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ABSTRACT 

Machines are designed to help and improve human daily work load. The availability 

of machines make daily work can be performed faster, easier, safer and in a large scale. 

It is natural for any operated machines to produce vibration due to its moving part. 

Some of this vibration can be acceptable and some are harmful to human body if 

exposed to this machinery vibration for a long period. Because of this, it is crucial to 

investigate and assess machinery vibration to determine the machines condition and its 

minimal exposure to human body. Researchers have put an effort to develop an 

advanced method to perform this machinery vibration assessment. Current machinery 

vibration assessment requires highly skilled and trained personnel to be able to perform 

the vibration data analysis. Therefore, a simplified technique through the application of 

operating deflection shape (ODS) analysis is proposed to reduce the time required for 

performing vibration data acquisition and analysis. This study was divided into 2 main 

parts which are assessment on rotating machinery and assessment on reciprocating 

machinery. The first part of this study is to test the effectiveness of the simplified 

technique in a laboratory condition before being applied in real industrial case studies. 

The second part is to test the application on reciprocating motion of an air compressor 

before being applied on bio-fuel powered diesel engine to determine optimum bio-fuel 

blend. The results on rotating machinery vibration assessment show vibration data 

acquisition is more efficient and time saving by using tri-axis accelerometer and relative 

phase technique. Furthermore, analysis and machinery fault can be identified effectively 

and faster through visualising the machine motion using a simplified ODS technique. 

This simplified technique is seen as practical approach to be proposed and integrated 

into conventional machinery vibration assessment. Meanwhile, the results on diesel 

engine vibration assessment show optimum bio-fuel blend can be determined faster and 
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easier by using the proposed technique which consists of time domain analysis, 

frequency domain analysis and motion visualisation analysis / ODS analysis. The time 

domain and frequency domain analysis is first performed to minimise the effect of 

external vibration source due to torque before studying the performance of bio-fuel 

blends in a single-cylinder 4-stroke diesel engine. It is observed that bio-fuel powered 

engine at full speed with the lowest engine torque is more suitable to be used in 

identifying optimum fuel blend with minimal engine vibration. Bio-fuel blend B20 has 

the minimal vibration in overall RMS acceleration at full speed compared to other bio-

fuel blends. 
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ABSTRAK 

Mesin direkabentuk bagi membantu meringankan kerja harian. Dengan wujudnya 

mesin-mesin ini, kerja-kerja harian dapat dilaksanakan dengan pantas, mudah, selamat 

dan dalam skala yang besar. Adalah menjadi kebiasaan bagi sesuatu mesin yang 

beroperasi untuk menghasilkan getaran daripada bahagian mesin yang bergerak. 

Sesetengah getaran ini adalah selamat manakala sesetengah getaran boleh 

mendatangkan kemudaratan kepada tubuh manusia sekiranya terdedah kepada getaran 

yang tinggi bagi tempoh yang lama. Oleh kerana itu, kajian keatas penialain getaran 

mesin serta kesannya keatas tubuh manusia adalah penting. Para penyelidik telah 

berusaha dalam membangunkan kaedah termaju dalam penilaian getaran mesin. Pada 

masa kini, penilaian getaran mesin memerlukan kepakaran yang tinggi dan tenaga 

terlatih bagi melaksanakan analisis keatas getaran mesin. Oleh kerana itu, kaedah yang 

lebih mudah melalui aplikasi analisis ODS di perkenalkan bagi menjimatkan masa 

dalam memperoleh dan menganalisis data getaran. Ujikaji ini dibahagikan kepada 2 

bahagian utama iaitu penilaian keatas mesin berputar dan penilaian keatas mesin maju 

mundur. Bahagian pertama adalah mengkaji keberkesanan teknik ini di dalam makmal 

sebelum menggunakannya keatas mesin industri. Bahagian kedua adalah mengkaji 

aplikasi teknik ini keatas gerakan maju mundur pemampat udara sebelum digunakan 

keatas enjin diesel bagi menentukan campuran minyak bio yang terbaik berdasarkan 

getaran enjin yang paling rendah. Hasil ujikaji ini keatas penilaian getaran mesin 

berputar menunjukkan pengumpulan data getaran dapat dilakukan dengan lebih 

berkesan dan menjimatkan masa dengan menggunakan “tri-axis accelerometer” dan 

juga data perbandingan fasa. Malah analisis keatas masalah mesin juga dapat 

dilaksanakan dengan lebih berkesan dan pantas melalui pemerhatian gerakan mesin 

menggunakan kaedah ODS mudah ini. Kaedah yang lebih mudah ini dilihat sebagai 
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pendekatan munasabah dan harus diterapkan dalam kaedah penilaian getaran mesin 

yang sedia ada. Manakala, hasil ujikaji keatas enjin diesel menunjukkan campuran 

minyak bio terbaik dapat diperolehi dengan lebih pantas dan mudah melalui kaedah 

yang dicadangkan yang merangkumi analisis domain masa, analisis domain kekerapan 

dan analisis pemantauan gerakan mesin atau analisis ODS. Terlebih dahulu, analisis 

ruang masa dan analsis ruang kekerapan dijalankan bagi megurangkan kesan getaran 

luaran akibat daya kilasan sebelum mengkaji kesan campuran minyak bio keatas enjin 

diesel 4-kitaran-1-silinder. Hasil ujikaji menunjukkan ujikaji pada kelajuan enjin 

2400rpm dengan daya kilasan yang rendah lebih sesuai dalam menentukan campuran 

minyak bio terbaik dengan getaran enjin yang paling rendah. Analisis getaran 

menunjukkan campuran minyak bio B20 adalah yang terbaik dan menghasilkan getaran 

enjin yang lebih rendah berbanding campuran minyak bio yang lain.

Univ
ers

ity
 of

 M
ala

ya



1 

ACKNOWLEDGEMENTS 

In The Name of ALLAH, the Most Gracious the Most Merciful 

All praise is to ALLAH, the Sustainers of the worlds; and blessings and peace be 

upon our leader and chief, Muhammad S.A.W., upon his Companions, and upon those 

who followed them with sincerity until the Day of Judgment. 

I would like to express my appreciation and thanks to my Supervisor, Ir. Dr. Alex 

Ong Zhi Chao and Co-Supervisor, Prof. Zubaidah Ismail and Assoc. Prof. Chong Wen 

Tong for contributing their invaluable knowledge, experience and advices throughout 

the project. 

Dr. Khoo Shin Yee, Prof. Abdul Ghaffar Abdul Rahman and Dr. Ong Hwai Chyuan; 

thanks for sharing the experience and advices in analysis and discussions on vibration 

and bio-fuel field. 

Fellows; Soon Roon Sheng, Yap Huey Tyng, Mahmudur Rahman, Lim Hong Cheet, 

Tam Jun Hui, Ken Chin Wei & Natalina Damanik thanks for all the help directly and 

indirectly in my dissertation project. 

Mr. Syed Mahathir and Mr. Eng Hoe Cheng thanks for all the time, space, 

consideration and exposure in real industries. 

Special thanks for Doa’s and moral support from my parents; Mohd Mishani & 

Wanita, in-laws; Mohamed Sail & Ismunah and family members; Fadhilah, Ridhwan, 

Akhmal, Burhanuddin and Iskandar. 

Lastly, to my wife; Maizatul Zalela and kids; Afifah and Adam Muhammad… thanks 

for the love, care and patience throughout this project. 

Univ
ers

ity
 of

 M
ala

ya



3 

TABLE OF CONTENTS 

ABSTRACT ..................................................................................................................... iii 

ABSTRAK ........................................................................................................................ v 

ACKNOWLEDGEMENTS .............................................................................................. 1 

TABLE OF CONTENTS .................................................................................................. 3 

LIST OF FIGURES .......................................................................................................... 6 

LIST OF TABLES ............................................................................................................ 9 

LIST OF SYMBOLS AND ABBREVIATIONS ........................................................... 10 

LIST OF APPENDICES ................................................................................................. 11 

CHAPTER 1: INTRODUCTION ................................................................................ 12 

1.1 General Overview ..................................................................................................... 12 

1.2 Research Objectives .................................................................................................. 13 

1.3 Research Scope and Flow ......................................................................................... 13 

CHAPTER 2: RESEARCH BACKGROUND ........................................................... 16 

2.1 Literature Review ...................................................................................................... 16 

2.1.1 Current Practice of Machinery Vibration Assessment ................................. 17 

2.1.1.1 Rotating Machinery Vibration Assessment ................................. 17 

2.1.1.2 Reciprocating Machinery Vibration Assessment ........................ 20 

2.1.2 Background on Bio-Fuel Powered Diesel Engine ........................................ 24 

2.1.3 Visualisation of Machinery Motion Technique ............................................ 29 

2.2 ODS Theory .............................................................................................................. 32 

CHAPTER 3: METHODOLOGY ............................................................................... 37 

3.1 Development of Machinery Vibration Assessment System...................................... 37 

Univ
ers

ity
 of

 M
ala

ya



4 

3.2 Instrumentation Setup ............................................................................................... 39 

3.3 Rotating Machinery Setup ........................................................................................ 40 

3.3.1 Laboratory Setup .......................................................................................... 41 

3.3.1.1 Testing of Rotor Imbalance Detection ........................................ 41 

3.3.1.2 Testing of Misalignment Detection ............................................. 42 

3.3.1.3 Testing of Support Looseness Detection ..................................... 43 

3.3.1.4 Testing of Bearing Fault Detection ............................................. 44 

3.3.1.5 Testing of Gear Fault Detection .................................................. 45 

3.3.2 Application on Industrial Machinery ............................................................ 47 

3.3.2.1 Industrial Example - Rotor Imbalance Problem .......................... 47 

3.3.2.2 Industrial Example - Misalignment Problem .............................. 48 

3.4 Reciprocating Machinery Setup ................................................................................ 50 

3.4.1 Air Compressor ............................................................................................. 50 

3.4.2 Bio-Fuel Powered Diesel Engine ................................................................. 52 

3.4.2.1 Bio-Fuel ....................................................................................... 54 

3.4.2.2 Diesel Engine............................................................................... 54 

CHAPTER 4: RESULTS AND DISCUSSIONS ........................................................ 56 

4.0 Overview ................................................................................................................... 56 

4.1 Development of Simplified ODS Technique using DASYLab® Software .............. 56 

4.2 Vibration Assessment on Rotating Machinery ......................................................... 61 

4.2.1 Vibration Assessment of Laboratory Simulation Rig ................................... 62 

4.2.1.1 Vibration Assessment of Rotor Imbalance .................................. 64 

4.2.1.2 Vibration Assessment of Misalignment ...................................... 66 

4.2.1.3 Vibration Assessment of Support Looseness .............................. 68 

4.2.1.4 Vibration Assessment of Bearing Fault ....................................... 71 

4.2.1.5 Vibration Assessment of Gear Fault............................................ 73 

Univ
ers

ity
 of

 M
ala

ya



5 

4.2.2 Vibration Assessment of Industrial Machinery ............................................ 75 

4.2.2.1 Vibration Assessment of Rotor Imbalance on Industrial 

Machinery .................................................................................. 76 

4.2.2.2 Vibration Assessment of Misalignment on Industrial Machinery

 78 

4.3 Vibration Assessment on Reciprocating Machinery ................................................. 81 

4.3.1 Vibration Assessment of Laboratory Air Compressor ................................. 82 

4.3.2 Vibration Assessment of Bio-Fuel Powered Diesel Engine ......................... 89 

CHAPTER 5: CONCLUSION ................................................................................... 104 

REFERENCES .............................................................................................................. 106 

LIST OF PUBLICATIONS AND PAPERS PRESENTED ......................................... 114 

APPENDICES .............................................................................................................. 115 

 

  

Univ
ers

ity
 of

 M
ala

ya



6 

LIST OF FIGURES 

Figure 1.1: Research flow chart ................................................................................... 15 

Figure 3.1: Example of DASYLab® Module Connected in the Worksheet ............ 37 

Figure 3.2: Instrumentation arrangement .................................................................. 40 

Figure 3.3: Laboratory rotor kit setup ........................................................................ 41 

Figure 3.4: Laboratory imbalance fault testing ......................................................... 42 

Figure 3.5: Laboratory misalignment fault testing .................................................... 43 

Figure 3.6: Motor support looseness testing ............................................................... 44 

Figure 3.7: Bearing fault testing with (a) Outer race damage (b) Inner race damage

 ......................................................................................................................................... 45 

Figure 3.8: Gear fault testing with (a) Good condition pinion (b) Damaged pinion

 ......................................................................................................................................... 46 

Figure 3.9: Vertical centrifugal pump having static imbalance problem ................ 47 

Figure 3.10: Horizontal centrifugal pump having dynamic imbalance problem .... 48 

Figure 3.11: Induced draft (ID) fan having parallel misalignment problem .......... 49 

Figure 3.12: Horizontal belt driven blower having angular misalignment problem

 ......................................................................................................................................... 50 

Figure 3.13: Measurement points on air compressor testing .................................... 51 

Figure 3.14: Measurement points on bio-fuel powered diesel engine testing .......... 53 

Figure 4.1: Layout of Acquisition Setup ..................................................................... 57 

Figure 4.2: Layout of Acquisition Spectra .................................................................. 58 

Figure 4.3: Layout of Analysis Setup .......................................................................... 59 

Figure 4.4: Layout of Frequency Domain Analysis ................................................... 60 

Figure 4.5: Layout of Simplified ODS Analysis ......................................................... 61 

Figure 4.6: Normal Condition Spectra ........................................................................ 63 

Univ
ers

ity
 of

 M
ala

ya



7 

Figure 4.7: Normal Condition ODS ............................................................................. 63 

Figure 4.8: Vibration spectra of (a) Static imbalance (b) Dynamic imbalance ....... 65 

Figure 4.9: ODS of (a) Static imbalance (b) Dynamic imbalance ............................. 65 

Figure 4.10: Vibration spectra of (a) Parallel misalignment (b) Angular 

misalignment .................................................................................................................. 67 

Figure 4.11: ODS of (a) Parallel misalignment (b) Angular misalignment ............. 67 

Figure 4.12: Vibration spectra of (a) Normal support condition (b) Loose motor 

support ........................................................................................................................... 68 

Figure 4.13: ODS of a) Normal condition (b) Loose motor support ........................ 70 

Figure 4.14: Overlaid vibration spectrum with (a) BPFO component (b) BPFI 

component ...................................................................................................................... 71 

Figure 4.15: ODS of a) BPFO component (b) BPFI component ............................... 73 

Figure 4.16: Vibration spectra of (a) Normal gear (b) Gear fault ............................ 74 

Figure 4.17: ODS of (a) Normal gear (b) Damage gear ............................................. 75 

Figure 4.18: Industrial case ODS of Static imbalance ............................................... 76 

Figure 4.19: Industrial case overlaid vibration spectrum of Static imbalance ....... 77 

Figure 4.20: Industrial case ODS of Dynamic imbalance ......................................... 78 

Figure 4.21: Industrial case overlaid vibration spectrum of Dynamic imbalance .. 78 

Figure 4.22: Industrial case ODS of Parallel misalignment ...................................... 79 

Figure 4.23: Industrial case overlaid vibration spectrum of Parallel misalignment

 ......................................................................................................................................... 79 

Figure 4.24: Industrial case ODS of Angular misalignment ..................................... 80 

Figure 4.25: Industrial case overlaid vibration spectrum of Angular misalignment

 ......................................................................................................................................... 81 

Figure 4.26: Total acceleration against pressure ....................................................... 83 

Figure 4.27: Mean of total acceleration for different pressure ................................. 84 

Figure 4.28: Time domain signal of pressure 1 bar for air compressor test............ 85 

Univ
ers

ity
 of

 M
ala

ya



8 

Figure 4.29: Frequency domain signal of pressure 1 bar for air compressor test .. 86 

Figure 4.30: ODS of Air Compressor at 13.5Hz ......................................................... 87 

Figure 4.31: ODS of Air Compressor at 49Hz ............................................................ 88 

Figure 4.32: ODS of Air Compressor at 50Hz ............................................................ 89 

Figure 4.33: RMS Values of Vibration in terms of Acceleration for all Bio-fuel 

Blends ............................................................................................................................. 90 

Figure 4.34: Time domain signal for engine speed 1500 rpm ................................... 92 

Figure 4.35: Time domain signal for engine speed 2400 rpm ................................... 93 

