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This research supports the integration of online vibration measurements at the operator level.
The integration enhances factory condition monitoring, enabling round-the-clock
monitoring and quick responses to different faults. Fast response time can potentially slow
down the machine failure. It also provides extra time to plan the machine’s maintenance,
which results in lower maintenance costs.

The study used triangulation components, factory maintenance reports, failure modes and
effects analysis (FMEA), and data collected by the service provider. The research is limited
to short-circuit motors and centrifugal pumps only. The study determines the most probable
failures of those machines. Based on these, a recommendation is given on how measurement
data should be displayed to operators in real-time. The filtering, highlighting, and setting of
limit values for the measurement data in the vibration measurement system are excluded
from the study.

The study also includes a case study that examines malfunctions presented at the mill. The
malfunctions are recent, and their causes are known. The case study observes failures in
factory vibration measurements and compares the findings with the literature. The case study
results support the recommendations for highlighting faults and constructing a machine-type
operating model from the measurement filters.
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Taman tutkimuksen tavoitteena on tukea online varéhtelymittausten integraatiota
operaattoritasolle. Operaattoritason integraatiolla tehostetaan tehtaan kunnonvalvontaa,
mahdollistaen ympérivuorokautisen seurannan ja nopeat reagoinnit erityyppisiin
vikatilanteisiin. Nopealla reagoinnilla pystytddn myo6s hidastamaan vikaantumista tai
vahintdankin valmistautumaan konerikkoon, joka alentaa huoltokustannuksia.

Tutkimuksessa  menetelmind  kéytetddn  triangulaation  osatekijoitd;  tehtaan
kunnossapitoraportteja, vika- ja vaikutusanalyysid sekd palveluntarjoajan kerddmaa dataa.
Tutkimus rajataan  pelkastdan  oikosulkumoottoreihin  ja  keskipakopumppuihin.
Tutkimuksessa méaritetdén kyseisten laitteiden todenndk6isimmat vikaantumiset. Naiden
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tiedetd&n. Case-tutkimuksella havainnoidaan vikaantumisten ilmenemistd tehtaan
varahtelymittauksissa ja vertaillaan havaintoja kirjallisuuteen. Case-tutkimuksen tuloksilla
tuetaan korostettavien vikojen suosituksia ja rakennetaan mittaussuodatuksista
laitetyyppikohtainen toimintamalli.
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1 Introduction

With industrialization, more and more complex processes have emerged in society. All of
these different processes are united by the fact that they are limited in time. In practice, this
means that software in processes becomes obsolete, and machines and machinery break

down over time. (Jarvio, et al., 2011, p. 11.)

Maintenance aims to prevent, slow down, or even compensate for machinery breakdown.
The concept of maintenance has evolved over the years. Before it was understood to be
fixing faults and its aim was to maximize reliability. Nowadays, the perception has changed
to maintain and adjust productivity. Nowadays, the aim is appropriate and controlled
reliability instead of the highest possible reliability. (Jarvio, et al., 2011, pp. 11-12.)

Nowadays, maintenance can be divided into three subcategories: improvement, preventive
maintenance, and corrective maintenance. Improvement refers to actions that improve the
reliability of an object or machine without altering the original function. Preventive and
corrective maintenance differ in that preventive maintenance is performed before a
breakdown. These two types of maintenance are further subdivided into several different
subtypes; every maintenance type is shown in Figure 1. In summary, corrective maintenance
only reacts when the machine is faulty; preventive maintenance aims to service the machine

before the fault by monitoring the condition or scheduling maintenance cycles.
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Figure 1. Different types of maintenance (SFS-EN 13306:2017, p. 22).

When production volumes are high, the aim is to use preventive maintenance as much as
possible. Here, vibration measurement is an excellent tool; it falls under predictive
maintenance as it allows early detection of failures, which facilitates maintenance planning.
It is also possible to prepare for future breaches and thus minimize production losses. In
traditional vibration measurement, measurement paths are planned. The measurement paths
consist of multiple machines, which a service person continuously measures at specified
intervals. When the fault is identified, the measurement cycle is intensified, which allows
the fault to be monitored more often. The measurement cycles depend on the criticality of
the machine and the rate of failure. Measurements can be performed, for example, every
week or month. The measurement cycles usually result in fast-progressing failures being

noticed until really late, which reduces the time to prepare for a failure. (PSK 5705:2006.)

An alternative to traditional route measurements is an online vibration measurement system,

where the sensors are permanently installed in the machine. The sensors continuously take
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measurements and send the signal to a server, from which measurement results can be
viewed, either in real-time or afterward. The online system eliminates the challenge of route
measurements with measurement cycles. Such a system also has many other advantages over
traditional route measurements. Online measurement results can be monitored remotely, and
the measurement can be used to monitor many machines simultaneously in real-time. The
advantages of online measurement are based on the fact that the measurement is continuous
and that these measurement results are also readily available afterward, giving the machines

very comprehensive historical data on the measurements.

Continuous measurement allows round-the-clock monitoring, making preventive
maintenance more effective. Production operators often carry out round-the-clock
monitoring and monitor the machine's condition while controlling production processes. At
the same time, the entire system can be lifted from a maintenance tool to a production tool.
Thanks to continuous measurements, it is possible to obtain immediate information from the
vibration measurement system, for example, the effect of changing process variables on
machine vibrations. This work aims to support the integration of condition monitoring with

production operators.

1.1 Background of the study

An online vibration measurement system has been acquired for the target company as part
of the reliability development investments. There are currently more than 300 measurement
points; the system is ready for measuring points, and there are no plans to expand it. Service
has also been purchased with the system, where the measurement results are monitored and
analyzed. Monitoring is weekly and is primarily done remotely through the opportunities
provided by the system. The system does not yet take advantage of the second possibility of
online measurement systems: continuous and real-time condition monitoring by production

operators.
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Continuous monitoring would be possible as there are constant operators at the mill.
Displaying measurement results to operators also brings many other benefits, especially in
downtime planning and preventive measures. When a possible fault is detected, it is possible
to check the situation on the spot immediately, after which any further action can be taken
immediately. As a result, the time between fault detection and maintenance planning can be
minimized, leaving more time for, for example, ordering spare parts and planning
maintenance work. More time is reflected in declining maintenance costs and a reduction in

unplanned downtime.

The current situation at the mill is that the system is installed and in use, and the service
provider monitors the measurement results remotely every week. At the moment, mill
operators do not have much experience interpreting vibration measurements. Lack of
experience means mill operators can not independently perform condition monitoring with

vibration measurements.

Learning to analyze vibration measurements and use the system is laborious due to a large
number of machinery. The workload is further increased because some of the machines are
very difficult to interpret, which causes difficulties even for people who have analyzed

vibration measurements for several decades.

At the mill, it has been decided that the training of operators for measurements and the use
of the system will be carried out in miniature stages, starting with a small scale of about ten
sets of machinery. One set of machinery can consist of several different types of machines,
for example, a motor, gearbox, and pump. Because of the small number of machines
involved, it is desirable to target machines critical to production to maximize the benefits of

monitoring.
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1.2 Motivation

Vibration measurements have a significant impact on the mill. They make it significantly
easier to make preventive maintenance plans and maintain real-time condition information
about the machines. Here, the service providers and the experience they bring are an
excellent addition. However, the service providers have two challenges in condition
monitoring: the monitoring is not real-time, and they lack the process-specific expertise of
the mill. Operators play a crucial role in maximizing the potential of a system. They have
excellent knowledge of the mill process and its features. In addition, their work is
uninterrupted, meaning that there are operators on-site. In addition to running the mill, they

also have the technical know-how to carry out minor maintenance tasks.

The work aims to give operators an easy-to-interpret first step in vibration measurements. In
addition to this, they will be introduced to the vibration measurement system. Giving
operators experience allows them to become familiar with the system and the vibration
measurements without overburdening them. The overall competence of the mill will be
improved, and the competence profile of the operators will be expanded. As experience is
gained, it is easy to move from tracking simple machines and moderate sets of machinery to

tracking the condition of a broader range of machinery.

1.3 Objectives, research problem, and questions

The long-term goal at the mill is to bring production, maintenance, and condition monitoring
closer to each other, meaning that maintenance observations and actions are increased in
production with the use of condition monitoring. In order to achieve the long-term goal,
operators must first be trained and familiarized with the various methods of condition
monitoring. Several methods are available, but this study focuses solely on vibration
measurements. The objective is to identify critical equipment failures and apply them to the

indication of fault conditions detected by vibration measurements.
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The basis of the research problem is that the machinery base in the measurements is
enormous, and the measurement points in them produce a lot of measurement data.
Processing a large amount of data is especially challenging in the initial phase, as there are
many measurements to concentrate on. In the initial stage, presenting a smaller fleet of
machines is more efficient for learning because then the focus can only be shared among a
small number of machines. Filtering the measuring points of the machines themselves is also
profitable, as it allows clear and easily accessible data to be produced. The research problem
is identifying the most probable failures that can be monitored with vibration measurements.
This information is used to set the filters for the measurement results so that the most
probable faults can be identified.

The study answers the following question:

- Why is the automation of the interpretation of vibration measurements challenging,

and how can it be applied to production-critical and simple machines?

The sub-questions in the study are:
- What are the most likely machine failures?
- How can the system be easily expanded?
- What types of faults are left undetected?

- What and which machinery measurement results should be shown to the operators?

1.4 Scope

The mill consists mainly of motors, pumps, gearboxes, and screw conveyors. This machinery
alone can cover almost the entire mill, so it is worth focusing on these at work. Gearboxes
and screw conveyors are very challenging to interpret due to the many components in the
gearbox and the slow rotation of the screw conveyors. Because the study aims to produce
simple interpretable data, gearboxes and screw conveyors are excluded from the study. The

study, therefore, focuses exclusively on short-circuit motors and centrifugal pumps.
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Manufacturers, sizes, and models of mill motors and pumps vary from site to site. However,
the operating principle remains the same between different manufacturers and models, so
that the study will examine these types of machines in general.
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2 Literature review

The literature review begins with an examination of the mill and its process. The review
helps to know the environment in which the vibration measurements are applied. Knowing
the environment helps identify production-critical objects from the mill and understand the
process's possible effects on the measurement results. The literature review also looks at the
machines under review to know how they work. Knowing the principle of the machines

makes it easier to interpret the measurements and identify possible faults.

