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1. ARABIC ABSTRACT
2. ABSTRACT

The proposed study aims at developing, experimentally, a correlation between the rotating blade and shaft vibrations in turbomachinery and jet-engines. The study will investigate experimentally the basic problem of dynamic interaction between blade and shaft vibrations, which is not yet satisfactorily understood, due to the difficulties in measuring the rotating blade vibrations. The importance of this problem has developed over years, as it is well known that blade vibration is one of the main causes of the costly failures in turbomachinery and jet-engines. However, little progress has been found due to the fact that blades are rotating in erosive environment and their vibrations are extremely hard to measure.  This study proposes measuring the rotating blade vibrations through shaft torsional/lateral vibration measurements, based on the recent theoretical findings on the strong dynamic interaction between blade and shaft vibrations. 

A test-rig  that allows measuring blade and shaft vibrations will be designed and manufactured for the proposed study. The rotating blade vibrations will be measured using strain gages with wireless telemetry system. The shaft torsional vibrations are going to be measured using the Laser-torsional vibration pick-up which has shown great success in this regard. The shaft lateral vibrations will be monitored using both proximity probes and bearing accelerometers. Different data processing techniques will be tried for the present study to enable extracting reliable blade vibration signals and to support developing the theory of blade-shaft dynamic interaction. Parametric study will be conducted on combinations of blade/shaft properties. The results will be studied, discussed, and conclusions will be drawn. 

The outcome expected from this study, is not only valuable for diagnostics and maintenance purposes, but also for the basic theory of rotor dynamics that is vital in the development and design stages of rotating machinery.  

3. INTRODUCTION

Rotating machinery is the backbone element in power generation, oil-processing and aeropropulsion industries. One main cause of the costly failure of rotating machinery is the problem of vibration. Machinery malfunction diagnosis and correction methods, using vibration measurement and analysis, have been developing over years due to the increasing need for running more efficient machines, at higher speeds with less shutdown time, less maintenance cost and strict safety requirements. Malfunction diagnosis depends on the understanding of the physical phenomena of vibration in rotating machines and on the process of vibration measurement.   The developments in the basic theory of rotordynamics and in the vibration measurement techniques have resulted in periodic and permanent diagnosis programs where savings of millions of US dollars have been reported in the United States only due to adopting these diagnosis programs.  


A typical turbomachinery is composed of many components such as shafts, disks, bearings, gears, couplings, blades, housing and foundation. Some of these components vibration problems have been dealt with satisfactorily due to the development in their vibration measurement techniques and the progress in understanding the physical phenomena through laboratory testing and mathematical modeling.   Examples of these components are the main shafts, bearings and gears. 

      One basic component in turbomachinery is the rotating blade that has been recognized as one major cause of failure in many gas turbines and jet engines. Blades are, usually, rotating at high speeds, interacting with the erosive environment at elevated temperatures and have complicated shapes to maximize their  fluid handling efficiency.  These operating conditions expose the blades to many vibration excitation mechanisms and in the same time make the vibration measurement process of blades a very complicated problem. The difficulties in measuring blade vibration have allowed little progress in the understanding of blade vibration phenomenon and its interaction with the other components, despite the theoretical and numerical achievements in this direction. Furthermore, these difficulties usually contribute to producing problems in the diagnostic processes due to absence of blades vibration history and the uncertainty on their involvement in the machinery malfunction. One alternative approach for blade vibration measurement is the indirect approach through measuring the vibrations of machine components that are known to have a strong dynamic interaction with the blades.  The main shaft torsional and/or lateral vibration are known to have strong dynamic interaction with blades vibrations.  The vibration measurement of shaft torsional and /or lateral vibrations is expected to provide a good measuring tool for blades vibration with the aid of some signal processing techniques. 