Figure 4.36: Vibration spectra for engine speed 1500 rpm ....................................... 94 

Figure 4.37: Vibration spectrum for engine speed 2400 rpm ................................... 95 

Figure 4.38: Comparison of Combustion and Torque at Engine Speed 1500 rpm . 97 

Figure 4.39: Comparison of Combustion and Torque at Engine Speed 2400 rpm . 97 

Figure 4.40: ODS of engine piston and crankshaft with engine speed 1500 rpm . 100 

Figure 4.41: ODS of engine piston and crankshaft with engine speed 2400 rpm . 102 

Figure 4.42: ODS of engine support and base plate ................................................. 103 

  

Univ
ers

ity
 of

 M
ala

ya



9 

LIST OF TABLES 

Table 3.1: Properties of the Calophyllum Inophyllum bio-fuel(Ong et al., 2014) ... 54 

Table 3.2: Technical specifications of a single cylinder Yanmar TF120M diesel 

engine .............................................................................................................................. 55 

Table 4.1: Mean value of total acceleration for different pressure .......................... 84 

Table 4.2: Error caused by the torque factor ............................................................. 99 

 

  

Univ
ers

ity
 of

 M
ala

ya



10 

LIST OF SYMBOLS AND ABBREVIATIONS 

 

CBM : Condition Based Monitoring 

CI : Calophyllum Inophyllum 

IC : Internal Combustion 

RPM : Rotation Per Minute (Running Speed) 

RMS : Root Mean Square 

ODS : Operating Deflection Shapes 

BPFO : Ball Pass Frequency of Outer Race 

BPFI : Ball Pass Frequency of Inner Race 

GMF : Gear Mesh Frequency 

DOF : Degree of Freedom 

𝑥𝑝𝑟 : Damped Steady State Response of rth Mode 

Q : Force Vector on the Applied Structure 

T : Denote the Transpose Vector 

∅𝑟 : Vectors of the Modal Deformation of rth Mode 

𝜔𝑜𝑟 : rth Natural Frequency of the Structure 

𝛚 : Frequency of the Applied Force 

𝜉𝑟 : Damping of the rth Mode 

𝑁𝑏 : Number of Ball Bearing 

𝐵𝑑 : Ball of Bearing Diameter 

𝑃𝑑 : Pitch of Bearing Diameter 

θ : Contact Angle of Self-aligning Bearing 

 

 

 

Univ
ers

ity
 of

 M
ala

ya



11 

 

LIST OF APPENDICES 

Appendix A: Comparison of vibration spectra at 1500rpm and 2400rpm for 

pure diesel B0 and fuel blend B5 ……………………………………..………… 115 

Appendix B: Comparison of vibration spectra at 1500rpm and 2400rpm for fuel 

blend B10 and B15 …………………………..………………………………….. 116 

Appendix C: Comparison of vibration spectra at 1500rpm and 2400rpm for fuel 

blend B20 and B25 …………………………………………….………………... 117 

Appendix D: Comparison of vibration spectra at 1500rpm and 2400rpm for fuel 

blend B30 ……………………………………………………………………... 118 

Appendix E: Comparison of Piston and Crankshaft ODS at 1-time Running 

Speed ....………………......................................................................................... 119 

Appendix F: Comparison of Piston and Crankshaft ODS at 0.5-time Running 

Speed …................................................................................................................. 120 

Appendix G: Comparison of Cubic ODS at 1-time Running Speed ………….… 121 

Appendix H: Comparison of Cubic ODS at 1-time Running Speed – Continued  122 

Appendix I: Comparison of Cubic ODS at 0.5-time Running Speed …………… 123 

Appendix J: Comparison of Cubic ODS at 0.5-time Running Speed - Continued 124 

 

 

 

 

 

 

 

 

 

Univ
ers

ity
 of

 M
ala

ya



12 

 CHAPTER 1: INTRODUCTION 

 1.1 General Overview 

Machines are designed to help and improve human daily work load. The availability 

of machines make daily work can be performed faster, easier, safer and in a large scale. 

It is natural for any operated machines to produce vibration due to its moving part. 

Some of this vibration can be acceptable and some are harmful to human body if 

exposed to this machinery vibration for a long period. Furthermore, the level of this 

vibration can be an indicator in assessing the machines condition. Because of this, it is 

crucial to investigate and assess machinery vibration to determine the machines 

condition and its minimal exposure to human body. Researchers have put an effort to 

develop an advanced method to perform this machinery vibration assessment. Current 

machinery vibration assessment requires highly skilled and trained personnel to be able 

to perform the vibration data analysis. The common practice that utilises absolute phase 

data acquisition through tachometer is not the best practice since it requires a machine 

to be shut down and will interrupt the operational performance. This study aims to 

enhance the current practice of machinery vibration assessment through an easier, faster 

and simplified technique by visualising the machinery motion using the developed 

technique.       
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 1.2 Research Objectives 

There are 4 main objectives for conducting this research; 

 To develop a machinery vibration assessment system based on machinery 

motion visualisation using virtual instrumentation.  

 To investigate the effectiveness of the proposed technique in identifying 

different machinery faults during routine machinery vibration assessment and 

machinery fault diagnostic on rotating machinery. 

 To investigate the effectiveness of the proposed technique in identifying 

reciprocating motion in reciprocating machinery. 

 To apply the proposed technique in reciprocating machine vibration 

assessment, i.e. bio-fuel powered diesel engine. 

 1.3 Research Scope and Flow 

There are 2 main parts of this research which is rotating machinery and reciprocating 

machinery and will be discussed separately in Chapter 2, Chapter 3 and Chapter 4. For 

the first part, laboratory testing was conducted to study the motion of rotating 

machinery. The proposed technique provides new alternative with an easier, faster and 

simplified technique for detecting machinery failure compared to current practice of 

machinery condition assessment. Some of the machinery failures tested in the lab was 

rotor imbalance, misalignment, structural looseness, rotor eccentricity, gear fault and 

bearing fault. Furthermore, the effectiveness of this technique was investigated and 

applied on industrial machinery. Rotor imbalance and misalignment were identified as 

the primary machinery failures which cause secondary machinery failure such as rotor 

eccentricity, gear fault, bearing fault and etc. Therefore, the detection of rotor imbalance 

and misalignment were being focused for the real industry case study. Data 
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interpretation can be made in shorter time by visualising the machine motion which can 

show the data of all measurement point concurrently of a machine. Compared to the 

conventional machinery condition assessment, the proposed technique is seen as a better 

approach in terms of time saving for data acquisition and analysis. Furthermore, an 

effective interpretation can be ensured with the acquired relative phase data and 

visualisation of the machine motion. The proposed technique introduces a more 

simplified approach using frequency domain ODS technique. The integration of the 

proposed technique will eventually enhance current practice of machinery condition 

assessment by reducing time required for performing vibration acquisition and analysis. 

Furthermore, advance specialised knowledge, highly skilled and experienced personnel 

is unnecessary to apply this technique into machinery condition assessment. With a 

more effective assessment, machine faults can be identified and detected earlier thus 

giving ample planning time for machine maintenance. It would avoid sudden machine 

failures and shut down and this may possibly reduce the downtime cost. 

The effectiveness of simplified ODS technique in machine vibration assessment was 

further investigated in the second part by studying the motion of reciprocating 

machinery. The proposed technique was tested on an air compressor in the lab. The 

result from the air compressor test was used as the baseline to show reciprocating 

motion using the simplified ODS technique therefore, the effectiveness of the proposed 

technique was further studied in the final test on bio-fuel diesel engine testing. The 

testing on a bio-fuel powered diesel engine was conducted to study the effect of bio-fuel 

blend on reciprocating diesel engine vibration using the simplified ODS technique. This 

study focuses on ‘second generation’ bio-fuel (non-edible feedstock) which do not 

compete directly with arable land to be sustainable bio-fuel i.e. Calophyllum 

Inophyllum (CI). The performance of this non-edible bio-fuel and its blends as an 

alternative fuel is investigated and compared by using vibration as the engine parameter. 

Univ
ers

ity
 of

 M
ala

ya



15 

The proposed technique could identify the fuel blends with the minimal vibration of the 

diesel engine as the replacement fuel in comparison to the conventional diesel fuel. 

Furthermore, vibration source can be identified and separated in determining the 

optimum bio-fuel which is purely affected by the bio-fuel combustion. The flow of the 

conducted research is shown in Figure 1.1. 

 

 

 

 

 

 

 

 

 

Figure 1.1: Research flow chart 
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 CHAPTER 2: RESEARCH BACKGROUND 

 2.1 Literature Review 

Vibration is defined as a movement in rotational, swinging or linear direction. Most 

machines in operation produce certain amount of vibration affecting the associated 

components and systems including pipelines and pipe systems. The systems are of great 

importance in many industries such as water supply, oil and gas, and nuclear power 

generating. Structural reliability of a systems such as beams structures (Fayyadh et al., 

2011; Z. Ismail et al., 2008; Z. Ismail, Abdul Razak, et al., 2006; Z. Ismail, Tan, et al., 

2006; Z Ismail, 2012; Z Ismail et al., 2001, 2011; Zubaidah Ismail & Ong, 2012; 

Zubaidah Ismail, Kuan, et al., 2014; Razak et al., 2001), frame structures (Mazinani et al., 

2014; Monajemi et al., 2012, 2013) and bridges (Z Ismail et al., 2012) can be affected by 

vibration and has to be continually inspected. (Liu & Kleiner, 2013) reviewed the state-

of-the-art of inspection techniques and technologies towards condition assessment of 

water distribution and transmission mains. Several approaches of fault diagnosis of 

structural systems have been studied (Zubaidah Ismail, 2012; Khoo et al., 2014; Rahman, 

Chao, et al., 2011; Rahman, Ong, et al., 2011). Research works were also conducted on 

machinery fault diagnosis (Bakar et al., 2013; Saghafinia et al., 2012; J. Wang & Hu, 

2006). After a continuous run, a machine and its associated systems will have their 

downtime due to the fatigue and malfunction of its critical parts. Failure of the systems 

has to be avoided since it can have disastrous effects, leading to injuries and fatalities as 

well as substantial cost to industry and the environment (Zubaidah Ismail & Karim, 2013; 

Zubaidah Ismail et al., 2013; Zubaidah Ismail, Doostdar, et al., 2012; Zubaidah Ismail, 

Kong, et al., 2014; Zubaidah Ismail, Ramli, et al., 2012). Therefore, it is very crucial to 

perform maintenance activity to ensure the continuation of the machine operation and 

preventing from machinery failure that may cause injuries, fatalities and disastrous effect 

on the environment.   
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 2.1.1 Current Practice of Machinery Vibration Assessment 

Maintenance activity is very crucial in industrial area such as water supply, power 

generating and oil and gas. The reliability of the maintenance activity ensures 

continuous production of the industry. Any interruption such as machinery failure and 

shut down due to minor or major accident must be reduced or avoided. 

 2.1.1.1 Rotating Machinery Vibration Assessment 

General machinery maintenance can be categorised into three which are breakdown 

maintenance, scheduled (preventive) maintenance, and predictive maintenance also 

known as condition-based monitoring (CBM). Oil and gas industry and power 

generation plant are two sectors that comprehensively conducting CBM assessment on 

maintaining machinery reliability. For example, from the author previous experience 

working in a Malaysia onshore petrochemical plant, the CBM assessment program is 

performed on monthly basis. Approximately around 200 rotating machinery need to be 

monitored every month. For more critical machinery, the routine CBM assessment is 

performed twice a month, and some machines are installed with permanent sensors for 

continuous online CBM assessment. The rest few hundred machines which are 

identified as uncritical are monitored under offline CBM assessment once a month. The 

current health of a machine can be determined by measuring the machines vibration and 

comparing the measurement to its baseline value. CBM assessment program can predict 

developing problems before failure and damage can occur by trending and analysing the 

machinery vibration. The most desirable way to maintain machinery condition is by 

performing the inspection while machine under operation. Early detection of minor 

defects and machine failure characteristic can be identified while the machine runs and 

it will not affect the operation performance (Mobley, 2002). This shows the importance 
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of CBM assessment program especially in oil and gas industry and power generation 

plant to ensure continuous operation with less interruption. 

Despite the advantages, conventional CBM assessment program is still relying on 

using single axis accelerometer for vibration data acquisition and using a tachometer as 

a mean of gathering the phase data. To get an absolute phase using a tachometer, a 

machine needs to be shut down and re-run again. This conventional practice is seen as 

time consuming and can be unsuccessful due to lack of skilled and experienced 

manpower. Currently, CBM assessment program involves expensive and complicated 

instruments and software and it requires competent personnel to perform machinery 

fault detection and analyse the output (Scheffer & Girdhar, 2004). Most portable 

vibration instruments available in oil and gas industry and power generation plant are 

incorporated with single channel which are suitable for analysis of a machine that 

operates at steady speed. Another type of vibration instruments are incorporated with a 

second channel but limited to input from a tachometer. This second channel is not used 

for capturing vibration data. Besides, current CBM assessment only interprets the 

vibration signal obtained by examining every single spectrum. The spectrum consists of 

certain frequencies which match with certain machine parts (such as bearing, gear and 

impeller) or certain machine fault (such as imbalance and misalignment). Phase 

measurement is another additional data that was not carried out regularly in current 

CBM assessment. Only when machinery fault occurs, phase measurement will be 

considered for detail vibration analysis. However, absolute phase using tachometer only 

works when a reflector is already attached on the shaft. To do this, a machine needs to 

be shut down and re-run again. Without it, personnel can only rely on spectrum data and 

it makes fault diagnostic becomes more difficult. This has eventually increased the time 

needed for data collection and analysis. Other common analyses which use the phase 

data are Bode plot and Nyquist plot analyses. However, both analyses are more suitable 
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for transient testing where the machine speed either ramped-up or coasted-down. 

Furthermore, a permanent tachometer or key-phasor is necessary to conduct both Bode 

plot and Nyquist plot analyses. Rather than using a tachometer, the proposed technique 

uses two accelerometers to provide the relative phase. Any machine without permanent 

tachometer or key-phasor can be monitored without interrupting machine operation. 

Another example of conventional machinery vibration assessment is to detect blade 

passing problem. (Abdelrhman et al., 2012) conducted a research on vibration 

monitoring as a diagnostic tool for the turbine blade faults. Methods used in this 

research include analysis of blade passing frequencies and extraction of dynamic signals 

from the measured vibration response. These include frequency analysis, wavelet 

analysis, neural networks, fuzzy logic and model based analysis. There are a lot of 

parameters that need to be monitored for the diagnosis of blade passing problem. 

Therefore, it is necessary to detect a blade passing problem faster and easier through a 

more simplified approach.  

Vibration and acoustic measurement methods can also be used for the defects 

detection in rolling element bearings. Vibration data can be obtained through parameters 

such as Root Mean Square (RMS) level, crest factor, probability density and kurtosis. 

Vibration in the frequency domain can detect the defect location. However, the direct 

vibration spectrum from defective bearing may not indicate the defect at early stage. 

Thus, the high-frequency resonance technique (HFRT) and wavelet transform method 

were introduced to overcome this problem (Tandon & Choudhury, 1999). The detection 

of this rolling element bearing failure can be performed easier and faster with the 

support from the simplified machinery motion visualisation assessment. 

The primary problem in oil and gas industry and power generation plants around the 

world is rotor imbalance and misalignment. They cause a lot of problems that lead to 
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other secondary damage (Boyce, 2012; Buscarello, 1985; Mobley, 1999). As a result, 

parts of a machine will suffer, bearings will wear out, foundations will crack, and 

machines will have a shorter live. Both these problems are the main factors that 

contribute to other machine parts failure. Therefore, it is crucial to be able to detect 

these primary machinery problems accurately, faster and easier. 

