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Sammanfattning 
Att förutsäga driftstiden för en mekanisk tätning är av komplex natur. Även inom branschen är 
erfarna yrkesmän aldrig säkra på hur många timmar en segl skulle fungera effektivt. De 
ungefärliga förseglingen kan vara i över 10 000 timmar eller bara 1000 timmar. En viktig orsak 
till detta är den ständigt föränderliga miljön under vilken en tätning fungerar, och detta beror 
huvudsakligen på vilken typ av vätska som pumpas. En centrifugalpump är konstruerad för att 
transportera olika typer av fluidmedia med förhållanden som, med eller utan förorening, 
varierande temperaturområde, närvaro av fasta partiklar, otillräckligt tryckbehov, varierande 
belastningsområde och drift av pumpen i ineffektivitetsområdet för att möta sätta efterfrågan. 
Alla dessa skäl gör det komplicerat att formulera ett förseglings levande livslängd. Därför är det i 
fråga om förutsägbart underhåll nödvändigt att förstå beteendet hos tätningskomponenter för 
vissa misslyckande fenomen. En av teknikerna för att uppnå detta är vibrationell analys. Den 
utvecklade metoden i denna studie försöker överväga alla driftsförhållanden och respektive 
tätningsbeteende. Det försöker läsa vibrationsresponsen av tätningskomponenterna under dessa 
komplexa förhållanden och definiera specifika frekvenser och frekvensområden som indikerar 
felförhållanden för tätningskomponenterna. 

Arbetet initierades med målet att skapa en lämplig prediktiv underhållsmetodik som kan 
förutsäga de berörda felfelomen genom att övervaka pumpens och tätningens vibrationssvar och 
identifiera respektive felfrekvenser. De tre felförhållandena i fokus var kavitation, dålig 
smörjning och lagerfelvibration. Experimentella utfördes på en provrigg bestående av en 
centrifugalpump och mekanisk tätning. Vibrationssvaret analyserades för att detektera det 
berörda misslyckningsfenomenet. Det visade sig att kavitationsdetektering är möjlig genom att 
övervaka pumpens rotationsfrekvens och impeller blade pass frequency. Detektering av dåligt 
smörjförhållande kan observeras genom närvaron av naturliga frekvenser av tätningsytor. Det 
bestämdes också av experimenten att detektering av bearing source frequencies kan avslöja 
information om plats och typ av lagerfel. 

Nyckelord: Tillståndsövervakning, vibrationsanalys, FMECA, signalbehandling 
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Abstract 
Predicting operating life of a mechanical seal is of complex nature. Even in the industry, 
experienced professionals are never sure about how many hours a seal would operate efficiently. 
They approximate a seal could last for more than 10,000 hours or for a mere 1000 hours. One 
important reason for this is the ever-changing environment under which a seal operates, and this 
is mainly due to the nature of the fluid being pumped. A centrifugal pump is designed to 
transport different types of fluid media with conditions such as, with or without contamination, 
varying temperature range, presence of solid particles, inadequate pressure requirement, varying 
load range, and operating the pump in the inefficiency range to meet the set demand. All these 
reasons make it complex to formulate operating life of a seal. Therefore, in terms of predictive 
maintenance, it is required to understand the behaviour of seal components for certain failure 
phenomena. One of the techniques to achieve this is vibrational analysis. The developed method 
in this study tries to consider all operating conditions and respective seal behaviour. It tries to 
read the vibration response of seal components, under these complex conditions, and define 
specific frequencies and frequency regions which indicates failure condition for the seal 
components. 

The work initiated with the objective of creating a suitable predictive maintenance methodology 
which can predict the concerned failure phenomena by monitoring the vibration response of the 
pump and seal and identify the respective failure frequencies. The three failure conditions in 
focus were cavitation, poor lubrication and bearing failure vibration. Experiments were 
performed on a test rig consisting of a centrifugal pump and mechanical seal. The vibration 
response was analysed to detect the concerned failure phenomenon. It was found that cavitation 
detection is possible by monitoring the pump rotational frequency and impeller blade passing 
frequency. Detection of poor lubrication condition can be observed by the presence of natural 
frequencies of seal faces. It was also determined from the experiments that, detection of bearing 
source frequencies can reveal information about the location and type of bearing defect. 

Keywords: Condition Monitoring, Vibration Analysis, FMECA, Signal Processing    
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NOMENCLATURE 

A list of notations and abbreviations used in the thesis. 

Notations 

Symbol Description 

A Cross-Sectional Area of the Ring (m2) 

C Carbon Graphite 

C Torsion Constant 

d Ring Diameter (m) 
E Modulus of Elasticity (N/m2) 

fi Natural Frequency of In-Plane Bending Mode (Hz) 

fo Natural Frequency of Out-of-Plane Bending Mode (Hz) 

fr Fundamental Ring Frequency (Hz) 
g Gravitational Acceleration (m/s2) 

h Ring Cross-Sectional Height (m) 

Nb No. of Impeller Blades 

Nb No. of Bearing Balls 

NPSHr Net Positive Suction Head Required (m)  

NPSHa Net Positive Suction Head Available (m) 

ρ Material Density (kg/m3) 

Q Pump Flow Rate  

r Radius of Centre line of Ring (m) 

S Pump Speed (Hz) 

SiC Silicon Carbide 

T Kinetic Energy of Vibration 

t Ring Thickness (m)  

u Radial Displacement (m)   

U Potential Energy of Deformation  

�̇�𝑢 Radial Velocity (m/s)   

v Poisson Ratio  
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Abbreviations 
BPF Blade Pass Frequency 

BPFO Ball Pass Frequency of Outer Race 

BPFI Ball Pass Frequency of Inner Race 

BSF Ball Spin Frequency 

CM Condition Monitoring 

DAQ Data Acquisition Device 

DOE Design of Engineering 

f Frequency Domain 
FFT Fast Fourier Transform 

FMECA Failure Modes, Effects and Criticality Analysis 

FTA Failure Tree Analysis 

FTF Fundamental Train Frequency 

NPSH Net Positive Suction Head 

RF Rotational Frequency 

RPM Revolutions Per Minute 

t Time Domain 

t-f Time and Frequency Domain 
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1  INTRODUCTION 
This chapter provides a basic overview of process pumps and mechanical seals, and their 
respective failure causes. It also addresses the research question and the purpose of its 
fulfilment. The methods implied to achieve the thesis purpose is followed in the subsequent 
chapters of this report. 

 

 

1.1 Background 
From the title of this thesis ‘Monitoring of Mechanical Seals in Process Pumps’, it can be 
deduced that this work is mainly revolving around the operation and maintenance of mechanical 
seals in the process pump industry. A mechanical seal is an integral part of a process pump and it 
directly affects the performance of the pump unit. Reliable operation of a mechanical seal is of 
primary importance as this directly affects the flow-rate of the pump. But, unfortunately, failure 
of mechanical seals is the most common type of pump downtime. As claimed by a research, by 
Grundfos Industry (Pump Handbook, 2004), mechanical seals account for 39% of pump failures. 
Failure of a seal could happen for numerous reasons and it is not directly related to the 
mechanical seal itself. Some other malfunction in the pump could indirectly affect the working 
operation of a mechanical seal as well. For example, excessive pump vibrations could lead to 
misalignment of the shaft, which in turn results in a leaking shaft seal. 

This work mainly focuses on identifying such direct and indirect failure causes in a radial, 
single-stage centrifugal pump with volute casing and in an internally pressurized single 
mechanical seal. An exact illustration of the employed pump and seal can be seen in Figure 1 
and Figure 2. The devised monitoring technique will then focus on detecting symptoms of these 
failure causes before or during the incipient phase of a failure.  

Therefore, from the perception of sealing industry, it is highly important to find a predictive 
maintenance technique which is simpler, quicker and cheaper, and which in turn can curb the 
pump downtime losses and increase the operational life of a mechanical seal.       

The suggested monitoring methodology of mechanical seals for process pumps, specifically 
centrifugal pumps, is confined within the topics of this research. But, mechanical seals are also 
widely used in, compressors, reactors, mixers, rotary towers, centrifuges and filter devices. So, 
the application of the suggested method is not limited to centrifugal pumps and is defined 
keeping in mind the operation of mechanical seals for any rotating machinery, where there is a 
requirement of confining a specific fluid media. 

 

Figure 1. Alfa Laval LHK 10 pump model, from Alfa Laval LKH 10 Pump Manual (2017). 
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Figure 2. Internally pressurized single mechanical seal installation, from Alfa Laval LKH 10 Pump Manual (2017). 

1.2 Purpose 
The aim of this thesis is to find a suitable monitoring methodology, which is simple in process 
and cheaper in development. The ideology behind this method is to effectively and rapidly detect 
the failure phenomena, in its incipient phase, via continuously observing and reading the 
machine operating conditions and their changes. If the presence of an incipient failure is 
detected, then the machine operator gets an alert to take necessary actions to stop the failure in 
reaching its final phase. 

The two main things that are required to be achieved from this work are: 

1. To analyse whether the monitoring technique of structural vibrations and acoustic 
emissions can successfully predict failure phenomena within the centrifugal pump and 
mechanical seal. 

2. To get relevant results which can further be employed in developing a prototype solution, 
in terms of both hardware and software, for mechanical seal maintenance.         

To perform this analysis the pump was made to operate on such operating conditions and 
parameter, which artificially induced failures in its operation. It was made sure that the failure 
generation was not just focused on pump failures, but also included potential seal failures as 
well. The analysis initiates with understanding the environment and operating conditions under 
which a process pump and a mechanical seal operates and observing the potential changes in the 
operating conditions which leads to failure.  

The condition monitoring (CM) methodology employed in this research is based on the 
following principles: 

• Failure Modes, Effects and Criticality Analysis (FMECA) 

• Vibrational Analysis 

• Machine Dynamics 

The FMECA principle was used to define all potential failure modes, of a pump and a seal, and 
the cause of their failure modes. The principles of vibration analysis and machine dynamics were 
used to understand the mechanical vibrations generated in the pump components and to 
understand the vibration responses of components under failure. The implications of the 
principles are further explained in detail in the report. 
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1.2.1 Research Question 
After a brief understanding of the purpose and requirements of this work, the following research 
questions were defined, 

1. ‘Can monitoring of structural vibrations be used to predict failure phenomena in 
mechanical seals?’ 

2. ‘Can specific failure modes for mechanical seals be detected via structural vibrations?’  
The study is based on structural vibrations generated in the pump and mechanical seal and 
focuses on vibration measurements. A delimitation to this is that the monitoring technique of 
sound measurement is not treated in this study. The following chapters and sections address in 
detail the defined research questions and provide reasons whether this work sufficiently supports 
them, or if they require further work. 

1.2.2 Research Steps 
To successfully address the formulated questions, the study was planned and conducted based on 
the following steps, 

1. Literature and Background Study: This was done to understand the basic pump and seal 
operation and to perform a failure analysis on both. 

2. Testing: From the failure analysis potential failure causes were selected and a test plan was 
devised. Based on the plan experimental testing was performed and the pump was made to 
operate on operating conditions that led to failure. 

3. Implementation: The data from the tests were analyzed and then evaluated, based on the 
respective failure phenomena. 

4. Results:  From data evaluation results were formed and a method was defined to predict 
and identify the selected failure phenomena.  

5. Conclusion: The research concluded with addressing the research question and discussing 
the usefulness of the method when applied in a real-world scenario. 

1.3 Centrifugal Pump: Overview 
Typical operation of a centrifugal pump involves circulation of liquid media from a low 
elevation point to a higher elevation and to displace liquid from one place to another. In relation 
to this study, an overview of the pump working principle and its components define its operation 
and the necessary variables required to operate the pump. For example, describing the details of 
the pump components tells about their respective vibration response. During the pump operation, 
each component will be vibrating at a specific frequency, which then can be monitored and 
analyzed to detect whether the pump is operating near a failure frequency. Monitoring frequency 
response generated by a pump and its components describe their operational health and indicates 
whether the frequency response is close to the defined failure frequency.     

1.3.1 Operating Principle and Components 
Pump basic operation involves transporting liquids by raising a specified volume flow to a 
specific pressure level. As illustrated in Figure 3, a centrifugal pump comprises a pump casing, a 
pump shaft, an impeller, a bearing housing, and a mechanical seal. The liquid to be pumped 
flows through the suction nozzle to the impeller. The overhung impeller mounted on the shaft is 
driven via a coupling by a motor. The impeller transfers the energy necessary to transport the 
fluid and accelerates in the circumferential direction (Johann Friedrich Gülich, 2014). The 
impeller blades contain the liquid and impart speed to the liquid as it passes from the impeller 
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eye towards the outside diameter of the impeller. The liquid leaves the outside diameter of the 
impeller at a high rate of speed and slams into the internal casing wall of the volute. At this 
point, the centrifugal velocity of the liquid comes to an abrupt halt and the velocity is converted 
into pressure. 

The fluid is conducted from the diffuser or discharge nozzle around the internal volute casing in 
an ever-increasing escape tube. As the pathway increases, the rotary velocity decreases and even 
more energy and pressure are added to the liquid. The liquid leaves the pump at discharge 
pressure, prepared to overcome the resistance in the system. The pump flow is usually controlled 
by driver speed and height of impeller blades. The pressure that the pump can generate is mostly 
governed by motor speed and impeller diameter (Larry Bachus, 2003). 

1.3.2 Pump Type 
Since they can be classified according to a variety of aspects of their great number of types and 
applications, this study is concentrated on the most common: ‘Single-stage, single-entry pump 
with volute casing’. The basic concept is shown in Figure 3. 

 

Figure 3.Single-stage volute pump with a bearing frame, from Johann Friedrich Gülich (Centrifugal Pumps, 2014). 

1.3.3 Pump Performance Characteristics 
The following characteristics define the effective performance of a centrifugal pump during 
operation, 

• Pump flow rate (Q) which is the effective volume flow through the discharge nozzle 

• Specific work or head 

• Pump coupling power consumption 

• Efficiency at pump coupling 

• Net positive suction head (NPSH) at the pump inlet 

• Pump Rotor Speed 
From the mentioned, the pump head and NPSH characteristics are important in terms of this 
study. This is because, their values are specifically defined to operate the pump on its best 
efficiency and if there is any deviation, then they are responsible for initiating the cavitation 
phenomena. Cavitation is one of the severe failures causes of a centrifugal pump. 
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1.3.4 Pump Specific Head 
The specific work is the entire beneficial energy transmitted by the pump to the fluid per unit of 
mass. It is measured between the suction and the discharge nozzle. The specific work is 
converted to the specific head by dividing it by gravitational acceleration (g). To ensure a 
specified flow rate, the pump must deliver a certain head which is called the required head. 