4 LITERATURE SURVEY

4.1. Vibration Measurements in Turbo-machinery 

Vibration measurements in turbo-machinery have been identified as an extremely valuable tool for development, diagnostics and maintenance programs. Laws and Muszyynska [1] have reported the importance of vibration measurement for periodic and continuos monitoring for Preventive/Predictive maintenance programs. In their paper, Laws and Muszynska [1] described the development in the maintenance programs, starting form the days when the machine operator used to listen to the machinery and touches by his finger the bearing cap, in order to identify machine problems. Reference [1], included a detailed description of maintenance systems, categorised the Predictive/Preventive maintenance programs, and addressed the important issues of pick-ups selection and data processing. Based on their experience with the industrial world, Laws and Muszyynska concluded that the cost of implementation of  Preventive/Predictive maintenance systems is less costly than the machine failure, which is known to be expensive in terms of  loss in production by shutdown time, components damages, and most important aspect  injuries of personnel.    

Vibration measurement has become an essential tool for any engineer who is involved with turbo-machinery development, commissioning, maintenance and operation. This necessity has enforced the inclusion of vibration measurement techniques in many books that address rotor dynamics problems. Vance [2] in his  book addressed the basics of rotor dynamics of turbo-machinery and included a chapter  on vibration measurement in turbo-machinery. In this chapter, the process of vibration measurement is divided into the main parts of pick-ups and data processing of the measured signals.  The major vibration pick-ups; proximity probes, velocity meters and accelerometers are studied. Special attention was given to the problem of torsional vibrations of shafts, due to the difficulty in sensing torsional vibration signals. In this direction, Vance[2] discussed the available methods for torsional vibration measurements and concentrated on the strain gages and the Time Interval Measurement Method, which is an optical method that depends more on the signal processing.  When blades and vanes vibrations were mentioned, Vance [2] stated that “these vibrations are difficult to detect and difficult to quantify”. Vance [2] added that the “Doppler detection techniques show promise but have not been sufficiently developed for practical use”. A book by Goodwin [3] has included chapter on measurements for the rotor-bearings systems. In this book, the traditional pick-ups, proximity probes, velocity meters and accelerometers were covered. This book can be categorised into more diagnostics than measurement tools, in particular pick-ups and transducers.   More recent books in the area of machine condition monitoring and vibration measurements, [4], include nothing about the pick-ups for torsional and blade  vibrations in rotating machinery. This is not because they are overlooking this basic and important part, but based on the fact that pickups and transducers for these two types of vibrations are still within research and development stages.  

Simmons and Smalley [5] have described, in an interesting manner, the effective tools for diagnosing elusive turbo-machinery problems in the field. They categorised the vibrations encountered in gas turbines into mainly: (1) Torsional vibrations, (2) Lateral rotor dynamics, (3) Blade vibrations, (4) Compressor stall and (5) burner and Combustor vibrations. They describe each group in terms of the available transducers, causes and qualitative description.  When blade vibrations was addressed, Simmons and Smalley [5] have stated that “ blade vibrations are  major source of costly problems in gas turbines and can arise for various reasons”. They added that “ a frustrating fact about blade vibrations is the difficulty of making direct measurements- blades are rotating and often in a hot and erosive environment’. They reported that strain gages measurement are rarely  attempted as they are expected to last for limited time. They concluded their paper by stating that blade vibrations are the most costly cause of turbine outage and repair cost and any monitoring program, except sometimes to indicate that the blade failure has occurred, does not yet address them.  They further added that non-contact methods of blade vibration measurements are started to come into the surface and show promises.    

4.2. Vibration of Blades in Turbo-machinery
      The problem of blade vibrations has been recognised as one major and costly cause of turbo-machinery failures. Due to the researcher and the designer knowledge of the complexities in blade vibration measurements, theoretical and numerical studies have been proposed to make sure that the designed blade will not have resonance conditions within the machine speed range.  Despite the good number of research papers presented in the famous symposium on rotor dynamics [6], only one numerical paper on blade vibrations was presented.  The reason is that people were attracted more towards the basic dynamical behaviour of rotors, as it was not yet established. 