 2.1.1.2 Reciprocating Machinery Vibration Assessment 

Several studies and industrial applications have shown the effectiveness of CBM in 

maintaining the lifetime of rotating machinery (Al-Badour et al., 2011; Carnero, 2006; 

Chen et al., 1995; Edwards et al., 1998; Elbhbah & Sinha, 2013; Fu et al., 2004; 

Hameed et al., 2009; Hashemian, 2011; Huang et al., 2005; A K S Jardine et al., 1999; 

Andrew K S Jardine et al., 2006; Pan et al., 2012; Sheng et al., 2011; Tsang, 1995; 

Velarde-Suárez et al., 2006). However, the implementation of CBM to the internal 

combustion (IC) engine is not as effective as those for other rotating machineries. The 

difficulties in implementing the CBM to monitor IC engine is due to the complexity of 

the vibration signals involved. Unlike other rotating machineries, the vibration of IC 

engines may come from complex problems, such as injection pump malfunctions, 

injector clogging, excessive clearances of cylinders, and burn out of valves, which do 

not have any specific vibration characteristic corresponding to each problem. Therefore, 

the vibration of the combustion engine must be evaluated. Previous studies have shown 

alternatives for evaluating the vibration of IC engines (Zunmin Geng et al., 2003). 

However, skilled and experienced personnel in vibration are required to analyse and 

understand vibration data (e.g., Wigner-Ville Distribution). Sound and vibration 

resulting from engine combustion directly affect users. One of the drawbacks of diesel 

fuels is loud noise and strong vibration, which can lead to harmful physical effects. 

Noise is most observable among engines with high compression ratios and fast-rising 
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combustion pressure (Selim, 2001). The pressure rise rate decreases with the increasing 

of the engine running speed. Thus, the combustion noise also decreases as the engine 

speed increases due to the reduction in the maximum rate of heat release. Therefore, it is 

important to evaluate the vibration of the IC engine, to be able to determine the minimal 

vibration produced by the IC engine. Meanwhile, other studies had considered other 

parameters, such as cylinder pressure, acoustic signal, injection parameter, pistons slap, 

and knock detection, to be compared with IC engine vibration for fault diagnosis. 

The variation of the injection parameters such as injection number and timings, mean 

injection pressure and fuel quantity can affect the IC engine vibration. Preliminary 

analysis of differences in the cylinder pressure and vibration signals with and without 

injection was analysed by Fourier and time-frequency analysis (Carlucci et al., 2006). 

This research showed that it is possible to use engine block vibration as a parameter to 

diagnose the combustion modifications. Therefore, it can improve the engine operation 

by reducing costs of maintenance using cheaper diagnosis system, if compared to the 

use of pressure sensor. 

Cooling water temperature can also affect the engine vibration. The effects were 

investigated in a research by conducting a spectrum analysis (Griffiths & Skorecki, 

1964). It was shown that reducing cooling water temperature will increase the mean 

vibration frequencies from 500 Hz to 2000 Hz. This effect is considered adequate to 

require a temperature control when organising investigations about the effect of other 

engine variables on vibration to make sure that the factor of cooling water temperature 

will not contaminate the actual results. Therefore, the cooling water temperature should 

be controlled carefully to prevent the engine vibration. 

Piston slap is one of the major factors of the IC engine cylinder block vibration. 

Piston slap is a general impact phenomenon which occurs in reciprocating engine and it 
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will affect the transverse vibration which is perpendicular to the crankshaft. An 

investigation from theoretical modelling to experimental verification was conducted by 

(Z. Geng & Chen, 2005). As a result, an effective approach for the engine dynamic 

behaviour simulation and monitoring during working condition was discovered. The 

nonlinear model was used to model the response of vibration induced by shock. The 

shock induced responses and its correlation with created impact were evaluated using 

numerical integration. The non-linear dynamic model developed is suitable to show the 

mutually dependent correlations of inner-cylinder excitations, wall structural properties 

of piston-cylinder and vibration response. 

Piston-to-cylinder friction is also a factor to produce the torsional vibration of a 

reciprocating engine. From (Guzzomi et al., 2007), it was shown that the geometry 

produces piston-to-cylinder friction and the piston side force to be interdependent. The 

piston friction is dominated by ring friction produced by static ring tension which 

applying a distributed force against the cylinder wall and dynamic friction produced by 

piston side force when the piston is moving up or down the cylinder. It is shown that 

piston friction between the cylinder and piston can also affect an engine’s effective 

inertia function. Thus, it can affect non-linear behaviour of the IC engines. 

A simple method for low intensity knock detection which occurred in spark ignition 

engines was created based on the modelling of the cylinder block vibration signal by 

auto regressive moving average (ARMA) parametric mode (Ettefagh et al., 2008). One 

of the estimated moving average parameters is sensitive to knock, thus it is possible to 

detect the knock even in very initial stages by monitoring this parameter. It is possible 

to detect knock by simple hardware with low sampling frequency which can help to 

reduce the computation time, hardware complexity and cost. Through this research, a 
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simple and cost-effective method was performed by combining the tachometer and 

acceleration signals with high accuracy. 

Investigations on the noise created by engine vibration caused by knocking inside 

cylinder were performed by (Ghobadian et al., 1992). The noise data of a small single-

cylinder direct injection diesel engine was measured in a stationery condition. Some 

aspects such as the transmitted noise from engine, the pressure inside cylinder, the fuel 

line pressure and the acceleration signals were measured and analysed in the time 

domain and frequency domain for different engine running speed. The results obtained 

were higher compared with multi-cylinder diesel engine due to its robust structure. 

Investigations on the effect of vibration on the power tiller operator with the diesel 

engine were conducted by (Taghizadeh et al., 2010). The experiment was conducted for 

different cases under different engine running speed at several positions which are the 

chassis, handle, driver arm and chest. The results showed that the higher the engine 

running speed, the higher the RMS of acceleration values. It was observed that 

dominance of vibration in each locations and axes is same with the piston stroke number 

or engine revolution. 

Vibration analysis on diesel engine can also be performed by using software 

simulation only. In the research by (Bhansali & Shirgire, 2014), finite element software, 

i.e., ANSYS was used to analysed the vibration in diesel engine cylinder liner. Firstly, 

the system was modelled using ANSYS software to create a needed geometry for 

simulations. Vibration analysis was performed for 2 dimensional (2-D) and 3 

dimensional (3-D) models along with different direction for different materials and 

nodes. Thus, it is proven that vibration levels during engine operating conditions can be 

predicted in a better and easier way by using the ANSYS software. 
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Faults in the diesel engines valves are another factor that may cause the increasing of 

vibrations. A fault diagnosis method was developed by (C. Wang et al., 2008) to process 

the Wigner-Ville distributions (WVD) of signals by time-frequency methods. The 

results were then showed in grey images and the probabilistic neural networks (PNN) 

are used to categorise the time-frequency images to recognise the states after the images 

are normalised. Lastly, the experimental results in diesel valve train proved the 

diagnosis method is acceptable. 

In general, all the mentioned research works on reciprocating machinery vibration 

assessment involves complicated technique thus requires highly skilled and trained 

personnel to analyse the vibration data. Therefore, it is considered as a potential area to 

test the effectiveness of the proposed technique which is more simplified for performing 

reciprocating machinery vibration assessment. In this research the testing for 

reciprocating machinery is performed on a diesel engine powered by bio-fuel. Recent 

increasing attention by researchers on the bio-fuel production has led to the needs of 

evaluating the performance of the engine together with the engine vibration assessment. 

 2.1.2 Background on Bio-Fuel Powered Diesel Engine 

Bio-fuel is an alternative fuel extracted from fat tissues and vegetable oils. Bio-fuel 

is made up of saturated and unsaturated long-chain fatty acid alkyl esters (Fazal et al., 

2011). It can be used in combustion engines by using a suitable portion of bio-fuel to be 

mixed with diesel fuel. The advantages of bio-fuel have been proven by previous studies 

(Sadeghinezhad et al., 2013, 2014) Exhaust from bio-fuel combustion produces less 

pollution as compared with that from diesel fuel (H. C. Ong et al., 2011; Hwai Chyuan 

Ong et al., 2014; Sadeghinezhad et al., 2013, 2014; Silitonga et al., 2013). A critical 

issue was raised regarding the disagreement on food versus fuel for edible oil sources. 

Hence, researchers have paid attention into finding the most efficient bio-fuel from non-
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edible feed-stocks (Maleki et al., 2013; H. C. Ong et al., 2013; Salaheldeen et al., 2014; 

Silitonga et al., 2013). Various non-edible plants have been tested and considered 

suitable for producing bio-fuel. Some of the identified non-edible plants are Jatropha 

curcas, Calophyllum inophyllum, Ceiba pentandra, Hevea brasiliensis, Rice bran, 

Nicotiana tabacum, Sapindus mukorossi, Cerbera odollam etc. Various feed-stocks for 

bio-fuel are being studied to avoid global dependence on certain sources, which might 

eventually cause high demand low supply. Generally, most of non-edible feed-stocks 

are high in acid content (H. C. Ong et al., 2013). Methods for reducing acid content 

need to be identified and tested before any non-edible feed-stocks can be proposed. 

Furthermore, the properties of non-edible feed-stocks should be within acceptable 

ranges that comply with ASTM D6751 and EN 12412 standards (Atabani et al., 2013). 

Some of the known advantages of non-edible bio-fuel are its portability, availability, 

renewability, high heat content, low sulfur content, low aromatic content, and 

biodegradability. A previous study (Maleki et al., 2013) found that non-edible bio-fuel 

can be an alternative to existing fossil fuels.. 

An example of a non-edible plant that can be produced as bio-fuel is Calophyllum 

inophyllum (CI). A previous study (Dweck & Meadows, 2002) investigated the origin 

of CI and its application in medicine and consumers products. CI plant is commonly 

available around Indonesia and Malaysia. In different parts of the world, CI is used as 

medicine, soap, lamp oil, hair grease and cosmetic. The production of CI bio-fuel 

through the process of degumming, esterification, neutralisation and transesterification 

had been studied (Hwai Chyuan Ong et al., 2014). Reportedly, CI bio-fuels can improve 

engine performance and fuel uptake, as well as reduce carbon monoxide emission and 

smoke opacity. Aside from all of the tests and characteristics mentioned, a vibration test 

to evaluate the engine vibration using CI bio-fuel has not been conducted. 
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The growing interest in the production of a suitable alternative bio-fuel blend 

necessitates the evaluation of IC engine vibration. (Taghizadeh-Alisaraei et al., 2012) 

conducted a study on the bio-fuel and its effect on the engine vibration. In this research, 

edible bio-fuel used is produced from vegetable oils which are soybean and canola, 

animal fats, and waste oil based on AST MD 6751-09 standard. The diesel engine used 

in this experiment is a single differential MF399 tractor engine and biodiesel fuel blends 

prepared are B5, B10, B15, B20, B30, B40, B50, pure biodiesel B100, and pure diesel. 

3 high accurate accelerometers with specifications of CTC AC102-1A were used to 

acquire the vibration signals. In this study, the vibration analysis performed is shown in 

the time domain signal and the frequency domain signal. The time domain signals were 

obtained in vertical (z), lateral (y) and longitudinal (x) axes. Vibrations of engine before 

the services and after the services were also studied in cold weather. The complete 

combustion cycles can be observed clearly in the filtered time domain signal. The signal 

was processed through a high pass filter for a more resolution of combustion. For the 

comparison of engine vibration at different engine running speeds and different fuel 

blends, the RMS of acceleration for each axis was measured at different conditions of 

experiments. The results showed that the engine vibrations depend on its service and 

maintenance too. Engine vibration can be reduced by replacing the air filter and engine 

lubrication oil. Besides that, the results showed that the dominant frequency is in 

accordance with piston strokes in all engine speeds. Most of the vibrations rising are 

between 1800 and 2000 rpm. This study proved that bio-fuel blends have significant 

effect on the vibration. It showed that B40 and B20 have the lowest vibration.  

Meanwhile, other research works on vibration analysis of 2 types of non-edible bio-

fuels which are Jatropha Methyl Ester (JME) and Mahua Methyl Ester (MME) in diesel 

engine were conducted. The studies focused in evaluating the performance of JME and 

MME by evaluating the combustion properties as well as engine vibration and noise. 
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JME heated to 60°C is the most effective preheated temperature in the view of the 

engine performance, combustion performance as well as vibration aspects (Reddy & 

Rao, n.d.). A trail was made to evaluate the feasibility for the possible replacement and 

it was concluded that MME is suitable for replacement (Kiran Sastry et al., 2005). 

However, the vibration analysis of other type of bio-fuel and its blends in diesel engine 

should also be done in order to study the performances of other bio-fuel.  

The investigations on the performance of diesel engine from the aspect of emission 

analysis using Jatropha oil was conducted in previous research. Overall results proved 

that Jatropha oil can be a good source for transesterification. There is high exhaust when 

only the diesel is used but the exhaust gas is much less when the blends are used. This 

proves that different blend of bio-fuel is good to use in the engine without any engine 

modifications. This is good as it can limit the emission of toxic gases. Jatropha bio-fuel 

produced is analysed for the use as fuel according to ASTM standards (Bassyouni et al., 

2012).  

(Sastry et al., 2012) studied the performance, emission and vibration of diesel engine 

using fish oil biodiesel (FME) blends. Performance parameters such as engine torque, 

fuel consumption and brake thermal efficiency are measured for pure diesel and 

different FME blending. Besides that, CO, NOx and smoke emissions are studied. The 

results showed that diesel fuel generates higher vibratory trend than FME. Therefore, 

FME blends can be recommended to be implemented to run the engine without 

necessarily to change the basic design of the engine. 

Bio-fuel powered diesel engine is similar to other IC engine where it produces high 

noise and vibration. Researchers have investigated the vibration of bio-fuel powered 

diesel engine on different aspects. Most of the studies have analysed the performance of 

bio-fuel powered diesel engine by determining the engine power or torque, brake 
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thermal efficiency, brake-specific fuel consumption or energy consumption. There are 

limited research works which consider vibration analysis as one of the engine 

performance parameter. 

(Fazal et al., 2011) stated that engine performance with bio-fuel blend depends more 

on the combustion, air turbulence, air-fuel mixture quality, injector pressure, actual start 

of combustion and others which cause the results to be different for each engine. 

Moreover, the results may change depending on quality of bio-fuel and engine operating 

parameters such as running speed and load. This research showed that bio-fuel from 

different origins provide better lubricating characteristic compared to diesel fuel but 

bio-fuel loses its lubricating characteristic due to its oxidative nature in long term. 

Besides that, it shows that bio-fuel can improve combustion. Bio-fuel allows acceptable 

engine performance and it can be further improved if its viscosity can be reduced. This 

research also showed that high concentration of oxygen in bio-fuel improves lubricating 

characteristic and reduces emissions. However, both oxygen and alcohol will enhance 

the corrosion. The advantages of bio-fuel include higher cetane number, flash point and 

oxygen, sulphur-free, better lubricating characteristic and less emission. 

Another study (How et al., 2014) used palm oil for engine vibration testing . The 

testing was done on one engine speed, 2,000 rpm, i.e., maximum torque with different 

injection pressure. The optimum bio-fuel blend was determined through the overall 

RMS vibration value. The technique was simple but no in-depth studies were conducted 

on the effect of vibration caused by combustion of bio-fuel blend itself. Overall 

vibration in RMS could consist of vibration components due to combustion as well as 

other external vibration sources. The overall vibration may possibly be contaminated by 

these external vibration sources, which could limit the effectiveness of identifying the 

optimum fuel blend in engine vibration. Torque is one of the external vibration sources 
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that could contribute to the overall vibration of an engine. According to Figure 6 in 

(Taghizadeh-Alisaraei et al., 2012), maximum torque must be observed at low engine 

speed, whereas minimal torque is required at full speed. Therefore, these two speeds are 

used to study the effect of torque as the external factor in overall engine vibration. The 

cause of external vibration source, such as torque should be eliminated before 

determining the optimum bio-fuel blend in engine vibration. To achieve this, an 

advanced vibration analysis through time domain and frequency domain analysis is 

required to identify the major effect of bio-fuel combustion on the engine vibration. 

Together with the support of the proposed simplified technique, the optimum bio-fuel 

blend based on the minimal engine vibration can be identified easier and faster. 