1.3.5 Net Positive Suction Head (NPSH) & Cavitation 
When the pressure in a fluid media drops below the vapour pressure, a portion of the fluid will 
evaporate. Excess fluid velocities around the leading edge of the impeller blade create a local 
pressure drop, which leads to such partial evaporation. This phenomenon is called cavitation. 
NPSH is what the pump requires, to perform its duties and prevent cavitation from initiating. 
NPSH is a requirement on the suction side of the pump. It takes into consideration the suction 
piping and connections, the elevation and absolute pressure of the fluid in the suction piping, and 
the fluid velocity. Some of these factors add energy to the fluid as it moves into the pump, and 
others subtract energy from the fluid. The fluid must have enough energy for the impeller to 
convert this energy into pressure and flow. If the energy is not enough then the pump suffers 
insufficient NPSH. In simple terms, NPSH is the reason the suction nozzle is generally larger 
than the discharge nozzle. If there is more liquid leaving the pump faster than the liquid can enter 
the pump, then the pump is being starved of liquid. 

To understand the energy available in the fluid entering the pump, the measurable unit for NPSH 
is feet of head or elevation in the pump suction. Therefore, the NPSH for the pump is defined by 
the relation, 

                                                                  NPSHa > NPSHr  (1) 

Where, NPSHa is the available NPSH at the suction side of the pump and NPSHr is the required 
NPSH by the pump to make sure it has enough fluid available to operate without starvation. 
Equation (1) must be satisfied to avoid cavitation generation.  

In pumping industry, the pump characteristics such as the pump specific head, the pump head at 
suction, the pump head at discharge, NPSHa and NPSHr are fundamental parameters for pump 
operation and are very well defined and monitored in the industry. Hence, their explicit details 
and formulation are not included in this work. Therefore, their predetermined values, from pump 
characteristic curves, were directly implemented in this study for analyzing the cavitation 
phenomena. 

1.3.6 Pressures Inside the Pump 
Suction Pressure: It is present in the suction nozzle and measured via a pressure gauge. It is the 
pressure which the pump converts into discharge pressure. Cavitation initiates due to inadequate 
suction pressure.  

Discharge Pressure: It is present at the discharge side of the pump, measured by a pressure 
gauge mounted on the discharge nozzle. It is a sum of the suction pressure and the total pressure 
developed by the pump.  

1.3.7 Pump Best Efficiency Point (BEP) 
There are two reasons, why it is important to consider pump operation at its BEP. First, in terms 
of pump operation, it is useful to understand at what values of flow rate and NPSH the pump 
performs efficiently. Second, in terms of this study, it is useful to run few tests on the pump 
under the BEP criteria, so the data from this could be compared with the data from a pump 
failure condition. 
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With a change in the flow rate of a pump, the head, the power consumption and the efficiency of 
the pump changes as well. Plotting these quantities against flow rate will produce the “pump 
characteristic” curve, Figure 4. At a specific flow rate pump’s efficiency has a maximum value 
called the “best efficiency point” (BEP). BEP is a measure that shows at what point in the 
characteristic curve, the pump is performing most effectively. A pump should operate at or near 
the best efficiency point. 

 

Figure 4. Pump characteristics curve, Johann Friedrich Gülich (Centrifugal Pumps, 2014). 

The impeller design and speed are factors useful in determining BEP. Trimming the impeller 
changes the efficiency curve and with its changing speed, the efficiency, and the BEP changes. 
Given the numerous amounts of pumps available, a pump characteristic curve is predefined for a 
specific type of pump by its manufacturer. For a given impeller diameter, fluid media and 
rotational speed, the pump flow rate, head, efficiency and power consumption are plotted to 
define its BEP. For the pump type implemented in this study, the characteristic values required 
for defining the BEP were taken from the manufacturer's pump performance manual and the test 
for BEP was performed as per the suggested curve values. 

1.4 Centrifugal Pump: Failure Analysis 
Centrifugal pumps are known to fail because of issues that arise within the fluid, such as 
cavitation, and mechanical faults, such as found in bearings and seals. The issues include both 
mechanical and hydraulic problems and are the point of concern for this research as well. Careful 
fault analysis of centrifugal pumps reveals the issues faced by a mechanical seal which also leads 
to its failure, and hence it is imperative to understand the major issues a centrifugal pump faces 
during its operation. 

Pump failures result in operational changes that reduce efficiency or result in a breakdown of the 
pump. There are 6 most common industry marked problems that afflict centrifugal pumps, 

1. Cavitation 

2. Contact of Rotating Parts 
3. Noise & Vibration 

4. Flow Rate and Head Changes 

5. Seal Failures 

6. Motor Overload/Failures 
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Cavitation: There are 5 principle causes of cavitation determined by the industry with their 
respective corrective measures. From Table 1, the most common type of potential cause for 
cavitation is in-adequate NPSH. Cavitation appearance and its causes are discussed in detail in 
the later section of this report. 

Table 1. Cavitation potential causes 

S. No. Potential Causes Corrective Action 
1 NPSHa < NPSHr Investigate cause 

• Friction loss in suction 
• Speed 
• Sudden Viscosity increase 
• Suction head change 

2 Media temperature not as specified Change temperature 
3 Speed too high Reduce speed 
4 Restricted suction Remove restriction 
5 Viscosity increase Re-calculate selection 

Contact of Rotating Parts: There are 8 principles causes of this issue. The industry suggested 
potential causes and corrective measures for this issue are listed in Table 2.  

Table 2. Contact of Rotating Parts: Potential causes & corrective measures 

S. No. Potential Causes Corrective Action 
1 Worn Motor Bearings Renew bearings and re-build 
2 Overpressure Locate source and reduce 
3 Temperature limit exceeded Lower operating temperature 
4 Cavitation Ensure NPSHa is adequate 
5 Ingress of hard solids Track sources and remove 
6 Impeller fitted incorrectly Refer to instruction manual 
7 Clearance incorrect Refer to instruction manual 
8 Pump rotation incorrect Check RPM controller 

Noise & Vibration: There are 9 industry suggested principles causes of this issue. The complete 
list of potential causes and corrective measures is listed in Table 3.  

Table 3. Noise & Vibration: Potential causes & corrective measures 

S. No. Potential Causes Corrective Action 
1 Cavitation Ensure NPSHa is adequate 
2 Impeller casing contact Correct mounting cause 
3 Overpressure Locate source and reduce 
4 Coupling not assembled correctly Tighten coupling and refer manual 
5 Poor base plate alignment Improve mounting 
6 Poor pipework design Straight runs, long radial bends 
7 Pipework resonance Consider flexible isolators 
8 Unsupported pipework Add pipe supports 
9 Worn motor bearings Renew bearings and rebuild 

Flow Rate: There are 7 principles causes for too high flow rate. A description of such causes 
and measures are listed in Table 4.  
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Table 4. Flow Rate: Potential causes & corrective measures 

S. No. Potential Causes Corrective Action 
1 Pump casing/Impeller wear Check and renew 
2 Overpressure Reduce pressure 
3 Speed too low or high Check and adjust speed 
4 Cavitation Increase NPSHa 
5 Viscosity increase/decrease Check reason and adjust 
6 Suction restricted Remove restriction 
7 Aeration Remove source (air leak) 

Drive Train: 8 principle causes for drive train or motor overload. A description of such causes 
and measures are listed in Table 5. 

Table 5. Drive Train: Potential causes & corrective measures 

S. No. Potential Causes Corrective Action 
1 No Power Locate power source 
2 Loose/broken Replace coupling 
3 Faulty motor Repair/replace motor 
4 Overpressure Locate source and reduce 
5 Pump Jammed Clear blockage and replace motor 
6 Worn Bearing Renew bearing and rebuild 
7 Incorrect electrical installation Review electrical installation 
8 Failure of frequency inverter Determine cause 

Seal Failure: Seal failure is one of the most common types of mechanical failure occurring 
during pump operation. Mechanical seals, in general, fail for two reasons: the lapped faces open-
up, or the pump running dry. When a seal face opens, it allows solids particles to penetrate 
between the lapped surfaces. The solids embed themselves into the softer carbon/graphite face 
causing it to act like a grinding wheel, which then causes severe wear on the hard face. Due to 
insufficient lubrication in, self-lubricating pumps, the lapped faces slide without any lubrication 
between them, which is also responsible for severe wear on the seal faces. The list of possible 
causes that accounts for most mechanical seal failures can be seen in Table 6.  

Table 6. Seal Failure: Potential causes & corrective measures 

S. No. Potential Causes Corrective Action 
1 Incorrect selection Reselect 
2 Dry running Prevent or add seal flush 
3 Too high discharge pressure Reduce pressure 
4 Damage by unexpected solids Track source and remove 
5 Rapidly changing temperature Minimise temperature changes 
6 Chemical corrosion/attack Replace with compatible seals 
7 Cavitation Ensure NPSHa is adequate 
8 Pump shaft vibration Locate and eliminate 
9 Incorrect fitting Refer to instruction manual 
10 Too high viscosity Re-select seal 
11 Flush failure Ensure flush is maintained 
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1.5 Mechanical Seals: Overview 
Mechanical seal is a device that forms a barrier between rotary and stationary parts in the pump. 
The seal overview provides a specification of seal primary components, its operation, face 
materials and sealing locations.  

1.5.1 Seal Operation and Components 
All mechanical seals are made with three elementary set of parts (J. Edward Pope, 1997). The 
first and most important set is the mechanical seal faces, as shown in Figure 5. The rotating seal 
face also called a rotor, is mounted on the rotating shaft, while the stationary seal face, also 
called a stator, is mounted to the housing via the gland ring. The faces are pressed against each 
other via a combination of hydraulic force from the fluid and spring force from the seal design. 
In this way, a sealing is maintained to prevent the fluid from leaking between the rotating and 
stationary areas of the pump. The second set consists of the secondary sealing members. These 
members consist of a wedge ring located under the rotor, an O-ring located on the stator, and the 
gland ring gasket. The third set is the seal hardware, consisting of the spring retainer, springs, set 
screw and gland ring. The spring retainer is used to mechanically drive the rotating seal face, as 
well as house the springs. The springs are a vital component for assuring that the seal faces 
remain in contact during any axial movement from normal seal face wear, or face misalignment. 
The set screw is used for transmitting the torque from the shaft. 

 

Figure 5. Basic configuration of mechanical seal, from Larry Bachus (2003). 

1.5.2 Seal Face Materials 
Mechanical seals generally use with hard-to-soft material combinations for the rotary and stator 
faces (Anton Van Beek, 2009). The soft face is usually resin impregnated carbon graphite (C) 
and the hard face is sintered or reaction bonded silicon carbide (SiC). 

1.5.3 Sealing Points 
There are four main sealing points in a mechanical seal, as illustrated in Figure 6. The seal faces 
are the primary sealing point (Point A). This point is achieved by pushing against each other two 
very flat, lapped surfaces, perpendicular to the shaft, that creates a very treacherous leakage path. 
Leakage is also minimized by the rubbing or sliding contact between the rotating and stationary 
faces. 
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Figure 6. Mechanical seal sealing points, from J. Edward Pope (1997). 

The second leakage point, Point B, is under the rotating seal face along the shaft. This point is 
blocked by a secondary O-ring. At Point C an additional secondary is used to prevent leakage 
between the gland ring and the stationary seal face. Point D is the gland ring gasket which 
prevents leakage between the equipment case and the gland (J. Edward Pope, 1997). 

1.5.4 Seal Classification and Type 
Mechanical seals can be categorised either by arrangement or by design. A single outside or 
inside seal, and a multiple double back-to-back, double face-to-face, tandem or staged seal is 
defined under the classification of ‘seal by arrangement’. An unbalanced or balanced, single or 
multiple spring, and pusher or non-pusher type seal is defined under the classification of ‘seal by 
design’. Regardless of their designs or arrangements, they are not inherently better than the 
other. Each type is designed for a specific application and use.  

As defined earlier, this study employs a centrifugal pump designed for the food and beverage 
industry and the specific seal used for this pump is a single inside seal. A schematic of the single 
seal type is illustrated in Figure 5. 

A single inside seal is one of the most common seal arrangements used. The important factor to 
consider for this arrangement is that the seal faces are lubricated by the sealed fluid, and 
therefore the sealed fluid must be compatible with the environment. Hence, they are the most 
common type of seal arrangement used in the food and beverage industry. Another factor to 
consider for this type of arrangement is adequate lubrication. During any case of pump 
starvation, head variation or any other inadequate lubrication condition, this arrangement is more 
prone towards dry running and seal face wear. 
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1.6 Mechanical Seal: Failure Causes 
In mechanical seal failures, one important thing is to distinguish between leakage and wear. The 
fact that wear and leakage are the important factors in deciding seal operating life makes the 
distinguishing factors important. Sometimes leakage leads to wear and sometimes wear leads to 
leakage. Change of the surface topography of the faces is one of the main reasons causing the 
leakage under constant preloading (Sun, He, Wei and Feng, 2008). The leakage factor is not 
always dependent on the faces, there are other possible leakage paths in a seal and the cause for 
leakage from these locations may not be the same. A list of some other leakage paths can be seen 
in Table 7.  

Table 7. List of all possible leakage path in a mechanical seal 

S. No. Potential Causes 
1 Face Leakage 
2 Chipped or cracked carbon  
3 Stationary seal O-ring 
4 Rotary seal O-ring 
5 Spring Location 
6 Shaft seal O-ring 
7 Seal plate gasket 
8 Fretting or pitting on shaft or shaft sleeve 
9 Damaged or corroded stuffing box face 

1.6.1 Failure Due to Leakage Event 
The conference paper on the structural dependence of elementary events (Sun, He, Wei and 
Feng, 2008), highlights the reasons causing the leakage of mechanical seals under the normal 
working conditions. The paper presents a fault tree analysis (FTA) method to quantitatively 
investigate the causes of the leakage failure of mechanical seals. From the FTA method a list, as 
shown in Table 8, of most occurring events and their related elementary events and causes was 
devised in this research. It can be seen from the listed factors that the phenomenon of leakage 
between rotor and stator face is most prone to happen. The significance of elementary events 
must be noted as they trigger the leakage and other events for the responsible causes. From the 
structural dependence of elementary events, the main and secondary reasons causing the leakage 
of mechanical seals under the normal working conditions were found. 