The literature review also provides an overview of machinery's condition monitoring and
failure modes. In addition to the overview, it delves deeper into vibration measurements,
presenting the basics of analyzing. The literature review examines the importance of
maintenance prioritization and its methods. The literature review answers the following

question: How can vibration measurements be targeted and applied in the BCTMP process?

2.1 The mill and BCTMP-process

Pulp types can be roughly divided into two main categories: chemical pulp and mechanical
pulp. (Lonnberg, 2009, p. 18.) This mill manufactures mechanical pulp, so this literature
review focuses on its manufacture. The mechanical pulp can still be divided into many
subtypes, depending on how wood chips are handled. The mill-made product is called
Bleached Chemi-thermomechanical pulp, or BCTMP, which means that the chips are
chemically handed, pre-heated before refining, and the pulp is bleached.

Before starting the manufacturing process, the raw wood material must be chipped. The
mechanical pulp chips differ slightly from the chips of chemical pulp. The main difference
between these is that the chip size is smaller in mechanical pulping. A smaller chip size
makes grinding more efficient. In mechanical pulping, chips should also have as little bark

as possible, as they will reduce the quality of the finished pulp. The idea for chip processing
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is to prepare wood chips for the BCTMP process. Chip processing consists of three or four
sub-processes: pre-steaming, washing, preheating, and chemical absorption. Pre-steaming is
usually used in cool climates, and its primary function is to remove ice from the chips. It is
much easier to wash without ice as the chips are not clamped together. (Seppéla & Klemetti,
2001, p. 31; Lonnberg, 2009, pp. 179-180.)

The purpose of chip washing is to remove as many contaminants as possible that can damage
process machineries, such as sand or metal. The chip washer is filled with water, and the
chip washer has a large impeller inside. The impeller pushes the chips below the water's
surface, causing the heaviest contaminants to sink to the bottom of the washer. The chips are
lighter than water, so they do not sink. After washing, the chips are pumped out of the washer
to the preheater. Before preheater, the excess water is removed. Preheating modifies the
properties of the pulp; a higher preheating temperature gives the pulp better strength
properties, while a lower temperature gives the pulp better optical properties. (Lénnberg,
2009, pp. 179-182.)

After preheating, the pulp is conveyed into impregnating, where chemicals are mixed into
the pulp. The chemicals are used to improve the grinding result. Adjusting the number of
chemicals enables the production of different pulp grades. Impregnation can be done in
several different ways, one of which is to squeeze the chips and puff them in sulfite solution
mechanically. After impregnating, the chips are conveyed into a reaction silo, where the
chemicals are allowed to act. Typically, the chips stay in there for 2 to 30 minutes.
(Lonnberg, 2009, pp. 260-261.) From the reaction silo, the chips are pumped to the refining

stage.

In refining, the chips are processed into pulp by separating the fibers. Refining corresponds
to the cooking stage for chemical pulping. Refining is done with disc refiners, divided into
single-plate and dual-plate refiners, depending on the number of discs. Dual-plate refiners
can achieve higher production capacity than single-plate refiners, so they are often used in
large-capacity factories. Refining is the largest consumer of electricity in the production of

mechanical pulp. However, it is possible to recover large amounts of energy, converting it



17

to steam. The steam can be used later in the process, for example, in the drying phase.
(Kivistd & Vakkilainen, 2014, pp. 69-72; Lénnberg, 2009, pp. 186-202.)

Chips are conveyed into the refiner from the reaction silo. Water is fed into the chips during
conveying dilution, which helps pulp be of uniform quality. The refining itself takes place
in refiners, where it is done mechanically. The refiner consists of two different blades, one
of them is rotating, and the other is stationary. The chips are fed from the side of the
stationary blade, and the rotating blade moves the chips towards the outer circumference
while grinding. Changing the distance between the blades adjusts how fine the fibers are.
Reducing the blade distance results in more delicate fiber and increases energy consumption.
The blades are usually conicity, which gives an additional grinding surface compared to flat
blades. (Lonnberg, 2009, pp. 196-199.)

The fibers separated in the refining stage tend to curl due to process conditions and high
mechanical forces. This fiber curl is often referred to as latency. Curling of the fibers is not
desirable as it affects the properties of the pulp. For this reason, the latency should be
removed from the pulp. Latency removal is performed using mechanical forces and heat to
separate and straighten the entangled and curled fibers. Latency removal is a relatively
simple process that often occurs in a latency tank. The mass is stirred at low consistency in
the latency tank at a temperature of about 80-90 ° C. The stirring motion is smooth, causing
the fibers to separate and straighten. (Gao, 2014, pp. 3-10.)

In the next step, the fibers are sorted. The purpose of sorting is to separate the so-called
accept and reject from the pulp. Sorting can be done with a pressure screen. The pressure
screen consists of a rotor with vanes and a screener. The sorting works by rotating the rotor
at high speed where the vanes create pressure inside the screener. The pressure presses the
fibers against the screener, where the smallest fibers pass through the screener holes. Giant
fibers and other impurities sink to the bottom of the screener, from where they continue as a
reject. (Seppéla & Klemetti, 2001, p. 65) The fibers that have passed through the screener
are accepted for the next stage—the accepted fibers continue to the disc filters. The purpose

of disc filters is to increase the consistency of the pulp by removing water. The reject from
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the screener is treated to gain as much yield as possible. (Seppéld & Klemetti, 2001, p. 66;
Lonnberg, 2009, pp. 330-333.)

The reject processing consists of three steps: dewatering, refining, and sorting (L6nnberg,
2009, pp. 328-329). The fiber bypasses the reject processing until it is sorted as an accept or
Is removed from the process. In the next stage, the fibers are bleached and washed.

Bleaching is usually done at high consistency (HC). It makes the pulp brighter with the same
amount of bleaching chemicals as the medium consistency (MC). Medium consistency
bleaching is usually used when the requirements for brightness are low. Bleaching is usually
done in two steps if high brightness is desired: MC and HC bleaching. The different steps of

the process can be seen in Figure 2.

Figure 2. Flowchart of MC-HC bleaching (modified from EK, et al., 2009, p. 275).

Before conveying the pulp to the MC tower, water is added to the pulp to give it the correct
consistency. Same time chemicals are introduced to the mix. The mass stays in the MC tower
for a specific time when the chemicals are allowed to act. The pulp is then fed to a twin-wire
press, which gives the pulp a high consistency. Bleaching chemicals are mixed with the pulp,
allowing them to act in the HC tower. After a specific time, the pulp is conveyed away, and
wash water is added to the pulp. The water is then pressed out with a wire press. The pulp is
then ready for use, and if there is a paper machine connected to the mill, the pulp can be
pumped directly to it. However, usually, the pulp is dried and baled. (Ek, et al., 2009, pp.
274-275.)
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Although drying and baling are not necessary for pulp production, it is done to facilitate
transportation and reduce transportation costs (Seppéld & Klemetti, 2001, pp. 138-142). The
drying of the pulp is usually done in two different stages. The first step is mechanical drying,
which is done, for example, with a twin-wire press. The twin-wire presses give a dry matter
content of about 50% in the pulp. (Kivistd & Vakkilainen, 2014, p. 62.) The rest of the drying
is done with the help of heat. The heat is obtained, for example, from natural gas or steam
from the refiners. When the pulp reaches a dry matter content of about 80-85%, the pulp is
baled. In baling, the pulp is compressed into a bale. The compression removes most of the
air between the pulp, creating the bale. Before sending the bales to the customer, they are
wrapped, numbered, and tied. (Lonnberg, 2009, pp. 263-264.)

2.2 Machinery

The machinery base is very versatile at the mill and includes several different sets of
machinery. Although there are many different types of machinery, the mill still consists
mainly of screw conveyors and pumps. More specifically, these two types of machinery
consist of four machines: screw conveyors, gearboxes, motors, and pumps. These four
different machines cover most of the mill's machinery. Screw conveyors and gearboxes are
excluded from the study due to the challenging interpretability, and the study will focus on
the electric motor and the centrifugal pump. These two types of machines are described in

more detail in this section.

In simple matter, the pump has two different functions: to move fluid through the piping and
increase the fluid's pressure. These functions are similar because moving the liquid is done
by increasing its pressure. Thus, it can be said that a pump is a machine that uses energy to
increase the pressure of a liquid. Several different energies can be used to fuel the pump, and
Figure 3 illustrates the energy transformation of pump operation. The most common energy
used for pumps is electricity; other energy sources, such as fuel or steam, can also be used.
Different energy sources require different drivers. For example, with electricity, the driver

is an electric motor. The centrifugal pump operates similarly and does not depend on the
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energy source. The only thing that varies is the driver, which is intended to convert the

energy in the pump into rotating mechanical energy. (Volk, 2014, pp. 1-2.)

Liquid out:
High pressure

Il 2

Fuel
source Driver »  Pump ‘llll Liquid in:
energy in: Low
Air, steam, electricity, Rotating pressure
hydraulic fluid, or diesel mechanical
engine oil energy

Figure 3. Energy transformation of a pump (Volk, 2014, p. 2).

At the mill, the pumps are powered by electric motors. Electric motors used in the industry
are most commonly induction motors. The primary function of induction motors (and
electrical motors) is to turn electrical energy into mechanical energy, which is then used to
rotate something, for example, pumps. Induction motors come in either single-phase or
three-phase, depending on the application. For induction motors, the three-phase is the most
common type, which is why this focuses on them. (Chan & Shi, 2011, p. 1.)

The induction motor can be divided into two main parts: Rotor and stator. A rotor, described
in more detail later, rotates a shaft, which passes through the entire motor. The shaft is
supported by two bearings located at different motor ends. The shaft comes out of the other
end of the motor, to where the desired machine is also attached. The shaft side is called the
motor's drive end (De). At the other end of the motor, i.e., the non-drive end (Nde). There is
usually a fan in Nde. In Figure 4, which is a cut view of the induction motor, the fan is
exceptionally located at the front of the motor. The fan is connected to the shaft, rotating
when the motor operates. The primary function of the fan is to dissipate unwanted heat from

the motor to prevent overheating. If the motor becomes too hot, the insulations of the internal
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coils will melt. Melting the coils causes the motor to short-circuit, which destroys the motor.
In addition to the fan, there are fins on the motor's housing that also help with cooling.
(Karmakar, et al., 2016, pp. 2-4.)
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Mounting base

Figure 4. Cut view of an induction motor (Mansour, 2020, p. 3).