 2.1.3 Visualisation of Machinery Motion Technique 

Conventionally, primary rotating machinery problems which are rotor imbalance and 

misalignment can be detected by analysing vibration spectrum. However, researchers 

found that analysis by depending only to vibration spectra does not provide the best 

information for detecting machinery rotor imbalance and misalignment. There are some 

cases where misalignment, rotor imbalance and even structural looseness are producing 

the same vibration characteristic, which may lead to false data interpretation and 

diagnosis (Buscarello, 1985; Ferrando Chacon et al., 2014; Ganeriwala.S et al., 1999; 

Pennacchi et al., 2012; Verma et al., 2013). Research works and studies have been 

carried out to find better method to accurately identify the primary machinery part 

failure. Other alternatives such as using current signal and Operating Deflection Shapes 

(ODS) analysis were proposed to detect rotor imbalance and misalignment (Ferrando 

Chacon et al., 2014; Ganeriwala et al., 2008, 2009; Gong & Qiao, 2012; Saleem & 

Diwakar, 2012; Verma et al., 2013). 
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The introduced rotating machinery motion visualisation can be performed through 

the ODS analysis technique. ODS is a measurement technique of determining the 

motion of a machine while it is in operation. The actual motion is too fast and the 

amplitude is too small to be visualised by our naked eyes. The motion of a machine in 

actual condition at certain vibration frequency component can be obtained from ODS 

analysis and  helps a personnel to determine the cause of the motion using some digital 

signal processing technique (Heaton & Hewitt, 2006; Hermans & Van Der Auweraer, 

1999; Pascual et al., 1999; Reilly, 2011; B. Schwarz & Richardson, 2004; B. J. Schwarz 

& Richardson, 1999). Two parameters which is vibration value and phase data are 

required to perform the ODS. Phase data is the position of a vibration measurement 

point on a machine relative to a reference measurement point of the same machine. The 

combination of these two parameters will enable the visualisation of machinery rotating 

motion. The ODS can be performed in two methods using time domain ODS and 

frequency domain ODS.  

Time domain ODS analysis requires “n” sets of accelerometers and a minimum n-

channel data acquisition system, where “n” equals to the number of required degree of 

freedom for the structure to be analysed. The time waveform of all signals is 

simultaneously recorded. Assigning each waveform to a particular freedom node in a 

structure and scanning through all the time traces synchronously will generate the ODS 

of the structure. For example, four units of accelerometer are required to show the ODS 

motion of a structure. All the accelerometers were mounted firmly at the measurement 

points and vibration signals were acquired simultaneously. This method is ideal for 

analysing signals that are not steady-state, such as the transient response (McHargue & 

Richardson, 1993). However, the equipment cost escalates with the increase in the 

number of accelerometers. Hence, time domain ODS which requires a lot of channels 

and accelerometers for data acquisition is not practical for CBM assessment program. 

Univ
ers

ity
 of

 M
ala

ya



31 

A more practical approach for applying the ODS analysis technique into the CBM 

program is by using the frequency domain ODS. Frequency domain ODS utilises the 

Frequency Response Function (FRF) measurements to determine the actual deflection 

of a structure or a system. FRF is a measurement of the vibration amplitude and phase 

output as a function of frequency instead of function of time used in time domain ODS. 

Instead of using actual phase from a tachometer, relative phase is considered as more 

practical approach. This can be done by using 2 accelerometers to measure vibration 

signal, one of the accelerometers remains fixed while the other unit is moved throughout 

the selected points on the structure (Abdul Rahman et al., 2013; McHargue & 

Richardson, 1993). The frequency domain ODS method can be implemented by using 

tri-axis accelerometers to capture the vibration data with respect to the fixed 

accelerometer. The relation of the amplitude and phase was calculated for each of the 

roving accelerometer locations with respect to the fixed accelerometer. In the frequency 

domain, a cursor need to be put at a specific frequency component before the 

visualisation of the ODS motion can be observed. So far, no research had been reported 

by implementing the frequency domain ODS analysis technique into CBM program or 

vibration assessment on a rotating machinery. 

The same simplified ODS technique used for rotating machinery vibration 

assessment is used to assessed the vibration on the reciprocating machinery. So far, no 

research had been reported on diesel engine vibration assessment using ODS technique. 

ODS can also show reciprocating motion and could possibly detect any machinery fault. 

Since diesel engines commonly produce high vibration that may be harmful if exposed 

for a long time of period. The purpose of using this simplified technique is to identify 

the minimal vibration from the diesel engine caused by the bio-fuel combustion. 

Furthermore, the external source of vibration can be differentiated and separated 
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through advanced vibration analysis which involves time domain analysis and 

frequency domain analysis. 

 2.2 ODS Theory 

ODS provides practical information for understanding and analysing the dynamic 

behaviour of machine, component or whole structure. ODS analysis is an easy method 

used for visualisation of the pattern of vibration for a machine or structure under actual 

operating conditions. Measurements are done at different points on the structure which 

is known as degrees of freedom (DOFs) and the pattern of vibration can be shown in 

many ways including animated geometry model. ODS represents the deflection of a 

structure subjected to a particular excitation frequency and thus depends on the applied 

forces or loads. The forced vibration response of a linear structure for a general system 

in original coordinates can be written as Equation (2.1), 

𝑀𝑋̈ + 𝐶𝑋̇ + 𝑆𝑋 = 𝑄                 (2.1) 

where 𝐶 = 𝑎𝑀 + 𝑏𝑆                 (2.2) 

Expanding Equation (2.1), 

[

𝑀11 𝑀12 … 𝑀1𝑛

𝑀21 𝑀22 … 𝑀2𝑛

… … … …
𝑀𝑛1 𝑀𝑛2 … 𝑀𝑛𝑛

] [

𝑥̈1

𝑥̈2

…
𝑥̈𝑛

] + [

𝐶11 𝐶12 … 𝐶1𝑛

𝐶21 𝐶22 … 𝐶2𝑛

… … … …
𝐶𝑛1 𝐶𝑛2 … 𝐶𝑛𝑛

] [

𝑥̇1

𝑥̇2

…
𝑥̇𝑛

] +

[

𝐾11 𝐾12 … 𝐾1𝑛

𝐾21 𝐾22 … 𝐾2𝑛

… … … …
𝐾𝑛1 𝐾𝑛2 … 𝐾𝑛𝑛

] [

𝑥1

𝑥2

…
𝑥𝑛

] = [

𝑄1

𝑄2

…
𝑄𝑛

]                (2.3) 

Thus in principal coordinates, it can be written as Equation (2.4), 

𝑀𝑃𝑋̈𝑃 + 𝐶𝑃𝑋̇𝑃 + 𝑆𝑃𝑋𝑃 = 𝑄𝑃                (2.4) 
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Where 𝐶𝑃 = 𝑋𝑀
𝑇 𝐶𝑋𝑀 = 𝑎𝑀𝑃 + 𝑏𝑆𝑃               (2.5) 

Expanding Equation (2.4), 

[

𝑀𝑃1 0 … 0
0 𝑀𝑃2 … 0
… … … …
0 0 … 𝑀𝑃𝑛

] [

𝑥̈𝑃1

𝑥̈𝑃2

…
𝑥̈𝑃𝑛

] + [

𝐶𝑃1 0 … 0
0 𝐶𝑃2 … 0
… … … …
0 0 … 𝐶𝑃𝑛

] [

𝑥̇𝑃1

𝑥̇𝑃2

…
𝑥̇𝑃𝑛

] +

[

𝐾𝑃1 0 … 0
0 𝐾𝑃2 … 0
… … … …
0 0 … 𝐾𝑃𝑛

] [

𝑥𝑃1

𝑥𝑃2

…
𝑥𝑃𝑛

] = [

𝑞𝑃1

𝑞𝑃2

…
𝑞𝑝𝑛

]               (2.6) 

The equations are diagonalised and then uncoupled into n modal sets of single degree 

of freedom (SDOF) system. 

When modal matrix is normalised with respect to M, the damping matrix in normal 

coordinates will become, 

𝐶𝑃 = ∅𝑇𝐶∅ = 𝑎𝑙 + 𝑏𝜔𝑜
2                 (2.7) 

Equation of motion in normal coordinates is, 

𝑋̈𝑃 + 𝐶𝑃𝑋̇𝑃 + 𝑆𝑃𝑋𝑃 = 𝑄𝑃                 (2.8) 

Substitute Equation (2.7) into (2.8), equation of motion for mode r is, 

𝑥̈𝑝𝑟 + (𝑎 + 𝑏𝜔𝑜𝑟
2 )𝑥̇𝑝𝑟 + 𝜔𝑜𝑟

2 𝑥𝑝𝑟 = 𝑞𝑝𝑟               (2.9) 

where 𝑟 = 1,2,3, … … 𝑛 

To make this expression analogous to that for 1-degree system, 

𝐶𝑃 = 2𝜎𝑟 = 𝑎 + 𝑏𝜔𝑜
2                          (2.10) 

where 𝐶𝑃 is defined as modal damping constant for rth mode, 𝜎𝑟 is modal decay rate. 
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From the Equation (2.9), equation of motion is, 

𝑥̈𝑝𝑟 + (𝑎 + 𝑏𝜔𝑜𝑟
2 )𝑥̇𝑝𝑟 + 𝜔𝑜𝑟

2 𝑥𝑝𝑟 = 𝑞𝑝𝑟             (2.11) 

If the system is subjected to a harmonic excitation force defined by 𝑄 = 𝑃𝑐𝑜𝑠𝜔𝑡, the 

transformation of the action equations of motion to normal coordinates produces the 

typical modal equation 

𝑥̈𝑝𝑟 + (𝑎 + 𝑏𝜔𝑜𝑟
2 )𝑥̇𝑝𝑟 + 𝜔𝑜𝑟

2 𝑥𝑝𝑟 = 𝑞𝑝𝑟𝑐𝑜𝑠𝜔𝑡            (2.12) 

Damped steady-state response of rth mode is 

𝑥𝑝𝑟 =
𝑞𝑝𝑟𝑒𝑖𝜔𝑡

𝜔𝑜𝑟
2 −𝜔2+2𝜎𝑟𝜔𝑖

               (2.13) 

Where 𝜎𝑟 = 𝜉𝑟𝜔𝑜𝑟                (2.14) 

Equation (2.13) can be expressed in terms of magnitude and phase, 

𝑥𝑝𝑟 = 𝑞𝑝𝑟𝛽𝑟cos (𝜔𝑡 − 𝜃𝑟)              (2.15) 

Where the magnification factor 𝛽𝑟 is, 

𝛽𝑟 =
1

√(𝜔𝑜𝑟
2 −𝜔2)2+(2𝜎𝑟𝜔)2

               (2.16) 

And the phase angle 𝜃𝑟 is, 

𝜃𝑟 = 𝑡𝑎𝑛−1 (
2𝜎𝑟𝜔

𝜔𝑜𝑟
2 −𝜔2)               (2.17) 

Back transformation to obtain the contribution of the considered mode 

𝑋(𝜔) = ∑ ∅𝑟𝑥𝑝𝑟
𝑛
𝑟=1 = 𝑄(𝜔) ∑

∅𝑟
𝑇∅𝑟

(𝜔𝑜𝑟
2 −𝜔2)+(2𝜉𝑟𝜔𝑜𝑟𝜔)𝑖

𝑛
𝑟=1            (2.18) 
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where X is the displacement vector of the structure 

 𝑥𝑝𝑟 is the damped steady-state response of rth mode 

 ∅𝑟 is the vectors of the modal deformation of rth mode 

 Q is the force vector applied on the structure 

 T denotes the transposed vector 

 𝜔𝑜𝑟 is the rth natural frequency of the structure 

 𝜔 is the frequency of the applied force 

 𝜉𝑟 is the damping of the rth mode 

The Equation (2.18) represents the ODS of the system subject to a harmonic 

excitation (Abdul Rahman et al., 2013; McHargue & Richardson, 1993; B. J. Schwarz 

& Richardson, 1999). 

The process to obtain the FRF and 𝑍(𝜔) from the FFT analyser and the estimation of 

FRF are discussed. The correlation function inspects the relationships between signals at 

2 points in time. If the signal is a sine wave with a period 𝜏, then there will be an good 

correlation as the responses are the same.  

The auto-correlation of output signal at first point is given by Equation (2.19) 

𝑅𝑥𝑥(𝜏) = 𝐸[𝑥(𝑡)𝑥(𝑡 + 𝜏)]               (2.19) 

where it is defined as the product of 𝑥(𝑡) and 𝑥(𝑡 + 𝜏) 
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Similarly, the auto-correlation of the output signal at second point is, 

𝑅𝑦𝑦(𝜏) = 𝐸[𝑦(𝑡)𝑦(𝑡 + 𝜏)]              (2.20) 

Determination of correlation between 2 signals, the cross-correlation is stated as, 

𝑅𝑥𝑦(𝜏) = 𝐸[𝑥(𝑡)𝑦(𝑡 + 𝜏)]              (2.21) 

Cross-correlation is useful to evaluate whether a vibration at one point of structure is 

being influenced by vibrations at the other point. 

The Fourier Transform of the auto-correlation function is called Auto Power 

Spectrum which can be used to extract the magnitude of the point is given by Equation 

(2.22) and (2.23), 

𝑆𝑥𝑥(𝜔) = ∫ 𝑅𝑥𝑥(𝜏)𝑒−𝑖𝜔𝜏𝑑𝜏
∞

−∞
              (2.22) 

𝑆𝑦𝑦(𝜔) = ∫ 𝑅𝑦𝑦(𝜏)𝑒−𝑖𝜔𝜏𝑑𝜏
∞

−∞
              (2.23) 

The Fourier Transform of the cross-correlation function is called Cross Power 

Spectrum which can be used to extract the phase relative to the other point is given by 

Equation (2.24), 

𝑆𝑥𝑦(𝜔) = ∫ 𝑅𝑥𝑦(𝜏)𝑒−𝑖𝜔𝜏𝑑𝜏
∞

−∞
              (2.24) 
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 CHAPTER 3: METHODOLOGY 

 3.1 Development of Machinery Vibration Assessment System 

In order to develop the simplified ODS technique, an icon based software 

DASYLab® was used. The DASYLab® software can solve complex measurement, 

control, and simulation tasks interactively on the screen. The software does not require 

programming but provides an icon based module (Zloto et al., 2012). Each module has 

different function and can be positioned and connected in the worksheet as shown in 

Figure 3.1 The task is determined by the connection and configuration of the modules. 

A display module was used to show the processed signal result in the layout. 

Furthermore, the DASYLab® software supports standard measurement and control 

boards and interfaces such as National Instrument (NI) signal conditioner which was 

used for communication and data acquisition. 

 
Figure 3.1: Example of DASYLab® Module Connected in the Worksheet 

 

The DASYLab® software provides Switch module which was used to create 

different buttons with different functions. The Switch module generates up to 16 signals 

for each activated data channel. The one shot switch type was mostly used with 

different functions based on the assigned action to the module output. Meanwhile, the 
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Start/Stop and Pause/Continue switch type were used for stopping or restarting 

measurement and interrupting or continuing measurement respectively. The usage of 

these buttons provides a more user friendly method for both data acquisition and 

analysis.  

The acquired acceleration raw data was integrated using the Action Controlled 

Integration module to present the data in velocity and integrated twice to present the 

data in displacement. The integrated overall data was also presented in RMS using the 

Statistical Values module. The RMS value specifies the mean square of the selected 

sample. Better comparison and analysis can be performed using the RMS value rather 

than other statistical value i.e. maximum, minimum, mean, standard deviation and 

variance (Scheffer & Girdhar, 2004). The DASYLab® saves the value to be processed 

as variable number in Global Variable.   

The acquired signal was further processed using the Fast Fourier Transform (FFT) 

module. The FFT module transforms the vibration signals from the time domain into the 

frequency domain. Under the FFT module is the Cross Spectrum of Two Real Signals 

type. This module type was used to calculate the cross spectrum for data channel pairs. 

The module calculates the complex FFT of two real inputs and multiplies the calculated 

spectrum of the first input with conjugated complex spectrum of the second input. The 

module assigned the real part at the first output and the imaginary part at the second 

output. The time different between the two signals determines the relative phase value. 

This relative phase value was used together with the vibration amplitude to show the 

simplified ODS motion. 

Analysis of the processed data can be performed using the time domain analysis and 

frequency domain analysis. Both methods were presented using the Y/t-Chart module 

before and after FFT module respectively. To present the simplified ODS, the Generator 
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module was used to read the value from the saved Global Variable. The signal value 

was presented in Sinusoidal signal form to get the cyclic motion of the simplified ODS. 

The X/Y-Chart module was used to display the data channels pair wise as X and Y 

curves. The value pairs were interpreted as coordinates. The first channel specifies the 

X-values and the second channel specifies the Y-values. DASYLab® displays Y over X 

and connects the individual data with a line, which produces a closed curve.  