Main reasons for leakage were: 

• Overlarge preloads 

• Low-grade surface topography 
And, 

Secondary reasons for leakage were: 

• Vibratory Output 

• Poor deformability of O-rings 
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Table 8. The relationship between possible events and failure causes  

S. No. Most Occurring Event Elementary Event Cause 
1 Leakage of O-Ring 

secondary seal 
• Swollen relaxed O-ring 
• Clearance around the 

seal ring columnar faces 
• Axial force excessively 

increases 

• Attack on O-ring 
secondary seal 

• Wanting preloads 
• Excessive vibration 
• Poor distortion resistance 
• Excessive preload on 

seal faces 
2 Leakage between the rotary 

and stationary ring 
• Seal faces distortion for 

pressure and temperature 
changes even damage 

• Seal interfaces come 
away 

• Seal faces cavitation 
• Leakage for O-ring 

secondary seals 
• Excessive wear on seal 

faces 
• Heat checking from seal 

faces 

• Wanting preloads 
• Excessive vibration 
• Excessive flush flow 
• Failure elasticity element 
• Low-grade end face 

topography 
• Attack on O-ring 

secondary seals 
• Excessive preload on 

seal faces 
• Material mismatch for 

seal faces 
• No flush flow for seal 

system 
• High linear velocity of 

the seal face 
• Flush liquid contains 

granules 
• Excessive temp. in 

pumper medium 
• Wanting thermal 

conductivity of material 
of seal faces 

• Poor strength of material 
of seal faces 

3 Other Events • Excessive temp of seal 
faces 

• Adhesive wear on 
interfaces 

• Granulated wear on 
interfaces 

• Excessive temp rise of 
seal faces 

 

 

• Increase pumped medium 
pressure 

• Vaporization of pumped 
medium 

• Vacuum of pump system 
• Poor cavitation resistance 

ability of seal faces 
material 
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1.6.1 Component-Wise Failure Analysis 
This section discusses component-wise failure causes of mechanical shaft seals. Type of failure 
cause and the specific seal regions where it enacts are listed down in the following subsequent 
sections. This analysis provides details of the failure causes listed in section 1.6.1. It discusses 
the type of failure happening and the reason for its initiation. In terms of creating a test 
methodology, this analysis is helpful, as it provides details on how a failure can artificially be 
generated for performing tests for failure. 

Lubrication failure: 
Lubrication failure between the sliding surfaces.  
1. Dry running 

• When there is no liquid around the seal 

• This due to the absence of pumped medium or pump venting  

• Temp rise between the faces due to no transportation of heat via the pumped 
medium 

2. Poor lubrication 

• Occurs if the viscosity of the pumped medium is very low or the temp. is well 
above the boiling point 

• Due to this frictional heat is very high 
3. Noise 

• When lubrication is poor or totally absent, shaft seals with seal rings made of hard 
materials tend to generate a loud noise. 

• When noise has generated some parts of the seal vibrate. This may reduce the life of 
the seal. 

Contamination Failure: 
The lubricating film in the sealing gap is subjected to large gradients in temperature, pressure 
and velocity. This increases the risk of precipitation and sedimentation in or near the sealing gap. 
1. Hang-up 

• This means the axial movement of the rotating part of the shaft seal is blocked 

• Mainly occurs in connection with the O-rings 
2. Opening of the sealing gap 

• Suspensions and solutions tend to cause a build-up of scattered deposits on the seal 
faces 

• This results leakage  
3. Clogging 

• A high number of suspended particles and fibres in the pumped medium can cause 
precipitation on sprigs, bellows, seal drivers or O-rings.  

4. Particles and Deposits 
5. Sticking/Seizure  
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Chemical, physical degrading and wear: 
1. Swelling of rubber parts 

• Due to incompatibility with pumping medium 

• Elevated temperature and extended exposure times 
2. Ageing of rubber parts 

• Due to oxidative degradation and catalytic effects of heat, light, stresses and strains 

• Attack of ozone on the rubber 
3. Explosive decompression 

4. Corrosion 

5. Wear 

Installation failures: 
1. Misalignment 
2. Assembly 
3. Fitting 

System failures: 
1. Pressure 
2. Temperature 
3. No or insufficient flow 
4. Poor venting 
5. Vibration 

1.7 Delimitations 
There is only one limitation imposed with this study. The methodology for this research does not 
involve all the potential pump and seal failure causes and has taken into consideration the 
following 3 main pumps and seal failure causes. 

1. Cavitation 

2. Poor Lubrication between Seal Faces 

3. Bearing Failure Vibrations 

There are two main reasons for this limitation. First, as part of the hypotheses defined by the 
thesis scope, it is to be believed that major pump and seal downtime losses are incurred due to 
the above-mentioned causes. This statement will be further supported by the FMECA chart 
discussed in the next chapter. Second, from a pragmatic point of view, to cover all potential 
failure phenomena will take the thesis scope out of its defined bounds and regulations.  

While defining the methodology this limitation was considered. So, it was made sure that 
irrespective of the type of failure, the method of vibration analysis monitoring will not just be 
limited to cavitation, poor lubrication or bearing fault vibrations, and will be applicable to all 
failure scenarios. 
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2  METHOD 
This chapter presents the method implemented in this study. It starts with an explanation of how 
the methodology was formed by the FMECA analysis with a focus on cavitation, poor lubrication 
and bearing failure vibrations. Then the theory behind predictive maintenance and vibrational 
analysis is discussed. 

2.1 Failure Modes, Effects and Criticality Analysis (FMECA) 
The previous chapter presented an overview of the centrifugal pump and mechanical seal and 
their operation. It also discussed their failure phenomena, from the available literature and 
research studies. From an understanding of the failure events and their causes an FMECA was 
performed in this study to understand mainly the following two reasons: 

1. The severity of cavitation, poor lubrication and bearing failure 

2. To define an effective test method based on the three failure criteria 

2.1.1 FMECA Chart 
The FMECA chart, as shown in Table 9, lists down mostly all possible pump and seal failure 
events or modes and links them to the selected failure criteria of cavitation, poor lubrication and 
vibrations. One thing to consider is that instead of listing down events just for bearing vibration 
failures, the charts presents the vibration caused from the respective of any machinery or 
component vibration. The consideration of bearing vibrations, in later parts of this research, 
represents all machine component vibration conditions. This was because monitoring all the 
machine component vibrations were not feasible for the research. The chart is based on the 
“Event – Cause – Reason” relationship. It presents the failure events; the selected direct and 
indirect causes leading to those events and provides a discussion on the reasons for each cause. 
Before discussing the chart, it is important to understand the significance of indirect causes that 
lead to secondary events which then initiates or are responsible for the elementary event. 

 

Figure 7. Mechanical seal sealing points, from J. Edward Pope (1997). 

For example, consider cavitation. Cavitation leads to several failure events in a centrifugal pump, 
for example, insufficient flow, etching of metal parts, the opening of seal gap, leakage and many 
other. Though they are directly causing the pump to fail, some of them have an in-direct failure 
effect on mechanical seals as well, for example, due to leakage the seal faces shift towards the 
dry running condition which leads to their wear. Figure 7 clearly explains the significance of in-
direct failure events on mechanical seals.   
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Table 9. FMECA chart representing the severity of the 3 selected failure causes 

“Event – Cause – Reason” Relationship 
Mechanical Seal Causes of Failure 

S. No. Event/Mode Cause 
Poor 

Lubrication 
Cavitation Vibration Others* 

1 Dry running 
 

      
2 Noise 

   

  
3 Boundary lubrication 

  

    
4 Hang-up 

 

  
  

5 Opening of sealing gap 
 

   

6 Clogging 
 

    
 

7 Particles and deposits       
 

8 Sticking/Seizure 
 

    
 

9 Swelling of rubber parts       
 

10 Ageing of rubber parts       
 

11 Explosive decompression 
 

    
 

12 Corrosion 
 

    
 

13 Wear 
 

  
  

14 Misalignment     
  

15 Assembly       
 

16 Fitting       
 

17 Pressure   
   

18 Temperature   
 

  
 

19 No or insufficient flow 
  

  
 

20 Poor venting       
 

21 Seal face friction     
 

  
22 Worn bearings   

  

  
23 Seal rings excess pressure 

 

    
 

24 Seal rings excess temp 
 

    
 

25 Metal parts discoloration 
 

    
 

26 Metal parts etched   
 

  
 

27 Shaft/Sleeve cracked 
 

    
 

28 Metal Parts pitted     
  

29 Seal face distortion   
   

30 Fracture 
 

    
 

31 Edge chipping     
  

32 Erosion 
 

      
33 Blistering of carbon-graphite faces 

 

    
 

34 Extrusion - sec. seals       
 

35 Cracking - sec. Seals       
 

36 Fretting - sec. Seals     
 

  
37 Fatigue     

 

  
38 Torsional shear 

 

    
 

39 Hydrogen embrittlement       
 

40 Axial shear       
 

41 Leakage - sec seals 
 

  
  

42 Leakage - seal rings 
    

43 Overspeed   
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44 Suction head loss     
 

  
45 Flush failure       

 

 Total 21 11 16 36 
 % of Total 46.67 24.44 35.56 80 
 Direct 9 4 10 32 
 Indirect 12 7 6 4 
 % Total of the 3 combined 75.56   

*Others Include: Contamination failures, Chemical & physical degrading and wear, Installation 
failures, Pump system parameters, Operation failure, Poor thermal control, Environmental 

failures, Design failures, Manufacturing failures, Process failure 

 

Fully Dependent Will directly lead to the mode  
 

Not Dependent  -  
 

Partially Dependent Will indirectly lead to the mode  

In the chart, the green dot represents the events which are directly affected by the failure causes, 
whereas the yellow dot represents the events which are indirectly affected by the failure causes. 
The chart displays a list of 45 failure events or modes for both centrifugal pump and mechanical 
seal. The main aim to draw this chart was to show the severity of the three failure causes and 
how they compare with other types of failure causes. It can be seen from the chart that 
approximately 46% of the times poor lubrication itself is responsible for pump and seal failure. 
About 25% of the times cavitation is held responsible for pump and seal failure. A substantial 
35% of times component or part vibrations led to pump and seal failure. The three combined 
took to a figure of 75% of the pump and seal failure times, which is a considerable amount to 
show their severity. From this analysis, it was clear that monitoring of these three failure causes 
would be enough to devise an effective predictive maintenance methodology. 

2.1.2 Cavitation Condition 
In the previous sections, the conditions responsible (in-adequate NPSH) for cavitation initiation 
has been explained. Now, this section attempts to explain the phenomenon of cavitation, its 
visual appearance and its effects on the pump. Cavitation is the generation of small steam 
bubbles at low-pressure regions (usually at the inlet of the impeller) that collapse when reaching 
a somewhat higher pressure along their trajectories while producing material erosion. If the low-
pressure region is large then big-size bubbles are formed which diminish the effective passage 
area of the liquid (fully-developed cavitation), thus significantly affecting the overall 
performance of the pump. 

In this research, the phenomena of cavitation will be generated by creating a low-pressure region 
(below vapour pressure) inside the suction inlet. When fully developed cavitation induces a 
rattling noise in the pump and the vibration amplitude levels significantly increase. The pump 
vibrations with cavitation and without cavitation were monitored and compared to observe how 
much the vibration amplitude level increases. These increased vibration levels correspond to 
their specific frequencies. During cavitation condition, the listed frequencies are the matter of 
concern as they are direct indicators of pump condition when it operates under cavitation. 

The concerning frequencies can be listed as, 

1. Pump Rotational Frequency and Harmonics (RF) 

2. Impeller Blade Pass Frequency and Harmonics (BPF) 

How significant their change will be discussed in the later chapters. Since due to cavitation the 
pump overall vibration amplitude level increase as well. So, the change in overall vibration 
levels is also an important monitoring factor. 
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2.1.3 Poor Lubrication Condition 
The condition of poor lubrication arises between the mechanical seal faces. Mechanical seals 
operate in any of the three lubrication regimes: Full-film, mixed and boundary lubrication. The 
rotor and stator seal faces are kept apart by a small (typically below 1 micron) gap. This primary 
sealing point between the faces is maintained by this gap. As per the operation the faces, the 
faces are lapped together and slide against each other’s surface at varying RPM’s. Due to this 
lapped and sliding operation, it is imperative to provide enough lubrication between the seal 
faces to avoid serious damage and wear due to high friction and temperature conditions. The gap 
is enough to hydrodynamically develop a fluid film when the seal rotary face starts to rotate. The 
fluid pressure developed is responsible to take the load acting on the seal faces and provide 
enough lubrication between the faces. Now, at what lubrication regime the seal should operate, 
and the respective gap distance is decided as per the requirements set by the operator. But 
operating under each regime has some limitations on the seal operation. 

In full film cases, the seal develops significant film thickness and as a result, all load is being 
supported by fluid pressure. In this case, almost no touching occurs, friction is low, and wear is 
small. Leakage may or may not be excessive. Mixed lubrication is the most common mode of 
operation. In this regime, a part of the load is may be carried by actual mechanical contact even 
though most of the load is carried by the fluid pressure. The small amount of mechanical contact 
is responsible for total friction. The film thickness in this regime is as low as it can be because a 
small increase will radically increase the contact. Thus, leakage is as low as it can be in this 
regime. Boundary lubrication regime is where either the speeds are so low that fluid pressures 
have not developed, or the quantity of lubricant is so small that fluid pressure cannot develop. 
High friction and high wear are developed in this regime.  

In this research, the concerned regime is the boundary lubrication condition. To create such a 
condition, for tests, the pump inlet valve was fully closed, and no liquid was pumped. The 
mechanical seal was made to operate on a full dry run condition. This was done to monitor the 
seal dry run condition which is close to the boundary lubrication regime. The idea behind this 
was to observe the harmonics generated by the seal faces when they slide against each other 
without any fluid between them. The vibrations generated due to dry running are likely to excite 
the natural frequencies of the seal faces which then can be monitored to verify for the dry 
running condition. In this research, two pairs of seal faces were used: C-SiC and SiC-SiC. So, 
monitoring their respective natural frequencies would be an indication to seal’s poor lubrication 
condition. 

The concerning natural frequencies can be listed as,  

1. Natural Frequency of Carbon Face 

2. Natural Frequency of Silicon Carbide Face 

2.1.4 Bearing Failure Vibrations 
One of the most integral parts of a centrifugal pump is its bearing. The bearing operation and 
health are important for an effective pump and motor performance. Faulty bearings can initiate 
several failure events within the pump, which consequently affects the seal performance. When 
the pump deviates from its BEP overloading of the pump is possible. Overloading of bearings 
can be a result of many different conditions: an unbalanced rotating element; a bent rotating 
shaft; blocked impeller balance holes; cavitation etc. Under a failure condition, the elements 
(such as, balls, inner race, outer race, cage) of a faulty bearing generates various frequencies 
which can be monitored. Therefore, it is of great importance to monitor the vibration response of 
a faulty bearing as it is a direct indication of its failure condition.  



 29 

A pump with a defective bearing can generate at least five frequencies. These frequencies are: 

1. Rotational Frequency (RF) 

2. Fundamental Train Frequency (FTF) 

3. Ball Pass Frequency of the Outer Race (BPFO) 

4. Ball Pass Frequency of the Inner Race (BPFI) 

5. Two Times Ball Spin Frequency (2xBPF) 

2.2 Predictive Maintenance 
This section introduces the general idea of condition monitoring and predictive maintenance. It 
discusses the method of vibration analysis, predictive maintenance type, and its useful 
application for this research. 

