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ABSTRACT: The steam turbine is a rotating device subject to axial and radial shaft shifts that can induce vibrations during
operation. Tools such as monitoring systems and proximity probe sensors are essential to monitoring these vibrations. High
vibrations affect the machine’s performance, increasing the risk of malfunctions and reducing its lifespan, and also pose risks to
operational and maintenance personnel. The intensified vibrations in the bearing pedestals signify the underlying issues with the
machine’s normal operation. Consequently, problems such as rotor imbalance, coupling misalignment, mechanical looseness,
material failure, and bent shaft may be caused. In the current study, the latest field-proven automatic diagnostic of rotary
equipment (ADRE 408) data acquisition system is installed by Bentley Nevada to investigate the root cause of high vibration.
This advanced diagnostic system facilitates a comprehensive assessment, enabling us to effectively identify and address
underlying problems. Hence, the current research includes a thorough diagnosis of the underlying problems to attenuate the risks
of high vibrations in the steam turbine, coupled with strategic maintenance planning and corrective actions.
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1. Introduction

Vibration, characterized by the periodic back-and-forth movement of an object, is inherent in machines due to
internal and external forces. Machinery vibration encompasses the synchronized periodic motion of various
components such as rotors, casing, piping, and foundation systems. The magnitude of this vibration is typically
minute, requiring sophisticated equipment for detection. To provide context for the scale of machinery vibration, it
can be likened to the diameter of a human hair, with an average measurement of approximately 130 um (about 5 mil).
Notably, this level of vibration is considered unacceptable for certain steam turbine generator sets, which can be as
large as a house.The consequences of machine vibrations extend beyond mere movement. They induce periodic
stresses in machine parts, potentially leading to fatigue failure. When the vibrational motion becomes particularly
severe, it can force machine parts into unwanted contact, resulting in wear and damage. In intricate detail, machinery
vibration involves the periodic oscillation of critical components [1]. Rotational components, such as rotors, and
structural elements, including casings, piping, and foundation systems, all experience cyclic motion.This collective
periodic motion, occurring simultaneously, highlights the dynamic nature of machinery and its susceptibility to
vibrations. The significance of utilizing sensitive equipment for detection is paramount, given the typically
infinitesimal scale of these vibrations.

In specific cases, such as with large steam turbine generator sets, the acceptable vibration levels are strictly
regulated. Deviations beyond acceptable limits can have adverse consequences, ranging from compromised machine
performance to potential structural damage. Hence, the magnitude of machine vibration involves the synchronized
movement of various components, necessitating vigilant monitoring and detection due to its often imperceptible
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nature. The consequences of unnoticed vibrations extend to the machine’s structural integrity and operational
longevity emphasizing the importance of proactive measures to mitigate potential issues [2].

Vibrations in machines induce periodic stresses in machine components, potentially leading to fatigue failure. If
the vibrational motion is severe, it may cause undesirable contact between machine parts, resulting in wear or damage.
Vibration analysis involves monitoring machinery’s operational condition to predict potential failures and their timing.
This proactive approach enables planned maintenance, allowing for replacing only those parts exhibiting signs of
deterioration or damage. The fundamental principle of vibration analysis is to gather measurements that facilitate the
prediction of breakdowns in specific parts and their timing. These measurements encompass machine vibration and
plant operating data, such as flow, temperature, or pressure. Continuous monitoring enables the early detection of
component issues, ensuring that maintenance is performed precisely when required. This approach reduces or
eliminates unplanned downtime, mitigates the risk of catastrophic failure, optimizes part ordering, minimizes
inventory items, and enhances efficiency by scheduling manpower effectively, consequently reducing overtime costs.
The primary benefits of Predictive Maintenance (PdM) include enhanced machine reliability through effective
prediction of equipment failures, reduced maintenance costs by minimizing downtime through scheduled repairs,
increased production due to greater machine availability, lower energy consumption, extended bearing service life,
and improved product quality [3]. Numerous components, such as bearings, gears, imbalances, etc., can cause machine
vibration. Depending on the transfer function, damping, and resonances, even tiny amplitudes can significantly impact the
total vibration of the machine. Every vibration source has unique frequencies that can appear as discrete frequencies, sum
and/or difference frequencies, or both [4,5]. The current study will cover the investigation and diagnosis of the excessive
vibration issue in the steam turbine.