 3.2 Instrumentation Setup  

Vibration data was obtained using a calibrated commercial single-axis accelerometer 

and a tri-axial accelerometer. The accelerometer with the specifications of Wilcoxon 

786C (sensitivity, 100 mV/g; measurement range, 80 g peak; source voltage, 18–30 

volts; frequency response, 1–9,000 Hz) was used as reference for the phase value. The 

tri-axial accelerometer with the specifications of IMI 604B31 (sensitivity, 100 mV/g; 

measurement range, 50 g; source voltage, 18–28 volts; frequency response, 0.5–5000 

Hz) was used as a roving point to acquire the vibration signals and phase value 

corresponding to the reference accelerometer. Both accelerometers were mounted on the 

engine using a magnet. The accelerometers were connected to National Instruments NI 

9234 signal conditioner to transfer the vibration signal to the laptop as shown in Figure 

3.2. The DASYLab® software was used for the acquisition of vibration data and signal 

processing. 

The Frequency Response Function (FRF) of all channels were performed 

simultaneously, and the ODS analysis conducted at specific frequencies were observed. 

The single-axis accelerometer was used to be used for the determination of reference 

input signal, triggering and synchronisation, and measurement of phase. Meanwhile, the 

tri-axial accelerometer was used to capture vibration signals in three orthogonal 

directions identified as x-axis (axial), y-axis (horizontal), and z-axis (vertical), 
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simultaneously for all measurement points. The roving accelerometer test was 

performed to observe multiple points instead of using multiple accelerometers 

simultaneously. 

Conventional vibration analysis on rotating machinery evaluates the vibration in 

terms of velocity with measurement unit mm/s. The vibration data in velocity was 

attained by single integration of the raw acceleration data using the DASYLab® 

software. Meanwhile, vibration analysis on reciprocating machinery was evaluated in 

terms of acceleration with measurement unit m/s2 which is the raw data from the 

accelerometer.  

 
Figure 3.2: Instrumentation arrangement 

 

 3.3 Rotating Machinery Setup 

The experimental testing of machinery visualisation of rotating machinery motion 

was performed in the lab. After showing the effectiveness in lab condition, the 

technique was applied in industrial machinery to prove its effectiveness further in real 

industrial application.  
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 3.3.1 Laboratory Setup 

Laboratory rotor kit was fabricated to create the source of vibration as in Figure 3.3. 

The rotor kit consists of a variable speed motor, balancing disc, roller bearing, and 

rubber type coupling. Two measurement points are on the motor side (drive end and 

non-drive end) and another two measurement points are on each roller bearing where 

point 1 is driver Non-Drive End (NDE), point 2 is driver Drive End (DE), point 3 is 

driven DE and point 4 is driven NDE. This laboratory kit setup is used to simulate both 

rotor imbalance and misalignment fault. 

 
Figure 3.3: Laboratory rotor kit setup 

 

 3.3.1.1 Testing of Rotor Imbalance Detection 

There are 2 types of rotor imbalance faults which are static imbalance and dynamic 

imbalance. Using the simplified ODS technique, rotor imbalance can be detected and 

differentiate easier, faster and more accurate compared to conventional method. 

Additional mass was added on the balancing disc to simulate the static imbalance and 
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dynamic imbalance as shown in Figure 3.4. The effectiveness of this simplified ODS 

technique could be validated from the result of differentiating this rotor imbalance fault.  

 
Figure 3.4: Laboratory imbalance fault testing 

 

 3.3.1.2 Testing of Misalignment Detection 

The effectiveness of the simplified ODS technique was further tested in detecting 

misalignment fault. There are 2 types of misalignment which is parallel misalignment 

and angular misalignment. The coupling was misaligned horizontally to get the parallel 

and angular misalignment behaviour as shown in Figure 3.5. The effectiveness of this 

simplified ODS technique could be validated from the result of differentiating and 

detecting the misalignment fault easier, faster and more accurate compared to 

convention method.  
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Figure 3.5: Laboratory misalignment fault testing 

 

 3.3.1.3 Testing of Support Looseness Detection 

The next experimental testing focused on the motor side. This test requires at least 8 

measurement points rather than 4 measurement points. 4 points were identified on the 

motor support and another 4 points on the base as shown in Figure 3.6. The ODS 

motion of this testing is different from the previous test. The ODS motion was 

generated as a cubic shape movement. The result from this testing supports the 

importance and application of relative phase together with vibration data as the best 

tools to diagnose machinery fault such as rotor imbalance, misalignment and support 

looseness. Univ
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Figure 3.6: Motor support looseness testing 

 

 3.3.1.4 Testing of Bearing Fault Detection 

Conventionally, this bearing fault detection was identified by capturing the impact 

cause by the defect bearing. Relative phase data is not necessary while performing 

bearing fault detection. However, for the purpose to further investigate the application 

of the simplified ODS technique, both vibration and relative phase data were used in 

this testing.  

The test focused on a ball bearing with two types of fault that may occur on a 

bearing. Damage on the outer race of a ball bearing generates an impact at ball pass 

frequency outer race (BPFO) component. While damage on the inner race of a ball 

bearing generates an impact at ball pass frequency inner race (BPFI) component. Both 
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BPFO and BPFI are represented in frequency parameter, i.e., Hz. These two 

components can be found in the frequency domain of vibration spectrum. The outer race 

of the ball bearing was punched to leave a mark which will create the bearing fault at 

BPFO component. While the inner race of the ball bearing was drilled to leave a mark 

which will create the bearing fault at BPFI component. Figure 3.7(a) and Figure 3.7(b) 

show clear marks on the faulty bearing.  

 
Figure 3.7: Bearing fault testing with (a) Outer race damage (b) Inner race 

damage 

 

 3.3.1.5 Testing of Gear Fault Detection 

Same as bearing fault detection, relative phase data is not necessary while 

performing conventional gear fault detection which was identified by capturing the 
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impact cause by the defect bearing and defect gear. However, for the purpose to further 

investigate the application of the simplified ODS technique, both vibration and relative 

phase data were used in this testing.  

Testing of gear fault detection focused on a common spur type gear. Two pinions on 

a same shaft were used with one pinion in good condition and the other one was the 

damaged pinion. One gear which is on a different shaft is used to be shifted either on the 

good pinion gear or damage pinion gear. When gear is in contact with the pinion gear, a 

gear mesh frequency (GMF) component is generated. This GMF component is 

represented in the frequency domain vibration spectrum with the unit of Hz. Figure 

3.8(a) and Figure 3.8(b) show the arrangement for the gear fault testing.  

 
Figure 3.8: Gear fault testing with (a) Good condition pinion (b) Damaged 

pinion 
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 3.3.2 Application on Industrial Machinery 

The simplified ODS technique was then applied on industrial rotating equipment to 

show the effectiveness of this technique in the implementation in current CBM practice. 

There were four different types of machine which are suitable in demonstrating the 

machinery fault such as static imbalance, dynamic imbalance, parallel misalignment and 

angular misalignment. These machines in petrochemical plant located in east coast of 

Peninsular Malaysia are vertical centrifugal pump, horizontal centrifugal pump, 

horizontal centrifugal blower and belt driven centrifugal blower. 

 3.3.2.1 Industrial Example - Rotor Imbalance Problem 

Figure 3.9 shows a vertical centrifugal pump. The pump only consists of one bearing 

which is represented by point 3. While measurement point 4 is located on the pump 

base. The pump is used to transport petrochemical substance. High vibration was 

detected after maintenance job on the pump was completed. It is crucial to perform the 

machinery fault detection without shutting down the machine. The result of detecting 

the static imbalance problem using the simplified ODS technique will further show the 

effectiveness of this technique. 

 
Figure 3.9: Vertical centrifugal pump having static imbalance problem 
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Figure 3.10 shows a horizontal centrifugal pump. The measurement point for this 

type of pump is similar as the laboratory rotor kit setup which consists of 4 

measurement points. These 4 measurement points were identified at the closest point to 

the bearing location. The pump is used as a cooler water pump to transport the water to 

a cooling tower. It is crucial to perform the machinery fault detection without shutting 

down the machine. The result of detecting the dynamic imbalance problem using the 

simplified ODS technique will further show the effectiveness of this technique.  

 
Figure 3.10: Horizontal centrifugal pump having dynamic imbalance problem 

 

 3.3.2.2 Industrial Example - Misalignment Problem 

Figure 3.11 shows an ID fan. The measurement point for this type of fan is similar as 

the laboratory rotor kit setup which consists of 4 measurement points. These 4 

measurement points were identified as the closest to the bearing location. This ID fan is 

used to evacuate flue gas from the furnace to atmosphere. It is crucial to perform the 

machinery fault detection without shutting down the machine. The result of detecting 

the parallel misalignment problem using the simplified ODS technique will further 

show the effectiveness of this technique.  
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Figure 3.11: Induced draft (ID) fan having parallel misalignment problem 

 

Figure 3.12 shows a horizontal belt driven blower. The arrangement for 4 points of 

measurement for this type of blower is different from the previous machine. 2 points 

were identified on the blower bearing and another 2 points on the motor. The 2 bearings 

of the blower are located on top of motor. Both the motor and the blower shaft are 

placed inside a cover for safety reason. To perform the vibration and relative phase data 

acquisition the cover has to be temporarily removed. High vibration was detected after 

maintenance job on the blower was completed. It is crucial to perform the machinery 

fault detection without shutting down the machine. The result of detecting the angular 

misalignment problem using the simplified ODS technique will further show the 

effectiveness of this technique.  Univ
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Figure 3.12: Horizontal belt driven blower having angular misalignment 

problem 

 

 3.4 Reciprocating Machinery Setup 

The testing for reciprocating machinery was conducted on an air compressor in the 

lab. Using the simplified ODS technique the rotating motion of both the motor and air 

compressor can be visualised. Furthermore, the reciprocating motion was also able to be 

visualised. Based from this outcome, the next test was conducted on bio-fuel powered 

diesel engine to assess the vibration affected by the bio-fuel combustion. An advanced 

vibration analysis was also conducted to justify the effect on vibration was purely 

coming from the bio-fuel combustion.  

 3.4.1 Air Compressor 

The reciprocating air compressor is operating at difference pressure of 1 bar, 2 bar, 3 

bar and 4 bar. The motor shaft is running at 49Hz (2940rpm) meanwhile the crankshaft 

is running at 13.5Hz (810rpm). Vibration data was acquired to form the 8-point 

compressor ODS with 8 measurement points as shown in Figure 3.13. Points 1-4 were 

used to generate ODS to visualise the reciprocating motion of the piston. Points 5-8 
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were used to generate ODS to visualise the rotary motion of the crankshaft and motor 

shaft. Point 9-16 were used to generate a cubic ODS to visualise base plate motion. 

Points 9-12 were attached to the compressor whereas points 13-16 were attached on the 

base of compressor. Points 17-24 were also used to generate a cubic ODS to visualise 

base plate motion. Points 17-20 were attached to the motor meanwhile points 21-24 

were attached on the base of motor. 

 
Figure 3.13: Measurement points on air compressor testing 
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 3.4.2 Bio-Fuel Powered Diesel Engine 

There are total of 12 measurement points for the bio-fuel diesel engine testing as 

shown in Figure 3.14. Four measurement points were identified on the top part of the 

engine body. Points 1 and 2 show the motion of the crankshaft, while Points 3 and 4 

show the motion of the cylinder. Points 5 to 8 represents the engine support above the 

rubber mounting. Another four measurement points (Points 9 to 12) were identified on 

the engine base-plate, located at the bottom of the rubber mounting to observe any 

motion triggered by the rubber mounting. The accelerometer was mounted on Point 6 as 

the reference for relative phase data. The tri-axial accelerometer was used to capture 

vibration signals for all measurement points.  

Acquisition of vibration data was repeated five times for every bio-fuel blend at two 

engine speeds to reduce measurement error and ensure reproducibility of the acquired 

data. Measurement errors caused by any unaccounted external vibration components 

were minimised using the RMS value rather than the peak value of the overall vibration. 

The effect of the sudden increase of vibration peak value due to these unaccounted 

vibrations could affect the validity of the results if the peak value of the overall 

vibration is being utilised. The effect of random noises in the vibration signal was 

further reduced by performing block averaging, i.e., 10 averages were performed at each 

measurement point in the axial, horizontal, and vertical directions. The averaging 

technique was successfully applied and discussed in a previous work (Mohd Mishani et 

al., 2015). The block averaging technique allowed for a more accurate representation of 

overall vibration in terms of RMS value, as the random noises were diminished over 

averages considering that the overall vibration signal was mainly from the engine. This 

approach also resulted in clearer vibration signals for both time-domain and frequency-

domain analyses. Thus, the use of RMS in overall vibration and block averaging 
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technique in vibration measurement could reduce or eliminate any errors during data 

acquisition. The aforementioned procedures could serve as the criteria to ensure the 

reproducibility of vibration data obtained. 

The engine was tested at two running speeds using pure diesel (B0) and six fuel 

blends (i.e., B5, B10, B15, B20, B25, and B30). Vibration signals were captured for 

each fuel blend and compared with the engine vibration powered with pure diesel. A 

total 14 vibration data sets were recorded, i.e., 7 fuel blends × 2 engine speeds. Analysis 

of vibration data was performed statistically to study the performance of the bio-fuel 

and its blends. Vibration value and phase data were also analysed and compared for 

both time and frequency domains. The motion of the crankshaft, cylinder, engine base-

plate, and support was processed and visualised through ODS analysis using 

DASYLab® software 

 
Figure 3.14: Measurement points on bio-fuel powered diesel engine testing 
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 3.4.2.1 Bio-Fuel 

Bio-fuel used in this research was produced from CI according to ASTM D6751 and 

EN 14214 standards. The production method used by Ong et al. was repeated to produce 

the CI bio-fuel. The bio-fuel was mixed with diesel before it was pumped to the diesel 

engine. In this research, six fuel blends were prepared according to ASTM D7467 

standards (Hwai Chyuan Ong et al., 2014). These blends were B5, B10, B15, B20, B25, 

and B30. The numbers represented the percentage of bio-fuel for each fuel blend. Each 

fuel blend was tested at 1,500 rpm and 2,400 rpm. Vibration data were compared with 

those on the baseline pure diesel, B0. Table 3.1 shows the properties of the fuels.   

Table 3.1: Properties of the Calophyllum Inophyllum bio-fuel(Ong et al., 2014) 

Properties Unit 
ASTM 

D6751 

B0 

Diesel 

B100 

CI Bio-fuel 

B20 

Bio-fuel 

Blend 

Density at 15oC kg/m3 860-900 840.0 869.0 851.6 

Cetane number - 47 min 49.7 57.0 53.7 

Viscosityat 40oC mm2/s 1.9-6.0 2.95 4.00 3.22 

Flash point oC 130 min 70.5 140.0 79.5 

Cloud point oC -3 to 12 -2.0 13.2 0 

Calorific value kJ/kg - 45,825  41,397 41,523  

Water content wt% 0.03 max 0.0030 0.0050 0.0059 

Acid value mg KOH/g 0.8 max 0.051 1.620 0.180 

      

 3.4.2.2 Diesel Engine 

For this testing, a single cylinder diesel engine manufactured by Yanmar (TF120M) 

was used. The single-cylinder engine is more preferable for testing the effectiveness of 

the proposed method, as the total vibration is merely contributed by single-reciprocating 

motion and is not as complex as the multi-cylinder engine in vibration signature. 

Furthermore, a single-cylinder engine can save more fuel as compared with multi-

cylinder engines. Table 3.2 shows the technical specifications of the engine during 
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conducting the experiments. The diesel engine was connected to a dynamometer to 

control the engine speed. The engine speed was set at two speeds, 1,500 rpm and 2,400 

rpm. The engine was initially set at maximum speed. Dynamometer was used to achieve 

the desired engine speed. The engine speed of 1,500 rpm was the lowest speed that can 

be achieved. A high torque (brake force) was applied by the dynamometer to maintain 

engine speed at 1,500 rpm. A low brake force was required to maintain the engine speed 

at 2,400 rpm, thus achieving minimal torque. Torque is one of the external vibration 

sources that could contribute to the overall vibration of the engine. Therefore, these two 

speeds, i.e., maximum and minimum torque, were both used to investigate the effect of 

torque as the external factor in overall engine vibration. The causes of the external 

vibration source, such as torque, should be eliminated before determining the optimum 

bio-fuel blend in engine vibration, which is directly related to combustion. 