     With the increasing trend of operating systems at higher speeds with more loads and more severe environment, the importance of studying and monitoring blade vibrations has been further recognised and more attention was directed to it. Comprehensive, numerical models that address blade vibrations and blade stresses are published in the last two decades, due the progress in computers and microprocessors. A literature survey on the vibrations of bladed-disk assemblies was reported by Srinivasan [7]. In this survey, he highlighted the importance of modelling the disk-blade vibrations and classified the vibrations into two main categories; namely structure induced vibrations and aero-elastic induced vibrations. More attention was given in this survey for structural induced vibrations. Other studies were devoted to the interaction between the blade vibrations and the rotor dynamics [8 and 9].  In the works of references [8] and [9], the effects of shaft bending vibrations (whirling) on the vibrations of bladed disks were studied. The problem of shaft torsional vibrations coupled with the blade vibrations was addressed by Okabe et. al. [10]. In this paper, they developed a lumped parameter model for blade and shaft torsional vibrations.  They divided the system into blade-subsystem and shaft-subsystem; wherein the simple mass-spring system method is adopted in both subsystems. The two subsystems then were re-coupled and simulated. In the same direction, Huang and Ho [11] reported results of a study on the coupled shaft torsional and blade bending vibrations of a rotating shaft –disk blade unit. The shaft torsional and blade bending deformations were modelled separately using the assumed modes method. They have used the method of weighted residuals and utilised the receptences at the connection between the disk and the blade to couple the shaft torsional and blade bending deformations.  The results of their study, in terms of natural frequencies and mode shapes, showed coupling between the blade and shaft vibrations and between the individual blades.  Recently, based ion the general multibody dynamics approach Al-Bedoor [12] reported a coupled dynamic model for blade-bending and shaft-torsional vibrations. In this model no separation between the blade and shaft modelling was needed as they were considered form the basic geometrical approach. This model has eliminated any possible shortcomings from the models of [10] and [11], due to the artificial coupling between the shaft torsional and blade bending deformations. The model has proved that the coupled dynamics of both shaft torsional and blade vibrations should be considered when addressing either one of these vibration mechanisms in rotating machinery.  In the same direction, Al-Bedoor [13] has studied the effects of flexible couplings on the vibrations of blades in rotating systems. A non-linear dynamic interaction was observed and more parametric studies were recommended.  

4.3. Measurement of Blade Vibrations 

Due to the fact the blade is rotating, its vibration measurement is a difficult task.  However, researchers and diagnostics engineers have utilised, mainly, three approaches for measuring blade vibrations. The three approaches are: (1) strain gages attached to the blade, (2) Laser Doppler and optical methods, and (3) indirect measurement through monitoring the casing vibrations near blade tips. 

Despite its limitations, the method that uses strain gages have convinced many diagnostics engineers, manufacturers and researchers. Kaufman and Kershisnk [14] reported a case history of fatigue failure at the blade roots of an F-18 aircraft turbo engine. They used six strain gages on the and transmitted the signal through a slip ring mechanism. The signal had to be amplified, conditioned and recorded on a permanent tape for further analysis.  Many modifications in the engine specifications and dimensions had to be conducted in order to install this measuring system. This limits the approach to a laboratory testing and cannot be used for actual running turbo machinery. Scalzo et. al. [15] reported a  study for the analysis and solution of a non-synchronous vibration problem in the last row turbine blade of a large industrial combustion turbine. They used strain gages to measure blade vibrations. Vibrations signals from strain gages were transmitted using a telemetry system as they decided not to change the turbine structure for using slip rings and further because slip rings are known to produce too much noise into the signal. They faced a problem of having the telemetry system sensitive to high temperature. In order to compensate for this sensitivity, it took them three months to design a cooling system for the telemetry system; for both the transmitter and the antenna.  Their study has resulted in a solution by re-designing the blade shape, to remove conditions that led to severe vibrations and fatigue.  Tang and Dowell [16] used strain gages for blade vibration measurements in their experimental set-up.  Fan et al. [17] reported their experiments on the vibration measurements of rotating blade. They used a rotating piezoelectric shaker that excites the blade while its rotating. A telemetry system that uses transmitter and antenna has been utilised in their experiments.  Recently, Rao and Vyas [18] reported results of their theoretical and experimental study on blade stresses under constant speed and transient conditions with non-linear damping. They used tri-axial set strain gages near the blade root and transmitted the signal through slip-ring mechanism. To this end one recognises the popularity of strain gages in measuring blade vibrations. In the same time, problems associated with strain gages use for blade vibrations measurements can be identified. Among these problems are: (1) where to locate the strain gages rosettes when dealing with an actual blade with complex shape, (2) what are the effects of actual operating conditions like high temperature and erosion, (3) how to transmit strain signal to be further processed and studied, and (4) how long strain gages rosettes are going to serve. 