De Cal and P. Fraga Ldpez (2022) [6] presented a case history addressing a steam turbine seal rub. This case
history illustrates how vibration data obtained through an advanced online analysis system played a pivotal role in
assessing the severity of vibrations experienced by a ship’s propulsion steam turbine. While their machine plant was
equipped with an advanced monitoring system, their focus on vibrations was primarily limited to an alarm system for
vibration amplitude. Following a scheduled shutdown for preventive maintenance a few months after commissioning,
during which the optimal conditions of the steam turbine were restored, the turbine began exhibiting brief periods of
elevated vibration. Over time, these instances of high vibration became more frequent and with greater amplitude. A.
Cooke, D. Roby, G. Hewitt [7] conducted a case study focusing on the detection of shaft-seal rubbing in large-scale
power generation turbines using Acoustic Emission (AE). The study concluded that the high-frequency AE signatures
detected at the gland/seal casings exhibited a modulation effect that proved beneficial in verifying a suspected rub.
Additionally, the AE signatures revealed the possibility of two locations of rubbing, a diagnosis that might not be
achievable through standard vibration analysis alone. The study presented the potential application of high-frequency
AE analysis for diagnosing and verifying seal rubbing in power-generating turbine units.

The blade tip timing analysis option was also checked. The blade tip timing is not measured in this study because
it is necessary to have vibration probes mounted on the casing at the blade level. However, it is essential to look into
the machine’s health. Blade tip timing is one of the most promising methods for determining the frequency of blade
vibrations. Traditionally, strain gauges installed on the blades are used to monitor the response of rotating blades. The
non-interference stress measurement system (NSMS), or blade tip timing, is a non-invasive, non-contacting substitute for
strain gauges. This method measures each blade’s motion using probes typically optical ones mounted on the engine housing.
As a result, it is unaffected by most strain gauge drawbacks. A maximum of four probes can be considered [8-12].

Pawel Troka & Jerzy Manerowski used the nonlinear least squares Levenberg—Marquardt method in a tip-timing
analysis to determine nonsynchronous multimode rotor blade vibrations, which is a novelty. This is done with two
sensors in the casing and a once-perrevolution sensor. The accuracy of the nonlinear least squares Levenberg—
Marquardt multimode method is compared with the one-mode linear method [13].

The current study aims to avert any catastrophic failures by analyzing the high vibration in steam turbines. Since
most vibration problems occur during routine operations, this entails not only figuring out whether the machine is
having problems but also identifying the specific problems or origins of the vibrations while the machine is working.
Manufacturers are looking for any possible edge in today’s fast-paced, cutthroat business environment to boost output,
save expenses, and preserve product quality. Condition monitoring systems are required to identify machine problems
and reduce unscheduled downtime and equipment breakdowns. It has been demonstrated that vibration analysis is one
of the best methods for locating mechanical and electrical flaws in machines. Most vibration programs combine
offline (walk around) and online monitoring. A skilled technician must walk from machine to machine for offline
programs to gather vibration data.
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The main objective of vibration analysis is to locate machine flaws and notify staff members that further action is required.
When the required frequency of data gathering is not in line with the maintenance strategy, issues begin to arise.

2. Problem Description

Steam Turbine, which drives the Synthesis Gas Compressor, exhibited high vibration after random intervals.
Norma’s operating speed of the turbine is 8500-10,400 rpm. Inlet steam pressure and temperature are 114 kg/cm? and
460 T respectively. Normal Maximum Vibration was 40 microns peak to peak at the Drive End Bearing of the HP
Turbine. While after random intervals, Vibration peaks were observed till 80 micron maximum. Alarm Value was 75
microns and the Trip value was 100 microns. High vibration did not stay longer but occurred about 3 to 4 times in 24
Hours of Intervals.