Table 3.2: Technical specifications of a single cylinder Yanmar TF120M diesel 

engine 

Brand : Yanmar 

Model : TF 120M 

Type : Horizontal single-cylinder 4-stroke diesel engine 

Compression ratio : 17.7:1 

Continuous rating output : 10.5 HP / 2400 rpm 

Maximum rating output : 12.0 HP / 2400 rpm 

Maximum power : 7.7kW 

Maximum engine speed : 2400 rpm 

Number of cylinders : 1 

Bore x stroke : 92 x 96 mm 

Displacement : 0.638L 

Combustion : Direct injection 

Injection timing : 17.0 bTDC 

Injection pressure : 200 kg/cm2 

Cooling system : Water-radiator 

Fuel tank capacity : 11 litre 
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 CHAPTER 4: RESULTS AND DISCUSSIONS 

 4.0 Overview  

Chapter 4 is divided into 3 main sections. Section 4.1 covers the development of the 

Simplified ODS Technique using DASYLab® Software which discussed the data 

acquisition and analysis procedures. Section 4.2 covers ODS analysis on rotating 

machinery vibration assessment. The application of this technique on rotating 

machinery is to identify machinery fault easily, within shorter time and more accurate. 

Section 4.3 covers ODS analysis on reciprocating machinery vibration assessment. The 

technique was first tested on laboratory air compressor to determine the effectiveness in 

visualising reciprocating motion. The technique was then used to assess bio-fuel 

powered diesel engine in determination of the optimum bio-fuel blend based on the 

engine vibration parameter. Furthermore, an advanced vibration analysis which covers 

time domain and frequency domain analysis were performed to justify the effect of bio-

fuel combustion on engine vibration. 

 4.1 Development of Simplified ODS Technique using DASYLab® Software 

The developed technique is linked to Microsoft Excel. All the measurement points 

and machines are set-up in the Microsoft Excel before it is imported to the DASYLab® 

software and displayed in the acquisition setup layout as shown in Figure 4.1. A total of 

96 buttons are available to show all the measurement points that were set-up. 

Considering a common machine configuration with 4 measurement points, the 

acquisition setup layout covers up to 24 machines per day which is more than 

conventional vibration assessment covered for a day. The Block Size, Sampling 

Frequency (SFreq), Vector, Averaging and Date Column are set before data acquisition 

started. The Block Size determines the number of values that will be computed by the 

worksheet modules during a single processing cycle. The concept of computing the data 
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in blocks increases the speed of the measuring process considerably; on the other hand, 

it strongly influences the real-time performance of the system. The sampling frequency 

specifies the rate of data transmitted by the DASYLab®. For example, if Block Size is 

500 and Sampling Frequency is 1000, DASYLab® outputs a block for every 0.5 

seconds. The vector specifies the direction of the measurement point. For a 

measurement point with opposite direction, the vector will be changed to negative sign. 

The averaging is used for a more accurate representation of overall vibration in terms of 

RMS value. Date column is set to avoid data overlapping with the previous saved data. 

It also allows the user to review the saved machine data and analyse the historical 

machine trending data based on different date columns. 

 
Figure 4.1: Layout of Acquisition Setup 

During data acquisition process, user is presented with the Acquisition Spectra layout 

as shown in Figure 4.2. The layout consists of vibration spectra, time trace, and RMS 

tracking. Three vibration spectra at the top of the layout show the maximum frequency 

to screen if any higher frequency vibration components are recorded. Higher frequency 

vibration indicates a bearing or gear problem, while other machinery faults can be 
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indicated from lower frequency vibration components. Conventionally, the spectra are 

zoomed-in to lower frequency as shown by three spectra at the bottom of layout to 

analyse the pattern for any machinery fault. The RMS tracking shows the trend of 

overall RMS value while the time trace is showing the signal from time domain. 

 
Figure 4.2: Layout of Acquisition Spectra 

The layout of Analysis Setup is similar with the Acquisition Setup shown in Figure 

4.3. However, all four measurement points are selected to show the overlaid vibration 

spectra in single display and analysed them concurrently. Error message will be shown 

if different machine measurement points are selected and the selection needs to be 

repeated. The column on the right shows the date of the acquired data.  

 

 

 

 

Hz

0 500 1250 2000 2750 3500 4250

5.0
4.5

4.0
3.5
3.0

2.5
2.0
1.5
1.0

0.5
0.0

Y1 Y2

f: f:

df:

x

0.00 0.00 

1666.26 Hz 3332.52 Hz

1666.26 Hz

Hz

0 500 1250 2000 2750 3500 4250

5.0
4.5

4.0
3.5
3.0

2.5
2.0
1.5
1.0

0.5
0.0

Y1 Y2

f: f:

df:

y

0.00 0.00 

1666.26 Hz 3332.52 Hz

1666.26 Hz

Hz

0 500 1250 2000 2750 3500 4250

5.0
4.5
4.0

3.5
3.0
2.5
2.0
1.5

1.0
0.5
0.0

Y1 Y2

f: f:

df:

z

0.00 0.00 

1666.26 Hz 3332.52 Hz

1666.26 Hz

RMS mms-1

0.90

RMS mms-1

2.07

RMS mms-1

1.93

V

9

10

X-axis Y-axis Z-axis

VELOCITY mm/s peak

ACCELERATION

VELOCITY

DISPLACEMENT

WAVEFORM

ACCELERATION

VELOCITY

DISPLACEMENT

WAVEFORM

RESTART
WORKSHEET

RETURN

RESTART
WORKSHEET

RETURN

STOPSTART STOPSTART
°

°

°

-59.96

70.08

6.96

Y-axis

X-axis

Z-axis

PHASE

1X FREQ

Hz25.00

Hz

0 25 50 75 100 150 200 250

5.0
4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

Y1 Y2

f: f:

df:

x

0.04 0.02 

85.45 Hz 170.90 Hz

85.45 Hz

Hz

0 25 50 75 100 150 200 250

5.0
4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

Y1 Y2

f: f:

df:

y

0.08 0.02 

85.45 Hz 170.90 Hz

85.45 Hz

ZOOMED VELOCITY mm/s peak

ms

0 100 250 400 550 700

5.0

0.0

-5.0

5.0

0.0

-5.0

5.0

0.0

-5.0

X

Y

Z

ms

0 100 250 400 550 700

1.00

0.00

-1.00

REFERENCE g

RMS TRACKING

AVERAGE

5.0

4.0

3.0

2.0

1.0

0.0

s

-25 -20 -15 -10 -5 -0 5

s

-25 -20 -15 -10 -5 -0 5
Hz

0 25 50 75 100 150 200 250

5.0
4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

Y1 Y2

f: f:

df:

z

0.02 0.01 

85.45 Hz 170.90 Hz

85.45 Hz

TIME TRACE

V

V

8192

2048

BLOCKSIZE

SAMPFREQ

TOTAL

1

1

1

VECTOR

Univ
ers

ity
 of

 M
ala

ya



59 

 
 Figure 4.3: Layout of Analysis Setup 

The Frequency Domain Analysis layout shows the overlaid vibration spectra in 

single plot. The DASYLab® read all the 24 data, i.e. amplitude and phase data of 4 

measurement points in 3 principal directions from the saved global variables and 

displays them as shown in Figure 4.4. A separate vibration spectrum can be observed by 

selecting the separate button. The values of amplitude and phase are tabulated on the 

right of the layout. A specific frequency component from the spectra is selected to 

analyse the data through the simplified ODS analysis.  
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Figure 4.4: Layout of Frequency Domain Analysis 

The saved data is read and run using a generator. The data is integrated through a 

sinusoidal signal to generate the harmonic motion of the simplified ODS as shown in 

Figure 4.5. The arrow shows the motion of the ODS. The indication of an in-phase 

relation is shown when two measurement points is moving in same direction, while the 

out-of-phase relation is shown when two measurement points is moving in opposite 

direction. The top view shows the motion from horizontal and axial direction. The 

motion from vertical and axial direction can be observed from the side view while the 

axial view shows the motion from vertical and horizontal direction. The velocity table 

shows the vibration amplitude in the unit of mm/s, while the phase table shows the 

position of the measurement point relative to the reference point in degrees. 
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Figure 4.5: Layout of Simplified ODS Analysis 

 4.2 Vibration Assessment on Rotating Machinery  

This section covers the application of ODS analysis on rotating machinery vibration 

assessment (fault diagnostic). The technique was tested in the laboratory before it was 

applied on industrial machinery to justify the effectiveness of this technique. In 

laboratory condition, machinery faults such as rotor imbalance, misalignment, support 

looseness, bearing fault and gear fault were effectively identified using the simplified 

ODS technique. Based on the previous research, rotor imbalance and misalignment 

were identified as primary machinery fault. The application of the simplified ODS 

technique on industrial machineries is able to identify both rotor imbalance and 

misalignment easier, within shorter time and more accurate compared to conventional 

machinery fault diagnostic technique.  
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 4.2.1 Vibration Assessment of Laboratory Simulation Rig 

Conventionally, CBM personnel using single axis accelerometer to acquire vibration 

data. More time is needed to acquire vibration data of 12 measurement points on a 

machine because of the usage of single axis accelerometer, while the usage of absolute 

phase using tachometer only needed on problematic machines with high vibration. 

Furthermore, the usage of absolute phase using tachometer requires the machine to be 

shut down. This practice also consumes longer time in machinery diagnostic as the user 

needs to screen through the entire measured vibration spectra one by one.   

To improve this, a simplified ODS technique as shown in Figure 4.5 is proposed 

where tri-axis accelerometer, relative phase technique and visualisation of machine 

motion are integrated into current machinery fault diagnostic technique. At this stage, 

the performance of the proposed technique shows a more effective method where all the 

vibration and phase data of 12 measurement points on a machine can be presented 

concurrently as shown in Figure 4.4. Furthermore, vibration and phase data were 

acquired concurrently and reduced time spent for data acquisition. 

The laboratory rotor kit was set to run at 25.5Hz (1530rpm). A normal vibration data 

was acquired by the simplified ODS as the baseline at all four measurement points. As a 

result, each set of measurement consisted of twelve spectra for all four measurement 

points in three different directions (axial, horizontal, and vertical). Figure 4.6 shows the 

vibration spectra of normal condition which is overlaid in single display. The animation 

of simplified ODS result for normal condition is shown in Figure 4.7 where the arrow 

points the direction of the movement. The simplified ODS was performed for every 

simulated fault conditions. The ODS for imbalance and misalignment only depends on 

the 1-time and 2-time running speed component (Hariharan & Srinivasan, 2011; Xu & 
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Marangoni, 1994). Therefore, other frequency components beside 1-time and 2-time 

running speed component will not be discussed further in this research. 

 
Figure 4.6: Normal Condition Spectra 

 
Figure 4.7: Normal Condition ODS 
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 4.2.1.1 Vibration Assessment of Rotor Imbalance 

The next testing was performed on the laboratory rotor kit to detect rotor imbalance. 

Figure 4.8 shows two examples of imbalance which are static imbalance and dynamic 

imbalance respectively. Conventionally, imbalance problem was characterised by 

dominant 1-time running speed component due to its high rotational force (Xu & 

Marangoni, 1994). However, it is difficult to differentiate static and dynamic imbalance 

based on vibration spectra only without the phase data. Conventional method requires 

the personnel to identify the problematic machines prior to measure the phase data for 

further analysis of the type of imbalance. With the proposed simplified ODS, the motion 

of static and dynamic imbalance can be visualised and differentiated by putting the 

cursor on 1-time running speed component. The simplified ODS as shown in Figure 4.9 

enables personnel to visualise the motion of the machine. Figure 4.9(a) shows point 3 

and point 4, i.e. points of driven load are moving in same direction which is in phase. 

This measurement is categorised as static imbalance. Meanwhile, Figure 4.9(b) shows 

point 3 and point 4 are moving in different direction which is out of phase. This is 

known as dynamic imbalance.  
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Figure 4.8: Vibration spectra of (a) Static imbalance (b) Dynamic imbalance 

 

 
Figure 4.9: ODS of (a) Static imbalance (b) Dynamic imbalance 
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 4.2.1.2 Vibration Assessment of Misalignment 

In practice, there are two different type of misalignment faults, i.e. parallel and 

angular misalignment. Figure 4.10 shows the spectra obtained through conventional 

method consist of multiple harmonic of 1-time running speed component when the 

misalignment fault was simulated. Most of the time, multiple harmonic was associated 

with looseness problem where in this case it may lead to the wrong diagnosis. Similar to 

the previous case i.e. static and dynamic imbalance, spectrum data as shown in Figure 

4.10(a) and 4.10(b) is not sufficient to identify and differentiate between parallel and 

angular misalignment. Furthermore, multiple harmonic appears in the spectrum may 

mislead to wrong diagnosis to indicate it as looseness problem. The competence of 

simplified ODS is examined in this case. The ODS for parallel and angular 

misalignment can be visualised by using magnitude and phase data at 2-time running 

speed component (Hariharan & Srinivasan, 2011). The result of simplified ODS is 

shown in Figure 4.11. Personnel can easily identify and differentiate the misalignment 

problem by visualising the motion of the machine. Figure 4.11(a) shows point 2 and 

point 3, i.e. points across flexible coupling are moving in different direction which is 

horizontally out of phase. This indicates the parallel misalignment problem. Meanwhile, 

Figure 4.11(b) shows point 2 and point 3 are moving in different direction which is 

axially out of phase. This is an indication of angular misalignment problem. The output 

results from all the laboratory condition testing shows that the vibration data acquisition 

using a tri-axis accelerometer is more efficient and time saving. Furthermore, relative 

phase of the two accelerometers and visualisation of the machine motion is more 

accurate, save more time and easier for analysing machine condition as compared to the 

conventional CBM assessment practice.  
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Figure 4.10: Vibration spectra of (a) Parallel misalignment (b) Angular 

misalignment 

 

 
Figure 4.11: ODS of (a) Parallel misalignment (b) Angular misalignment 
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 4.2.1.3 Vibration Assessment of Support Looseness 

The laboratory motor is operating at 37Hz (2220rpm). Vibration and relative phase 

data is acquired to form the simplified ODS motion with 8 measurement points 

represents in cubic shape.  

Figure 4.12(a) shows the overlaid spectrum of normal condition. The spectra are 

overlaid in single plot for each axis so that the specific frequency can be selected easily. 

The spectra show peaks at 37Hz, i.e., 1-time running speed and 74Hz, i.e., 2-time 

running speed. For the loose condition, the bolting of measurement point 4 was 

loosened. Figure 4.12(b) shows the overlaid spectra of loose condition. The peaks at 

37Hz, i.e., 1-time running speed and 74Hz, i.e., 2-time running speed are same as 

normal condition. However, the spectra also show peaks at low frequency for loose 

condition. 

 
Figure 4.12: Vibration spectra of (a) Normal support condition (b) Loose motor 

support 
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The simplified ODS which is represented in 8-point cubic shape is shown in Figure 

4.13. The ODS motion for normal condition at 37Hz is shown in the Figure 4.13(a). The 

arrows are showing the direction of the movement for each point. Points at upper layer 

which represent motor body are moving in same direction with the correspond points at 

bottom layer which represent base, thus it means the ODS is in phase which means it 

has no looseness problem. Meanwhile, the ODS motion for loose condition at 37Hz is 

shown in the Figure 4.13(b). Points 4 at upper layer is moving in opposite direction with 

the correspond point 8 at bottom layer which means out of phase. This shows the 

bolting between point 4 and point 8 is in loose condition. It proves that the simplified 

ODS technique can detect looseness problem easier, faster and more accurate compared 

to conventional method.  
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Figure 4.13: ODS of a) Normal condition (b) Loose motor support 
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 4.2.1.4 Vibration Assessment of Bearing Fault 

The test for bearing fault detection was performed with the 2 damage bearings, i.e., 

damage on the outer race and inner race installed on the same shaft and tested at the 

same time. Both bearing outer race and inner race damage generates bearing fault 

frequency component, i.e., BPFO and BPFI which can be observed in the frequency 

domain vibration spectrum. BPFO component can be observed from Figure 4.14(a) 

while BPFI component can be observed from Figure 4.14(b). 

