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Vibration is the physiological heartbeat of industrial machinery. In the realm of mechanical engineering and
reliability maintenance, machine vibration analysis serves as a critical diagnostic tool, much like an EKG in medical
practice. Every rotating machine—whether it is a simple cooling fan, a high-speed centrifugal compressor, or a
massive steam turbine—produces a unique vibration signature. When these machines operate in an ideal state,
their vibration levels are minimal and predictable. However, as components begin to wear, misalign, or lose
balance, these signatures change in measurable ways. By systematically capturing and analyzing these changes,
maintenance professionals can detect burgeoning failures weeks or even months before they lead to catastrophic
downtime.

The Fundamental Physics of Machine Vibration

To master vibration analysis, one must first understand the physics governing oscillatory motion. Vibration is
defined as the periodic back-and-forth movement of a machine or component from its position of rest. This motion
is characterized by three primary mathematical variables: Displacement, Velocity, and Acceleration.

1. Displacement (mils or microns)

Displacement measures the total distance a vibrating part moves. It is typically used for low-frequency applications
(below 10 Hz) and is critical when analyzing sleeve bearings or journal bearingsusing proximity probes.
Displacement highlights the physical stress on a component and is measured in peak-to-peak values.

2. Velocity (in/s or mm/s)

Velocity is the rate of change of displacement. In the context of industrial vibration, velocity is widely considered the
best indicator of overall machine health for frequencies between 10 Hz and 1,000 Hz. Most ISO standards, such as
ISO 10816, utilize velocity (RMS) as the primary metric for determining vibration severity because it relates directly
to the fatigue energy within the system.

3. Acceleration (g's)

Acceleration is the rate of change of velocity. It is most sensitive to high-frequency vibrations (above 1,000 Hz).
Acceleration measurements are indispensable for detecting rolling-element bearing failures and gearbox
defects, where small, high-impact forces occur at very high speeds. The relationship between these three
variables is governed by frequency, which leads us to the most vital tool in the analyst's arsenal: the Fast Fourier
Transform (FFT).



Parameter Primary Range Common Application Unit (Imperial/Metric)

Displacement Low Frequency ( Slow-moving shafts, mils / microns
Thermal expansion

Velocity Mid Frequency (10-1000 General machine health, in/s / mm/s
Hz) Unbalance
Acceleration High Frequency (>1000 Hz) Bearings, Gear mesh, g's / m/s?
Cavitation

Signal Processing: Transitioning from Time to Frequency

In the field, a vibration sensor (usually an accelerometer) captures a raw time-waveform signal. This signal is often
a chaotic-looking wave that represents the summation of every moving part in the machine. To make sense of this
data, we apply the Fast Fourier Transform (FFT).

The FFT is a mathematical algorithm that decomposes the complex time-domain signal into its individual frequency
components. This results in a vibration spectrum, where the x-axis represents frequency (Cycles Per Minute or
Hz) and the y-axis represents amplitude. By identifying the frequency at which high vibration occurs, an analyst can
pinpoint the exact mechanical source. For example, if a motor is spinning at 1,800 RPM (30 Hz) and the spectrum
shows a massive peak at exactly 1,800 RPM, the problem is likely mechanical unbalance.

The Core Mechanics of Machine Failure Modes

A senior technical analyst looks for specific patterns or "signatures" within the spectrum. Below are the five most
common causes of machine vibration identified in industrial settings:

1. Mass Unbalance

Unbalance occurs when the center of mass of a rotating component does not coincide with its center of rotation.
This produces a heavy spot that exerts a centrifugal force once per revolution. In the spectrum, unbalance appears
as a high peak at the 1x running speed. The phase shift between horizontal and vertical measurements for
unbalance is typically 90 degrees.

2. Misalignment

Misalignment happens when two coupled shafts are not collinear. There are two types: angular misalignment and
parallel misalignment. This failure mode typically manifests as high peaks at 1x, 2x, and sometimes 3xthe
running speed. Specifically, a strong 2x peak in the axial direction is a classic indicator of angular misalignment.

3. Mechanical Looseness

Looseness can be structural (a loose bolt or cracked foundation) or internal (excessive bearing clearance). It is
characterized by a long string of harmonics(1x, 2x, 3x, 4x... nx) and sometimes sub-harmonic peaks. In the time
waveform, looseness shows truncated or non-sinusoidal peaks because the vibrating part is "hitting" a limit.

4. Rolling-Element Bearing Failure

Unlike unbalance, bearing failure does not occur at simple multiples of the running speed. Instead, it occurs at non-
integer frequencies dictated by the bearing's geometry (inner race, outer race, cage, and balls). Analysts use
specific formulas to calculate:



BPFO (Ball Pass Frequency Outer Race)
BPFI (Ball Pass Frequency Inner Race)
BSF (Ball Spin Frequency)

FTF (Fundamental Train Frequency)

5. Resonance

Resonance is a condition where the machine’s operating speed or an internal force coincides with the natural
frequency of the machine structure. When this occurs, vibration is amplified significantly, often leading to rapid
structural fatigue. Resonance is identified using impact tests (bump tests) or Bode plotsduring machine coast-
down.