The following are the main objectives of the current study;

e To investigate the root cause of high vibration by the installation of the latest field-proven automatic diagnostic
of rotary equipment (ADRE 408) data acquisition system by Bentley Nevada

e To identify the probable causes of high-vibration

e To assist the maintenance team in planning in case of an emergency shutdown

3. Monitoring Tools & Experimental Setup

The monitoring system is Comprised of major 3 components

Vibration Sensor/Proximity Probes
Bentley Nevada 3500 System
e ADRE 408

3.1. Vibration Sensors/Proximity Probes

Vibration Sensors/ Proximity Probes are installed on the Turbine Drive and Non-Drive End Bearing sides. Two
radial probes and one axial (or thrust) probe are installed on each bearing. The purpose of this triaxle probe
configuration is to measure shaft vibration (and/or shaft displacement) in all three dimensions

The displacement vibration sensor, by Bently-Nevada Corporation, measures the distance between the rotating
machine shaft and the probe tip using electromagnetic eddy current technology. Encapsulated wire coil powered by
high-frequency alternating current (AC) makes up the sensor itself. As if the metal piece were a short-circuited
secondary coil of a transformer (with the probe’s coil acting as the transformer’s primary winding), the magnetic field
generated by the coil causes eddy currents to flow through the machine’s metal shaft.

The closer the shaft moves toward the sensor tip, the tighter the magnetic coupling between the shaft and the
sensor coil, and the stronger the eddy currents. The high-frequency oscillator circuit provides the sensor coil’s
excitation signal, which is loaded by the induced eddy currents.

Stronger eddy currents and a tighter magnetic connection between the shaft and the sensor coil occur when the
shaft approaches the sensor tip. The induced eddy currents load the high-frequency oscillator circuit that supplies the
excitation signal to the sensor coil. Figure 1 shows radial probe/sensor for radial vibration and axial probe/sensor for axial
diaplaclemt.

The sensor coil is operated by the proximitor module via a coaxial connection and is powered by an external DC
power source. The proximitor module outputs a DC voltage to indicate the proximity to the metal shaft; the standard
calibration is 200 millivolts per mil (1 mil = 1/1000 inch) of motion. A technician adjusts the probe such that the
quiescent voltage falls between the proximitor’s output voltage range limits.

ADRE connected to this output signal will show a direct representation of shaft vibration, as measured in the axis
of the probe.
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Figure 1. Working Principal of Shaft Vibration Sensor.

3.2. Bentley Nevada 3500 Series Machinery Protection System

The 3500 System offers continuous, online monitoring well-suited for machinery protection applications. It is

designed to meet the criteria outlined in the American Petroleum Institute’s APl 670 standard for systems of this
nature. The system adopts a modular rack-based design, providing a flexible and scalable approach to its
configuration and implementation. The following are the key components of the equipment;

Transient data interface (TDI): It serves as the primary interface for the 3500 Rack, facilitating communication
with the configuration, display, and condition monitoring software. Each rack necessitates one TDI, positioned in
the slot adjacent to the power supply slot. The TDI supports a proprietary protocol utilized by the 3500
Configuration Software for configuring the rack and the 3500 Operator Display Software for retrieving rack data
and statuses. Moreover, the TDI offers a direct interface with the System 1 Condition Monitoring and Diagnostic
software, eliminating the requirement for an external communications processor. This seamless integration
enhances the efficiency of the monitoring and diagnostic processes associated with the 3500 Rack as show.