The second type which is using Laser-Doppler and Optical measuring methods have developed in the early eighties because of the revolution in Laser and computer applications in measurement systems. Cookson and Bandyopadhhyay [19] proposed a fibre-optic Laser Doppler probe, for vibration analysis of rotating machines. In this paper, problems of strain gages are described in detail. The main limitation on their study is that their system depends on frequency shifting technique, “Brag cell”, that limited the rotating speed that their measuring system can handle up to 1000 rpm, which is low for today’s machinery.    Nava et. al. [20]  reported results of a study on using the fibre optic sensors on blade vibration measurements. The system uses four optical sensing heads to detect the passage of every blade. They have simulated the measuring system and compared the experimental results with strain gages output. The result is that in all cases the vibration amplitude was underestimated.  They concluded that a simulator can be implemented in the measurement system to improve its accuracy and further work on refined algorithm and data processing techniques is recommended. In the same direction, Reihardt et. al. [21] used the laser vibrometry measurement system in their experimental set-up. In their survey, they recognised how vital is the problem of blade vibrations. According to them, McCloskey [22] reported that turbine blade failures are many caused by vibration related fatigue stresses that caused a shutdown cost of more than $235 million annually, in the US utilities only. Reihardt et. al. [21] excited the blade in the axial direction and recorded the measured vibrations. The blade vibration frequencies and amplitudes were estimated from the least-squares curve fitting procedure. This technique has limited the blade rotational speed for which at least two complete vibration cycles to be observed by the laser beam on the blade. They concluded that this poses a severe limitation on the process.  To this end, the problems with the limitation on the speed of rotation due to the need of too many sensors is clear in this type of measurement. The method is promising with the increasing progress in the area of signal processing techniques. However, the method still has other practical problems such as the attachment to the turbo engine casing and the exposure to severe environment in the actual cases.  

   The approach of indirect measurements has been known for a long time, [1], and still some researchers are following it. Mathiuoudakis et. al. [23] attached accelerometers at the casing of a compressors near the blade tips. Their main intention was to measure blade vibrations. They also used pressure transducers at the inside face of the casing and used proximity probes and key phasor at the main shaft. The collected vibration signals are rich in frequency contents. This method have shown great deal of uncertainties when blade vibrations are to be monitored, as a result of the contribution of almost all working fluid and machine types of instabilities in addition to the acoustical and housing/foundation problems. 
5. CURRENT STATUS OF THE PROBLEM 


Based on the literature survey and the research team communications with specialised people in the field of rotating machines, measurements and diagnostics, the following points, regarding blade vibration, have emerged:

· Blade vibration represents one of the main failure mechanisms in turbo-machinery. The resulting losses, in terms of shutdown, production loss, parts, maintenance and the important human safety, are huge. 

· The problem of the dynamic interaction between blade and main shaft vibration is not yet satisfactorily  understood, due to the absence of reliable and extensive experimental studies on it.   