There are two types of rotors available: squirrel cage rotor and phase wound rotor. The
squirrel cage rotor is the more common of these two due to its simple and robust
construction. It consists of a cylindrical laminated core with slots for conductive bars. The
conductors, made from aluminum or copper, are placed into the slots. The conductors are

shorted with shorting rings at both ends of the rotor. (Mansour, 2020, pp. 2-6.)

The stator of the three-phased motor has three separated coils wound around it. Each coil set
is connected to a different phase of alternating current, which results in a rotating magnetic
field. When the alternating current is passed through a coil, the coil produces an
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electromagnetic field around it. As the alternating current changes, the field changes as well.
The changes are in the intensity and polarity of the field. When the coils are set into different
phases, the magnetic fields of each coil will change at different times. The coils are rotated
120° from the previous phase coils to distribute the magnetic field evenly. This way, the
rotating magnetic field can be produced. (Hughes & Drury, 2019, pp. 163-171.)

When the motor is connected to the power supply, the stator generates a rotating
electromagnetic field, and the rotor, which is connected to the shaft, starts rotating,
generating mechanical energy. The mechanical energy is then used to power the centrifugal

pumps or other machines.

The centrifugal pump consists of two main parts, the impeller and the casing. The impeller
is rotated by a shaft attached to an external energy source, for example, an electric motor.
The shaft is usually supported by two bearings that allow it to rotate freely. The cross-section
of the pump is shown in Figure 5. The pump's casing has its channel for the liquid along
which it can flow; this is called a volute. The volute is around the impeller. The operation of
the centrifugal pump is based on the rotation of the impeller. There are different types of
impellers, but the principle between the different impellers remains the same. The impellers
have blades that are backward curved. These blades increase the pressure of the liquid
utilizing a so-called centrifugal force. Due to the centrifugal force, a vacuum is created in
the middle of the impeller. The vacuum allows more liquid to flow inside the pump. (Gulich,
2020, pp. 45-49.)



23

Point of entrance
to impeller vanes

Flow
line,

Flow
line
Z4 / Volute

: | :
( i | Impeller

Section through impeller and
volute along mean flow surface

b 14

¢

Typical pump section

Figure 5. Cross-section of a centrifugal pump (Gilich, 2020, p. 46).

A centrifugal pump requires that the pump's housing be filled with water. The impeller and
rotation speed can adjust the fluid flow rate and pressure. Tremendous pressure can be
obtained by increasing the diameter of the impeller or rotating the impeller faster. Faster
rotation of the impeller also increases the flow rate. If a greater flow rate is desired, it can be

achieved by increasing impeller thickness. (Gulich, 2020, pp. 45-49.)

With centrifugal pumps, care must be taken with cavitation. Cavitation occurs at the low
pressure that occurs in the suction inlet. The lower pressure in the suction inlet lowers the
boiling point of the liquid. The lower boiling point means that the water also starts to boil at
lower temperatures. In practice, if the pressure is less than the vapor pressure of the liquid
being pumped, then the water can reach the boiling point. During cavitation, the air particles
in the water expand, and when they reach the boiling point, they collapse, damaging the
pump. Minor damages will eventually lead to pump failure. (Sulzer Pumps Ltd., 2010, pp.
7-15.)
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2.3 Condition monitoring using vibration measurements

Condition monitoring aims to detect machinery failure early to avoid sudden stops or
breakages of the machines. In addition, early detection of a fault allows the machine to be
serviced when it has the least possible effect on production. Condition monitoring is
increasingly used in many industries, such as the aerospace, automotive, and defense
industries. Condition monitoring can be performed by several different methods, such as
visual inspection, acoustic emissions, and vibration measurement. (Ahmed & Nandi, 2020,
pp. 3-10.) This study focuses on vibration measurements and their use in condition
monitoring, so their operation and use will be described in more detail.

Ideally, the machines would not vibrate when they are in operation, but this is impossible to
achieve in practice. Thus, it can be said that each rotating machine produces some vibration.
The vibrations are based on an imbalance in the machine's components that produces
vibrations as they rotate. When a component begins to fail, its vibration levels increase,
increasing the machine's overall vibration. (Ahmed & Nandi, 2020, p. 40.) At its simplest,
vibration measurement can be performed with a vibration pen that measures the overall
vibration level (Mikkonen, et al., 2009, p. 259).

The overall level can tell that something is probably wrong with the machine, but it is
impossible to identify the problem. Total level control is based on trend monitoring, where
the same point is measured at regular intervals. The total level of the measuring point is
compared with the previous levels, and if the levels have risen, a fault can be suspected.
(Mikkonen, et al., 2009, p. 284.) Monitoring the overall level is the simplest method.
However, it usually indicates faults quite late, as the vibration of an individual component
must considerably rise before it raises the total vibration level. Also, because the data seen
from total vibration is limited, other control methods, such as spectral analysis, are usually
used in addition to the total level. (PSK 5706:2015, p. 2.)
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In spectral analysis, the analysis is performed at the frequency domain of the vibration.
Vibration measurements are made in the time domain, where the total vibration level is
reported as a function of time. Time-domain vibration signals often consist of many different
vibration components. Each component of the machine produces a vibration at a specific
sine wave. In the time domain, these different frequencies are not visible; only the sums of
the vibrations of these different frequencies are seen. Figure 6 illustrates a simplified time
domain and the vibrations of which this time-domain consists. (Ahmed & Nandi, 2020, pp.
63-64.)

Amplitude

Figure 6. Differences in time- and frequency domain (Ahmed & Nandi, 2020, p. 64).

The signals in the time domain must be distinguished from each other to generate the
frequency spectrum. Several different algorithms can be used for separation, the most
common of which is Fast Fourier Transform (FFT). The algorithm allows the time domain
vibration to be converted into several different sine waves. Two different pieces of

information about sine waves are used to generate the frequency spectrum: their period
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length and amplitude. The period length is used to calculate the frequency. The amplitude
indicates the intensity of this frequency. (Ahmed & Nandi, 2020, pp. 63-64.)

In addition to the vibration signal, it is essential to know the rotational speed of the machine
and the data of the rotating components for spectral analysis. This data makes it possible to
calculate the fault frequencies of the components, whose evolution can be observed in the
frequency spectrum. (PSK 5707:2019, p. 15.) It is essential to note that different faults are
displayed at different frequencies in the spectrum analysis. There are a total of three different
variables that can be measured. These are displacement, velocity, and acceleration.
(Cahyono, et al., 2017, pp. 51-52.)

Each variable has its frequency range where it is at its strongest. Displacement is measured
by how large the machine vibrates. It is effective at low frequencies, significantly below 10
Hz. The speed measures how fast the machine vibrates; it is most effective at reporting faults
at 10 to 1000 Hz. Acceleration is intended for high-frequency measurements above 1000 Hz.
(Cahyono, et al., 2017, pp. 51-52.) There is also a mathematical relationship between these
quantities since velocity is the time integral of acceleration, and displacement is the time
integral of velocity. Due to the mathematical connection and the evolution of the sensors,

accelerometers are mainly used in measurements today. (Mikkonen, et al., 2009, p. 219.)

In spectral analysis, different fault situations are displayed at different frequencies; for
example, imbalance and alignment errors are displayed at low frequencies, while bearing
resonances are displayed at high frequencies. The intensities of the vibrations produced by
the bearing damage starting during the condition monitoring of the bearings are usually
really weak, so in most cases, they are covered under other vibrations. Because of this, speed
and acceleration do not always provide a sufficiently reliable indication of failure in its early
stages. An enveloped analysis has been developed for this challenge to filter out low-
frequency oscillations and amplify high-frequency oscillations. Figure 7 shows the

enveloped analysis process. (Mikkonen, et al., 2009, pp. 220-221.)
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Figure 7. Production of envelope measurements (Boudiaf, et al., 2016).

Envelope analysis is a signal processing method that separates repetitive low-power
components from a signal. These weak components are challenging to detect in standard
spectral measurement because they are covered under other vibrations. The method is based
on amplitude modulation and demodulation techniques. In amplitude modulation, a signal is
multiplied by another signal, and this second signal is called a carrier. Amplitude modulation
produces new frequency components and sidebands, and carrier frequencies. Demodulation
removes carrier signals, leaving only the amplitude modulated signal, then used to make an

enveloped spectrum. (Barszcz, 2019, pp. 50-55.)

The most significant advantage of envelope analysis is that it allows faults to be detected
early and is a very effective bearing monitoring tool (Barszcz, 2019, p. 50). Early detection
is illustrated in Figure 8, which shows the acceleration and envelope spectrums from the
same machine at the same measurement point. The fault frequency of the bearing is also

added to both spectrums. Some small single vibration peaks can be detected from the
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acceleration spectrum, but it is much more challenging to conclude than the envelope

spectrum.
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Figure 8. Envelope spectrum compared to acceleration spectrum.

2.3.1 Diagnosing the most common vibration problems

Not all faults can be detected from vibration measurements; however, most faults or
consequences can be found with vibration measurement. This section reviews the most
common vibration problems and their diagnosis from the spectrum. Table 1 shows the most

common vibration problems that occur.
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Table 1. Occurrence of different vibration problems (modified from Mikkonen, et al., 2009,
p. 594).

Imbalance 40
Misalignment 30
Resonance 20
Belts and pulleys (for machines with belt drive) 30
Bearings 10
Motor vibration 8
Other 2-5
Imbalance

Imbalance occurs when the center of mass of an axis is not coincident with its geometric
centerline. There are several reasons for imbalance, such as manufacturing defects, uneven
wear, or uneven dirt buildup. (Mais, 2012, p. 11.) An imbalance is a single-frequency
vibration that occurs at a frequency of 1x. There is usually no harmony in the spectrum of
imbalances. Harmony can occur if the imbalance is severe. Imbalance can be detected, for
example, from the total vibration levels and the frequency spectrum. In the frequency
spectrum, the fault is detected as increased 1x amplitude. Figure 9 shows the frequency

spectrum with the imbalance. (Alsalaet, 2012, pp. 30-31.)
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Figure 9. Imbalance (Mobius Institute, 2014).

Misalignment

Misalignment occurs when shafts, couplings, and bearings are not entirely centered on each
other’s centerline. There are two types of misalignments, which are: angular and parallel. In
angular misalignment means that the parts are not parallel to each other. On the other hand,
parallel misalignment is when they are parallel but not aligned. Angular causes axial
vibration rotating frequency, and parallel causes radial vibration at twice the rotating
frequency. Usually, there are both angular and linear alignment errors, so 1x and 2x
frequencies are examined from the spectrum; 3x is often elevated also. Figure 10 shows an

example of an alignment error spectrum. (Alsalaet, 2012, pp. 34-36.)