Relay modules: The 3500/32M and 3500/33 Relay Modules offer a collection of relays that can be programmed to
trigger based on alarm conditions detected in other monitor modules within the rack. The /32M module utilizes
double-pole double-throw (DPDT) relays. In contrast, the /33 module employs single-pole double-throw (SPDT)
relays. These relay modules enhance the functionality of the 3500 system by providing a configurable and adaptable
means of responding to alarm conditions detected across the monitoring modules within the rack as shown in
Input/output (1/0) modules: Each module within the system, including monitors, keyphrases, power supplies,
communication processors, etc., necessitates a corresponding 1/0 (Input/Output) module. The main modules
establish connections with the backplane inside the rack, and the I/0 modules connect on the opposite side of the
backplane, positioned behind their respective main modules. In the case of bulkhead-mounted racks only, each
I/0 module establishes a connection to the face of the backplane positioned above its associated main module.
This configuration allows for efficient communication and data exchange between the main modules and their
associated 1/0O modules, contributing to the overall functionality and performance of the system [14]. Figure 2
demonstrate the key components of equpipment.
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Figure 2. (a) Transient data interface (b) Relay modules (c) Input/Output Modules [14].

3.3. ADRE 408

The ADRE* Sxp Software, in conjunction with the 408 DSPI (Dynamic signal processing instrument), shown in
the Figure 3, forms a highly scalable system designed for multi-channel signal processing and data acquisition. This
system is tailored for real-time, highly parallel signal processing and presentation. It offers exceptional versatility by
consolidating the functionality of various types of instrumentation, including oscilloscopes, spectrum analyzers, filters,
signal conditioners, and digital recorders, into a unified platform.

Designedfor secure corporate network environments, this system can operate remotely across a LAN/WAN or
storing data independently in full “stand-alone” mode without the need for additional or external computers.
Additional equipment is rarely, if ever, required. The system’s real-time display capability allows continuous data
presentation independently of stored data in permanent memory.

An ADRE Sxp data acquisition system comprises:

e One or more 408 DSPI

e  ADRE Sxp client software

e ADRE Quick configuration software.

e A computer system with the capability to run ADRE Sxp software.

This comprehensive setup facilitates efficient and effective multi-channel signal processing and data acquisition,
making it well-suited for various applications in industrial and research environments. The 408 DSPI is a versatile
instrument that offers full portability or the option to be rack-mounted, providing flexibility for operation in test
stands, on-site applications, or remote locations. Its highly configurable design supports various input types,
encompassing both standard and non-standard signals, including dynamic transducer signals from proximity probes,
velocity transducers, and accelerometers. Each 408 DSPi unit supports up to 4 sampling cards, allowing for data
acquisition from 32 channels. The base system of the 408 DSPi utilizes internal clocks and simulated speed/Keyphasor
signals, supporting both asynchronous and synchronous sampling for all channels. Speed Input/Trigger cards enhance
their capabilities by supporting up to 3 independent speed input channels for external speed inputs. The 408 DSPi can
accommodate a maximum of 2 Speed Input/Trigger cards simultaneously, providing up to 6 physical and 6 simulated
speed inputs. Users can assign any speed input (KPH) to any channel within a 408 DSPi.

Figure 3. ADRE 408 [15].
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The instrument’s user-friendly design enables most signal processing and sampling parameters to be modified
“on the fly” without interrupting the ongoing data collection process. This feature enhances the efficiency and
adaptability of the 408 DSPi for various applications in data acquisition and signal processing.

4. Research Methodology

The analysis and diagnosis of vibration issues in the steam turbine are crucial for formulating plans for ongoing
maintenance and determining the necessary actions to ensure the machine’s continuous, safe, and effective operation.
The ADRE 408 units play a pivotal role in capturing and continuously storing data throughout the startup, operation,
and shutdown phases. This continuous data acquisition simplifies the analysis of bode charts and enhances the
understanding of the equipment’s inherent frequencies. The insights gained from this vibration analysis not only
contribute to immediate corrective actions but also inform long-term maintenance strategies and potential upgrades to
optimize the performance and reliability of the steam turbine.