 
Figure 4.14: Overlaid vibration spectrum with (a) BPFO component (b) BPFI 

component 
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The BPFO and BPFI component are determined from the following equation; 

𝐵𝑃𝐹𝑂 =
𝑁𝑏

2
× 𝑅𝑃𝑀 × (1 +

𝐵𝑑

𝑃𝑑
cos 𝜃)             (4.1) 

𝐵𝑃𝐹𝐼 =
𝑁𝑏

2
× 𝑅𝑃𝑀 × (1 −

𝐵𝑑

𝑃𝑑
cos 𝜃)             (4.2) 

where BPFO is the ball pass frequency of outer race and BPFI is the ball pass 

frequency of inner race 

 RPM is rotation per minute or the running speed of the machine 

 𝑁𝑏 is the number of ball of the bearing 

 𝐵𝑑 is the ball diameter 

 𝑃𝑑 is the pitch diameter 

       θ is the contact angle  

All the parameters value for determination of BPFO and BPFI are obtained from the 

SKF bearing catalogue, with bearing number 1200 ETN9, where, 𝑁𝑏 is equal to 7, 𝐵𝑑 is 

equal to 4.75mm, and 𝑃𝑑is equal to 17.75mm. The ODS motion at BPFO component 

(91Hz) is presented in Figure 4.15(a) while ODS motion at BPFI (140Hz) is presented 

in Figure 4.15(b). Both ODS motion are showing almost identical motion with larger 

movement at measurement point 3 compared to measurement point 4. Measurement 

point 3 is where the bearing with inner race damage is located which is more severe 

compared to outer race damage. Furthermore, measurement point 3 is located near to 

the coupling which for this testing flexible coupling was used. The bearing used for this 

testing is a self-aligning ball bearing which is commonly used where severe 

misalignment occurs. Compared to other type of bearings, the self-aligning ball bearing 
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is easier to be disassembled so that bearing fault can be created and easier to re-

assemble it. The combination of impact from damage inner race bearing, bearing type 

and near to the flexible coupling possibly be the cause of larger ODS motion at 

measurement point 3 compared to measurement point 4. 

 
Figure 4.15: ODS of a) BPFO component (b) BPFI component 

 

 4.2.1.5 Vibration Assessment of Gear Fault 

Both good condition gear and damage gear generates gear mesh frequency (GMF) 

component as shown in Figure 4.16. Figure 4.16(a) showing the result when the gear is 

in contact with the good condition pinion gear while Figure 4.16(b) showing the result 

when the gear is in contact with the damaged pinion gear. The vibration spectrum for 

this testing need to be zoomed because the GMF component is relatively too small 

compared to the running speed component. The GMF component can be determined 

from the following equation; 
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𝐺𝑀𝐹 = 𝑅𝑃𝑀 ×  𝑁𝑇               (4.3) 

where GMF is the gear mesh frequency, RPM is the running speed of the shaft and 

𝑁𝑇 is the number of gear teeth. The gear teeth for this testing are 20. 

 
Figure 4.16: Vibration spectra of (a) Normal gear (b) Gear fault 

 

The ODS for good condition gear is shown in Figure 4.17(a) while Figure 4.17(b) is 

showing the ODS for the damage gear. Both ODS is from the same GMF component 

which is 512.6Hz. The measurement point for both the good condition pinion gear and 

damaged pinion gear is located at measurement point 3 while measurement point 4 is 

located at the end of the shaft to complete the ODS motion. The damage gear is 

showing a larger ODS motion compared to good condition gear. This result shows that 
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by using this simplified ODS technique, the location of a damage gear can also be 

determined easier, faster and more accurate. 

 
Figure 4.17: ODS of (a) Normal gear (b) Damage gear 

The output results from the laboratory condition testing show that the vibration data 

acquisition using a tri-axis accelerometer is more efficient and time saving as compared 

to conventional method of machinery vibration assessment. Furthermore, relative phase 

of the 2 accelerometers and visualisation of the machine motion is more efficient and 

save more time for analysing machine condition as compared to the conventional 

vibration assessment practice. 

 4.2.2 Vibration Assessment of Industrial Machinery 

Previously in section 4.2.1, the performance of simplified ODS has been successfully 

demonstrated and verified by using a laboratory kit. In this section, the performance of 

this technique is further examined. The testing on the real industrial machinery using the 
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simplified ODS technique to identify the machinery fault easily and effectively as 

compared to the conventional practice is studied.  

 4.2.2.1 Vibration Assessment of Rotor Imbalance on Industrial Machinery 

The effectiveness of ODS visualisation was first demonstrated from the industrial 

vertical centrifugal pump with static imbalance problem. The ODS as shown in Figure 

4.18 shows point 1 and point 2 which are both at motor side are moving in relatively 

higher amplitude and in phase indicates a static imbalance problem. Conventionally, the 

vibration spectra as in Figure 4.19 were analysed. It shows a harmonic pattern where it 

may mislead to looseness problem. Further investigation found that the static imbalance 

problem occurs due to the pipe strain. It is crucial to ensure that both the suction and 

discharge of the pump are on the same level with the corresponding pipe line to avoid 

this problem. 

 
Figure 4.18: Industrial case ODS of Static imbalance 

Univ
ers

ity
 of

 M
ala

ya



77 

 
Figure 4.19: Industrial case overlaid vibration spectrum of Static imbalance 

The proposed simplified ODS was then tested on an industrial horizontal centrifugal 

pump which undergoes dynamic imbalance problem. Figure 4.20 shows the ODS of 

Point 3 and point 4 which are both at pump side are moving in relatively higher 

amplitude and out of phase which indicates the dynamic imbalance problem 

Conventionally, the complex vibration spectra as shown in Figure 4.21 were analysed. It 

could not indicate the imbalance problem with the spectra only. It only shows a 

frequency component corresponding to the blade passing frequency (BPF). BPF with 

low vibration amplitude is considered as acceptable. However, due to low discharge 

pressure, further investigation was conducted. The problem occurred due to severe 

pump cavitation which causes the pump impeller to worn out. Furthermore, the pump 

cavitation problem was characterised by the raised noise floor which can be seen in the 

vibration spectra. 
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Figure 4.20: Industrial case ODS of Dynamic imbalance 

 

 
Figure 4.21: Industrial case overlaid vibration spectrum of Dynamic imbalance 

 

 4.2.2.2 Vibration Assessment of Misalignment on Industrial Machinery 

The ODS visualisation of parallel misalignment was then demonstrated from the 

industrial horizontal centrifugal blower. The ODS is as shown in Figure 4.22 shows that 

point 2 and point 3, i.e. points across coupling are horizontally out of phase indicating 

parallel misalignment problem. Conventionally, vibration spectra as shown in Figure 

4.23 were obtained where harmonic patterns can be observed in the spectra. Again, this 

finding may mislead the personnel to diagnose it as looseness problem. The 

investigation was conducted due to abnormal sound. Although the vibration spectra 

show relatively lower vibration amplitude, the simplified ODS is still able to show the 
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motion of parallel misalignment. Further investigation found that the coupling shim was 

damaged. 

 
Figure 4.22: Industrial case ODS of Parallel misalignment 

 

 
Figure 4.23: Industrial case overlaid vibration spectrum of Parallel 

misalignment 

 

 

Univ
ers

ity
 of

 M
ala

ya



80 

In addition, the simplified ODS was tested on a belt driven centrifugal blower with 

angular misalignment problem. Figure 4.24 shows the ODS that point 2 and point 3, i.e. 

points across pulley and belting are axially out of phase. Conventionally, vibration with 

the running speed, 2-time running speed components and multiple harmonic patterns 

spectra as shown in Figure 4.25 were observed and analysed. The harmonic pattern may 

mislead to belting looseness. Further investigation found that the vibration remain high 

after the spare motor was installed. The motor base plate was found flexible and was not 

properly aligned. Due to uneven level of the motor base plate, the pulley was axially 

misaligned. By using the simplified ODS, both parallel and angular misalignment can 

be detected earlier and easier.  

 
Figure 4.24: Industrial case ODS of Angular misalignment 
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Figure 4.25: Industrial case overlaid vibration spectrum of Angular 

misalignment 

 

 4.3 Vibration Assessment on Reciprocating Machinery  

In this section, the simplified ODS technique is able to show the motion of 

reciprocating machinery part. Motor fault of the air compressor is detected using this 

simplified ODS technique. While the reciprocating motion is showing that the vibration 

on the compressor is affected due to difference in operating pressure. The vibration 

increased as the operating pressure is increasing. The final test was performed on a bio-

fuel powered diesel engine to determine the optimum bio-fuel blend based on the engine 

vibration parameter. The minimal engine vibration due to the bio-fuel combustion effect 

is the baseline in determining the optimum bio-fuel blend. Other external vibration 

source which is torque factor can be separated and determined by performing the 

frequency domain analysis. While by performing time domain analysis can identify the 

major component of vibration caused by the combustion of bio-fuel. 
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 4.3.1 Vibration Assessment of Laboratory Air Compressor 

The reciprocating air compressor is operating at difference pressure of 1 bar, 2 bar, 3 

bar and 4 bar. The speed for both motor and crankshaft is determined using a 

tachometer. The motor shaft is running at 49Hz (2940 rpm) meanwhile the crankshaft is 

running at 13.5Hz (810 rpm). Vibration data is acquired using the simplified ODS 

technique with 8 measurement points. 

Conventionally, the acceleration signals were obtained in the x-axis, y-axis and z-

axis. The total acceleration of vibration was calculated from the RMS of the 

acceleration in all axes to compare the vibrations at different pressure. 

𝑎𝑡𝑜𝑡𝑎𝑙 = √𝑎𝑥
2 + 𝑎𝑦

2 + 𝑎𝑧
2                 (4.4) 

where 𝑎𝑡𝑜𝑡𝑎𝑙 is the total acceleration of vibration 

 𝑎𝑥 is the RMS of acceleration in x-axis 

 𝑎𝑦 is the RMS of acceleration in y-axis 

 𝑎𝑧 is the RMS of acceleration in z-axis 

From the calculated total acceleration of vibration for each point, a graph of total 

acceleration against pressure is plotted as shown in Figure 4.26. From the graph, 

generally it shows that pressure of 1 bar has the lowest vibration. However, the 

difference is not obvious as compare to the total acceleration of other pressure. 
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Figure 4.26: Total acceleration against pressure 

 

The mean value of total acceleration for different pressure is calculated so that the 

vibration among different pressure can be compared easily. The calculated mean value 

of total acceleration is shown in Table 4.1. Then, the graph of calculated mean value of 

total acceleration is plotted as shown in Figure 4.27. 

𝑎𝑚𝑒𝑎𝑛 =
∑ 𝑎𝑖

𝑁
𝑖=1

𝑁
=

𝑎1+𝑎2+⋯+𝑎24

24
                (4.5) 

where𝑎𝑚𝑒𝑎𝑛 is the average of total acceleration 

 𝑎𝑖 is the total acceleration of point 𝑖 

 𝑁 is the total number of point 
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Table 4.1: Mean value of total acceleration for different pressure 

Pressure (bar) Mean of total acceleration, 𝒂𝒎𝒆𝒂𝒏(m/s2) 

1 18.26 

2 19.39 

3 23.20 

4 21.57 

 

 
Figure 4.27: Mean of total acceleration for different pressure 

 

From the Figure 4.27, it shows that the air compressor has the lowest vibration at 

pressure of 1 bar with 18.26m/s2. The trending of graph also shows that the vibration 

increasing with the increasing pressure. The vibration data was further analysed using 

time domain and frequency domain analysis to identify and separate the vibration 

source. 

Figure 4.28 shows a section of acceleration time domain signal of pressure 1 bar for 

air compressor in longitudinal axis (x), lateral axis (y) and vertical axis (z). Figure 4.28 

shows that a complete cycle of is equal to 4.5Hz. It is 1/3 times of crankshaft running 
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speed, 13.5Hz. It means the crankshaft rotates 3 times to complete 1 complete cycle of 

compressed air. 

 
Figure 4.28: Time domain signal of pressure 1 bar for air compressor test 

 

Figure 4.29 shows a vibration spectrum of frequency domain signal for air 

compressor at pressure of 1 bar. The spectra show peaks at 13.5Hz, i.e., 1-time running 

speed of crankshaft, 49Hz, i.e., 1-time running speed of motor shaft and 50Hz, i.e., 1-

time line frequency. The spectra also show the harmonics of fundamental frequency of 

4.5Hz. Other peaks are due to natural frequencies and pole pass side bands. Pole pass 

side bands are caused by eccentricity when the eccentric rotors produce rotating variable 

air gap between rotor and stator which induces a pulsating source of vibration which 

will cause a higher peak at 2-time line frequency. Pole pass sidebands are formed 

around 1-time running speed and 2-time line frequency. Univ
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Figure 4.29: Frequency domain signal of pressure 1 bar for air compressor test 

 

The developed simplified ODS technique was applied on the air compressor to 

investigate the effectiveness of showing the reciprocating ODS motion. The ODS 

motion of air compressor with pressure 1 bar at 13.5Hz is shown in the Figure 4.30. 

Points 1-4 at upper layer are rotating in same direction with the correspond point 5 and 

point 6 at bottom layer from compressor side. This shows that motion at 13.5Hz is 

dominated by the rotary motion of crankshaft. The motion at 13.5Hz is the same for 

other pressure as well. 
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Figure 4.30: ODS of Air Compressor at 13.5Hz 

 

The ODS motion of air compressor for pressure 1 bar at 49Hz is shown in the Figure 

4.31. Point 1 and point 2 are moving in opposite direction with point 3 and point 4 

which clearly show the reciprocating motion of both pistons. This shows that motion at 

49Hz is dominated by the reciprocating motion of piston. The motion at 49Hz is the 

same for other pressure of reciprocating air compressor. 
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Figure 4.31: ODS of Air Compressor at 49Hz 

 

The ODS motion of air compressor for pressure 1 bar at 50Hz is shown in the Figure 

4.32. Point 7 and point 8 are moving in opposite direction with each other which means 

the motor shaft is out of phase. This shows the motor is under eccentricity problem. The 

motion at 50Hz is the same for other pressure too. The possible cause of this 

eccentricity problem is over tensioned belting. The over tensioned belting causes 

uneven gap between the rotor and stator inside the motor. This explains the difference in 

relative phase reading between 2 closed frequency component which is (49Hz and 

50Hz). 
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Figure 4.32: ODS of Air Compressor at 50Hz 

 

The discussion for Figure 4.30 until Figure 4.32 proves that the reciprocating motion 

and rotary motion can be shown using this simplified ODS technique. Besides that, 

rotor eccentricity problem can be identified clearly through visualisation of the ODS 

motion. 

 4.3.2 Vibration Assessment of Bio-Fuel Powered Diesel Engine 

Vibration data were acquired for the two running speeds, where the lowest speed was 

set to 1500 rpm and full speed at 2400 rpm. The engine ran at full-throttle position (i.e., 

100% wide-open throttle during data acquisition). Dynomax-2000 software was used to 

control the engine running at 1500 rpm (maximum torque) and 2400 rpm (lowest 

torque). 

 The comparison of engine vibration used different bio-fuel blends at the lowest 

speed (i.e., 1500 rpm) and full speed (2400 rpm). Conventionally, the mean values of 
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the total acceleration in RMS of the three measurement axes for each point were 

compared. The mean of the total acceleration in RMS is obtained using the following 

equation:  

𝑎̅𝑟𝑚𝑠 =  
∑ 𝑎𝑟𝑚𝑠−𝑖

𝑁
𝑖=1

𝑁
=  

𝑎𝑟𝑚𝑠−1+𝑎𝑟𝑚𝑠−2+⋯+ 𝑎𝑟𝑚𝑠−12

12
    (4.6) 

where 𝑎̅𝑟𝑚𝑠 is the mean of total acceleration in RMS of 12 measurement points; 

𝑎𝑟𝑚𝑠−𝑖 is the total acceleration in RMS from the x, y, and z axes at point i; and N is the 

total measurement point. The acquisition procedure is repeated to obtain five 

measurement data sets to ensure the reproducibility of acquired data. 

The calculated mean value of total acceleration in RMS is plotted (Figure 4.33). The 

error of measurement during data acquisition at the engine speed of 1500 rpm was 

between 0.2 and 2.1. Error of measurement at the engine speed of 2400 rpm was in the 

range of 0.3 and 0.8. The small error values indicate that the result obtained from this 

experiment is reproducible. 