Reasons for misalignment can be, for example, thermal expansion (machine is aligned cold),
poor alignment, and uneven substrate. Due to the misalignment, the bearings are subjected

to higher stresses, resulting in faster fatigue. (Mais, 2012, pp. 7-8.)
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Figure 10. Angular and parallel misalignment (Mobius Institute, 2014).

Resonance

Each machine has eigenfrequency, also called natural frequency. Resonance occurs when an
excitation force is applied to a machine whose frequency is close to the natural frequency of
the machine. The excitation force can be caused, for example, by the rotation of the shaft.
The speed that causes resonance is called critical speed. In resonance, the machine's vibration
level is usually very high, as the increase in amplitude is limited only by damping. The
natural frequency can usually be calculated, but the more complex the machine, the more
challenging it is to calculate. (Mikkonen, et al., 2009, p. 302.)
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In resonance, the spectrum shows a peak at 1x the rotation speed of the machine. The peak
can easily be confused with an imbalance where the amplitude increase is seen in the same
frequency. The resonance is also shown in the time domain signal as a sine wave. As a result
of the resonance, the machine can be assigned a speed range that must not be used and must
be bypassed quickly. If the machine resonates at the desired speed, the structure's natural
frequency can be changed by changing the structural properties of the machine. (Mikkonen,
etal., 2009, p. 302.)

Looseness

Looseness means that any part of the machine is not securely attached. The most common
causes of looseness are loose motor mounting and wear. Looseness has the same effects as
an imbalance but is more severe. Looseness can also cause collateral damage if the loose
part comes off with great forces. The frequency spectrum is used to determine looseness,
from where the looseness is usually identified by the high 1x amplitude and its multiples
occurring at %2 x n or 1 x n intervals. Figure 11 shows an example of a looseness in the

frequency spectrum. (Mais, 2012, p. 14.)

Looseness: Rotating
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Figure 11. Looseness of a rotating component (Mobius Institute, 2014).
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2.3.2 Detection of bearing defects

Bearings are one of the most critical components in rotating machinery. Their role is vital
for the operation of the machine, and their failure can lead to really major failures at the
machine level. Bearing failures are associated with many machinery failures, highlighting
the importance of monitoring their condition. Bearing failures cause a series of vibration
pulses that consistently recur at specific intervals, called the fundamental bearing defect
frequency. Bearing fundamental frequencies can be divided into four different fault
frequencies: outer circumferential bypass frequency (BPFO), inner circumferential bypass
frequency (BPFI), fundamental train frequency (FTF), and ball spin frequency (BSF). Once
the geometries of the bearing are known, it is possible to calculate the fault frequencies using
the formulas from Figure 12. (Ahmed & Nandi, 2020, pp. 23-25.)

B
D1 +D; \(_I
Pp = 5 *
Ng = Number of balls i
B = Contact angle f
Bp
BPFO = RPME (1 - BRos () BPFI = RPMLE (1 4+ 2D cos (8)
2 B 2 P
P B ? i B
BSF = RPM—2 |1 — | =2cos (B) FTF = RPM = (1 — 22cos (8)
BD PD 2 PD

Figure 12. Formulas for bearing fault frequencies (Fernandez, 2019).

The progression of bearing damage can be divided into four different stages. In the first
stage, there is friction and minor shocks in the bearing. The oscillation is very high

frequency, the amplitudes very low, and the frequency of friction above 20 kHz, which
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means that it cannot be heard without aids. Noise may be present in the vibration data due
to insufficient lubrication. Conventional vibration analysis techniques cannot detect the
bearing failure in the first stage, but enveloped acceleration can be used to detect it. (Acoem,
2019)

In step two, the high-frequency amplitude of the vibrations of the bearing increases, and the
vibration of the bearing may cause resonances. The failure cannot yet be detected in the
velocity spectrum but should be reflected in the acceleration spectrum. The oscillation
usually occurs at this stage between 500-2000 Hz. The spectrum of the envelope bed may

show apparent amplitudes at the fault frequencies of the bearings. (Acoem, 2019.)

In phase three, the bearing already has a significant failure, and the amplitudes of the high-
frequency oscillation continue to increase. Harmonics caused by shocks and sidebands
appear in the spectrum. The damage is advanced, and the fault can be seen from the
spectrum. In the fourth stage, the bearing has failed extensively, and the failure of one
bearing part spreads to other parts. The oscillation is no longer at single frequencies but has
spread over multiple frequencies. Acceleration and Envelope acceleration levels may even

drop, but that is just a sign that the bearing should be replaced immediately. (Acoem, 2019.)

2.4 Prioritization of maintenance

In general, the industry uses several different tools and methods to increase reliability (Dunn,
2018). One standard tool used is failure modes and effects analysis (FMEA). It aims to
identify fault situations, their causes, and their consequences. FMEA has been widely used
in different fields and has several different applications. The use of FMEA can be
encountered, for example, in industry and software development, which are pretty different
fields. The FMEA can be divided into five categories despite the large variability shown in
Figure 13. Despite the differences, the FMEA target remains the same, regardless of sector
and application. (Stamatis, 2019, pp. 57-58.)
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Types of FMEAs
Design Process Service Equipment | Concept
Characteristics | Component Machines Machines Component | Component
Subsystem Methods Methods Subsystem | Subsystem
System Material Material System System
Manpower Manpower
Measurement | Measurement
Environment Environment
Focus Minimize Minimize Minimize Minimize Minimize failure
failure effects |production issues and | safety effects on the
on the system |process failure | problems issues system, process, or
effects on the |interfering product from safety
system with the and government
service regulations
Objective Maximize Maximize the Maximize Minimize Maximize system
system quality, [ system quality, |quality and |production |quality, reliability,
reliability reliability, cost, |customer issues and | cost, and
cost, and maintainability, |satisfaction |protect maintainability
maintainability | and productivity operator in design, process,
safety or product

Figure 13. Different types of FMEAs (Stamatis, 2019, p. 58).

When using FMEA, it is possible to identify all possible errors/faults in the system and the
consequences. The consequences are described in terms of economics, safety, and
functionality. The FMEA is a so-called bottom-up method in which the analysis begins with
the possible failures of the components and what those failures cause to the upper system.
The FMEA itself is a purely qualitative analysis that describes only possible failure situations
and their effects. The analysis can be done quantitatively by adding a criticality analysis.
FMEA with criticality analysis is called Failure Modes and Effects Criticality Analysis
(FMECA). (Tinga, 2013, pp. 256-257.)

FMECA adds more depth to the analysis, and the risk analysis in it provides an indication of
which types of faults in the FMEA are worth focusing on. A risk analysis can be performed
using a Risk Priority Number (RPN). The RPN consists of three indicators, usually rated
between 1 and 10; an example from the rating scale is shown in Table 2. They are used to

assess the criticality of fault conditions. The indicators are Severity (S), Occurrence (O), and
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Detection (D). The severity indicator reflects the severity of the consequence of an error
condition. Occurrence is used to reflect the probability of a fault occurring. Detection is used
to describe how easily a failure is noticeable in advance. RPN is calculated by multiplying
the indicators. (Peeters, et al., 2018, pp. 36-44.)

Table 2. Ratings for Severity, Occurrence, and Detection (Anes, et al., 2018).

Severity (S) Oceurrence (0) Detection (D) Rating
Hazardous without warning Very high failure is almost inevitable Absolute uncertainty 10
Hazardous with warning Very high failure is almost inevitable Very remote 9
Very high High repeated failures Remote 8
High High repeated failures Very low 7
Muoderate Moderate occasional failures Low i
Low Moderate occasional failures Moderate 5
Very low Moderate occasional failures Muoderately high 4
Minor Low relatively few failures High 3
Very minor Low relatively few fuilures Very high 2
None Remote failure is unlikely Almost certain 1

Making an FMEA is systematic, where the FMEA table is filled in step-by-step; an example
of an FMEA table is shown in Figure 14. The process is started by making a flowchart of
the object under study. The flowchart parts are listed in the FMEA table, which also lists the
function of the parts. The possible failures for each function, the potential cause, and the
consequences are then considered. After this, the FMEA basic process is completed and can
be continued by performing a criticality analysis. However, the most crucial step in
development is to consider and list control measures for each potential cause of failure.
(Ostrom & Wilhelmsen, 2019, p. 147.)
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Action results
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Figure 14. Example of FMEA table (Stamatis, 2019, p. 68).

It is essential to focus maintenance and condition monitoring on the most critical machinery.
In this way, the overall level of reliability of the mill can be raised, as production-critical
machinery can, in the worst case, shut down the entire production of the mill, and production
will be stopped until the machinery is repaired. In condition monitoring, a vibration
measurement is a good tool. It can be used to get information about machine failures in good
time. As a result, it is possible to prepare for them in good time and even plan for situations
where minimal production losses are caused by machine maintenance. Vibration
measurements can detect several faults. However, different faults occur at different
frequencies, which can be detected at different measured values; for example, the imbalance
is low frequency and can be detected at the speed of rotation of the machine. In opposite,
bearing faults will occur in the early stages of failure at very high frequencies, from which
they will decrease as the fault progresses to lower frequencies. Bearing failures have been
challenging to interpret from measurements in the early stages of failure due to their low
vibration intensities. As a result, an Envelope algorithm has been developed for vibration

measurements, especially for bearing faults, which facilitates fault detection.
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3 Methods

The study aims to determine the possible failures of the machinery in the mill, assess the
probability of their occurrence, and identify how a critical or action-requiring failure can be
detected from the vibration measurements. This study is conducted as a qualitative study.
This delineation was already agreed upon when the work was planned, as the online vibration
data at the mill is still very short-lived. The results of the study are compiled into a single
table. Based on which recommendations are given as to which failures should be highlighted
from the measurement data. The study focuses only on possible failures and their detection
in vibration measurements. The service provider carries out all matters related to the limit
values and filtering of vibration measurements based on experience. The study begins with
data collection on how machinery in the mill can fail, and the frequency of various failures

is identified. Triangulation, as shown in Figure 15, is utilized in data collection.

Maintenance
reports

Service provider's

FMEA data

Figure 15. Triangulation used for the study.
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The second part of the study examines mill failures during the online vibration measurement
system. Faults are examined for their progression and how these faults are reflected in the
measurements. Based on the results, recommendations are given as to what measurements

should be shown to the operators to help build the operating model.