ISO 20816-3, titled “Mechanical vibration—Measurement and evaluation of machine vibration—Industrial
machinery with a power rating above 15 kW and operating speeds between 120 r/min and 30,000 r/min”, is the
standard for establishing acceptable criteria for machine vibration. This document outlines general requirements for
assessing the vibration of diverse industrial machines with a power rating exceeding 15 kW and operating speeds
ranging from 120 r/min to 30,000 r/min when measurements are conducted in-situ. The numerical values specified in
the document are intended as guidelines based on global machine experience. However, users are advised to use these
values sensibly, considering specific machine features that may render the values inappropriate. Evaluating the
machine condition involves considering both shaft vibration and related structural vibration, as well as specific
frequency components that may not always correspond with the given broadband severity values. To facilitate this
assessment, 1ISO categorizes machine health into different zones, with details elaborated in the standard. Table 1
classifes the machine support class, zone boundary and maximum rms vibration amplitude in both dsiplacment and
velocity units. These zones provide a structured framework for interpreting and evaluating machine vibration data to
ensure effective monitoring and maintenance practices [5].

Table 1. Classification of vibration zones based on 1SO 20816-3.

Support Class Zone Boundary r.m.s. Displacement r.m.s. Velocity
pm mm/s
A/B 29 2.3
Rigid B/C 57 45
C/D 90 7.1
A/B 45 35
Flexible B/C 90 7.1
C/D 140 11.0

e  Zone A: A freshly commissioned machine’s vibration will often be found in this zone.

e  Zone B: A machine is often deemed suitable for unrestricted long-term operation if its vibrations fall within this range.
e Zone C: A machine that vibrates in this area is unsuitable for continuous, long-term use.

e Zone D: Vibration levels in this area are typically considered severe enough to harm the machine.

5. Machine Description

The machine train shown in Figure 4 consists of both Low-Pressure (LP) and High-Pressure (HP) steam turbines,
which drive a compressor rotating at 9000 RPM. The HP turbine is a barrel type that takes in steam at 100.7 kg/cm?g
and is coupled to the adjacent compressor. The LP turbine, positioned externally, is a condensing type V-25,
exhausting to the main vacuum condenser. Both turbines, manufactured by Siemens, are interconnected by an M.Renk
solid tooth lubricated coupling. Each turbine operates at a speed of 10,000 RPM.

The steam flow from the HP turbine is divided, with a portion passing into the LP turbine and the remainder
entering the Medium-Pressure (MP) steam main. The machine train has tilting pad bearings to handle radial loads and
a thrust bearing to manage axial loads. Proximity vibration transducers, specifically a permanent Y & X pair, are
installed on all bearings throughout the train. Additionally, thrust probes are positioned at the turbine non-drive end
(NDE) to monitor axial loads. The vibration data recorded from this machine is based on shaft relative measurements.
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This setup allows for comprehensive monitoring of the machine train’s dynamic behavior, aiding in the early
detection of potential issues and facilitating proactive maintenance to ensure the reliable and efficient operation of the
steam turbines and compressor.
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Figure 4. Machine Train.

Machine has following key components;

e Turbine case: This is a singularly crafted component, typically made from a single cast or forged steel barrel.
This casing encapsulates both the bundle and rotor assembly within its structure. Integral components of the case
design are the stationary and rotary blades, seamlessly incorporated as essential elements of the overall assembly
[14]. Compressor casing is shown in Figure 5.

e Rotor assembly: The rotor assembly consists of a shaft onto which the balance piston, impellers, thrust bearing
disc, and coupling hub (two hubs if it’s a thru-drive machine) are assembled. The impellers and spacers are
lightly shrink-fitted onto the shaft and keyed and secured by locknuts at each end of the assembly. The thrust disc
is keyed to the shaft and is secured by a locknut. The rotor is typically driven through a gear type coupling,
usually from the discharge end, although it can also be driven from the suction end.
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Figure 5. Compressor and rotor casing.