· Consideration of theoretical blade vibration aspects in the design stage has been proved not enough to make sure that the blade is not one major source of problems in turbo-machinery.  Furthermore, measurement of blade vibration in the development stages is an essential element in blade and whole-machine design, not only for operation and diagnostics purposes.  

· The available methods of blade vibration measurement are; (1) Strain gages, (2) Laser-Doppler and optical, (3) the indirect approach, through casing acceleration measurements. 

· The available measurement methods for blade vibrations have their shortcomings and disadvantages. Some of the shortcomings and draw backs of these methods are listed below:

· STRAIN GAGES METHOD

1- Locating strain gages on the blade surface is always a problem, as the actual shape, profile, of the blade is complex and it is hard to select the point that represent the normal strain location. This will prevent reflecting the actual vibration mechanism of the blade.

2- Blades are usually operating in high temperature and erosive environment, which will destroy the strain gages rosettes.  If to be protected by some cover, the efficiency of the blade profile is going to be affected.  Finally, the duration of strain gages service is very limited.

3- Transmitting the vibration signal is another problem. Slip rings usually produce noise for the measured signal. Telemetry signal transmission has solved part of the problem, but still the wiring from strain gages to the Telemetry transmitter is a problem.

· LASER-DOPPLER & OPTICAL METHOD

1- Locations of laser/optical sensors are, mainly, intended to be at the inside face of the casing. This will produce many problems, among which are; (a) the problem of changing the fluid path and the thus the machine efficiency, (b) the casing itself is vibrating that affects the signal transmitted/received from the Laser/Optical sensors.

2- The method needs huge number of sensors, more than one sensor for each blade.

3- Laser-Doppler and optical sensors are usually sensitive and expected not to be able to withstand severe operating conditions. 

4- Despite its promising nature, the method depends, mainly, on data processing techniques and has shown severe limitations with regard to the speed of the rotating blade. In other words, the speed of rotation is limited to 1000 RPM.

· THE INDIRECT METHOD

1- The signal measured using accelerometers at the casing of the machine contains all the dynamic interaction of the machine, the working fluid dynamics and the acoustical waves, where some of these dynamic interactions are not understood yet. Extracting useful information on blade vibrations using this method requires a complete knowledge of other contributing factors, which is not available. 

2- The available data processing techniques are not advanced enough to allow extracting signals related to blade vibrations form the rich signal of the casing vibrations. 

3- By no means, the available indirect method, casing vibrations, can identify the needed information on the blade vibrations.

· Recent theoretical development on the coupling between blade and shaft torsional vibrations, Al-Bedoor [12], indicated the existence of strong dynamic interaction between blade-bending and shaft-torsional vibrations.  Further experimental investigations were recommended. 

· The Laser vibration pick-up for measuring shaft torsional vibrations is already in use and it’s success has been proved [26,27,28].  

·  The vital problem of rotating blade vibrations in turbo-machinery, the shortcomings of the available methods for blade vibration measurements, the recent theoretical findings on the dynamic interaction between shaft-torsional and blade-bending vibrations and the development and verification of the laser-pickup for measuring shaft torsional vibrations have motivated the proposed research. The proposed study aims towards utilising the shaft torsional/lateral vibration to extract information on the vibration of the rotating blades. This study will contribute to the basic theory of the interaction mechanism between shaft and blade vibrations in turbomachinery, which will be valuable to theoreticians, diagnostics and maintenance engineers, and in the development and design stages of rotating machines.  

6. OBJECTIVES OF THE STUDY

   
The proposed study aims at developing, experimentally, a correlation between the rotating blade and the main shaft vibrations in turbo-machinery and jet engines.  The main objectives of study are as follows; 

· Developing a technique for identifying the hard to measure rotating blade vibrations using the measurements of the main shaft torsional vibrations.
· To study, experimentally, the dynamic interaction between the blade and shaft vibrations.  The study will contribute to the fundamentals of rotor dynamics.
· To perform a parametric study on different combination of blade and shaft properties that can lead to such systems instabilities and failures.   
· To further investigate rotordynamic vibration problems, such as the blade and stator rubbing and to provide guidelines for identifying such problems.