Condition monitoring (CM) deals with the maintenance aspects of a machine based on its present 
and past conditions. The sensors installed around the machine provide relevant information about 
its health. The data from the sensors are collected and analysed to make appropriate maintenance 
decisions or take corrective actions so that the machine performs as per its design objectives 
(Mohanty, 2015). Condition monitoring methodology is based on the type of machine, its 
severity of faults, and the respective consequences on the overall operation. In collaboration with 
the defined methodology this study employs, the defined machine type as a centrifugal pump, 
with focus on the mechanical seal; cavitation, poor lubrication and bearing fault vibrations as the 
severity of faults; and analyse their consequences in a series of tests. The varying CM techniques 
can be defined as, reactive (means we react to the need for maintenance), preventive (means 
maintenance based on periodic manner), and predictive (means maintenance based only on 
need). Out the three, the latter being the most effective as it presents several advantages over the 
two. Some advantages can be explained as lower maintenance costs as the maintenance is not 
scheduled and only required when in need; longer machine life as the fault is predicted by 
monitoring the variation in machine behaviour and maintenance is performed before the machine 
fails; less repair downtime as the fault being monitored is already defined. Thus, the technique of 
predictive maintenance finds a suitable application in this research.   

Predictive maintenance is performed on a machine depending on its need. To conduct or not 
conduct maintenance depends on the past and present condition of the machine. To know a 
machine’s condition additional instrumentation is required to measure its “health” parameters. 
Transducers, signal conditioners, data acquisition units, and computer-based signal analysis 
systems are the some of the major requirements of a predictive maintenance program. 

Some of the techniques that are used for predictive maintenance are vibration monitoring, wear 
debris and oil analysis, motor current signature analysis, thermography. The defined 
methodology for this research is based on the vibration monitoring technique. During operation, 
the pump provides information in the form of vibration signals. These vibration signals are 
acquired by an accelerometer to measure the vibration levels on an analog domain. The signals 
are then converted into the digital domain with the help of data acquisition devices. Then the 
discrete digital data is analysed on computers. 

2.3 Vibration Analysis Methodology 
This section discusses the basic concept behind vibration theory and its relevant terms which are 
employed in the methodology. After the basics, the prescribed method is explained by its 
relevant theory. The data acquired and the results of this are discussed in the later chapters. 
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2.3.1 Vibration Theory 
The physical motion of a rotating machine is normally referred to as vibration. Since the 
amplitude and frequency of vibration cannot be measured by mere means, a transducer or a 
sensor is employed to measure the output of a vibrating machine. To logically analyse vibration 
output the best solution is to convert the mechanical vibration into an electronic signal. This is 
also achieved by the transducer. The transducer output is proportionate to how fast the machine 
is moving (frequency), and how much the machine is moving (amplitude). The frequency 
obtained described the fault with the machine, and the amplitude describes the severity of the 
problem (Taylor, 2003). The method proposed in this research is based on the similar concept. It 
measures the data and analyse it based on the same principles. Figure 8 illustrates a schematic of 
how the data was gathered and how it was analysed. 

 

Figure 8. A process flow diagram explaining the vibration monitoring steps. 

To further explain the vibration theory, some terms are required to be defined as to fully 
understand the scope of this method.  

Source of Frequencies: The three sources of frequencies in machines are generated frequencies, 
excited frequencies, and frequencies caused by electronic phenomena. This study will focus on 
the first two types.  

Generated Frequencies: Generated frequencies also called as forcing frequencies are 
frequencies generated by the machine. For this study the concerned generated frequencies are 
imbalance, which is nothing but the rotational frequency of pump (RF); blade pass frequency of 
the impeller (BPF), which is number of blades times speed; and various frequencies generated by 
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the deep groove ball bearing, which are FTF, BPFI, BPFO, BSF. Generated frequencies can be 
identified easily in the frequency spectrum as they can be calculated if the speed and the internal 
geometry of the machine is known. Calculated frequencies such as imbalance or BPF are 
normally present in the frequency spectrum, but their presence is not an indication of any 
vibration problem. On the other hand, if other calculated frequencies such as the bearing 
frequencies are present in the spectrum, then their presence is a direct indication of a bearing 
fault.  

Excitation Frequencies: Excited frequencies, also called natural frequencies, are a property of 
the system. Amplified vibration, called resonance, occurs when a generated frequency is tuned to 
a natural frequency. Natural frequency frequencies are also referred to a single frequency. 
Vibration is amplified in a band of frequencies around the natural frequency. In terms of this 
study, the excitation frequencies or natural frequencies present in the spectrum are of the seal 
faces when they are operating under dry running operation with their harmonics. So, in this case, 
generated frequencies do not play a role in exciting the natural frequency of the seal faces. This 
achieved by the phenomenon of harmonics.   

Time and Frequency Domain: Analysis of such problems such as imbalance can be diagnosed 
in the time domain. However, time domain signals from the rotating machines are often very 
complex, as can be seen in Figure 9. Such signals must be analysed in the frequency domain. In 
this method, the focus will be on the frequency domain or spectra for complete analysis. To 
move from the time domain to frequency domain we must perform a Fast Fourier Transform 
(FFT) on the time domain signal. FFT takes a real analog signal that has been digitized and 
acquired in an array of size and transforms it into the complex frequency domain using a 
transformation equation. The scope of the equation has been skipped in this study. The FFT was 
performed via a computer-based software system. Figure 9 contains a time domain signal and the 
corresponding FFT. 

 

Figure 9. The relationship between time domain (top) and frequency domain (bottom), from NI LabVIEW.  
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Acceleration Measurement: Vibration response of a machine can be measured by 
displacement, velocity and acceleration. Transducers, real-time analysers are some of the tools 
capable of measuring vibration. Displacement is a measure of how far an object is moving from 
peak-to-peak. It is measured via a displacement transducer and is used when the generated 
frequencies are below 200 Hz. Velocity is a measure of how fast an object is moving from zero-
to-peak and is measured with a velocity transducer that has a relatively flat frequency response 
between 10 and 2000 Hz. Acceleration measures the rate of change of velocity from zero-to-peak 
and is normally measured in the units of gravitational force (g’s). This means that high 
frequencies generate high g levels, and acceleration is frequency related. The effective range of 
high-frequency accelerometers is from about 5 to 20,000 Hz. Concerning this study, the overall 
frequency response generated is between the range of about 0 to 14,000 Hz. Therefore, the 
employed measurement transducer is an accelerometer and the respective unit of measurement is 
‘g’.        

2.3.2 Vibration Method 
After establishing a good understanding of the vibration analysis theory, an effective method was 
devised to detect relevant or specific frequencies whose presence in the frequency spectrum 
indicated the initiation of any of the three failure causes. The idea is to establish a frequency 
span or range, which will be the concerned region to monitor. This frequency range will hold the 
concerned frequencies, and by monitoring this range the presence of concerned frequencies can 
be detected. The reason for defining a frequency range instead of defining specific frequencies is 
because the real-time signal is complex with the presence of numerous frequencies and noise, so 
it was difficult to focus on one discrete, narrow-banded or broad-banded frequency of concern. 
Of course, the theory of the method calculates a specific concerned frequency from the 
theoretical results, but to compare these results with the real-time data, obtained from the tests, 
didn’t yield the same exact variation of these frequencies as they were expected to detect a cause. 
This limitation could be achieved by pursuing further analysis and performing tests in a more 
isolated condition which cuts down the external noise and the error generated by the machine. 

So, for the individual failure cause of cavitation, poor lubrication, and bearing fault vibration, 
specific frequencies, as well as a frequency range, was defined. By monitoring the variation, or 
just detecting the presence of the failure frequencies within the defined range, the associated 
failure cause could be detected and reported.  

Now, to define these failure frequencies, it was important to run the experimental tests for 
specific failure conditions and gather the vibration data from these conditions. If the pump and 
seal are made to run for a failure condition, then this verifies that the system would generate a 
response, in which these failure frequencies would be present. To run the pump and seal for a 
failure condition a good understanding of their operating conditions was needed, as explained in 
the previous chapters. From the operating conditions, relevant parameters were chosen (for 
example, inlet pressure, seal face material, RPM etc.) which when varied can affect the pump 
and seal performance and can lead to their failure. A list of the chose relevant parameters is 
discussed later in the next chapter.  

After choosing the parameters for artificially creating the 3 failure causes, there was a need to 
find a suitable and logically devised test method which could yield data for all possible failure 
conditions of the pump and seal. While there was a need to run the pump and seal for all possible 
combinations of the chosen operating conditions, to ensure failure data was observed for all 
possible scenarios, there was also a need that the designed test method was robust and 
scientifically defined. To fulfil this the test method employed the Design of Engineering (DOE) 
approach to design the tests. The DOE was the right approach to take as it provided all possible 
combinations of the selected operating conditions and made possible to run the pump on all 
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possible failure scenarios of cavitation, poor lubrication and bearing failure vibrations. The 
defined DOE and the test method are discussed in detail in the next chapter. 

So, having this method as the basis of this study, tests were performed; data were obtained and 
analysed, and the relevant failure frequencies were defined. Each of the 3 failure causes, 
responded to specific sources of frequencies, which can be calculated using theoretical models 
and then the presence of these frequencies is verified by detecting them in the obtained 
frequency spectrum data. 

2.3.3 Cavitation Source Frequencies 
As mentioned above, each failure cause responds to specific failure frequencies. For cavitation, 
the source frequencies are generated frequencies which are pump rotational speed (RF) and 
impeller blade passing frequency (BPF). Now, the thing to consider is these two frequencies can 
be present in the spectrum without cavitation as well, this is because they are generated due to 
pump imbalance and impeller blades. The mere detection of these two frequencies is not enough 
to link them to cavitation phenomenon. Several research studies were considered to understand 
their relationship with cavitation and how they vary or change their behaviour, with respect to 
their vibration amplitude, as cavitation starts to happen. As stated by (Abdulaziz and Kotb, 
2015), Cavitation can be detected by online monitoring of the vibration amplitude of the discrete 
frequencies corresponding to the pump rotational speed and the first blade passing. As the pump 
operation moves from no-cavitation to cavitation case, the vibration amplitude of the rotational 
speed frequency increases while it decreases for the first passing frequency. Also, the cavitation 
in pumps signs the vibration spectrum by the appearance of high energy at high frequencies. 
According to results presented by (Ganeriwala and Kanakasabai, 2011), it was determined that a 
significant amount of air bubbles will increase the vibration component associated with the 
impeller blade pass frequency. Cavitation seems to excite high-frequency structural resonances. 
Also, a fully developed cavitation may reduce the impeller blade pass frequency vibration 
amplitude. Another study by (Parrondo, Velarde and Santolaria, 1998), explains that with 
regards to the acceleration signals, the first stage of cavitation can be seen to be associated to 
some increase in the amplitude of most of the spikes, especially at the passing-blade frequency, 
with respect to the normal situation. The fully developed cavitation, however, is associated with 
the virtual disappearance of the odd harmonics at the rotational frequency. 

On the basis of the above-mentioned literature, a cavitation detection data analysis chart was 
made. The chart lists down all the detection possibilities of the cavitation phenomena with 
respect to RF, BPF, and overall pump vibration levels during cavitation. This chart is discussed 
later in the results section. The formulation of the impeller blade pass frequency can be 
expressed by Equation 2. Unit of measurement of BPF is Hz. 

Impeller Blade Pass Frequency: 

                                                            BPF = Nb ⋅ S  (2) 

 Where,  

Nb = Number of impeller blades = 5 

S = Pump Speed (Hz).  

Since, the tests were performed on three different pump speeds (i.e. 25 Hz, 50 Hz & 60 Hz) the 
respective BPF and its harmonics are calculated and presented in the results section. The 
calculations were performed using MATLAB and the respective formulation is added to the 
appendix. 
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2.3.4 Poor Lubrication Source Frequencies 
For poor lubrication, the source frequencies are excitation or natural frequencies. The poor 
lubrication condition leads to direct wear of the seal faces when they slide against each other. 
During this condition of poor lubrication or dry running the seal, faces start to vibrate at their 
harmonic frequencies. The phenomena of harmonics generated within the seal faces can be 
observed by hearing the harmonic frequencies generated during the dry running operation. So, it 
was devised that in the failure scenario of poor lubrication, the natural frequencies of the seal 
faces will be present in the vibration response of the operating pump and their presence will 
serve as a detection phenomenon for poor lubrication condition.  

The tests were performed on two different combinations of seal faces. One was C and SiC and 
the other one was SiC and SiC. So, to detect the natural frequencies of C and SiC faces in the 
vibration spectrum, first, they needed to be calculated using the theory of ‘Vibration of a Circular 
Ring’. The theoretical model for determining the natural frequencies of a circular cross-section is 
explained below. 

Vibration of a Circular Ring:  
The problem of the vibration of a circular ring is encountered in the investigation of the 
frequencies of vibration of various kinds of circular frames for rotating electrical machinery as is 
necessary for a study of the causes of noise produced by such machinery. In the following, 
several simple problems on the vibration of a circular ring of constant cross-section are 
considered, under the assumptions that the cross-sectional dimensions of the ring are small in 
comparison with the radius of its centre line and that one of the principal axes of the cross 
section is situated in the plane of the ring (Timoshenko, 1946).  

Ring Fundamental Frequency: The ring fundamental frequency corresponds to the mode in 
which all points move radially outward together and then radially inward together. This is the 
first extension mode. It is analogous to a longitudinal mode in a rod. The ring fundamental 
frequency fr is the frequency at which the longitudinal wavelength in the skin material is equal to 
the vehicle circumference. 

Assume, that r is the radius of the centre line of the ring, u is the radial displacement, same for all 
cross sections, and A is the cross-sectional area of the ring. 

The unit elongation of the ring in the circumferential direction is then u/r. The potential energy 
of deformation, consisting in this case of the energy of simple tension will be given by the 
equation: 

                                                           𝑈𝑈 = �𝐴𝐴𝐴𝐴𝑢𝑢
2

2𝑟𝑟2
� 2𝜋𝜋𝜋𝜋  (3) 

Where,  

E = Modulus of Elasticity 

The kinetic energy of vibration will be,  

                                                         𝑇𝑇 =  �𝜌𝜌𝐴𝐴
2
� (�̇�𝑢2)2𝜋𝜋𝜋𝜋  (4) 

Where, 

ρ = Material Density 

Applying the energy method, 
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                                                                 𝑑𝑑(𝑇𝑇+𝑈𝑈)
𝑑𝑑𝑑𝑑

= 0   

We get the equation of motion as,  

                                                             (�̈�𝑢) + � 𝐴𝐴
𝜌𝜌𝑟𝑟2

� 𝑢𝑢 = 0  (5) 

Equation 5 can be written as, 

                                                             (�̈�𝑢) + (𝜔𝜔𝑛𝑛2)𝑢𝑢 = 0  (6) 

Where,  

ωn = Angular or rotational frequency 

Therefore, the ring fundamental natural frequency is, 

                                                              𝑓𝑓𝑟𝑟 = � 1
2𝜋𝜋𝑟𝑟

��𝐴𝐴
𝜌𝜌
  (7) 

Note that the fundamental ring frequency mode is a higher mode. It occurs at a much higher 
frequency than the first few bending modes. 