o Inner oil seal: Inner oil seals are positioned in the intake and discharge heads, adjacent to the first stage inlet vane
and the balance piston. These seals are specifically designed to prevent gas leakage into the bearing chambers.
Figure 6a.

e  Thrust bearing: The thrust bearing is of the “Michell” type, featuring several individually pivoting pads or shoes
on one side of the thrust disc. Normally, rotor thrust is directed towards the intake end of the compressor.
However, a thrust may occurthat necessitates a double-direction thrust bearing. The bearings are supplied with
lubricating oil at approximately 20 psig. Figure 6b.

e  Couplings: Continuously lubricated couplings between each compressor and its corresponding driver are
employed. Specifically, oil-tight coupling guards are provided, and spray tubes are utilized to direct the oil into
each end of the couplings. Figure 6c.

Figure 6. (a) Oil seals (b)Turbine bearing lower half (c) Turbine coupling.

There are following issues about their impact on the vibration response of the turbine are mentioned in detail in
[16-19]. The knowledge of these issues will help to understand the root causes of the vibrations.
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e  Eccentricity (Rotor Bow)
e Unbalance

e Misalignment
e Rubs

e  Fluid-induced Instabilities

e Shaft Cracks

6. Results and Discussion

9 of 16

Based on operational parameters and operator feedback, all the measurements received from data acquisition are
examined. The shaft vibration values retrieved from ADRE are mentioned in Table 2, and analyzed in Figure 7.

Table 2. Vibration values from ADRE.

Vibration Value

Sr.N Vibration Probe Location Channel Name UP-P
1 Low-pressure turbine bearing 1, radial direction X T1X 31.92
2 Low-pressure turbine bearing 1, radial direction Y (T1Y) 29.35
3 Low-pressure turbine bearing 2, radial direction X (T2X) 14.41
4 Low-pressure turbine bearing 2, radial direction Y (T2Y) 14.02
5 High-pressure turbine bearing3, radial direction X (T3X) 42.37
6 High-pressure turbine bearing 3, radial direction Y (T3Y) 40.31
7 High-pressure turbine bearing 4, radial direction X (T4X) 62.5
8 High-pressure turbine bearing 4, radial direction Y (T4Y) 56.02
9 Low-pressure compressor bearing 1, radial direction X (C1X) 18.11
10 Low-pressure compressor bearing 1, radial direction Y (C1Y) 19.59
11 Low-pressure compressor bearing 2, radial direction X (C2X) 0.76
12 Low-pressure compressor bearing 2, radial direction Y (C2Y) 22.69
13 High-pressure compressor bearing 3, radial direction X (C3X) 10.01
14 High-pressure compressor bearing 3, radial direction Y (C3Y) 43.05
15 High-pressure compressor bearing 4, radial direction X (C4X) 0.786
16 High-pressure compressor bearing 4, radial direction Y (C4aY) 9.83
17 Low-pressure turbine bearing 1, axial direction (XT1) 9.17
18 Low-pressure turbine bearing 2, axial direction (XT2) 9.94
19 High-pressure turbine bearing 3, axial direction (XT3) 21.87
20 High-pressure turbine bearing 4, axial direction (XT4) 22.60
21 Low-pressure compressor bearing 5, axial direction (XT5) 37.54
22 Low-pressure compressor bearing 6, axial direction (XT6) 37.10
23 High-pressure compressor bearing 7, axial direction (XT7) 27.89
24 High-pressure compressor bearing 8, axial direction (XT8) 26.44
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Figure 7. Analysis of vibration values.
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For absolute vibration values, casing vibration data was also acquired using Portable Vibration Analyzer CSI
2140. No changing observed in casing vibration. One week of data was collected and found constant. No changes
were observed in Absolute Vibration. The observations have been demonstrated in Figure 8.
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Figure 8. (a) Absolute vibration values in normal operation before high vibration (b) Absolute vibration values during high vibration.