7. UTILIZATION 
· The study is expected to provide excellent contribution to the fundamental theory of rotordynamics, in particular, the shaft-blade dynamic interaction that is not yet satisfactorily understood.

· It offers developing an indirect method for measuring blade vibration, which is known to be difficult to be done directly. This will provide valuable technical information to practicing and diagnostics engineers as well as the maintenance programs. 

· The study will contribute in promoting the technical area of rotor dynamics which is internationally growing due to the huge losses resulting from the failures of rotating machinery. The promotion of this area will have an indirect impact on the local industry through short courses, consultation and research projects. 

· The study will result in an experimental set-up that will be utilized in investigating many problems related to the vibrations of rotating machines.  

· The project will open the chance of training for graduate and undergraduate students as well as university faculty members and staff. 

8. PROJECT DESIGN

   The study is to be divided into five stages with six working months duration for each stage. The proposed project duration is (30) thirty working months, i.e. three academic years excluding the two months summer vacation.  The break down of the project stages is described in the following.

8. 1.  Stage 1: Test-Rig Design  

· Extensive literature survey on experimental works done on the problems of coupled shaft and blade vibrations and on measuring blade vibrations.

·  Communications with test-rig manufacturers and equipment suppliers.

· Design the test-rig and submitting the design for the manufacturer to start producing it and providing the needed vibration transducers.   A tentative design for the test-rig and the measuring system  are appended in Appendix A. 

· Order the laser torsion vibration pickup, its accessories and wiring. 

8.2.  Stage 2: Receiving Test-Rig 

· Test-rig assembly, connecting the vibration measurement pick-ups and the data processing equipment. 

· Conducting pilot tests to confirm the correctness of the test-rig and the data collecting circuits. This includes tuning the test rig through balancing of the rotor, bladed disks, alignment, fixing the proximity probes, and strain gages and the telemetry system. 

· Calibration of pick-ups, and strain gages circuit. 

8.3.  Stage 3: Experiments on the Stationary Shaft-Disk-Blade system

  Using a special locking device, the motor will be locked and the motor end of the shaft will be fixed in order to conduct the following experiments on the stationary shaft-blade system:

A- Free vibration Tests

1- Free vibration by exciting the blade by initial condition and measuring and recording, simultaneously, the blade transverse and shaft toraional vibrations. 

2- Free vibrations by exciting the shaft by initial torsional initial conditions and measuring and recording, simultaneously, the blade and shaft vibrations. 

3- Experiments 1 and 2 will be conducted for various combinations of shaft and blade properties. Different types of flexible couplings, i.e. disk type, diaphragm type and elestomeric coupling type will be used.    This will identify the system properties in from of natural frequencies, damping ratios and the strength of interaction.

4- Data analysis and discussion. 

5- Decide on the system parameters for the forced excitation experiments. 

B- Forced vibration Tests

1- Forced vibration of the blade will be excited using the vibration exciter which is capable of sweeping over ranges of frequencies with different signal characteristics.  The blade transverses and the shaft torsional/lateral vibrations are going to be measured and recorded under the blade force excitation.

2- Data analysis of the results. 

3- Select system parameters for runs under the effect of induction motor excitation. 

8.4.  Stage 4: Experiments on the Rotating Shaft-Disk-Blade system

1- Shaft torsional, lateral blade vibration measurements in the starting period of induction motor.

2- Steady state running conditions vibration measurement for the shaft and the blade.

3- External blade vibration excitation, at steady state and transient runs, and monitoring both blade and shaft lateral and torsional vibrations. External excitation through light blade-to-stator rubbing. 

4- Recording and data processing using time signals, frequency spectrums and/or wavelet transformations. 