3.1 Identification of possible failures

Studying machinery failures consists of mill failure history, FMEA, and service provider
data. The mill's fault history and FMEA focus on the limitations under study, i.e., motors
and pumps. Fault history can be used to understand how the machinery has failed at the mill
while also providing information on the probability of various faults occurring. The FMEA
provides an overview of how these machines can fail and provides information on possible
preventive measures. The last point is the data provided by the service provider. This data is
not filtered to cover only motors and pumps, but it gives an idea of how the machinery fails
and the most likely types of failure at a general level. The data provided by the service
provider also has the advantage that the sample is extensive, so the margin of error at a

general level is minimal.

3.1.1 Maintenance reports of the mill

SAP is the condition monitoring system for the target company, where every observation
and action will be reported. The notifications shall indicate the deviation observed, the
measures taken, and the possible causes of the cause. Notifications are reviewed daily, and
notifications that require significant action are placed under a maintenance order. The fault
IS no longer described separately in the maintenance order, but the notification that led to the
order is linked to it. There are situations where only a maintenance order has been placed; in

such situations, the reasons for the order remain unclear.

Retrieving historical data from the condition monitoring system is done in the same way for

both machines. Data retrieval is started by finding out where the type of machinery is used.
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The function locations are retrieved from the machine list of the condition monitoring system
(IHO8). As search parameters, the mill identification and the object's name (short-circuit
motor or centrifugal pump) are used. Maintenance orders are used to fetch all orders for the
locations in question, which the locations have had during the entire life cycle of the mill.
All this data is exported to a spreadsheet where the final breakdown is made.

In the spreadsheet, each report is reviewed individually. The faults are then divided into their
fault groups. The fault must be explicitly reported, and the unclear reports are divided into

the “unclear”-group. A pie chart is made of each division.

3.1.2 Failure modes and effects analysis

The FMEA is made for the short-circuit motor and the centrifugal pump separately. The
purpose is not to go into device-specific details but to find out possible failures at a general
level. Both types of machines are commonly used, and a lot is known about them. For this
reason, the FMEA for both types of machinery is initially conducted as a literature review.
The FMEA is supplemented with maintenance operators afterward. The literature search
uses three different databases: LUT Primo, Scopus, and Google Scholar. The keywords used

are shown in Table 3.

Table 3. Keywords for the search.

I e TG

Induction motor AND Faults

Centrifugal pump FMEA
Failure Modes and Effects Analysis
Troubleshooting
Debugging

The findings from the literature review are listed in five different categories. The categories
are listed in the FMEA template in Table 4.
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Table 4. Template for the FMEA.

No criticality analysis is performed in this FMEA. The criticality of the machines is taken
into account in the factory’s criticality classification.
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4 Critical failures and their detection

This section focuses on the results of data collection and the usability of the results in
vibration measurements. This section also includes a Case Study comparing the literature on

vibration measurements to fault situations at the mill.

4.1 Machine malfunctions

A total of 338 faults were collected using the search criteria presented in the methodology,
of which 155 are motor faults, and the remaining 183 are pump failures. By far, the most
common cause of motor failure was a bearing failure; it covers 42% of all motor failures;
the other most common causes of failure were lubrication (10% of failures), burning (6%),
and vibration (4%). Vibration and burning are by nature symptoms of failure; these markings

do not address the cause of the failure. Figure 16 shows a pie chart of motor failures

A total of 18% of failures are classified as other failures. These are isolated failure situations
with varying causes, including, for example, a power line break and a blown fuse. In 3% of
cases, the cause of the failure was not indicated at all. In 13%, the failure was reported so

vaguely that no conclusions could be drawn about the failure.
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Induction motor faults
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Figure 16. Rates of different motor faults.

Pump failure is different from motor failure, as it is an entirely different type of machine.
The most common causes of pump failures are leakage (39% of pump failures) and coupling
failures. (a total of 39% of failures as well). The third most common cause of failure is
bearings, with a 10% share. Uncertain failures account for 8% of reports and 4% for other

failures. A diagram of pump failures can be seen in Figure 17.
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Centrifugal pump faults

Coupling
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Uncertain Bearing
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m Leakage = Bearing = Other Uncertain = Coupling

10 %

Figure 17. Rates for different pump faults.

The failure history of the motors shows that the motors are much more susceptible to bearing
failures than pumps. Of the motor failures, 42% were interpretable bearing failures,
compared to only 10% for the pumps. There have been 59 bearing failures in the motors and
17 in the pumps. Of course, this difference is also affected because there are also more
motors in the mill. However, it is noticeable how much more susceptible the motor is to

bearing failures of the total failures.

It is thus apparent that motors have a higher priority in bearing monitoring. It is found that
61% of all bearing failures are at the De of the motor; a pie chart of motor bearing failure is
shown in Figure 18. De bearings cover 82% of motor bearing failures; if unreported are

entirely ignored. It is, therefore, most effective to choose De bearings for bearing monitoring.
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Motor bearing faults

Not reported
25%
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Non drive end 61%
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Figure 18. Induction motor bearing fault locations.

The subsequent most significant failure of motors is other failures, covering 18% of motor
failures. This type of fault includes all faults that could not be included in any tray of the pie
chart. Other failures include various electrical faults, component slack, alignment errors, and

broken wings.

In a total of 13% of failures, the description of the failure was so ambiguous that no
conclusions could be drawn, and 3% of the failures/replacements were not described. The
remaining 14% of failures were more the result of the failure than the failure itself. For
example, motor vibration can be caused by several different things, so it is very challenging
to find out the source of the vibration afterward; of course, speculation can be made.

The failure history of the pumps is much simpler. There are only five different compartments
where failures can be classified. The biggest failures are pump leaks and breakages in the
coupling of the pumps, both of them covering 39% of pump faults. Other pump failures
include bearings 10%, uncertain 8%, and other 4% of the time. Other failures consisted

mainly of shaft failures and impeller failures.
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The data provided by the service provider contains a total of about 1800 observations. The
findings come from different customers and include several different production processes

and machinery. The findings can be seen in Figure 19.

Distribution of observed faults (~1800 observations)
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Figure 19. Distribution of faults observed by the service provider.

Of the findings, the most failures occurred in bearings, covering about 43.8% of all
machinery failures. The second-largest form of failure is lubrication problems, covering
15.7% of failures. The third-largest “other” failure is explained by the extent of the
machinery base, which also results in several more minor failures. Service provider and mill

failure history rates are combined in Table 5.
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Table 5. Occurrence of different faults by machine type.

_43.3% 42 % 10 %
_15.7% 10 % -
_18.4% 18 % 4%

The third aspect was taken using FMEA. During the progress of FMEA, it was emphasized
that although the motor and pump are practically different machines, they have many of the
same components, meaning the same types of failures. Of these two machines, the pump is
more straightforward because it is a fully mechanical machine, and the quotient is also
smaller. The FMEA made for the pump can be found in Table 6.
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Table 6. FMEA for centrifugal pump.

Prevent leaking  Decay Leaking Heat
Wear
Cavitation
Withstand loads Bearing failures Vibrations Contamination
Low friction Wear Lubrication
rotation Heat Overload
Improper
installation
Rotates impeller Shaft failure Looseness Fatigue
Coupling failure Vibration Corrosion
Heat Improper

installation or
manufacturing
Flow liquid Impeller failure  Cavitation Blade cracking
Fails at
pumping
Decreasing

pressure

Most of the breakage of the pump parts can be detected by vibration measurements. The
only thing that cannot be detected is the rupture of the seal, but the one cause of rupture is
cavitation. Thus, vibration measurement alone can cover most of the possible failures of the
pump, either by directly measuring the failure itself or by monitoring its cause. Of course, it
is not possible to monitor every cause of failure and failure by vibration measurements, but

they can be covered by some other condition monitoring method.

The motor is a more complex machine than a pump. It contains more components and is
connected to the mains. Because of this, the motor also has more potential failures than the
pump. The FMEA made from the motor is shown in Table 7.



Table 7. FMEA of induction motor.
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Generate Stator fault Breakage
magnetic field  Winding fault Burn
Inefficiency

Generate torque  Rotor defect Bearing
damage
Increased
temperature
Withstand loads Bearing failures  Vibrations
Low friction Wear

rotation Heat

Transfer of heat Broken blades Imbalance
Fan blockage Overheat
Reduced heat

transfer
Rotates Shaft failure Looseness
impeller Coupling failure Vibration
Heat

Corrosion
Contamination
Overheat

External shocks
Insulation failure
Imbalance
Thermal stress
Contamination
Voltage unbalance
Contamination
Lubrication
Overload
Improper installation
Physical damage
Foreign materials
Dirt buildup

Fatigue
Corrosion
Improper installation

or manufacturing

Vibration measurements can detect most motor failures. However, this makes for

challenging electrical faults. They affect the results of vibration measurements but are more

challenging to identify. For this reason, voltage and current measurement results should also

be combined with the vibration measurement results of the motors (and connected

machinery) to identify sudden oscillations due to current spikes.
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The FMEA of the motor and pump also shows that most failures are best shown in the
velocity spectra. The biggest things observed in acceleration spectra are lubrication problems
and cavitation. Table 8 lists the failure modes and causes that can be detected in the vibration

measurements and the most efficient vibration unit for monitoring them.

Table 8. Faults/causes that can be detected with vibration measurements.

Motor/Pump Bearing faults Envelope acceleration
Motor/Pump Shaft problems Velocity
Motor/Pump Lubrication problems Acceleration

Pump Cavitation Acceleration
Motor/Pump Impeller/Fan Velocity

Motor Stator faults (multiple) Velocity

Motor Rotor faults (multiple) Velocity

4.2 Detecting malfunctions from measurements - case

A total of four different malfunctions have occurred in the motors or pumps that were
monitored with the online measurement system. The failures of these are studied and
compared with the literature. It is known from the faults how the machine has failed. The
subject of the study is how the malfunction has been reflected in the vibration measurements.
The malfunctions are two bearing faults, one imbalance, and one lubrication problem. The

machines, their failures, and the measuring points to be examined are shown in Table 9.
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Table 9. Machine, fault type, and measurement points under examination.