In the next step; the shaft vibration measured data is further analyzed in different phases to demonstrate the trend,
spectrum, shaft center line and orbit graphs. In the first phase, the trend plot is studied. It is a rectangular or polar plot
on which the vibration value is plotted on the Y-axis and time on the X-axis as shown in Figure 9. The fluctuation in
RPM is observed due to stalking at the beginning. Almost 1000 RPM fluctuations were observed in the trend plots.
Further, the variations in 1X vibration & phase changes were observed in LP Turbine Drive End side Bearing T2X. In
amplitude graph, the red line shows the 1X vibration and blue line represents the overall vibration value. While
symbol shows that data collection was stopped at this point.
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Figure 9. Trend plot (High 1X vibration and phase change).
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In the second phase, the spectrum data is analyzed in Figure 10. The amplitude of vibration is plotted on the
vertical axis and the vibration frequency is plotted on the horizontal axis. Sub-synchronous or sub-harmonic vibration
can be observed in the HP turbine NDE Bearing T4Y spectrum. Further, the HP steam turbine orbit plot showed an
elliptical shape and 2x dominant peak in the spectrum.
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T T
0 1000

Figure 10. Spectrum plot analysis (1/2x/ sub-synchronous peak in spectrum).

In the third phase, centerline plot analysis is conducted and demonstrated in Figure 11. The shaft center line
shows the shaft position in the bearing. The total lift of the shaft can also be measured from shaft center line plot
analysis. The current findings show high eccentricity in the shaft centerline position of HP Turbine Bearing T4Y.
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EAMPLE FILTERING
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UDE: 10 um idiv

Figure 11. Centerline plot analysis.

In the last phase, orbit plot analysis is performed, as shown in Figure 12. Orbit plot displays only the dynamic
motion. The purpose of the orbit plot is to show the two-dimensional complete motion of the rotor. It demonstrates the
path of the rotor shaft centerline. The misalignment signs are observed during the analysis of the orbit of the machine
train. Further, it is also found that there is slight ovality in the orbit.
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Figure 12. Orbit plot analysis.

Based on the observation mentioned above and facts, root cause analysis is performed in following sub-sections
to investigate the high vibration issues.

6.1. Rotor Rub

When components within a machine shift to positions where clearances are reduced or vibrate in a manner that
eliminates clearances, unintended contact can occur at locations beyond the designated bearings, resulting in what is
commonly referred to as “rubbing”. During such contact events, a constraint is imposed on the motion of the rotor,
introducing additional complexities. In a rubbing scenario, contact forces emerge suddenly and dissipate just as
quickly. The rotor applies pressure to the stationary part while the stator exerts an equal and opposite force back
against the rotor. This contact force can be broken down into tangential (frictional) and radial. The tangential friction
force, as a byproduct, serves as an agent for transferring rotational energy to radial vibration. Consequently, the
magnitude of vibration is prone to alteration during a rubbing event, impacting both the amplitude and phase of the
vibration. Understanding these effects is crucial for monitoring and managing machine health, as rubbing can lead to
wear, damage, and changes in dynamic behaviour, necessitating appropriate maintenance interventions to ensure the
continued reliability of the machinery [1]. Rub symptoms and findings are described in Table 3.

Table 3. Rub symptoms and findings.

Ideal Symptoms of Rubbing Actual Findings

Changes in 1X vibration & phase change
Abnormal orbit shape
Subsynchronous or subharmonic vibration
Harmonics in spectrum
Thermal bow
Change in Shaft Center Line

Wear, damage x

2 X 222 2

(In Tables 3-5; v means If symptoms found in graph. x if symptoms not found in grpah).