8.5.  Stage 5: Discussion of Results and Final Report Writing

    The stage of discussion of results is expected to need conducting some experiments, performing some statistical studies, selecting appropriate data presentation format and/or mathematical modelling, to ensure high certainty of the drawn conclusions. Besides the final report, bi-annual progress reports will be submitted at the end of each stage. Furthermore,  a number of Journal and Conference proceedings papers from the results of this will be published.  

9. TEST-RIG AND MEASURING EQUIPMENT 

Equipment and material needed for the proposed study can be categorised in two main categories. One category contains the equipment and material available in the Mechanical Engineering Department at King Fahd University of Petroleum & Minerals and going to be used.  This category will referred to form now on as the In-house Equipment and Material. The second category are the equipment and material to be ordered and purchased form the project budget. The second category will be referred to as new equipment and Material.  Detailed description of both categories is given in the following subsections.  It should be noted here that some extra material and equipment might be needed in the course of conducting the project, based on the developed need. This requires using the proposed budget in the most efficient way for running the project. 

9.1. In-house Equipment & Materials

   The project will utilise many of mechanical engineering department Dynamics and Advanced Mechanics laboratories’ equipment. Among these equipment are the following:

1- Transducers like accelerometers, velocity pick-ups, and force transducers. The related equipment and accessories such as wiring, vibration meters and filters. 

2- Data processing units like the B&K digital frequency analyser and the B&K dual channel frequency analyser.

3- B&K shaker, its controllers and signal generator. 

4- Data recording equipment.

5- The Data Acquisition system ADRE available in the Advanced Mechanics laboratory.  

6- The project will utilise the Mechanical Engineering Department workshop for manufacturing some needed tuning components for the test-rig. 

7- Any other material or equipment the project will need and happens to be within the department of mechanical engineering laboratories and stock is going to be used.  

9.2. New Equipment & Materials

  Before ordering new equipment and material, project constitutes a survey on the availability and appropriateness of all materials and equipment. The following is a list of the needed materials and equipment.

1- Test-rig to be designed and requested from external manufacturer. 

2- Laser Torsional Vibration pick-up. 

3- Strain gages, their associated bridges, amplifiers and data conditioning system.

4- Telemetry system.

5- One computer with large memory and high speed to be used for running the simulations and in the experimental data collection/processing.

6- One coloured laser printers.

7- CD writing drive for loading the expected huge amount of data for further processing. 

8- DATA Acquisition system card with PC computer interface

9- Papers, office and computer supplies.

10- Other materials and equipment that their need develops during the project.

10. PERSONNEL REQUIRMENT

Name
Role 
% of Time Needed

Dr. Bassem Al-Bedoor
Principal Invesigator
25% for 3 academic years 

Mr. Lahouari Ghoti
Co-Investigator 
25% for 3 academic years

Graduate Student
Student Help
(per hour) 3  academic years

One Laboratory Engineer 
Laboratory work 
(per hour) 3 academic years

11. PROJECT SCHEDULE AND MANAGEMENT PLAN 

   The project team consists of two senior investigators, one graduate student, one draft man and one laboratory engineer. The project organisation and distribution of responsibilities will be based on the educational background, past experience, and project needs. All team members will be involved in all five stages of the project and one progress report will submitted at the end of each stage. The work Schedule is outlined in Table 1. 
Table 1: Work Schedule 

ACTIVITIES
INVESIGATORS
DURATION IN MONTHS

FROM START OF PROJECT 


BB
LG
GS


LE
6
12
18
24
30
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BB  : Dr. Al-Bedoor
                          LG: Mr. Lahouari Ghoti ( co-investigator )