MC-pump 21 Pump bearing fault Pump De
Motor De
MC-pump 5 Motor bearing fault Pump De
Motor De
MC-feeder 2 Motor imbalance Motor Nde
Motor De
Drying blower 11 Motor lubrication Motor De

There are two measurement points for each fault, except for fault number 4. In fault numbers
1 and 2, the De of motor and pump is selected as the points to be examined. These points are
selected according to the location of the fault. In fault number 3, the motor's De and Nde
were selected as the measuring points. The reason is that the machinery in question has a
gearbox attached, which is excluded from the study. In fault number 4, only the De of the
motor is examined, as it is known from the problem that it does not affect other measuring

points.

The overall velocity, acceleration, and Envelope acceleration levels are inspected over the
failure time from every measure point under study. If the overall level increases as the failure
progress, spectra are also examined during the failure. The spectra are examined three times:
before failure, after detection, and before maintenance, which is used to see how the progress

of the failure is reflected at the spectral level.

4.2.1 MC-pump 21 bearing fault

The bearing fault of the MC-pump 21 occurred at the De of the pump. The fault cannot be
detected from any measurement of the De of the motor. The failure increased the overall

level of pump acceleration and Envelope acceleration measurements. No increase can be
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detected from the overall level of velocity measurements. The overall levels of the pump can
be seen in Figure 20.

MC-pump 21 acceleration and envelope overall levels
0,45
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0,05

0 Acceleration Envelope
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Measurement Date

Figure 20. Overall levels of acceleration and envelope.

The fault is easier to interpret from the Envelope acceleration, as it increased the overall
level proportionally more than the acceleration data. The level of Envelope acceleration
increased from about 0.12 gE to 0.31 gE, while the acceleration increased from 0.2 g to 0.32
g. The total failure of the bearing did not occur, and the machine could be maintained
approximately one month after the fault was detected. As a result, overall levels also
remained low. However, a slight progression of the fault can be observed in the trend of both
acceleration and envelope acceleration. The overall levels of the Envelope were momentarily
at 0.4 gE, and just before the maintenance, the total level was 0.37 gE. In the acceleration
trend, the increase was slightly more moderate, with the total level running at a maximum
of 0.36 g and before the maintenance at 0.35 g. At the spectral level, the failure is also clearly

noticeable. Figure 21 shows the envelope acceleration spectrum before and after failure.
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Figure 21. Envelope spectrum before and after the failure.

The development of the failure components can be observed in the figures. The first
component at about 210 Hz matches the fault frequency of the inner circumference of the
pump's De bearing. The oscillation component also has detectable multiples, typical of
bearing faults at about 420 and 630 Hz. The spectral failure of the acceleration is less
interpretable to envelope acceleration. An increase in levels can be observed, but it is
challenging to locate the source of the failure. The spectra of acceleration can be seen in

Figure 22.
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Figure 22. Acceleration spectrum before and after the failure.

In the acceleration spectrum, the increase in levels has mainly occurred between 2600 Hz
and 3600 Hz. Individual spikes can be observed, but direct observation of the defect cannot

be made.
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4.2.2 MC-feeder 2 imbalance

Fault number two, motor failure, was due to a deformation of the motor shaft, causing an
imbalance. The failure can be observed from the speed trend at both measuring points of the

motor; the speed trends are shown in Figure 23.

MC-Feeder 2 velocity trends
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Figure 23. Overall velocity levels of Nde and de of the motor.

As can be seen from the trends, the levels have increased quite rapidly, especially at the Nde.
Although the failure occurred at the De of the motor, higher vibration levels have been at
the Nde. This difference is explained by the fact that the motor is mounted vertically and has
no support at all at the Nde, allowing the motor to swing freely. The lack of support is also
seen in the variations of the vibration levels. The variations at the De vary in the range of
about 0.75 mm /s, while at Nde, the variation is about 2 mm / s. In addition to the velocity
trend, a slight increase in acceleration can also be observed. The trend of the acceleration of

Nde of the motor can be seen in Figure 24.
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MC-feeder 2 acceleration trend
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Figure 24. Overall acceleration levels of motor Nde.

The vibration levels in the acceleration trend increased by about 0.05 g so that the increase
can be seen, but it is still so small that it would have been very challenging to draw any
conclusions about it. The failure of the Envelope trend was not affected at all. From the
velocity spectrum of the motor measuring points, the fault is observed to develop at the
motor speed frequency, about 25 Hz. Images of the motor Nde spectrum before failure and

before replacement are shown in Figure 25.
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Figure 25. Motor Nde velocity spectrum before and after failure.

It can be seen from the velocity spectrum that the 25 Hz oscillation before the failure was at

the level of about 1.7 mm / s. Before the maintenance, the level increased to over 7 mm / s.

No other vibrational component has risen with the failure, which is consistent with the

literature’s perception of imbalance.
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4.2.3 MC-pump 5 bearing fault

The third fault progressed the fastest of all the faults examined. The cause of the failure was
a bearing failure. The progress of the failure can be examined from the trends in motor De
velocity, acceleration, and envelope measurements. They are shown in Figure 26. No

apparent change in pump trends can be observed.
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Figure 26. Velocity, acceleration, and envelope measurements of the motor.

As can be seen from the trends, the failure occurred very quickly, about two weeks from the
overall level rise to the breakdown of the machine. Unusual compared to the previous two
faults, failure is seen in every measuring unit at the measuring point. In addition, the
magnitudes of the oscillations increased with each unit of measurement, with overall velocity
levels of approximately 9.5 mm /s, acceleration of 8.7 g, and Envelope of 8 gE. From the
spectra, it can be seen that the oscillation is relatively high frequency. The spectra of velocity

and acceleration are shown in Figure 27.
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Figure 27. Motor acceleration and velocity spectrum after failure.

The highest peaks are visible between 800 and 1200 Hz in the acceleration spectrum, but
other lower peaks can be observed in almost the entire acceleration spectrum. Only the low
frequencies do not have peaks. The highest peak in the velocity spectrum is around 825 Hz,
and this same peak can also be observed in the acceleration spectrum. Other peaks can also
be observed from the velocity spectrum, but these are at relatively high frequencies. In the
envelope, precise multiples can be observed for the spikes, and most of the spikes fall on the
fault frequencies of the inner and outer circumference of the De bearing. The failure has
started from the inner circumference of the bearing, from where it has propagated elsewhere.

The failure progression from the envelope spectrum can be seen in Figure 28.
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Figure 28. Development of the fault presented with envelope spectrum.

What was exceptional about this fault was that it progressed very quickly. Rapid progress
can also be seen in the fact that the vibration components of the bearing are also visible in
the velocity spectrum, which in the bearings means a highly advanced fault. Compared to
fault number 1, which was also a bearing fault, the fault could not be detected with velocity.
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4.2.4 Drying blower 11 lubrication problem

The fourth fault is the lubrication problem in the blower motor. The problem can only be

detected from the motor acceleration and Envelope measurements. The trend also observed

that the fault is not full-time but occurs occasionally. This problem has been identified due

to an unsuitable lubrication technique that results in grease not spreading over the entire

bearing area. Because of this, the bearing is partially dry from time to time, resulting in

increased vibration levels. Trends in acceleration and envelope can be seen in Figure 29.
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Figure 29. Acceleration and envelope overall levels.

In both trends, the gains are high; in the envelope, levels rise from 0.1 gE to 2.7 gE. The

increase in acceleration is lower than the envelope but still significant as it rises from 0.2 g

to about 2 g. In the spectra, the differences between the two measurements are considerable,

which is shown in Figure 30.
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Figure 30. The difference in envelope and acceleration measurements during lubrication

problems.

The vibration levels are elevated in the envelope spectrum, but no individual components

and harmonics are detectable. In the acceleration spectrum, an apparent increase is observed

from 1600 Hz; the oscillation intensifies at about 3100 Hz and 4200 Hz, continuing at its

strongest up to 5000 Hz. At this point, the frequency range of measure ends.

Acceleration can be used to detect a wide range of different faults. However, detecting and

analyzing is more challenging than envelope and velocity measurements. The overall level

of acceleration is less sensitive to the progression of faults so that faults can go unnoticed

for long periods. However, acceleration is a good tool for detecting lubrication problems and
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cavitation. These occur only at high frequencies, so velocity measurements cannot detect
them. These can be noticed with envelope, but the way envelope works are not interpretable
for a particular frequency band, which is what it is with acceleration. The envelope is
superior in identifying bearing faults, providing clear indications of bearing fault frequencies
at an early stage. Velocity can monitor faults at low frequencies, such as faults that follow

the motor speed frequency or its multiples.

Fault monitoring can be done at two levels, one is overall monitoring, and the other is
spectrum monitoring. The overall level gives a good idea of the current situation of the
machine, but it does not allow deeper analysis. However, the overall level rises whenever
there is an increase in the spectrum. The downside here is that the overall level also reacts
to external oscillations that cannot be detected without spectrum and may thus cause false
alarms. By monitoring only the oscillation components, false alarms caused by external
disturbances are eliminated since the probability that the frequency of the external oscillation
would be the same as the oscillation component is minimal. By tracking the oscillation
components, it is meant that a specific frequency or frequency range is placed in the
spectrum. With tracking, the change of the specific frequencies of the measurement is
monitored. Its weakness is that ranges must be set for each frequency component and
measured separately. Setting different ranges makes arranging the monitoring of vibration
components very laborious and expensive. The most cost-effective solution is a combination
of these two monitoring methods. The most common faults are monitored with vibration

components and other possible ones at the overall level.
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4.3 Presentation of vibration data based on the criticality

At the beginning of the study, the expectation was that bearings would be the important area
to focus on. However, with the help of FMEA and fault history, it was noticed how important
other components are. When interpreting the FMEA, it is noticed that most of the faults are
seen in the velocity measurements. The envelope acceleration used to detect bearing faults
is a weak tool for interpreting such faults. The FMEA also emphasized the use of other
vibration units in addition to the envelope. Thus, trend monitoring of velocity should also be

considered on machines selected for bearing monitoring.

Additionally, the possibility of using vibration measurement as a preventive method was
also found with the help of FMEA. These are the detection of lubrication problems and
cavitation. These play a significant role in failure prevention and are easily seen and
interpreted from the spectrum. The most effective unit for detecting these is acceleration.
The acceleration would not have been considered for display initially, as the envelope is a

better unit for bearing tracking and the vibration velocity is simpler to interpret.