In-Plane Bending Mode:  It is also referred to as torsional vibration mode. In this, the centre 
line of the ring remains undeformed and all the cross sections of the ring rotate during vibration 
through the same angle. From the energy method, the natural frequency and its corresponding 
modes can be determined. 

The natural frequency equation for the in-plane bending modes is,  

                                         𝑓𝑓𝑜𝑜 = (2𝑛𝑛�𝑛𝑛
2−1�
𝜋𝜋

)( ℎ
𝑑𝑑2

)�
𝐴𝐴

𝜌𝜌((12𝑛𝑛2)+�2𝑡𝑡ℎ
3(1+𝑣𝑣)
𝐶𝐶 �)

             (8) 

Where, 

n = higher vibration modes = 1,2,3,4,5 

h = ring cross-sectional height 

d = ring diameter 

t = ring cross-sectional thickness 

ν = Poisson ratio 

C = Torsion Constant 

Out-of-Plane Bending Mode: It is also referred to as flexural vibration mode. In the case of out-
of-plane bending vibrations of a ring of circular cross-section involving both displacements at 
right angles to the plane of the ring and twist the frequencies of the principal modes of vibration 
can be calculated from its natural frequency equation as expressed in Equation 9. 

                                                        𝑓𝑓𝑖𝑖 = � 𝑛𝑛�𝑛𝑛2−1�
𝜋𝜋𝑑𝑑2√𝑛𝑛2+1

��𝐴𝐴𝑑𝑑2

3𝜌𝜌
             (9) 
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It is to be noted that the fundamental and in-plane vibrations considered above have usually high 
frequencies. Much lower frequencies will be obtained if out-of-plane vibrations of the ring are 
considered (Timoshenko, 1946). 

The natural frequencies and their respective higher vibration modes for both the seal faces were 
calculated. They are presented in the results section. To detect the presence of any of these 
frequencies or their vibration modes, the theoretical results were compared with the gathered 
data. 

2.3.5 Bearing Failure Source Frequencies 
For bearing failure, the source frequencies are generated frequencies which are generated by the 
bearing elements such as, the inner race of the bearing, the outer race of the bearing, cage and 
bearing balls when they undergo any defect. 

A bearing defect can be identified if the presence of any one of the following frequencies is 
detected (Taylor, 2003). The application of these frequencies is relevant for the case when the 
outer race is stationary, and the inner race is rotating. 

Fundamental Train Frequency (FTF): The train or cage frequency is equivalent to the angular 
velocity of the individual ball centres. Its unit is Hz and is expressed by the formula,  

                                                    𝐹𝐹𝑇𝑇𝐹𝐹 = 𝑆𝑆(1
2
)(1 − 𝐵𝐵𝑑𝑑𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐

𝑃𝑃𝑑𝑑
)  (10) 

Ball Pass Frequency of Outer Race (BPFO): The BPFO is defined as the frequency of the 
balls passing over a single point on the outer race. Its unit is Hz and is expressed by the formula, 

                                                 𝐵𝐵𝐵𝐵𝐹𝐹𝐵𝐵 = 𝑆𝑆(𝑁𝑁𝑏𝑏
2

)(1 − 𝐵𝐵𝑑𝑑𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐
𝑃𝑃𝑑𝑑

)  (11) 

Ball Pass Frequency of inner race (BPFI): The BPFI is defined as the frequency of balls 
passing over a single point on the inner race. Its unit is Hz and is expressed by the formula,  

                                                 𝐵𝐵𝐵𝐵𝐹𝐹𝐵𝐵 = 𝑆𝑆(𝑁𝑁𝑏𝑏
2

)(1 + 𝐵𝐵𝑑𝑑𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐
𝑃𝑃𝑑𝑑

)  (12) 

Ball Spin Frequency (BSF): BSF is the angular velocity of a bearing ball about its centre. Its 
unit is Hz and is expressed by the formula, 

                                                 𝐵𝐵𝑆𝑆𝐹𝐹 = 𝑆𝑆( 𝑃𝑃𝑑𝑑
2𝐵𝐵𝑑𝑑

)(1− 𝐵𝐵2𝑑𝑑 cos2 𝑐𝑐
𝑃𝑃2𝑑𝑑

)  (13) 

Where,  

Bd = Bearing Ball Diameter 

Pd = Pitch Diameter of the Bearing 

Nb = Number of Bearing Balls  

φ = Contact Angle 

S = Rotating Unit Frequency or Speed  
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The bearing type used was a deep groove ball bearing. The respective parameters were found out 
from the bearing manufacturer’s manual. The Equations 10, 11, 12 and 13 were then solved 
using MATLAB and the respective bearing failure source frequencies were found. Like the 
cavitation phenomenon, when these frequencies are detected in the spectrum, their variation with 
respect to time relates to a specific bearing fault. For example, a discrete FTF can be generated 
when looseness occurs or FTF with sidebands can be generated when there are one or more 
defects with the balls. So, it is important to observe these frequencies and their respective 
behaviour to fully understand the type of bearing fault. From the theory suggested by (Taylor, 
2003) a bearing fault analysis chart was created. The chart lists all possible variations in these 
frequencies to detect their presence and is checked against the real-time data obtained from the 
tests. An attempt was made to artificially create some defects in the bearing and then the 
defected bearing was installed in the pump and the tests were conducted. The presence of 
bearing fault frequencies in the gathered data was verified using the chart. So, for bearing fault 
analysis the defined failure frequencies were calculated, checked for their presence in the test 
spectrum and the required bearing fault frequency span was defined. 
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3  TESTING 
In this chapter, the procedure followed for the experimental testing is discussed. Details of the 
test rig, test specification, test method and test plan are laid out in detail in this chapter. The 
tests were defined for failure operation of the pump and respective data was gathered. The tests 
were conducted in two phases. The first phase was designed to perform tests when the pump is 
operating under cavitation and poor lubrication failure causes. The second phase was designed 
to run tests on a pump with a defective bearing. 

3.1 Test Specifications 
After defining a suitable methodology, the next part of the work was to conduct the experimental 
testing and acquired data, which then was put into the method and analysed. To plan for a test 
methodology, it was required to have a good understanding of the test equipment and create a 
layout of the specifications of all the equipment used in the testing. Test specification defines the 
details of the apparatus needed for the test rig, monitoring apparatus and analysis apparatus. 
Table 10 list all the required equipment and apparatus to successfully conduct the testing.  

Table 10. Test equipment specification 

Test Setup Information 
Pump Type: Alfa Laval LKH-10 
Pump Max. Inlet Pressure: 10 bar 
Pump Max Speed: 4000 RPM 
Seal Type: Internally Pressurised Single Mechanical Seal 
Seal Dimensions: Ø31.75 mm  
Secondary Seal (O-Ring): EPDM 
Bearing Type:  Single Row Deep Groove Ball Bearing 
Bearing Number: 6305 
Seal Medium: Water 
Tank Weight: 63.7 Kg 
Tank Volume: 1056 lit. 
Sensor Type: Accelerometer (PCB Piezotronics M352C67)  
Sensor Sensitivity: 99.16 mV/g 
Sensor Mounting Position: Impeller Casing 
Software Requirement: NI Sound and Vibration Assistant 
DAQ Hardware: NI DAQmx (NI USB 9234)  
DAQ Channel: a0 
Test Location: Roplan Development Centre 

The test rig consisted of: 

1. Centrifugal Pump 

2. Mechanical Seal 

3. Deep Groove Ball Bearing 

The monitoring apparatus consisted of: 

1. Accelerometer 

2. Data Acquisition Device (DAQ) 
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The analysis apparatus consisted of: 

1. NI LabVIEW Sound & Vibration Assistant 

3.2 Test Rig 
To conduct successful tests as per the set requirements, a good understanding of the test rig is 
required. State of the art equipment was required to acquired accurate vibration data for the 
rotating equipment of the pump. To accurately simulate the operating conditions and 
environment under which a pump and a seal operates, the test rig must be equipped with all the 
necessary elements. In Roplan Development Centre all these expectations are met. The test rig 
consisted of all the required equipment and apparatus. 

 

Figure 10. Schematic of the pump test rig. 

A schematic of the test rig is explained in Figure 10 which consists of all the necessary apparatus 
required by the pump test rig. The main element of the test rig is the centrifugal pump. The 
1000-litre water tank supplies the water to the centrifugal pump via an inlet piping. The water 
ejected out of the pump, via pump outlet piping, is again supplied back to the water tank to make 
sure the pump head is maintained all times during pump operation. The inlet side of the pump 
consists of an inlet control valve and a pressure gauge. To create the cavitation phenomenon, the 
control valve is closed until the pressure in the suction side drops below vapour pressure and the 
pump is starved of water. The outlet side of the pump consists of an outlet control valve and a 
pressure gauge. To operate the pump at BEP the outlet valve is closed enough to provide the 
required outlet pressure levels specified by the flow-rate at BEP. The pump vibrations are 
measured via the accelerometer mounted radially on the pump casing, near the mechanical seal 
and close enough to the bearing to measure its response. The analog signal measured by the 
accelerometer is converted to digital via the 4 channel DAQ device. The converted pump 
acceleration signal is then analyzed and converted from time domain to frequency domain via a 
computer-based software system. 
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3.3 Test Method 
A suitable method was needed to gather the vibration data for failure conditions of mechanical 
seals. So, it was required to select relevant operating conditions and parameters of the pump and 
seal operation that can artificially generate failure events & causes and respectively the data will 
be recorded and analyzed for these conditions. There was a need to construct a test methodology, 
which will help in conducting individual test runs, with definite apparatus and parameters, for a 
certain condition which will directly relate to the respective failure cause (poor lubrication, 
cavitation or bearing vibration). The requirement was to operate the pump on all possible 
combinations of the selected operating conditions and parameters. To do this the respective tests 
were defined by the Design of Engineering (DOE) approach. DOE analyses are robust and 
provide the accurate scientific approach to this work. Since the tests were conducted on two 
phases (Phase1: Cavitation & Lubrication; Phase 2: Bearing Vibration) two sets of operating 
conditions or variables were defined within two sets of DOEs. 

3.3.1 The DOE Method 
The DOE method is particularly advantageous to this study, as it will not only run the tests on 
possible failure conditions, but it will also run the pump on other different conditions as well. 
This is advantageous to gather as much data as possible for further research in understanding the 
seal and pump performance better. A DOE method requires a set of operating variables or 
factors, with their respective upper and lower limit values, to chart out all possible combinations 
of these to run the tests. Keeping in mind the 3 failure causes, the set of 6 operating variables 
was eventually selected for the test runs. Table 11 presents a list of the selected 6 operating 
variables. DOE also allowed randomization of tests and made it possible to re-run selected tests 
to acquire better test results.  

3.3.2 Factorial Design with Quantitative Response 
The DOE approach implemented in this research was, ‘Factorial Design with Quantitative 
Response’. In this approach, the response factors (failure causes) are needed to be changed and 
replaced with responsive quantities (operating variables) that can be measured. Measured 
responses can be more than two. In the concerned case, the measured responses are poor 
lubrication, cavitation, and bearing failure vibration. 

The following approach is taken to conduct the desired set of experiments: 

1. Responses are qualitative and if required can be quantitative 

2. The DOE is based on - 'Factorial Design at 2 Levels’ 

3. 26 factorial design and 22 factorial design (two levels) 

4. In this case, the factors are those parameters which can be controlled or can be varied to 
basically create the desired responses 

5. For the Respective formulations or combinations of the factors, the desired responses are to 
be observed 

6. The values of the factors must be selected in such a way that it is certain that for those 
values desired responses are being observed 

Table 11 presents the selected 6 operating variables or factors to measure for poor lubrication 
and cavitation response, and Table 12 presents the selected 2 operating conditions to measure for 
defective or worn bearing response. 
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Table 11. Selected operating variables and their operating limits for poor lubrication & cavitation response 

General Parameter List Levels (26)   
S. No. Variables/Factors - + Unit 

1 Impeller presence No Yes - 
2 Sealing Medium Presence No Yes - 
3 Sealing medium temperature 20 80 °C 
4 Seal face materials C-SiC SiC-SiC - 
5 Pump Speed 1500 3600 RPM 
6 Pump Inlet Pressure (-)0.5 5 bar 

  Possible Combinations 64  

Selection of these conditions was rather unique, in terms of pump operation, it included all the 
essentials of pump operation, but it also had different pump operating conditions, such as, 
operating the pump without the impeller or operating the pump with water at 80˚C. It was not 
possible to run the pump on all 64 possible test combinations, this was due to pump limitations 
which are discussed later. 

Table 12. Selected operating variables and their operating limits for worn bearing response 

General Parameter List Levels (22)   
S. No. Variables/Factors - + Unit 

1 Impeller presence - - - 
2 Sealing Medium Presence - - - 
3 Sealing medium temperature - - °C 
4 Seal face materials - - - 
5 Pump Speed 1500 3600 RPM 
6 Pump Inlet Pressure - - bar 
7 Worn Bearing No Yes bar 
 Possible Combinations 4  

It is to be noted that, there was another DOE set which was created to observe the worn bearing 
response. It had 7 operating conditions of which the first 6 were like the ones listed in Table 11, 
and the 7th one was to run the pump with and without a worn bearing. The yielded results were 
good from the perspective of observing the overall pump response with a worn bearing, but it 
made quite difficult to detect the bearing failure source frequencies due to a very noisy spectrum. 
So, to just observe the bearing failure frequencies, the pump, with a worn bearing, was made to 
run on just two operating conditions as listed in Table 12. This report discusses the results 
yielded from the DOE based on operating variables from Table 12.  

3.4 Test Phases 
The tests were conducted in two phases. In the first phase, cavitation and poor lubrication 
response were observed. Its respective DOE was based on the operating factors listed in Table 
11. The second phase covered the defective bearing response and its DOE was based on the 
operating condition listed in Table 12. It was possible to merge in cavitation and poor lubrication 
response in one phase due to ease of data analysis and their operating variables could be fitted 
into one DOE. 

3.4.1 Phase 1 
Phase 1 of the tests was performed to measure the response for poor lubrication and cavitation 
condition of the pump. With 6 operating variables, the DOE yielded 64 test combinations. But 
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due to pump limitations, it was not possible to run tests for all 64 combinations. Therefore, a 
total of 24 selected tests were performed keeping the DOE arrangement intact. The DOE for the 
selected 24 combinations with respective test numbers is listed in Table 13. In Table 13, the term 
formulation refers to the appropriate sequence of the upper and lower limits in which the DOE 
was formed. Its nonsequential order refers to the randomisation of the DOE. Response C1 refers 
to cavitation, C2 poor lubrication, and C3 bearing vibration.  