GS   : Graduate Student  

 LE: Laboratory Engineer    

(   : Co-ordinator, PI

             ( : Contributor

(    :biannual report


( : final report


12.  PROJECT  BUDGET 

Support requested

1. Investigators

 Dr. Bassem Al-Bedoor
30 (M) X SR 1200



SR 36,000

 Mr. Lahouari Ghoti   

30 (M) X SR 0800 



SR 24,000

 MSc. Student


30 (M) X SR 0600



SR 18,000

 Lab Engineer 


30 (M) X SR 0600



SR 18,000

2. Equipment & Materials

Test-Rig 


Outside specialised manufacturer

SR   90,000

Couplings 


Rubber, disk, diaghram 3-4sizes

SR   10,000

Laser Torsional pickup
B&K 2535, +interface unit


SR 190,000

Data acquisition system
8-channels with interface


SR   10,000

One Computers

EPP, enhanced parallel port


SR   10,000

One printer


Coloured Laser 



SR     2,000

Strain Gages 


with interface circuits (bridge)

SR    30,000

Telemetry system

With ring transmitter & receiver

SR    70,000 



3.Publications & Conference 

  Two trips


Including air tickets and fees 


SR 30,000

4. Others 

    Materials for locally manufacturing some accessories 


SR 10,000

 (The total estimated project cost is five hundred and forty eight thousands Saudi Riyals). 
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APPENDIX A

Preliminary Test Rig Design

         A general lay out of the proposed test-rig is shown in figure 1. The test-rig will be designed to allow measurement of both lateral and torsional shaft and blade vibrations.

1- The support as indicated in figure 1 will be designed form two rigid steel bars with circular cross section., The rigidity of these support shafts should be high so that it will not be excited easily by the rotor. This design is proposed for the following reasons:

A) It allows changing the test-rig length and investigating the effect of different couplings.

B) It allows changing the bearing location as they will be supported by sliding frames.

C) It allows adding other shaft and/or coupling segments.

D) It allows changing the motor.     

2- Three balance disks that allow controling the moment of inertia and the balance condition of the rotor.

3- Disk with equally distributed slots on its circumference to allow having any a number of blades. In the same time the blades root are the same with freedom to change the blade cross section, length and material. 

4- Drive motor will be an induction motor, 3-phase, 4-poles, squirrel cage and deep bars with capacity of about ¾ hp. The synchronous speed will be in the range of 6200 rpm with speed control unit.

5- Transparent cover on the blade side as safety precaution. This can be manufactured as two parts with opening and closing mechanism and a mechanism. An extra metal cover will be designed with tuning mechanism to allow later blade-stator rubbing condition which will excite the blade and shaft vibrations.  

6- Three or four shaft segment made from carbon steel are to be used with proximity probes holders that can be moved along the shaft span. 

7- Two sets of bearing holders should be designed to allow using both ball bearings and fluid-film bearings. Split-type ball bearings are preferred. Bearings support that allow changing bearings flexibility will be designed. 

8- Different types of coupling will be obtained from the manufacturer. Gear-type, Disk-type, Diaphragm-type  and Elastomeric.   

9- Pick-up and transducers  system is shown in Figure 2. It includes the following 

1- 6 accelerometers 

2- 6 proximity probes with interfaces.

3- 2 key Phasors. 1 per revolution indicators

4- Two laser torsional vibration pick-ups and their interface equipment. 

5- Strain gages and telemetry system with transmitter and receiver. 

.

10- Computerized data processing system with A/D converter and computer storage and analysis software.

  TEST RIG DYNAMICS 
  Further design process will be undertaken to decide on system characteristics to include the torsional critical speed, based on couplings and shafts, within certain excitation margin. The lateral critical speeds can also be designed to be varied based on the freedom of changing the shaft, bearing and disks arrangements.   


Figure 1:  Preliminary design of the motor-shaft-disk  test-rig


Figure 2:  Preliminary vibration measurement system. 
















TOTAL PROJECT ESTIMATED COST			                  SR 548,000





			Subtotal: Test-rig and Equipment 		SR 412,000





			Subtotal Manpower				      SR 96,000					 
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