The failures stored in the vibration measurement system at the mill divided the fact that the
literature also matches the actual vibration results. However, exceptions may occur there,
for example, with fault number 3. It was a bearing failure that, according to the literature,
should initially appear only at high frequencies (acceleration and envelope measurements),
from which it moves to lower frequencies as the fault progresses. However, this fault was
almost immediately reflected in the velocity measurements. However, the fault itself
corresponded to the behavioral pattern of vibration measurements defined by the literature.
Thus, the models presented in the literature are mainly correct, but exceptions can still be

found.

A total of four different ways to monitor the evolution of vibration measurement results have

been identified during the study. Each measurement method has its pros and cons that should
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be considered when making choices. Ways to monitor are: bearing tracking or Envelope

acceleration spectrum, velocity spectrum, acceleration spectrum, and their trends.

Trend monitoring alone is not an excellent way to monitor a machine failure, as it does not
allow the failure to be identified. In some cases, the failure can be masked by other machine
vibrations. It is worth using the velocity measurements in trend monitoring, as it is the
simplest. The disturbance factors that raise its levels are mainly seen in the process
parameters. Acceleration and envelope acceleration can also be monitored as a trend, but it
requires expertise in spectrum interpretation. Acceleration and envelope acceleration are
sensitive to cavitation and lubrication problems, so if their overall levels rise, these
possibilities should be checked from the spectrum before interpreting the failure.

However, these trends can be exploited when lubrication problems and potential cavitation
are monitored. As the trend rises, cavitation and lubrication problems can be checked
immediately without looking at the spectrum. The benefit of tracking the envelope
acceleration trend is also somewhat questionable if the bearings are spectrally monitored, as
they are not effective for detecting other faults. The advantage of trend monitoring is that it
is quick and easy to set warning and alarm limits. Trend tracking can cover a large portion
of machinery quickly and inexpensively. However, the trend is challenging compared to the

already analyzed results, as external factors can raise vibration levels.

Spectral tracking is performed using bandwidth monitors that monitor only a specific
frequency range. A bandwidth monitor is set for each desired fault frequency, and the
development of the trend is observed. With the help of the band monitor, even small changes
at one fault frequency are noticed, as it excludes oscillations at other frequencies. The aim
is to keep the area of the frequency band as small as possible, depending on the machine. On
machines with a significant change in rotational speeds, the fault frequencies also change
slightly. The software considers changes in rotational speeds, but small changes still occur.

In such machines, the frequency range of the band must be slightly more extensive.
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A separate frequency band is used for each fault frequency to make the spectral tracking as
efficient and unambiguous as possible. It allows each fault frequency to be identified, and
thus the warning/alarm can be targeted to possible faults that increase that frequency. Due
to peculiar manifestation, the frequency band is placed over a much larger area in lubrication
and cavitation tracking. Cavitation and lubrication problems do not appear as a single peak
but, as a whole, raise specific frequency ranges. When these two are to be tracked, the entire

frequency range is taken as the frequency range of the band.

As already stated, spectrum monitoring is performed in three different ways. Each method
has its advantages, and its use does not eliminate the possibility of using another method.
However, the most important is bearing monitoring, as it allows the fault to be indicated
early. However, it is laborious to put a frequency band on it, as only one bearing has four
different fault frequencies. Based on the study, the primary target to which that watch is
worth placing is the De of the motor. However, this does not mean that it will not be helpful
elsewhere, which will need to be considered on a machine-by-machine basis.

However, there are not a lot of gearless motor pump combinations at the mill, so in the future,
it may be worthwhile to cover the bearings of both machines at once. A few simple machines
provide an operating model that allows operators to observe the system and its capabilities.
Although the system was acquired mainly for bearing monitoring, its other possibilities
cannot be ruled out. The fault history and FMEA alone show that many faults and fault types
are primarily detectable in the velocity spectrum. A table for detecting vibration problems
and the prevalence of individual vibration problems are shown in Table 10. Much of the
failure is reflected in the frequency at the speed of the machine or its multiples. Velocity
spectrum monitoring should also be included if the goal is to get comprehensive information
about the machine's condition. The most crucial point for such monitoring in a motor pump
combination is the De of the pump because the most common failure of pumps is their

coupling.
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Table 10. Malfunctions, their occurrence, and the best monitoring unit.

Imbalance 7.5 %  Lubrication 15.7 Bearing43.7% Other 18.4 %

Resonance 5.1 % %

Alignment 4.3 %

Coupling 3.9 %

Electrical 1.8 %

Vibration 4 % Lubrication 10 %  Bearing42 %  Other 18 %
Uncertain 16 %
Burnt 6 %
Leakage 4 %

Coupling 39 % - Bearing 10 %  Leakage 39 %
Uncertain 8 %
Other 4 %

Shaft problems Lubrication Bearing -

Fan problems

Stator faults

Rotor faults

Shaft faults Lubrication Bearing -

Impeller faults Cavitation

The motor also benefits significantly from spectral velocity tracking and is highly justified
by its fault history and FMEA. Only 42% of motor failures were bearing failures. Although
it is the most common type of failure, many other failures can be covered in the velocity

spectrum.

In addition to velocity, added value is obtained by using acceleration. Fully direct defects in
acceleration are more challenging to detect than envelope acceleration and velocity, but it is
a superior tool for detecting cavitation and lubrication problems. The motor pump
combination also has the advantage that both can be utilized. Cavitation information, in
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particular, is valuable to the operator in the control room, as it provides him with immediate

feedback if the process changes cause cavitations.

Cavitation and lubrication problems are also essential indicators when getting to know the
system, as they provide feedback in the other direction. For example, if there is a lubrication
problem in a machine and the operator goes to add lubricant, it will immediately affect the
vibration levels. Detecting lubrication problems provides clear indications of success.
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5 Discussion

An online vibration measurement system is an excellent condition monitoring system. It
provides continuous data on the condition of the machinery, enabling rapid responses to
various malfunctions. However, it is not a substitute for all other condition monitoring
methods and is best combined with other condition monitoring methods. Visual inspection
and oil analysis are well suited to the online vibration measurement system. The study found
that vibration measurements may differ from the literature, resulting in challenging
automation of measurement interpretation. For the fault to be reliably interpreted remotely,

the experience of the analyzer is relevant in such exceptional cases.

However, most of the failures occurred entirely according to the literature. In both bearing
faults, the fault frequencies corresponded to the calculation formulas for bearing fault
frequencies presented in several different literature sources. This formula is shown, for
example, in (PSK 5707:2019, p. 15), (Alsalaet, 2012, p. 50), and (Ahmed & Nandi, 2020,
pp. 23-25). The imbalance and lubrication error also behaved as expected. For example,
according to (Alsalaet, 2012, p. 30) and (PSK 5707:2019, pp. 7-8), an imbalance increases
the machine's rotational frequency, which happened during that failure. The literature was
in line with each other and the measurements, except for the progress of fault number three.
However, the examples in the literature are only generalizations from which reality may
deviate; this is also stated at the beginning of PSK 5707: 2019.

However, identifying the fault itself is not the most important thing for the factory. The most
important thing is to get an indication of a fault as early as possible, giving time to locate the
fault. If the fault cannot be identified by light analysis and on-site observation, the service
provider's analysis can always help locate it. The most important thing is to get the

information moving.
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5.1 Reliability of results

Only those faults were identified from the fault history from which the fault can be identified
with certainty. Defects that could not be identified were placed under unclear. There were a
few cases in the motor failure history where the motor had been replaced, but the
replacement's cause had not been stated anywhere. Uncertain reports were 13% for motors
and 8% for pumps. In motors, faults also had to be identified more by consequence than by
the cause itself. These include burnt or vibration. It is not clear from these what the

underlying fault was.

The reports were also very different; some contained much information, making it easier to
identify the fault afterward. Similarly, some notifications provided very little, if any,
information. These factors increase the uncertainty of the results, as each person may
interpret the historical data slightly differently. There was also significant variation between
different reports. Despite the quality of the reports, the aim has been as realistic as possible
by identifying only clear cases. However, it is understandable that not every failure is
thoroughly studied, as the added value is minimal for the mill's operation. Detailed research
is valuable, and the additional information gained from research is not valuable. Of course,
continuously failing machines are a separate issue, where the faults give valuable

information.

Although it is not worthwhile to study the root causes of failures in nearly every case, it does
not remove the importance of the information in the reports. With this online system, the
importance of consistency of declarations increases, as the fault history is an excellent tool
for interpreting vibration measurements. Only the fault history can be used to see the effect
of different parts on the vibration measurements. However, a more detailed fault history can
be achieved, for example, by standardizing the making of fault reports to minimize inter-

person variation.
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The data produced by the service provider has an extensive sample which increases
reliability. According to statistics, there were around 1,800 cases in the sample, which means
a margin of error of about + -2% with a 95% probability. The challenge for service provider
data is that it is not identified for any particular type of machine, allowing for a slightly
distorted outcome.

The study by the FMEA was conducted using the literature. Three different scientific
databases were used to gather information. The sources were maximum of ten years old, and
their impact factor was not examined. The challenge in the literature was that defects were
reported in a different format, so slight generalizations had to be made, but this does not
significantly affect reliability.

Each data collection method had its challenges to reliability. However, using triangulation,
perspective was obtained from three different sources. The results obtained by these different

methods differed only slightly, ensuring the reliability of the results.

5.2 Recommendations for filtering measurement data and its presentation

A recommendation for the user interface was made based on a literature survey,
measurement results and analysis, criticality classifications of the mill, and operators'
interviews. The user interface consists of four levels; the lowest level shows the actual
measurement results. At the top level is the mill overview, which includes all the sub-
processes of the mill. By selecting a subprocess, all the machinery in the measurements for
that subprocess is displayed. Selecting equipment gives an equipment-specific view that
includes all the machines in the equipment. By choosing a machine, for example, a motor, it
is possible to examine its measurements. Showing measures only at the machine level

provides a clear indication of where the machine may be faulty.

The operating models used in the user interface are standardized recommendations for the

machine level. By standardizing the recommendations for different machine types, it is
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possible to increase the machine coverage of the user interface because instead of machine-
specific measurements, the measurements are generally selected to a machine type. The
disadvantage of machine type standardization is that the faults displayed are very general,
and it is not worth considering the machine-specific features. However, these machine-
specific measurement filters can also be added retrospectively if necessary. The mill can be
covered almost entirely by building an operating model for gears, motors, pumps, and screw

conveyaors.