Rubbing is consistently a secondary effect induced by various factors such as excessive radial loads, looseness,
external or internal misalignment, piping strain, foundation issues, uneven thermal growth, a locked gear coupling, or
a misaligned internal component. In other words, rubbing doesn’t occur in isolation but is a consequence of
underlying issues that impact the proper functioning of the machinery. Excessive radial loads, whether due to
imbalances or other issues, can lead to components coming into contact, resulting in rubbing. Looseness in the
machinery structure or misalignments, whether internal or external, can also lead to parts shifting from their
designated positions and causing unintended contact.Factors like piping strain, foundation problems, and uneven
thermal growth further exacerbate the likelihood of rubbing. Even a locked gear coupling or an internal part being out
of its intended position can create conditions conducive to rubbing. Figure 13 shows the rub spectrum.
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Figure 13. Rub Spectrum.

6.2. Looseness

Looseness can be attributed to worn or oversized fluid-film bearings or loose bearing support. In cases of
looseness, the structural elements or bearings within the machinery experience excessive play or lack proper support.
This can result in unintended movement or shifting of components, leading to vibrations with characteristic
frequencies. Table 4 demonstrates the looseness symptoms and findings. While the loosness specturm is illustrated in

Figure 14.

Table 4. Looseness symptoms and findings.

Ideal Symptoms of Looseness Actual Findings
Severe looseness will give 1/2x &1/3x \
Multiple peaks at running speed (up to 10x) x
Random amplitude of waveform x
1X
2X
3X ax gy
_Ilul'... U\J l II' .Il.
0 1 2 3 4 5 7 8 9 10

Figure 14. Looseness Spectrum.

6.3. Misalignment

In cases of misalignment, certain symptoms often occur in pairs, indicating the effects of misalignment on
adjacent components. For instance, a bearing that experiences overloading due to misalignment is likely to have an
underloaded neighbouring bearing. This pattern highlights the uneven distribution of forces resulting from the
misalignment condition. Another misalignment indicator is the average eccentricity ratio, which can be high in one
bearing and low in an adjacent bearing. This disparity in eccentricity ratios signifies the uneven distribution of loads
and misalignment-induced forces across adjacent components. The shaft centerline position may also exhibit a
specific quadrant in one bearing and the opposite quadrant in an adjacent bearing. This discrepancy in shaft centerline
positions further underscores the impact of misalignment on neighbouring components, emphasizing the
interconnected nature of symptoms associated with misalignment. The misalligned shaft has been demonstrated in

Figure 15.
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Figure 15. Misaligned shaft.

Recognizing these paired symptoms is essential for accurate diagnosis and effective corrective actions to address
misalignment issues in machinery. Understanding the interrelated effects on adjacent components helps develop
targeted solutions to ensure optimal machinery performance and longevity [14]. Table 5 demonstrates the misalignment
symptoms and findings.

Table 5. Misalignment symptoms and findings.

Ideal Symptoms of Misalignment Actual Findings
Abnormal orbit/Preload N
High eccentric shaft centerline V
1x & 2X peaks in waveform X

7. Conclusions

In the current research, the primary causes identified for the high vibration are misalignment and high
eccentricity of the shaft between the HP turbine and the LP compressor. Misalignment occurs when the shaft is not
precisely straight, resulting in a deviation from its intended alignment. On the other hand, high eccentricity refers to
the condition where the shaft deviates from its central axis and material failure may occur. Understanding and
addressing these root causes are crucial for effective diagnosis and corrective actions. Implementing appropriate
measures to realign the shaft and minimize eccentricity are essential steps in mitigating the vibration issues and
ensuring the optimal performance and longevity of the machinery. Rubbing is identified as a secondary cause in this
scenario. The primary contributors to the issue are misalignment and high eccentricity, which result in a heightened
preload on the bearing. The increased stress on the bearing due to misalignment and high eccentricity leads to the
shaft rubbing against components, making rubbing a consequential side effect of the misalignment problem.

Inspections and observations are crucial for identifying and confirming these issues. The inspection process
should involve a thorough examination of the machinery, focusing on assessing the alignment and eccentricity of the
shaft. Observations of the bearing conditions and any signs of rubbing, such as wear patterns or elevated temperatures,
provide valuable insights into the nature and extent of the problem.
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