that the shaft of the
motor was parallel but higher than the shaft of the pump by 10 mils (0.25 mm), you could lower
it by that amount and be done. But how do you measure the offset and angle?

There are three ways to determine the relative positions of the shaft rotational centerlines: by
eye, with dial indicators, and with laser systems (there are other methods, but we won't discuss
them here).

Figure 12-40 Methods of determining shaft rotational centerlines
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Using a straightedge or feeler gauge

You can use very rudimentary tools to attempt to determine the relative position of the shafts,
but the accuracy is very poor. These methods can be used for an initial "rough alignment”, but
not for the final alignment.

Figure 12-41 “Rough alignment” using rudimentary tools

You can measure the gap in the coupling to determine the angularity. For example, if thereis a
gap at the bottom of the coupling but not at the top, then you know the motor must slope up
and away from the coupling. You can then lower the feet of the motor to close the gap. The
shafts will now be parallel.

Figure 12-42 Gap at the bottom of the coupling shows the motor is sloping upwards

If you sit the straightedge on the coupling hub you will see a gap between the straightedge and
the lower coupling (assuming there is no runout and the couplings are the same diameter). You
can measure the gap, or simply move the machine until the gap disappears.
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Figure 12-43 Using a straightedge to sight a gap

Again, you will look at the gap on top of the coupling to determine the vertical shimming
required, and you will look at the offset at the side of the coupling to determine the feet
movements.

It should be noted that we are not actually measuring the position of the shaft "rotational"
centerline - we are simply making a rough assessment of the position of the shaft "geometric"
centerline. In fact, we are really just aligning the couplings. All of our measurements thus far
are taken on the coupling. If the coupling is incorrectly bored, if the shaft is bent, if the
coupling is not round, or for a number of other reasons, we will not even be aligning the shaft
geometric centerline.

With practice and common sense you can improve th