 
Figure 4.33: RMS Values of Vibration in terms of Acceleration for all Bio-fuel 

Blends 
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Figure 4.33 shows that the vibration level of the engine is almost the same for the 

lowest speed (1500 rpm). At full speed (2400 rpm), the bio-fuel blends significantly 

affected engine vibration. A significant change in vibration data was observed from 

engine vibration tested at the speed of 2400 rpm. For pure diesel B0, the engine showed 

higher vibration at full speed compared with the lowest speed. As the percentage of the 

bio-fuel increased, the engine showed lower vibration at full speed. Based on findings, 

B20 prominently showed lower vibration compared with pure diesel. A previous study 

(Hwai Chyuan Ong et al., 2014) on CI bio-fuel revealed that 20% fuel blend has less 

brake-specific fuel consumption (Bsfc) compared with diesel fuel. Biodiesel has a high 

oxygen content, which complements recent findings that B20 has more oxygen than 

pure diesel. The presence of rich oxygen in fuel-blend molecules triggers a combustion 

process. As a result, the brake thermal efficiency will increase, and the value of Bsfc 

will decrease. In vibration, a similar trend was observed. As shown in Figure 4.33, the 

overall vibration recorded in the pure diesel-powered engine is relatively higher than 

that of the bio-fuel-powered engine. Bio-fuel is oxygenated fuel, which contains higher 

oxygen content than pure diesel. Thus, it helps in increasing the efficiency of 

combustion in engine and producing relatively lower engine vibration. Trends for the 

2400 rpm data showed that combustion efficiency directly affects engine vibration. 

However, the RMS value of vibration does not provide adequate justification to 

conclude that the high vibration is purely affected by the bio-fuel blend. Therefore, an 

advanced vibration analysis is needed to determine the causes of high vibration for the 

different bio-fuel blends.  

The advanced vibration analysis involves time domain analysis and frequency 

domain analysis. Both analyses were performed to justify the engine vibration was 

purely affected due to bio-fuel combustion and to determine the exact value of the 

optimum bio-fuel blend based on the minimal engine vibration. 
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Combustion inside the IC engine is the major factor that creates the engine vibration. 

Combustion happens to create an impact, which leads to a high-amplitude transient 

vibration signal. The difference between the two highest vibration impacts observed 

from the time-domain analysis could determine the combustion factor. The vibration 

signal is further analysed in the time domain to determine the dominant vibration 

source. Figures 4.34 and 4.35 show sections of time-domain vibration signals for diesel 

engine run at 1500 rpm (lowest speed) and 2400 rpm (full speed) in the x, y, and z axes. 

Findings from Figure 4.34 show that the interval between the two highest impacts is 

equal to 12.5 Hz, which is half of that of the engine running at 1500 rpm (25 Hz). In 

Figure 4.35, the interval between the two highest impacts is 20 Hz, which is half of that 

of the engine running at 2400 rpm (40 Hz). Findings from the time-domain analysis is 

similar to the mechanisms of a single-cylinder four-stroke diesel engine. The crankshaft 

rotates twice every engine cycle. Combustion occurs every other rotation, which results 

in a strong peak at 0.5-time running speed (Tienhaara, 2004). 

 
Figure 4.34: Time domain signal for engine speed 1500 rpm 
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Figure 4.35: Time domain signal for engine speed 2400 rpm 

 

The engine vibrations are mainly dominated by vibration due to combustion. The 

other lower vibration components are difficult to separate and identify using time-

domain analysis. However, vibrations can be decomposed into frequency components 

through FFT for the ease of analysis. The frequency components are analysed in a 

spectrum plot. 

After signal processing, the time-domain signal is decomposed through frequency-

domain analysis. Frequency-domain analysis shows vibration and frequency 

components corresponding to the engine running speed and other vibration sources. As 

for this case, the other vibration source occurring at 0.5-time of the running speed 

comes from the engine combustion, which has been proven through time-domain 

analysis. Figure 4.36 shows the vibration spectra of the engine running at 1500 rpm. 

The spectra showed peaks at 12.5 Hz and 25 Hz for 0.5-time and 1-time running speeds, 

respectively. The spectra also showed the appearance of relatively less dominant 
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harmonics, which are the positive integer multiples of the fundamental engine speed (25 

Hz). The reciprocating motion of the piston due to the combustion in the cylinder also 

contributed to total vibration. The reciprocating motion effect caused the appearance of 

harmonics. 

 
Figure 4.36: Vibration spectra for engine speed 1500 rpm 

 

Figure 4.37 shows the vibration spectra of the engine running at 2400 rpm. The 

spectra showed peaks at 20 Hz and 40 Hz for the 0.5-time and 1-time running speeds, 
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respectively. The spectra also show the harmonics of engine speed of 40 Hz due to the 

reciprocating motion effect from the piston. 

 
Figure 4.37: Vibration spectrum for engine speed 2400 rpm 

 

Appendix A-D show the comparison of vibration spectra for all bio-fuel blends at 

both idle speed and full speed. The frequency domain analysis is able to separate the 

vibration into a specific frequency component. All vibration spectra show a dominant 

peak at 0.5-time running speed component followed by second dominant at 1-time 

running speed. For the test at engine speed 1500 rpm, the 0.5-time running speed 
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component is equal to 12.5Hz with the running speed component equal to 25Hz. While 

engine test at speed 2400 rpm, the 0.5-time running speed component is equal to 20Hz 

with the running speed component equal to 40Hz.The comparison from all overlaid 

vibration spectrum shows significant change of bio-fuel blend B20 tested at engine 

speed 2400 rpm compared to the testing with engine speed 1500 rpm. Although the 

vibration is lower for the testing of engine speed 1500 rpm, it is hard to differentiate the 

optimum fuel blend of B20. 

Figures 4.38 and 4.39 show the separated vibration component caused by the 

combustion and torque. As mentioned earlier, the combustion factor was identified as 

the 0.5-time running speed component. Torque was applied to control the engine speed, 

which directly affects the amplitude of the 1-time running speed component. All spectra 

showed a high peak at 0.5-time running speed, which is the frequency identified for the 

combustion. The amplitude of the 1-time running speed is relatively higher for the 

engine speed of 1500 rpm compared with the engine speed of 2400 rpm. The effect of 

engine torque is minimal at 2400 rpm, and the vibration is dominated by a 0.5-time 

running speed, which is related to fuel combustion. Therefore, the vibration level of 

different bio-fuel blends can be easily compared at full speed (2400 rpm). This setup 

explains the reason for the full speed 2400 rpm scenario with minimum torque is more 

suitable in identifying the optimum fuel blend in engine vibration as observed in Sub-

section 4.2.2.1. Results show that other external vibration sources, which in this case is 

the torque, should be reduced or eliminated to determine the optimum bio-fuel blend 

based on the engine vibration. Therefore, the vibration caused by the torque is 

considered as an external source of error that must be reduced or eliminated. 
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Figure 4.38: Comparison of Combustion and Torque at Engine Speed 1500 rpm 

 

Figure 4.39: Comparison of Combustion and Torque at Engine Speed 2400 rpm 

 

The vibrations at Points 3 and 4 of the engine were the dominant sources of high 

vibration. Both points are located at the engine cylinder, which was identified as the 

best location to represent the piston movement, which will be explored through ODS 

analysis. Hence, the comparison between combustion factor and torque factor focused 

on two measurement points. Furthermore, the vibration value acquired at the axial 
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direction (x-axis) is too small as compared with the vibration value acquired from the 

horizontal (y-axis) and vertical directions (z-axis). The amplitude of the torque factor is 

determined using the following equation:  

Amplitude of torque factor (1×) = 
√(𝑌3

2+ 𝑍3
2)+√(𝑌4

2+ 𝑍4
2)

2
    (4.7) 

where Y3 is the amplitude of the torque factor at the Point 3 y-axis, Z3 is at the Point 3 

z-axis, Y4 is at the Point 4 y-axis, and Z4 is at the Point 4 z-axis. The amplitude of the 

combustion factor can be determined using the following equation:  

Amplitude of combustion factor (0.5×) = 
√(𝑦3

2+ 𝑧3
2)+√(𝑦4

2+ 𝑧4
2)

2
   (4.8) 

where y3 is the amplitude of the combustion factor at the Point 3 y-axis, z3 is at the 

Point 3 z-axis, y4 is at the Point 4 y-axis, and z4 is at the Point 4 z-axis. The values 

obtained from Equations (4.7) and (4.8) are used to determine the error of the torque 

factor, which is the ratio of torque to the combustion amplitude as represented by: 

e = 
𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑜𝑓 𝑡𝑜𝑟𝑞𝑢𝑒 𝑓𝑎𝑐𝑡𝑜𝑟 (1𝑥)

𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑜𝑓 𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (0.5𝑥)
       (4.9) 

  The calculated error value of the torque factor is tabulated in Table 4.2. Engine 

vibration testing at a speed of 2,400 rpm shows relatively lower error in the torque 

factor (0.5) as compared with the low speed at 1,500 rpm (1.1). Performing the engine 

vibration testing at higher speed with lower torque shows that the error of the torque 

factor is reduced by 55%. Thus, the engine vibration purely caused by bio-fuel 

combustion can be evaluated and is more suitable for the identification of the optimum 

fuel blend. 
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Table 4.2: Error caused by the torque factor  

Speed 

(RPM) 

Impact of torque factor (Ratio) 

B0 B5 B10 B15 B20 B25 B30 average 

1500 1.3 1.1 1.1 1.1 1.1 1.2 1.1 1.1 

2400 0.5 0.5 0.5 0.5 0.4 0.5 0.5 0.5 

 

Relative phase measurement is another important data that should be considered for 

evaluating engine vibration. The combination of vibration and phase measurement 

produced an engine motion that can be visualised through ODS analysis. The ODS 

analysis at 0.5-time and 1-time running speeds can determine bio-fuel blends with 

minimal vibration through visualisation of the engine motion. The minimal vibration 

will show the motion with the smallest amplitude compared with other vibrations. The 

result of ODS analysis of different fuel blends at the engine speed of 1,500 rpm is 

difficult to visualise and compare through animation because the vibration amplitudes 

are almost identical due to high torque factor. A significant change of ODS motion can 

be observed between pure diesel B0 and fuel blend B20 for the test with engine speed 

2400 rpm. ODS analysis results for B0 and B20 at 1,500 rpm and 2,400 rpm will be 

compared and discussed. 

Figure 4.40 and 4.41 show the results of ODS analyses for B0 and B20 with engine 

speed 1500 rpm and 2400 rpm, respectively. Visualisations are compared side by side in 

a single frame. Points 1 and 2 represent the crankshaft, whereas Points 3 and 4 represent 

the cylinder piston. The ODS at 1-time corresponds to the engine speed while ODS at 

0.5-time corresponds to the bio-fuel combustion. The arrows show how far each 

measurement point moves. The testing with engine speed 1500 rpm shows almost 

identical ODS motion for both B0 and B20 as shown in Figure 4.40 although the 

vibration reduces for bio-fuel B20 compared with pure diesel B0. 
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Figure 4.40: ODS of engine piston and crankshaft with engine speed 1500 rpm 

 

 

 

Figure 4.41 shows the simplified ODS testing with engine speed 2400 rpm. ODS of 

1-time engine speed could display the reciprocating motion of the piston and the 

rotating motion of the crankshaft. Both reciprocating and rotating motion can be 

observed clearly at this frequency. ODS of 0.5-time engine speed is more suitable for 

the comparison of vibration of diesel engine powered by different fuel blends because it 

is related to combustion factor. Better comparison between B0 and B20 can be 

visualised through ODS analysis with engine speed 2400 rpm, which purely affected by 

the ignition of combustion. The ODS motion shows that all of the engine components 

(i.e., crankshaft, cylinder piston) exhibit higher vibration with B0 as compared with 

B20.  

Figure 4.42 shows the ODS motion of engine support and base plate. The rocking 

motion of the engine support can be observed from Points 5 to 8. Meanwhile, the engine 

support is observed to have a higher vibration compared with the engine base plate. Any 

ODS at 0.5-time ODS at 1-time 

Pure 

Diesel 
B0 

Fuel 
Blend 

B20 

(a) (b) 

(a) (b) 
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motion at Points 9 to 12 is less visible due to the isolation of the base from the engine 

using rubber mounting. The same finding was observed for other test with different bio-

fuel blends. Complete ODS results are displayed in Appendix E-J.  

In summary, performing the engine vibration testing at higher speed with lower 

torque is more suitable for the identification of the optimum fuel blend. Findings from 

time-domain analysis show that combustion is the dominant source of vibration. By 

decomposing the vibration signal into frequency domain, 1-time engine speed ODS is 

able to display the reciprocating motion of the piston and the rotating motion of the 

crankshaft clearly. Combustion is identified as the frequency component of 0.5-time 

engine speed, although the reciprocating and rotating motion is less visible because the 

it is related to the combustion factor, a linear motion moving along the cylinder (y axis) 

was still observed. This linear motion can be related to the piston movement during 

combustion. In addition, better comparison of vibration between fuel blends can be 

visualised through ODS analysis at 0.5-time engine speed, which directly affects the 

ignition of combustion. Therefore, visualising engine motion through ODS motion can 

help untrained personnel in identifying the optimum fuel blend without analysing all of 

the vibration values and phase measurement data.  
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Figure 4.41: ODS of engine piston and crankshaft with engine speed 2400 rpm 
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Figure 4.42: ODS of engine support and base plate  
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 CHAPTER 5: CONCLUSION 

In this research, a simplified ODS application in machinery vibration assessment 

shows a more effective approach as compared to current machinery vibration 

assessment practice. This simplified ODS technique consist of both frequency domain 

and time domain data. The simplified ODS technique was developed by identifying the 

suitable measurement point which is nearest to the bearing location. 4 measurement 

points is enough to show the ODS motion of a general rotating machinery arrangement 

instead of using a lot of measurement points to show the ODS motion. The study was 

divided into 2 main parts which is vibration assessment on rotating machinery and 

vibration assessment on reciprocating machinery. The simplified ODS technique was 

applied on rotating laboratory kit and real industrial case study to assess the vibration 

and detect rotating machinery fault. Furthermore, the simplified ODS technique was 

able to show the reciprocating motion. The second part is focusing on assessing the 

vibration caused by reciprocating motion with the aim of identification of bio-fuel 

blend. No machinery fault simulation was performed for the second part of this 

research.  

In the first part, simplified ODS analysis approach was proven as more effective and 

should be integrated into current machinery vibration assessment practice which relies 

on vibration spectrum only. From the simplified ODS analysis, personnel can visualise 

the motion of the machine. Therefore, primary machine problem such as imbalance and 

misalignment can be detected earlier, easier and more accurate, hence avoiding any 

secondary failure such as (bearing damage, worn impeller, broken rotor bar, cracked 

gear teeth etc.) in shorter time without analysing every single spectrum. Furthermore, 

advanced or specialised knowledge is unnecessary for personnel to apply this technique 

into machinery vibration assessment program. The integration of this technique will 
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eventually enhance the current practice of rotating machinery vibration assessment by 

reducing the time required for performing vibration data acquisition and analysis and 

may possibly reducing downtime cost with early and effective machine fault detection. 

In the second part of this study, the simplified ODS analysis approach was used to 

assess the motion of reciprocating machinery. The application of simplified ODS 

analysis for rotating machinery is more to diagnosis of machinery fault. However, due 

to the complexity of reciprocating machinery which in this research is focusing on 

diesel engine, the application of simplified ODS analysis is more on determining the 

optimum bio-fuel blend based on the minimal engine vibration. Furthermore, advanced 

vibration analysis in term of time domain analysis, frequency domain analysis and 

vibration RMS trending was performed to justify the result obtained from the simplified 

ODS analysis. Performing time domain analysis can identify the major component of 

vibration caused by the combustion of bio-fuel. Other external vibration cause which is 

the torque factor can be separated and determined by performing the frequency domain 

analysis. Through the ODS motion, the optimum bio-fuel blend can be determined 

faster and easier. By visualising the reciprocating ODS motion, bio-fuel blend B20 

shows the motion with the smallest amplitude among all tested bio-fuel blends. From 

the study, it is noticed that when the engine runs at full speed, it has a lower engine 

torque as compared to lowest speed with higher torque. Thus, bio-fuel powered engine 

at full speed is more suitable to be used in identifying optimum fuel blend. Bio-fuel 

blends B20 has the minimal vibration with the overall RMS acceleration of 27m/s2 

compared to other bio-fuel blends at full speed 2400rpm. 
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