Hardware and Instrumentation: The Tools of the Trade

Modern vibration analysis requires high-precision instrumentation. Based on industry standards and data from
technical studies, the following hardware is essential:

e Piezoelectric Accelerometers: These are the workhorses of the industry. They contain a piezoelectric crystal
that generates an electrical charge when subjected to vibration. They are rugged, have a wide frequency range,
and are suitable for most industrial environments.

¢ Proximity Probes (Eddy Current): These sensors measure the actual displacement of a shaft relative to a
bearing housing. They are mandatory for high-speed turbomachinery using fluid-film bearings.

* Portable Data Collectors: Devices like the Adash A4400 VA4 Pro (a 4-channel analyzer) allow for multi-
channel simultaneous data collection. Multi-channel analysis is vital for cross-channel phase measurements, which
distinguish between unbalance and misalignment.

 Vibration Transmitters: For continuous monitoring, these devices convert the vibration signal into a 4-20mA
signal for integration into a PLC or SCADA system.

Step-by-Step Technical Workflow for Diagnostic Studies

A systematic approach is required to move from data collection to a fixable solution. A Senior Technical Writer and
Analyst should follow this rigorous protocol:

Phase 1: Preparation and Configuration

Before taking measurements, one must build a machine model in the software. This includes the running speed,
bearing model numbers, number of gear teeth, and number of fan blades. Without these "forced frequencies," the
peaks in the spectrum remain anonymous.

Phase 2: Data Acquisition

Place the sensor as close to the bearing load zone as possible. Ensure a solid mechanical connection; a magnet
mount is common, but a stud-mounted sensor provides the highest frequency accuracy. Measurements should be
taken in three orientations: Horizontal, Vertical, and Axial.

Phase 3: Spectral Analysis

Analyze the spectra for peaks. Compare the current readings against historical baselines and against ISO 10816-3
severity charts. Look for "sidebands" around gear mesh frequencies, which indicate gear tooth wear or eccentricity.

Phase 4: Root Cause Determination and Reporting

Once a fault is identified (e.g., misalignment), the analyst must recommend a specific corrective action. This might
involve a laser alignment procedure, dynamic balancing, or bearing replacement. The report should include the



vibration trend to show how the fault has progressed over time.

Vibration Severity: Interpreting the Data

Industrial standards provide a framework for determining if a machine is "healthy" or in "danger." The table below

summarizes the general guidelines for medium-sized industrial machinery (15kW to 300kW) according to ISO
10816.



Vibration Velocity (mm/s RMS) Machine Class Status Action Required

0.0-1.1 Good / Newly Commissioned No action; continue monitoring.

11-28 Satisfactory Acceptable for long-term operation.

2.8-45 Unsatisfactory Plan maintenance; monitor more
frequently.

>7.1 Unacceptable / Danger Immediate shutdown to prevent failure.

Case Study: Diagnosing a Centrifugal Pump Issue

Consider a case where a 50 HP centrifugal pump showed high vibration levels (8.5 mm/s RMS). A technical study
using a 4-channel analyzer like the Adash VA4 Pro revealed a dominant peak at 1x RPM in the horizontal

direction. However, the axial vibration was also high. By performing a phase analysis, the technician found that the
motor and pump were in-phase horizontally but 180 degrees out-of-phase axially. This confirmed that the issue was
not unbalance, but rather angular misalignment. After a laser alignment was performed, the vibration levels
dropped to 1.2 mm/s RMS, extending the seal life of the pump by an estimated 400%.

The Broader Implications of Vibration Programs

Integrating a robust vibration analysis program into a facility's Predictive Maintenance (PdM)strategy offers
massive economic advantages. It moves the facility away from the "run-to-failure" model, which is the most
expensive way to operate a plant. Instead, it allows for scheduled repairs, reducing the need for emergency
overtime and expensive air-freight parts.

As we look toward the future, Industry 4.0 and the Internet of Things (IoT)are revolutionizing this field. Wireless
vibration sensors now allow for 24/7 monitoring of assets in remote or hazardous locations. Artificial Intelligence
(Al) algorithms are being trained to automatically recognize the failure patterns discussed in this guide, providing
automated alerts. However, the fundamental physics of vibration remain the same. A deep understanding of
displacement, velocity, and acceleration, combined with the ability to interpret a frequency spectrum, remains the
most valuable skill set for any reliability engineer. Through diligent monitoring and technical analysis, the hidden
language of machines becomes a clear roadmap for operational excellence and mechanical longevity.
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