Table 13. DOE test method for Phase 1 testing 

   Factors Responses 
Test No. Formulation 

(Fn) 
1 2 3 4 5 6 C1 C2 C3 

1 12 + + - + - - 
 

  
2 28 + + - + + - 

 

  
5 10 + - - + - -  

 

 
6 26 + - - + + -  

 

 
13 14 + - + + - -  

 

 
14 30 + - + + + -  

 

 
17 11 - + - + - - 

 

  
18 27 - + - + + - 

 

  
21 9 - - - + - -  

 

 
22 25 - - - + + -  

 

 
25 15 - + + + - - 

 

  
26 31 - + + + + - 

 

  
33 4 + + - - - - 

 

  
34 20 + + - - + - 

 

  
37 2 + - - - - -  

 

 
38 18 + - - - + -  

 

 
45 6 + - + - - -  

 

 
46 22 + - + - + -  

 

 
49 3 - + - - - - 

 

  
50 19 - + - - + - 

 

  
53 1 - - - - - -  

 

 
54 17 - - - - + -  

 

 
57 23 - + + - + - 

 

  
58 7 - + + - - - 

 

  

The green dot represents if the desired response was detected for a test combination and the red 
dot represents if it was not detected. In the results section, only the tests with the desired 
response were analysed. 

3.4.2 Phase 2 
Phase 2 of the tests were performed to measure the response to bearing failure. With 2 operating 
variables, the DOE yielded 4 test combinations. The selected 4 tests were performed keeping the 
DOE arrangement intact. The DOE for the selected 4 combinations with respective test numbers 
is listed in Table 14. The randomisation of the DOE was not important as only 4 tests were 
performed. Response C1 refers to cavitation, C2 poor lubrication, and C3 bearing vibration. The 
green dot represents that the response recorded was with a worn bearing and the red dot 
represents that the response recorded was with a good bearing. 
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Table 14. DOE test method for Phase 2 testing 

    Factors Responses (Y/N) 
Test No. Formulation (Fn) 5 7 C1 C2 C3 

1 1 - -   
 

2 2 + -   
 

3 3 - +   
 

4 4 + +   
 

 Total Tests 4     
Present 

 

 
Absent 

 

 

3.5 Pump Limitation 
As for Phase 1, there were some limitations which did not allow some DOE test combinations to 
be performed on the pump. This was because the pump operates on some limitations, so there 
were some formulations in the DOE which were not included in the testing. For example, a test 
combination without impeller (-) and maximum pressure (+) could be performed as it could 
cause serious harm to the integrity of pump and seal. Similarly, several combinations had to be 
omitted. 

Pump limitation cases: 

1. No Impeller (-) & Maximum Pressure (+) 

2. No Impeller (-) & Maximum Temperature (+) 

3. With Impeller (+) & Maximum Pressure (+) 

4. No Media (-) & Maximum Pressure (+) 

5. No Media (-) & Minimum Pressure (-) 
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4  RESULTS AND DISCUSSION  
This chapter mainly represents the analysis part of the thesis work. The results obtained from the 
chosen methodology are presented and discussed in this chapter. The results mainly involve the 
theoretical calculation of failure source frequencies for cavitation, poor lubrication and bearing 
failure. The theoretical results are then compared against the test data to verify the detection of 
the source frequencies and forms the discussion part. From this analysis, the suitable frequency 
ranges were selected for detecting the 3 failure phenomena. 

4.1 Best Efficiency Point (BEP) 
To understand the vibration spectrum of the pump during its normal operation, tests were also 
performed to observe the pump vibration spectrum at its BEP. The test data for BEP was used as 
a reference when comparing the signals for the failure conditions. Since one of the operating 
factors included two different seal face combinations i.e. C-SiC and SiC-SiC, the BEP was tested 
for these 2 seal face combinations. 

4.1.1 BEP Operating Conditions 
The pump best efficiency point is attained by setting the values of the selected operating 
parameters, as per the pump BEP curve (Figure 4). Table 15 lists the specific operating values 
for getting the pump BEP. 

Table 15. BEP operating factors 

Parameters Controlled F0 Value Unit 
Impeller Presence - Yes - 
Sealing Medium Presence - Yes - 
Sealing Medium Temperature - 20 °C 
Seal Face Materials - SiC-SiC / C-SiC - 
Pump Speed - 3000 RPM 
Pump Outlet Pressure - 2 bar 

4.1.2 BEP Vibration Response: SiC-SiC 
This section describes the vibration spectrum obtained for the BEP conditions, when the pump 
operated with a SiC-SiC face combination, refer to Table 15. Figure 12 illustrates the 
oscilloscopic view of the obtained vibration spectrum. Usually, each test runs for 30 seconds and 
the conversion of time and frequency domain, as observed in the oscilloscope, was performed for 
each second. So, the pump operates for 30 seconds for each test combination and the variation in 
the test signal is observed over the span of these 30 seconds. Also, to understand how the tests 
were being conducted and monitored Figure 11 is a representation of that. 

From this test, it was observed that the vibration levels during BEP vary between +4g and -4g in 
the time domain spectra. The overall frequency span of the spectrum is between 0 to 13000 Hz, 
which is similar for all the test combinations. Looking at the frequency domain, significant 
frequency variation and generation, during BEP, can be observed between the range of 2000 and 
10,000 Hz. The maximum vibration level or amplitude of this spectra is around 95 milli g’s at 
around 3000 Hz. 
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Figure 11. Illustration of the test structure and response monitoring, from the test manual. 

 

Figure 12. Vibration response of BEP with SiC-SiC face combination, from NI LabVIEW. 

4.1.3 BEP Vibration Response: C-SiC 
This section describes the pump operation at BEP with a C-SiC seal face combination. Figure 13 
illustrates the oscilloscopic view of the obtained vibration spectrum. 

Analysing this spectrum, it can be observed that the vibration level with C-SiC combination is 
between +4g and -4g in the time domain spectra. The overall frequency span of the spectrum is 
between 0 to 13000 Hz. Looking at the frequency domain, significant frequency variation and 
generation, of a pump BEP operation, can be observed between the range of 2000 and 10,000 
Hz, same as above. The maximum vibration level or amplitude of this spectra is around 110 milli 
g’s at around the same 3000 Hz compared to the previous spectrum. Analysis of this spectrum 
reveals, irrespective of seal face combination during BEP, the overall vibration levels will be 
between +4g and -4g, with maximum amplitude level between 90-110 milli g’s at a dominant 
frequency of around 3000 Hz. After establishing the pump BEP condition analysis can be 
performed for the 3 concerned failure causes.  

F0 Value Unit
- Yes -
- Yes -
- 20 °C
- SiC-SiC -
- 3000 RPM
- 2 bar

sec.
mm

Signal Duration (secs)

Parameters Monitored
Response

Signal Amplitude (g) (rms)

BEP

File Name
130

Pump Sound Pressure Level (dB)

Sealing Medium Temperature

Impeller Presence

69

30

Value

30

Seal Face Materials

Sealing Medium Presence

P01_N01_R01_V02_Sic-Sic_2018

Pump Speed
Pump Outlet Pressure

Impeller Diameter
Operating Time

Test: 0 (Normal Condition or BEP)

Test Date: 2018-05-14 Test Time: 13:34
Formulation: F0

Parameters Controlled

Test Code: N01 Test Run: R1_V02
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Figure 13. Vibration response of BEP with C – SiC face combination, from NI LabVIEW. 

4.2 Cavitation Detection 
Tests for observing cavitation were conducted in Phase 1 of testing. The requirements to create 
cavitation phenomena in a pump is, negative suction or inlet pressure; enough speed under which 
a fully-developed cavitation can be observed; impeller presence; and medium presence. As 
mentioned before, cavitation is a forcing function which acts as a hit or impact on the impeller. 
Due to this reason cavitation cannot be measured or calculated. Therefore, to detect cavitation 
machine’s response to cavitation must be measured. The source frequencies which can help 
detect cavitation are the rotational speed of the pump (RF) & its harmonics, and the impeller 
blade pass frequency & its harmonics. 

4.2.1 Rotational Speed, Impeller Blade Pass Frequency & Harmonics 
The rotational speed frequency of the pump and its relevant harmonics are tabulated in Table 16. 
The table lists down the three pump speeds (Hz) and their respective harmonics. Table 17 lists 
down the BPF’s and its harmonics for the respective RF. RF1 corresponds to the minimum limit 
of pump speed of 1500 RPM (25 Hz). RF2 corresponds to the maximum limit of pump speed of 
3600 RPM (60 Hz). RF3 corresponds the pump speed of 3000 RPM (50 Hz) at BEP. The 
fundamental BPF and its harmonics are calculated using Equation 2. In Table 17, BPF1 
corresponds to the fundamental BPF and is harmonics at 25 Hz pump speed; BPF2 corresponds 
to the fundamental BPF and is harmonics at 60 Hz pump speed; and BPF3 corresponds to the 
fundamental BPF and is harmonics at 50 Hz pump speed. 

RF was calculated till its 5th harmonic (5xRF) and BPF was calculated till its 3rd harmonic 
(3xBPF). From a general observation of the vibration spectrums for cavitation response it was 
found that monitoring RF till its 5th harmonic and BPF till its 3rd was relevant for detection. The 
frequencies were calculated using MATLAB. The relevant formulation can be found in 
Appendix A. 

The exact behaviour of these frequencies during cavitation is verified via the cavitation data 
analysis chart (Figure 14).  
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Table 16. Pump Rotational Frequencies (RF) and respective harmonics 

Frequency Type Harmonic Value (HZ) 
25Hz RF1 Fundamental 25 
25Hz RF1 2nd 50 
25Hz RF1 3rd 75 
25Hz RF1 4th 100 
25Hz RF1 5th 125 
60Hz RF2 Fundamental 60 
60Hz RF2 2nd 120 
60Hz RF2 3rd 180 
60Hz RF2 4th 240 
60Hz RF2 5th 300 
50Hz RF3 Fundamental 50 
50Hz RF3 2nd 100 
50Hz RF3 3rd 150 
50Hz RF3 4th 200 
50Hz RF3 5th 250 

Table 17. Pump Blade Pass Frequencies (BPF) and respective harmonics 

Frequency Type Harmonic Value (Hz) 
25Hz BPF1 Fundamental 125 
25Hz BPF1 2nd 250 
25Hz BPF1 3rd 375 
60Hz BPF2 Fundamental 300 
60Hz BPF2 2nd 600 
60Hz BPF2 3rd 900 
50Hz BPF3 Fundamental 250 
50Hz BPF3 2nd 500 
50Hz BPF3 3rd 750 

4.2.2 Relevant Tests for Cavitation Response 
To proceed further with cavitation source frequency analysis there was a requirement that only 
selective test combinations must be considered, for data evaluation, for which cavitation 
response can be detected. Since, the list included all possible combinations, cavitation was not a 
response in all of them. For example, if a test combination has a negative pressure value and the 
pump without impeller then cavitation cannot be generated for such combination. Therefore, 
combinations in Test 1, 2, 33 & 34 were selected as they are suitable to generate cavitation. 
Table 18 lists those relevant tests for cavitation. 

Table 18. Cavitation relevant tests from Phase 1 DOE 

  Factors Responses 
Test 
No. 

Formulation 
(Fn) 

1 2 3 4 5 6 C1 C2 C3 

1 12 + + - + - - 
 

  
2 28 + + - + + - 

 

  
33 4 + + - - - - 

 

  
34 20 + + - - + - 
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4.2.3 Cavitation Data Analysis Chart 
From the suggested literature in section 2.3.3 a data analysis chart was formed. The chart lists 
potential indicators in terms of RF, BPF and other spectrum parameters which determines 
cavitation presence. The selected tests were checked for cavitation based on these indicators. 
Figure 14 illustrates the chart used for detecting cavitation. 

 

Figure 14. Cavitation Data Analysis Chart. 

4.2.4 Cavitation Data Analysis 
Before analysing the tests based on the indicators, first, lets consider how a cavitation spectrum 
compares with the pump BEP. It would be ideal to compare Test 2 with SiC-SiC BEP vibration 
spectrum. Test 2 is ideal as it has a comparable pump speed and the same seal face as SiC-SiC 
BEP spectrum. 

 

Figure 15. Test 2 spectra (top) and BEP spectra SiC-SiC (bottom). 
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Figure 16. Test 1: 1xBPF (top), Power level (2nd), Spectrum (3rd), RF & BPF (bottom). 

From Figure 15, the main observing point is the amplitude level in both spectrums around the 
frequency of 3000 Hz. The cavitation phenomena in Test 2 increases the amplitude level of the 
spectrum by almost thrice the level observed in the BEP spectrum. 

Figure 16 displays the spectrum for Test 1 in sequential order of the indicator detection. Test 1 
for cavitation holds true for the first indicator as a spectral line at fundamental BPF with noise 
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(125 Hz) has been detected. For the second indicator, comparatively higher energy levels are 
detected in higher frequency regions at around 10,000 Hz in the spectrum. But the test does not 
hold true for the third indicator as its overall vibration levels are not greater than the vibration 
levels of the BEP spectrum of SiC-SiC (Figure 12). For the fourth indicator, the test maybe holds 
true as the RF amplitude level at 25 Hz has increased slightly when cavitation initiates, but its 
increase is very little and not very significant. The fifth indicator is also a case of partial 
detection and maybe it holds true for cavitation inception. The fundamental BPF vibration level 
at 125Hz decreases very little during cavitation initiation in comparison to its value when the 
cavitation is not initiated. This variation in the RF and BPF is an indication of cavitation 
inception. One thing to consider in this test group is that due to low pump speed cavitation 
initiation is not fully developed in this spectrum. Significant formation of the vapour bubble is 
restricted on the impeller if the pump speed is too low. Also, in the case of lower pump speed, 
cavitation initiation process is prolonged and takes a significant amount of pump operating time 
to come to a fully developed state. 

 

Figure 17. Test 2 Indicator:1 (top left), 2 (bottom), 3 (top right), 4 (mid left) 5(mid right). 

Figure 17 displays the spectrum for Test 2. For Indicator 1, the test holds true as a spectral line at 
fundamental BPF with noise (275 Hz) has been detected. Please note that due to an error in the 
RPM controller, the pump speed gets deviated from 60 Hz to 55 Hz and hence the fundamental 
BPF also gets deviated from 300 Hz to 275 Hz. For the second indicator, higher energy levels are 
not detected at higher frequencies. But the test does hold true for the third indicator as its overall 
vibration levels are greater than the vibration levels of the BEP spectrum of SiC-SiC (Figure 15).  
Like the previous test, Test 2 also might hold true for Indicator 4 and Indicator 5, as there is a 
slight increase detected in the overall RF vibration level at 55 Hz and a slight decrease detected 
in the overall fundamental BPF vibration level at 275 Hz. 
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Figure 18. Test 33 Indicator:1 (top left), 2 (bottom), 3 (top right), 4 (mid left) 5 (mid right). 