However, this research has focused solely on motors and pumps, so it is challenging to give
more profound recommendations for screw conveyors and gears. However, it can be
assumed that at least bearing monitoring is worth setting for these. The components in the
motors and pumps are pretty much the same, so failures with these machines are very much
the same. Of course, the frequency of occurrence of different types of faults varies, and, for
example, bearing failures of motors are more common than bearing failures of pumps. The
similarities in the motors and pumps mean that the faults displayed on them are primarily
the same. Recommendations for fault frequencies to be displayed from motors and pumps

are given in Table 11.

Table 11. Recommendations for phenomena to be monitored in different machines.

Motor/Pump Bearing faults

Motor/Pump Lubrication problems
Motor/Pump Overall velocity
Motor/Pump 1X frequency and harmonics
Pump Cavitation

Although there are more possible motor failures than the pump, displaying these failures
with frequency bands is challenging. In addition, these types of faults are relatively rare, so
it is not profitable to add them to the operating model. As faults, bearing failures are only

monitored by envelope acceleration. The acceleration spectrum is used to monitor
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lubrication problems and cavitation. The velocity can be used to monitor the remaining
possible faults; however, due to many possible faults, only the frequency of the machine's
rotation speed and its multiples should be monitored from the spectrum. The frequency of
the rotating speed alone includes several possible failures. Since not all faults can be
detected, a total velocity level is set to detect other faults. The percentages covered with

these measurements are shown in Table 12.

Table 12. Percentages of faults covered by selected measurements.

42 % 10 % 43.7 %

10 % No data 15.7 %

No data 39 % 20.8 % (combined
from 4 different
faults)

4 % + a maximum Maximum of 12 Maximum of 18.4 %
of 34% from other % from other and

and uncertain uncertain faults.
faults.
73 (+I-17) % 54 (+/-6) % 89.4 (+/-9.2) %

These measurement filters detect approximately 73% of motor failures and 54% pump
failures. The percentage of pump failures is relatively low due to a large percentage of leaks;
they cover 39% of pump failures. Uncertainty in percentages is exacerbated by the high
proportion of other and unclear failures (solid dispersion can be between 56-90% for motors
and 48-60% for pumps). However, if the choices are considered at a general level, 89.4% of
faults can be detected with the choices (variance 80.2-98.6%). The main reason for the high
potential detection process is that the general data only have faults detected with vibration

measurements.
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The user interface has three different modes for measurements: normal, warning, and alarm.
These three indicate the seriousness of the situation; however, the levels are set so that
machines that come to the alarm level still have life left. For this reason, the difference
between normal, warning, and alarm is not significant. Vibration levels can fluctuate
between different measurements. For this reason, the first time an alarm or warning message
is received, it is essential to check the trend of the fault; if the trend has always been on a
slight rise, a fault can be assumed. If the trend rises suddenly and falls back to an average
level after a while, it may be a matter of measurement or an external factor, and in such
situations, it may be ignored. However, if the measurement suddenly rises and stays at the
same level/starts to rise, it is presumed that the machine has malfunctioned.

Once a possible fault has been identified, it is good to go on-site to check the situation from
which the current situation can be mapped out. In some cases, such as bearing failures in the
early stages, the information available on site is minimal because the vibrations in the
bearings are very weak. In lubrication problems, cavitation, and vibration velocity, a clear
indication can be gained on site. Lubrication problems and cavitation occur in human hearing
frequencies, so listening can quickly confirm a fault. It is easier to identify the source of the
vibration on site. At the same time, vibrations from external sources can also be excluded.
In addition, operators can use a vibrating pen to reliably detect the point where the vibration
is most significant at the machine. A flowchart of the recommended identification process is

shown in Figure 31.
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‘

Figure 31. Flowchart of identification process.

Once the fault has been confirmed, follow-up action can be initiated, and each finding is
reported to the maintenance system. The fault can be documented in the mill's fault history,
and a maintenance/replacement time can be planned. For reports of lubrication and cavitation
problems, indicate possible greasing (lubrication problems) or process quantities
(cavitation). In cases related to the vibration velocity, the machine is monitored, and a
personal suspicion of the malfunction is reported.

Building an interface is a laborious and time-consuming project because the system is
pervasive and has many measurement points. The building has to start somewhere so that
the training can be started and some machines can be monitored. It is good to start building
the user interface from the mill's MC pumps. There are just under 10 of them; they are simple
units with only the motor and pump, they all belong to the highest A-class in production
criticality, and on top of all that, their failure rate is higher than average. After MC pumps,
the interface can be expanded to cover all the rest of the A-critical machinery, at least for

motors and pumps.
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5.3 Utilization and generalizability of results

The study results are primarily based on failures presented at the mill. Motors and pumps,
however, were considered at a general level, so the results can also be used elsewhere, but
they may not fully reflect the failures of other production facilities. The results can be utilized
with an operating model.

The operating models are standardized recommendations for the machine. By standardizing
the recommendations for different machine types, it is possible to increase the machine
coverage for multiple types of machinery. Instead of machine-specific measurements, the
measurements are presented on a general level to a specific machine. The disadvantage of
machine-specific standardization is that the faults displayed are very general, and it is not
worth considering the machine-specific features. However, these machine-specific
measurement filters can also be added retrospectively if necessary. On the plus side, this
makes the results easy to generalize. These measurement choices alone can cover about 80-
98% of faults in different machines in general, so the probability that the choices can detect

a large part of other types of equipment failures is high.

The results can be utilized in vibration measurements of motors and pumps through the
operating models. The purpose of the study is to be the first step in introducing vibration
measurements, so the usability of the results depends a lot on the competence in vibration
measurements. If the skills are good, the results will not be helpful, as the same things can

be observed without filtering.

5.4 Further research

The study highlighted a few areas for development and further research. The observed

development and further research targets are:

- Examination of the vibration components of machines

- Standardization/clarification of maintenance reporting
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- Improving lubrication systems
- Reduction of resonance
- Supporting condition monitoring methods for slow-rotating machines and planetary

gearboxes

Determining the vibration components facilitates the analysis of the measurement. Although
the vibration components of the machine itself are seen using the machine information in the
software, it does not take into account vibrations in the environment. Environmental
vibrations affect the overall vibration levels of the machine, and if the results show directly
that the elevated levels are due to an increase in environmental vibration, failure of the
machine can be ruled out. In addition, in the future, it would be a good idea to report motor
replacements and other maintenance measures directly to the vibration measurement
software so that when looking at the trend, immediate causes can be detected for the

increased/decreased vibration levels in the history.

When making a fault history, the varying quality of maintenance notifications brought
challenges to interpretation. Some reports did not report the fault, or the description was so
incomplete that it could not be reliably interpreted afterward. Standardizing reporting or
taking standardization to a certain level would help this problem. However, it is not advisable
to make the declarations too detailed, as the additional workload it brings does little to no
added value from the mill's point of view.

By improving the lubrication method, more even measurement results are achieved, and the
service life of the machines is also extended. Currently, the mill has a few machines where
acceleration levels start to rise due to lack of greasing; these machines are all automatically
lubricated. Often, the levels in these machines are elevated for a few days, after which it
returns to normal levels. In addition to lubrication, it is also a good idea to intervene with
the resonance of the evaporator. The evaporator gets dirty quickly, which raises the vibration
levels. Due to the increased vibration levels, the evaporator has to be driven slower. In
addition to dirt, the machine's resonance increases the vibration levels, and if the resonance

could be dampened, it would also allow longer at full power.
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The study revealed how challenging slow-rotating machines and planetary gears interpret
vibration measurements. The vibration levels are minimal, making it challenging to interpret
the results. The mill has a few machines that are production-critical and slowly rotating. Due
to the criticality of production and the challenge of interpreting the results, other monitoring

methods could also be obtained for such machines to support real-time condition data.
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6 Conclusions

The research aimed to support the integration of vibration measurements at the operator
level, identifying the probability of different types of malfunctions and identifying a way to
detect them in the vibration measurements. The study consisted of two parts; the first section
studied the prevalence of different malfunctions. The prevalence of malfunctions revealed
that bearing failures are the most common cause of motor failures. Motors are also more
fault-prone to bearings faults than pumps. However, pump bearing failures are also critical

as they are the second most common malfunction observed in vibration measurements.

In addition to bearing faults, the machines’ rotating frequency and high-frequency
oscillations (frequency ranges of acceleration) are essential to observe. Acceleration is used
to detect lubrication and cavitation problems; although these are not directly faults, they
contribute to the emergence and development of failures. The motors’ rotating frequency
consists of multiple failures, making it more important to follow. With pumps, the frequency
of rotation is also effective in covering most of the faults detected in the vibration

measurements.

In addition to these three different observations, the usefulness of the overall velocity was
also identified. Most faults detected in the vibration measurements are reflected in the
machines’ vibration velocity. Although it is not possible to identify faults with the overall

level, it indicates a possible fault, which is valuable information for the mill's operation.

The research also included a case study where malfunctions at the mill were observed with
the mill's vibration measurement system. The study found that the defects mostly appear as
expected. However, this is very case-specific, and in some situations, the fault may occur
differently. Case-specific appearance creates a challenge for automated analysis, as the
reliability of the results decreases with these exceptions. However, this does not eliminate
what can be achieved with automation—combining the operators' experience in controlling

the machines with vibration measurements results in complementarity between the two.
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Relying on multiple sources of information provides improved reliability of interpretation;
if a fault is detected in the measurements and on-site, the existence of the fault can be
verified. If the fault is detected only one way, further studies can be initiated to identify the

source.

At the end of the research, recommendations were made for operating models. The operating
model determined which measurement results should be emphasized for each machine type.
The operating model made the user interface of the operators very scalable, as only two
different machine types can cover most of the machines in the mill. In addition, a
recommendation was made on where to start building the user interface. The

recommendation was based on the simplicity and criticality of the machines at the mill.

With the help of operating models, most of the possible failures can be covered. The most
common malfunctions, such as bearing faults, coupling faults, and lubrication problems, are
monitored separately. Rarer failures are monitored with the overall level, making it possible
to detect the failure but not identify it. Faults that cannot be detected with these selections
are also those that cannot be detected in vibration measurements, such as leaks. Some high-

frequency oscillation components may also go unnoticed, but their occurrence is improbable.

The online vibration measurements at the factory have been an excellent addition to the
factory’s other maintenance strategy. Especially with online measurements, the amount of
data available from the machines are large, making it easier to diagnose various fault
situations in the future. However, the study also clarified that condition monitoring should
not be performed by vibration measurements alone; it has its weaknesses and should be

supplemented with other methods.
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