Figure 18 displays the spectrum for Test 33. This test operation included an impeller, with a fluid 
medium, water at 20˚C, C–SiC face combination, 1500 RPM and negative inlet pressure. For 
Indicator 1, the test holds true as a spectral line at fundamental BPF with noise (125 Hz) has 
been detected. It might be deviated from its exact value due to RPM controller error. For the 
second indicator, higher energy levels are detected at higher frequencies around 10,000 Hz. But 
the test does not hold true for the third indicator as its overall vibration levels are way much 
lesser than the vibration levels of the BEP spectrum of C-SiC (Figure 13). Like previous tests, 
Test 33 might hold true for Indicator 4 and Indicator 5, as there is a slight increase detected in 
the overall RF vibration level at 25 Hz and a slight decrease detected in the overall fundamental 
BPF vibration level at 125 Hz. Observing the trend of lower energy levels for Test 1 and Test 33, 
when compared with their respective BEP, it can be stated that cavitation in these cases has not 
evolved to a fully-developed state. This is due to lower speed. So, its detection at such speeds 
can be observed when the vibration levels drop below the vibration levels of the respective BEP 
spectrum. 

Figure 19 displays the spectrum for Test 34. This test operation included an impeller, with a 
medium, water at 20˚C, C–SiC face combination, 3600 RPM and negative inlet pressure. For 
Indicator 1, the test holds true as a spectral line at fundamental BPF with noise (275Hz) has been 
detected. RPM controller error shifts the frequency to 275 Hz from 300 Hz. For the second 
indicator, higher energy levels are not detected at higher frequencies. But the test holds true for 
the third indicator as its overall vibration levels are way much higher than the vibration levels of 
the BEP spectrum of C-SiC (Figure 13). Like previous tests, Test 34 might hold true for 
Indicator 4 and Indicator 5, as there is a slight increase detected in the overall RF vibration level 
at 55 Hz and a slight decrease detected in the overall fundamental BPF vibration level at 275 Hz.  

So, from the cavitation data analysis chart overview it can be concluded that cavitation source 
frequencies can be defined by the fundamental RF and BPF and monitoring their behaviour 
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during cavitation. Other detection parameters such as overall vibration amplitudes must be 
considered after the source frequencies have been identified.  

 

Figure 19. Test 34 Indicator:1 (top left), 2 (bottom), 3 (top right), 4 (mid left) 5 (mid right). 

4.3 Poor Lubrication Detection 
As defined by the methodology, in section 2.3.4, poor lubrication condition can be identified by 
the presence of natural frequencies of the seal faces. From Phase 1 DOE set relevant tests were 
selected, for which poor lubrication responses were observed, and the data analysis was 
performed by identifying the presence of calculated natural frequencies and their higher 
vibration modes for both seal face combinations. 

4.3.1 Seal Face Natural Frequencies 
From the theoretical model suggested in section 2.3.4, the fundamental natural frequencies and 
their respective higher vibration modes were calculated for both C and SiC seal faces. Table 19 
provides the list of the calculated natural frequencies and the higher vibration modes for the 
Carbon seal face, and Table 20 provides the list for Silicon Carbide seal face. The calculations 
were performed in MATLAB and the respective formulation can be seen in Appendix A. 

As shown in both the tables the fundamental and in-plane bending mode natural frequencies are 
much higher, as suggested by (Timoshenko, 1946). Therefore, the probability of identifying 
natural frequency for out-of-plane bending vibrations and its harmonics is greater compared to 
the other two. Before moving to the data analysis part relevant tests need to be selected.  
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Table19. Fundamental natural frequency and vibration modes for Carbon 

Carbon Unit System 
SI 

S. No. Vibration Modes (i) Natural Frequency (Hz) 
Fundamental Ring Frequency 

1 fr 16505.14 
In-Plane Bending Mode 

1 fi 0.00 
2 2 6279.61 
3 3 17761.41 
4 4 34055.95 
5 5 55075.79 

Out-of-Plane Bending Mode 
1 fo 0.00 
2 2 1674.17 
3 3 4652.17 
4 4 8856.91 
5 5 14273.78 

Table 20. Fundamental natural frequency and vibration modes for Silicon Carbide 

Silicon Carbide Unit System 
SI 

S. No. Vibration Modes (i) Natural Frequency (Hz) 
Fundamental Ring Frequency 

1 fr 53729.15 
In-Plane Bending Mode 

1 fi 0.00 
2 2 20441.99 
3 3 57818.68 
4 4 110862.25 
5 5 179288.11 

Out-of-Plane Bending Mode 
1 fo 0.00 
2 2 5432.68 
3 3 15121.02 
4 4 28806.28 
5 5 46438.59 

4.3.2 Seal Face Natural Frequencies 
Like the reasoning provided for cavitation response in the previous section, only specific few 
tests were selected, for which the poor lubrication response can be identified. Test 5, 6, 37 and 
38 were selected, as poor lubrication response can be generated from their combinations. Table 
21 provides the list of the relevant tests.  



 55 

Table 21. Poor Lubrication test combinations 

  Factors Responses 
Test No. Formulation (Fn) 1 2 3 4 5 6 C1 C2 C3 

5 10 + - - + - -  
 

 
6 26 + - - + + -  

 

 
37 2 + - - - - -  

 

 
38 18 + - - - + -  

 

 

4.3.3 Poor Lubrication Data Analysis 
In the last section Test 5, 6, 37 & 38 were selected as their formulation can yield the response of 
dry running of seal faces. Now, in this section, the data from these tests will be verified for 
detection of the poor lubrication response. If the excitation frequencies of seal faces are visible in 
the expected frequency spans of these data, then we can relate those frequencies as failure 
frequencies for the poor lubrication phenomenon. Test 5 and Test 6 are operated with the SiC-
SiC seal face combination at 1500 and 3600 RPM respectively and rest of the operating factors 
are constant. Test 37 and Test 38 are operated with the C-SiC seal face combination at 1500 and 
3600 RPM respectively and rest of the operating factors are constant. 

Test 5: In Test 5 when the SiC-SiC seal faces starts to vibrate at its harmonic frequency, the 
overall vibration level in the time domain shifts from ±10g to ±30g. This difference can be seen 
in Figure 20. Comparing the frequency domain of the two spectra, it can be observed that when 
harmonic excitation starts to happen, the maximum amplitude frequency region shifts from 
around 10,000 Hz to around 4500 Hz with 9 times more amplitude value. From the theoretical 
results, the natural frequency of SiC at its 2nd vibration mode of flexural vibration is around 5432 
HZ. Given the considerations, assumptions and material data limitations with the theoretical 
calculations, it could be stated that the dominant frequency of 4533 Hz in the spectrum can 
indicate the excitation frequency of the SiC faces in the experimental domain. So, a frequency 
region between 4000 Hz to 6000 Hz can be defined for monitoring and detecting SiC seal face 
natural frequency for poor lubrication condition. 

Test 6: In the spectrum for Test 6 the time domain trend, as explained in Test 5, has not been 
detected. This may be due to the increase in the pump speed. In the frequency domain, the 
dominant frequencies can be observed it the observing frequency region between 4000 Hz to 
6000 Hz. The most dominant frequency with maximum amplitude is around 4600 Hz which is 
approximately very close to the calculated 5432 Hz natural frequency of SiC seal face. Figure 21 
illustrates the dominant frequency region for Test 6. So, defining a monitoring frequency region 
between 4000 Hz to 6000 Hz and a natural frequency around 4500 Hz is true for this case as 
well. 

Test 37: The time domain trend can be detected in Test 37. The overall vibration level in the 
time domain shifts from ±10g to ±3g, as the dominance of seal face harmonics diminishes. In the 
frequency domain, the dominant frequencies can be observed in the concerned frequency region 
between 7000 Hz to 9000 Hz. The most dominant frequency with maximum amplitude is around 
7969 Hz with a maximum amplitude at 324mg. Comparing this value with the calculated 8856 
Hz (flexural 4th mode) natural frequency for Carbon, reveals that the difference is not very high 
given the theoretical limitations. Figure 22 illustrates the dominant frequency region for Test 37. 
So, defining a monitoring frequency region between 7000 Hz and 9000 Hz and a natural 
frequency around 8000 Hz can be established for detecting poor lubrication between C-SiC face 
combination operating at 1500 RPM. 
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Figure 20. Test 5 Spectrum: no harmonics (top), harmonic excitation (bottom). 

Test 38: The spectrum for Test 38 was quite complicated to analyse, as it contained 2 dominant 
frequency regions. The first concerned region was between 3000 to 5000 Hz with the dominant 
frequency at 3500 Hz. The second concerned region was between 7000 to 9000 Hz with a 
dominant frequency at 7700 Hz. Comparing these two frequencies with the theoretically 
obtained Carbon natural frequencies at 4652 Hz (3rd flexural mode) and 8856 Hz (4th flexural 
mode), suggest that the seal face vibrates for both the modes and hence can be detected in the 
spectrum. The time domain trend has not been detected in this test. This may be again due to the 
increase in the pump speed. Figure 23 illustrates the dominant frequency region for Test 38. So, 
defining two monitoring frequency regions, one between 3000 Hz and 5000 Hz, and another 
between 7000 Hz and 9000 Hz can be established for detecting poor lubrication between C-SiC 
face combination operating at 3600 RPM. 
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Figure 21. Test 6 spectrum harmonic excitation. 

 

Figure 22. Test 37 spectrum harmonic excitation. 
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Figure 23. Test 38 spectrum harmonic analysis. 

4.4 Bearing Failure Detection 
Tests for observing bearing failure were conducted in Phase 2 of testing. The requirement to 
create a bearing failure was fulfilled by installing a worn bearing in the pump and monitoring the 
pump for detecting the bearing source frequencies. The following bearing source frequencies, if 
present can lead to bearing failure detection, Fundamental Train Frequency (FTF) generated by 
the bearing cage; Ball Pass Frequency of Inner Race (BPFO) detecting bearing inner race defect; 
Ball Pass Frequency of Outer Race (BPFO) detecting bearing outer race defect; and Ball Spin 
Frequency (BSF) detecting defect on bearing balls. But to understand what type of defect they 
indicate, it is essential to understand their behaviour in the spectrum.  

One thing to consider for this testing phase is that an attempt was made to turn a good bearing 
into a worn one, but the defects created might only have led to the looseness of bearing elements. 
So, not all the source might be present. 

4.4.1 Bearing Source Frequencies 
The bearing source frequencies were calculated using the theoretical model presented in section 
2.3.5. The calculations were performed in MATLAB and the formulation is added in Appendix 
A. The calculated bearing source frequencies are presented in Table 22. 

Table 22. Bearing source frequencies 

Bearing 
No. 

Nb Bd 
(mm) 

Pd 
(mm) 

φ 
(deg.) 

S 
(Hz) 

FTF 
(Hz) 

BPFO 
(Hz) 

BPFI 
(Hz) 

BSF 
(Hz) 

'6305' '7' 11.09 43.48 0 25 9.31 65.17 109.83 45.78 
'6305' '7' 11.09 43.48 0 60 22.34 156.40 263.60 109.87 

4.4.2 Relevant Tests 
The test selected for performing bearing data analysis are listed in Table 14. It is to be noted that 
in Phase 2 DOE set only 4 tests were included which operated the pump on two different speeds 
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and with a good and a worn bearing. Therefore, Test 1 and Test 2 operates the pump with a good 
bearing at a pump speed of 1500 RPM and 3600 RPM respectively. Whereas, Test 3 and Test 4 
operates the pump with a worn bearing at pump speeds of 1500 and 3600 RPM respectively. 

4.4.3 Bearing Data Analysis Chart 
Just like in the case of cavitation, bearing source frequencies are also identified in a spectrum 
with some specific indicators. The bearing data analysis chart checks for those specific indicators 
for the selected 4 tests and verifies if the bearing defect exists during pump operation. Figure 24 
illustrates the chart created for bearing analysis. The significance of the chart is discussed in the 
next section. 

 

Figure 24. Bearing Data Analysis Chart. 
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4.4.4 Bearing Data Analysis 
In this section, the above-presented chart will be methodically discussed. Test 3 and Test 4 will 
be the point of focus as they had the worn bearing as their operating factor. The indicator list is 
mainly suggestive of the theory available on maintenance of anti-friction bearings (Taylor, 
2003). The chart provides a relationship between the bearing defect and the source frequency. 
This suggests that just the presence of bearing source frequencies is not enough to understand the 
type of defect a bearing is having. Since Test 1 and Test 2 were performed with a good bearing, 
the presence of bearing source frequencies is not detected in their spectrum, except in the case of 
Indicator 3. The presence of BPFO was not detected in their spectrum which is an indication of a 
loose bearing outer race. This may be possible because the installed bearing was an already used 
one and had been in operation for other tests. Classifying it as a ‘good bearing’ means that it has 
not undergone any major failure defect. So, a loosened outer race might be an indication of its 
previous operating hours. 

 

Figure 25. Test 3 Frequency Spectrum indicating inner and outer raceway defect. 

Evaluation of the chart for Test 3 reveals that the worn bearing used in the test detects for an 
inner and outer raceway defect. In the vibration spectrum of Test 3 presence of 3rd, 4th & 5th 
harmonic of BPFI and 4th and 5th harmonic of BPFO has been detected. As per Indicator 7 & 8, 
the presence of fundamental and harmonics of BPFI and BPFO detects for an inner and outer 
raceway defect. So, it can be said that the worn bearing used has a defective outer and inner 
raceway. The exact type of defect and its severity can also be calculated by further analysis. 

Test 4 reveals more information about the worn bearing, as greater number of indicators has 
been detected in its spectrum. A measurable amplitude of FTF has been indicated, as shown in 
Figure 26, indicating an imminent failure. Fundamental and harmonics of BPFO and BPFI have 
been detected, as shown in Figure 27, indicating raceway defects. So, from analysing Test 3 and 
Test 4, it can be stated that the bearing has been identified with defective inner and outer 
raceways and a defective cage. Other than these no other defects can be identified. 

 

Figure 26. Test 4 Frequency Spectrum indicating imminent failure. 
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Figure 27. Test 4 Frequency Spectrum indicating raceway defect. 

The contradicting part in Test 3 and Test 4 is with the Indicators 4, 5 and 6. As the worn bearing 
used in both the tests was the same, it was difficult to understand why for some indicators, in the 
spectrum for Test 3, it did not generate the source frequencies. One reason for this could be due 
to the hindrance of rotational frequency and is harmonics or BPF and its harmonics. The 
phenomena of resonance occurring close to the bearing frequencies, by RF or BPF can result in a 
subtraction of the bearing frequencies and their presence might not be detected. So, for detecting 
the bearing source frequencies, a frequency range between 0 Hz to 1500 Hz can be defined. 
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5  CONCLUSIONS 
This chapter forms the conclusion of this thesis report. It presents the overall significance of 
what has been covered and mark the most important points that have been made. It also 
highlights the central issues. 

5.1 Conclusions 
The main agenda of this work was to develop a suitable condition monitoring methodology 
which could enhance the maintenance and operating life of a mechanical seal operating in 
process pumps. To achieve this the hypothesis endorsed that a monitoring technique of structural 
vibrations be employed to predict the failure phenomena occurring in mechanical seals. The 
defined scope revealed that cavitation, poor lubrication and bearing vibrations were most 
common causes of mechanical seal failure and pump downtime. The thesis then focused on these 
three failure phenomena in devising a suitable predictive maintenance methodology. After 
having a good understanding of the scope, the work was divided into 3 main parts.  

The first part of this work focused on understanding the operation of process pumps and 
mechanical seals. This work employed the model of a single stage centrifugal pump and an 
internally pressurised mechanical seal used in the food industry. The study then focused on 
operating conditions and environments under which centrifugal pump and mechanical seal fails. 
This was followed by a Failure Mode, Effects and Criticality Analysis (FMECA), which 
presented a thorough understanding of the relationship between the major failure events and the 
3 main failure causes of cavitation, poor lubrication and bearing vibration. From this analysis, a 
clear view of the conditions, under which the concerned failure causes can develop, was 
established. 

The second part of the work focused on developing an appropriate predictive maintenance 
methodology. Since the monitoring technique of vibration signature analysis had been chosen, 
the idea was to monitor the pump and seal vibration signatures during the concerned failure 
conditions and detect the source or failure frequencies at which the three-failure phenomena can 
be identified. This was achieved by formulating a test methodology which ensured the pump and 
seals operation for the three failure conditions. The ideology behind testing was, to artificially 
generate all three-failure phenomena within the pump and seal and record their vibration 
response. A DOE approach was chosen to form the test methodology. Operating factors were 
selected and tests were performed on a test rig consisting of a centrifugal pump, a mechanical 
seal, a fluid supply unit, a vibration accelerometer, a DAQ device and a computer-based analysis 
tool.  

In the last part data analysis was performed and the failure frequencies for cavitation, poor 
lubrication and bearing failure were defined. The analysis aimed at identifying the suitability of 
the methodology and the detection accuracy of the defined failure source frequencies.  

The following inferences can be drawn from the defined predictive maintenance method: 

• The failure phenomenon of cavitation can be detected by monitoring the rotational 
frequency (RF) of the pump and impeller blade pass frequency (BPF) 

• The failure phenomenon due to poor lubrication can be detected by monitoring the 
presence of natural frequencies of the seal faces  

• The bearing failure phenomenon can be detected by monitoring the presence of the FTF, 
BPFO, BPFI and BSF 
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6  RECOMMENDATIONS AND FUTURE WORK 
In this chapter, recommendations on more detailed solutions and future work in this field are 
presented. 

6.1 Recommendations 
This work barely scratches the surface in understanding the mechanical seal failure conditions. 
There is a huge requirement of this methodology which includes covering all possible seal 
failure phenomenon and further develop this suggested methodology. Viewing this work from 
the perspective of the current technological trend and smart maintenance, there is great potential 
in the suggested methodology, given that this work is further analysed for more datasets. More 
information on pump and seal operation, in terms of vibration responses, must be added to refine 
this work. The method has been created and now it needs to be robust. 

In terms of operating variables, this research focused on the ones which were related to the 3 
failure modes. But there is a possibility that other operating parameters might have affected the 
failure causes. For example, the effect of rising temperature when the seals operate under dry 
running condition has not been considered and the temperature can be a process variable which 
could reveal more information about the seal faces for that condition. So, there is a need to 
identify plausible operating or process factors for other failure phenomena which affects the seal 
performance and can be monitored in terms of vibration analysis. 

6.2 Future work 
The future work on this research can be seen from the following perspective: 

1. Cavitation: Need to operate the pump on other limits of the set operating variables and for a 
longer operating time to fully cover the scope presented by the pump RF and impeller BPF 

2. Poor Lubrication: Need to find frequency sources, other than natural frequencies of seal 
faces, and analyse them to verify the accuracy provided by the natural frequency theory 

3. Bearing Failure: Need to further analyse the FTF, BPFO, BPFI and BSF to detect exactly 
what defect the bearing has undergone and its severity 

4. Vibration Monitoring: Need to acquire results from tests with a tri-axial accelerometer for 
observing the vibration trends in all three orthogonal directions  

5. Threshold: There is a need to define specific threshold value, for the amplitude in the 
frequency domain, only above which a failure can detected 
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APPENDIX A: SUPPLEMENTARY INFORMATION 
The appendix for this study consists of the MATLAB files which holds the calculation data for the 
respective source frequencies. 

Pump Rotational and Blade Pass Frequencies with Harmonics 
%% Pump Rotational Frequency (RF), Impeller Blade Pass 
Frequencies (BPF) and Harmonics 
% RF & VPF for 1500, 3000, 3600 RPM 
clear all 
clc 
nb = 5; % No. of blades on impeller 
n1 = 25; %Hz %1500RPM %First pump rotational speed  
n2 = 60; %Hz %3600RPM %Second pump rotational speed 
n3 = 50; %Hz %3000RPM %Third pump rotational speed 
i1 = [1 2 3 4 5]; i2 = [1 2 3]; 
%% Fundamental & 2nd, 3rd, 4th, 5th Harmonic of Rotational Speed 
RF1 = n1*i1; % RF harmonics @1500 RPM 
RF2 = n2*i1; % RF harmonics @3600 RPM 
RF3 = n3*i1; % RF harmonics @3000 RPM 
%% Blade Pass Frequencies and Harmonics 
BPF1 = RF1(1,5)*i2; 
BPF2 = RF2(1,5)*i2; 
BPF3 = RF3(1,5)*i2; 
%% Table-1 
Type1 = 
{'RF1';'RF1';'RF1';'RF1';'RF1';'RF2';'RF2';'RF2';'RF2';'RF2';'R 
3';'RF3';'RF3';'RF3';'RF3';}; 
Frequency1 = 
{'25Hz';'25Hz';'25Hz';'25Hz';'25Hz';'60Hz';'60Hz';'60Hz';'60Hz';
'60Hz';'50Hz';'50Hz';'50Hz';'50Hz';'50Hz'}; 
Harmonic1 = 
{'Fundamental';'2nd';'3rd';'4th';'5th';'Fundamental';'2nd';'3rd'
;'4th';'5th';'Fundamental';'2nd';'3rd';'4th';'5th'}; 
Value1 = [RF1';RF2';RF3']; 
T1 = table(Frequency1,Type1,Harmonic1,Value1) 
filename = 'Cavitation Data Evaluation2.xlsx'; 
writetable(T1,filename,'Sheet',1,'Range','B2') 
%% Table-2 
Type2 = 
{'BPF1';'BPF1';'BPF1';'BPF2';'BPF2';'BPF2';'BPF3';'BPF3';'BPF3'}
; 
Frequency2 = 
{'25Hz';'25Hz';'25Hz';'60Hz';'60Hz';'60Hz';'50Hz';'50Hz';'50Hz'}
; 
Harmonic2 = 
{'Fundamental';'2nd';'3rd';'Fundamental';'2nd';'3rd';'Fundamenta
l';'2nd';'3rd'}; 
Value2 = [BPF1';BPF2';BPF3']; 
T2 = table(Frequency2,Type2,Harmonic2,Value2) 
filename = 'Cavitation Data Evaluation2.xlsx'; 
writetable(T2,filename,'Sheet',2,'Range','B2') 
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Ring Vibration Modes: Carbon 
%% Ring Vibration Modes (Carbon) 
%Ring Fundamental Frequency 
%In-Plane Bending Mode 
%Out-of-Plane Bending Mode 
%% Parameters Required (Unit System: SI) 
clear all 
clc 
D_c = (2*0.034); %diameter of center line of the carbon ring (m) 
A_c = 7.09e-5; %Crossectional Area of the carbon ring (m^2) 
h_c = 0.0043; %Ring's rectangular cross-section height (m) 
t_c = 0.0167; %Ring thickness (m) 
m_c = 0.017; %mass of the carbon ring (kg) 
g = 9.81; %Gravitional Acceleration (m/s^2) 
W_c = (m_c*g); %weight of the ring (N) 
E_c = 2.3e10; %Young's Modulus of Elasticity for Carbon (N/m^2) 
d_c = (1700+2000)/2; %Material Density %Gamma (kg/m^3)  
Ix_c = (t_c*(h_c^3))/12; %Area Moment of Inertia about x-axis 
(m^4) 
Iy_c = (h_c*(t_c^3))/12; %Area Moment of Inertia about 
longitudnal axis (m^4) 
v_c = 0.12; %Poisson's Ratio for carbon ring 
m = (6.67*(1+(h_c/t_c)^2)*(1+v_c)); 
%n = 1:5; % Vibration Modes 
%% Ring Frequency (Carbon) 
%Note that the ring frequency mode is a higher mode. It occurs 
at a much higher frequency than the first few bending modes 
%Fundamental Natural Frequency 
f_r = (1/(pi*D_c))*(sqrt(E_c/d_c)) 
%% In-Plane and Out-of-Plane Bending Mode (Carbon) 
% Natural Frequency of Higher Modes of Vibration 
for n=1:5 
f_n_i(n) = ((n*((n^2)-
1))/(pi*(D_c^2)*sqrt((n^2)+1)))*sqrt((E_c*(t_c^2))/(3*d_c)) 
end 
for n=1:5 
f_n_o(n) = ((2*n*((n^2)-
1)*h_c)/(pi*(D_c^2)))*sqrt((E_c)/(d_c*((12*(n^2))+m))) 
end 
%% Plots 
plot(f_r,'g*') 
grid on 
hold on 
plot(f_n_i,'rx-.') 
plot(f_n_o,'bx-') 
hold off 
legend('Fundamental(C)', 'In-Plane(C)', 'Out-of-Plane(C)') 
xlabel('Vibration Modes') 
ylabel('Natural Frequency (Hz)') 
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Ring Vibration Modes: Silicon Carbide 
%% Ring Vibration Modes (Silicon Carbide) 
%Ring Fundamental Frequency 
%In-Plane Bending Mode 
%Out-of-Plane Bending Mode 
%% Parameters Required (Unit System: SI) 
clear all 
clc 
D_s = (2*0.034); %diameter of center line of the carbon ring (m) 
A_s = 7.09e-5; %Crossectional Area of the carbon ring (m^2) 
h_s = 0.0043; %Ring's rectangular cross-section height (m) 
t_s = 0.0167; %Ring thickness (m) 
m_s = 0.0286; %Mass of the carbon ring (kg) 
g = 9.81; %Gravitational Acceleration (m/s^2) 
W_s = (m_s*g); %weight of the ring (N) 
E_s = 415e9; %Young's Modulus of Elasticity for Carbon (N/m^2) 
d_s = ((3100+3200)/2); %Material Density %Gamma (kg/m^3)  
Ix_s = (t_s*(h_s^3))/12; %Area Moment of Inertia about x-axis 
(m^4) 
Iy_s = (h_s*(t_s^3))/12; %Area Moment of Inertia about 
longitudinal axis (m^4) 
v_s = 0.17; %Poisson's Ratio for carbon ring 
m = (6.67*(1+(h_s/t_s)^2)*(1+v_s)); 
%n = 1:5; % Vibration Modes 
%% Ring Frequency (SiC) 
%Note that the ring frequency mode is a higher mode. It occurs 
at a much higher frequency than the first few bending modes 
%Fundamental Natural Frequency 
f_r = (1/(pi*D_s))*(sqrt(E_s/d_s)) 
%% In-Plane and Out-of-Plane Bending Mode (SiC) 
% Natural Frequency of Higher Modes of Vibration 
for n=1:5 
f_n_i(n) = ((n*((n^2)-
1))/(pi*(D_s^2)*sqrt((n^2)+1)))*sqrt((E_s*(t_s^2))/(3*d_s)) 
end 
for n=1:5 
f_n_o(n) = ((2*n*((n^2)-
1)*h_s)/(pi*(D_s^2)))*sqrt((E_s)/(d_s*((12*(n^2))+m))) 
end 
%% Plots 
plot(f_r,'g*') 
grid on 
hold on 
plot(f_n_i,'rx-.') 
plot(f_n_o,'bx-') 
hold off 
legend('Fundamental(SiC)', 'In-Plane(SiC)', 'Out-of-Plane(SiC)') 
xlabel('Vibration Modes') 
ylabel('Natural Frequency (Hz)') 
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Bearing Generated Frequencies 
%% Bearing Generated Frequencies (SKF 6305) 
% For the case where outer race is stationary and inner race is 
rotating 
% Wo=0;Wi=S  
%% Machine with defective bearing can generate at-least 5 
frequencies 
% Rotating Unit Frequency or Speed (S) 
% Fundamental Train Frequency (FTF) 
% Ball Pass Frequency of Outer Race (BPFO) 
% Ball Pass Frequency of Inner Race (BPFI) 
% Two Times Ball Spin Frequency (2xBSF) 
%% Bearing Specification 
% Bearing No.: SKF 6305 
% Bearing Type: Single Row Deep Groove Ball Bearing 
clear all 
clc 
Nb = 7; %Number of balls 
D = 62; %Outside diameter of bearing (mm) 
d = 25; %Inside diameter of bearing (mm) 
Bd = 11.0998; %Ball diameter (mm) 
Pd = 43.4848; %Pitch diameter (mm) 
phi = 0; %Contact Angle (Deg.) 
%% Rotating Unit Frequency 
S = [(1500/60) (3600/60)]; 
%S1 = (1500/60); %1500 RPM 
%S2 = (3600/60); %3600 RPM 
%% Fundamental Train Frequency (FTF) 
FTF = (S)*(1/2)*((1)-((Bd*cos(phi))/Pd)) %Hz 
%% Ball Pass Frequency of Outer Race (BPFO) 
BPFO = (S)*(Nb/2)*((1)-((Bd*cos(phi))/Pd)) %Hz 
%% Ball Pass Frequency of Inner Race (BPFI) 
BPFI = (S)*(Nb/2)*((1)+((Bd*cos(phi))/Pd)) %Hz 
%% Ball Spin Frequency (BSF) 
BSF = (S)*((Pd)/(2*Bd))*((1)-(((Bd^2)*(cos(phi))^2)/(Pd^2))) %Hz 
%% Table-1 
Bearing_No = {'6305';'6305'}; 
N_b = {'7';'7'}; 
Bd_mm = [Bd;Bd]; 
Pd_mm = [Pd;Pd]; 
phi_Deg = [phi;phi]; 
RPM_Hz = [S']; 
FTF_Hz = [FTF']; 
BPFO_Hz = [BPFO']; 
BPFI_Hz = [BPFI']; 
BSF_Hz = [BSF']; 
T1 = 
table(Bearing_No,N_b,Bd_mm,Pd_mm,phi_Deg,RPM_Hz,FTF_Hz,BPFO_Hz,B
PFI_Hz,BSF_Hz) 
%filename = 'Bearing Data Evaluation.xlsx'; 
%writetable(T1,filename,'Sheet',1,'Range','B2') 
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