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Introduction 

The task set is to compile a report consisting of research to understand the importance of condition based monitoring and the significant impact it has on understanding the optimum running efficiencies of machinery and plant. The purpose of this task is to understand the varied impacts it can have on machinery running time and ultimately how down time mitigation can be put in place to reduce the effects of unexpected system failure, which can be extremely costly for both system repair and loss of production. 
Using the following criteria set out, which consists of:

· Equipment failure 
· Potential failure
· Temperature measurements 
· Dynamic monitoring
· Oil analysis 
· Corrosion monitoring 
· Non-destructive testing 

It will allow for a detailed report covering a wide base of condition monitoring techniques and systems put in place. This to help safe guard against expensive and impending catastrophic failure which is always a high possibility of machinery, this due to the complex number of variables associated with the systems. Such as bearing failure, loss of lubrication, material fatigue due to excessive run time, wear and degradation of the moving parts. All of these faults developing can cause a knock on effect which in turn can increase the chance of catastrophic failure of multiple parts, not only the initial faulty component.       


Background into Condition Based Monitoring 

Condition Based Monitoring (CBM) is a type of predictive maintenance that involves using sensors and equipment to measure the status of machinery/equipment over time while it is in operation. The data collected can be used to establish trends, predict failure, and calculate remaining life of the machine.  With CBM, maintenance is only performed when the data shows that performance is decreasing or a failure is likely. Rather than at specified intervals like with preventive maintenance.
CBM has a number of benefits. For starters, because it works while the equipment is in service, it doesn’t interrupt equipment operation. It can help ensure equipment reliability and worker safety, and also reduce failure rates and unscheduled downtimes. Furthermore, because maintenance activities are scheduled ahead of time, CBM tends to be less costly than preventive maintenance techniques.
This method has some limitations as well though. The tools used to monitor equipment for CBM can be expensive to install. Employees must be trained to use CBM technology effectively, which can cost time and money. Furthermore, the sensors employed might not work in harsher operating environments and can have trouble detecting fatigue damage (Inspectioneering, No Date).
Overall this methods is employed to essentially keep watch over the machinery/equipment and pick up on any defects that can arise during normal operation, and allow for either further investigation or problem solution to be carried out. 























Equipment failure 
Industrial equipment failure can be caused by a multitude of different reasons, the severity will differ from industry and application. In industry is can be agreed that bearing failure is one of the most common cause of failure but it is crucial to identify the root cause of this. Furthermore the 3 most common causes in order are misalignment, unbalance and bearing failure. Generally these faults show characteristics that are identifiable with vibration analysis, others may show better through oil analysis or thermography (The Lifetime Reliability Solutions, No Date).
The most common cause of equipment failure can be pin pointed to the following:
· Misalignment 
· Unbalance 
· Resonance 
· Bearings 
· Looseness 
· Flow-related problems 
· Electrical 
· Concentricity of rotating parts
· Gear mesh 

Although these factors are considered the most common cause of equipment failure, there is still a wide range of other possible causes for failure. Mitigation of potential failure is where the use of condition based monitoring can be implemented to help diagnosed when any of the causes of equipment failure begin to arise. The following images represent failure that has occurred, bearing fit worn on motor armature shaft, broken gear teeth in a gearbox and motor to gear box misalignment. 
[image: ]
[image: Image result for shaft misalignment]
[image: Image result for broken gearbox gear](Vietsch, 2011)
(Hurky, 2013)

(Laser Cladding Corp, No Date )


Potential failure, P-F diagrams and task frequency 

The P-F diagram is a method of condition based monitoring which equipment’s running parameters are continually monitored producing a symptom vector this to allow analysis to show the first signs of a problem arising, essentially giving a machine prognosis (Maintenance & Engineering, 2018).
If the equipment’s vital signs are continuously monitored, producing the symptom vector, then analysis can, first, tell what is wrong and, second, offer a prognosis as to what time it needs to be fixed by in order for it not to fail completely and cause secondary damage and operational interruption (Maintenance & Engineering, 2018).
If the health of a component is monitored against time, and degradation starts, ultimately progressing to failure, the graph shown in Figure 1 can be used to depict the process.
[image: ]
(Maintenance & Engineering, 2018)

It is important to note that the condition of the machinery is good at the start thereon after degradation will being. At some point the condition will start to degrade noticeably. For example excess load applied to the bearing through improper alignment leading to vibration. This we be called the inception of failure, the degradation will continue until the cause can be detected. This is the point at which potential failure is recognised  (Maintenance & Engineering, 2018).
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(Maintenance & Engineering, 2018)


In image 1, point P was the point at which degradation could be detected. Image 2 shows how this point varies depending on the technique that is used. The most accurate technique is to use a scanning electron microscope, but care must be taken because the time to get the sample to the laboratory, and the results back, have ultimately to be taken into account. The spectrum continues with vibrational analysis and performance measures, finishing with the human who senses vibration, but perhaps too late (Maintenance & Engineering, 2018).

Overall, the P-F interval can help us think about a number of aspects of the asset’s design and operation. In the design phase, if the correct sensors are not fitted to detect degradation, the information to aid maintenance will not be given, or be given too late. When the asset is deployed, by far the longest period of its life, effective maintenance can only be provisioned with the data from such sensors, and retrofitting them is very expensive (Maintenance & Engineering, 2018).








Thermography / temperature measurements 
Infrared Thermography is a technique for non-contact mapping of spatial distribution of heat and measurement of temperature. It operates on the principle of sensing infrared radiations emitted by any object above the Absolute Zero temperature. Using an infrared detector, it is possible to convert these radiations into electrical signals which can then be displayed on a monitor as a grey level image or colour image, representing the complete surface temperature map of the object. 
Bearings, casings and gearboxes of pumps, compressors and blowers can be inspected by thermography during periodic condition monitoring and corrective maintenance taken where needed to prevent potential failure. 
[image: page4image47734464]


(Patel, 2012)







The image indicates hot spots on a motor at the drive and non-drive end of the motor. 
Thermography has got unique distinction among NDT techniques because of its fast results, adaptability to inspect hostile/ inaccessible areas, freedom from unsafe radiations, ability to provide full field images and provide both qualitative and quantitative information on the inspection (Patel, 2012).
As with any non-destructive technique Infrared thermography has a few limitations such as Standardisation and Emissivity correction, interference of variables such as flame, smoke, thermal losses etc. However, proper correction and suitable training can easily overcome the above limitations (Patel, 2012).
For example, in the rotating machines industry, the most efficient way to adapt thermography as an condition based monitoring technique would be to build a heat profile of the motors and gearboxes during optimum running conditions, thus would give a reference guide as a comparable. Critical components such as motor, shaft coupling, motor and shaft bearings, and the gearbox should be measured. If the coupling was running warm under analysis, this could suggest misalignment. 

Dynamic monitoring

Vibration analysis is defined as a process for measuring the vibration levels and frequencies of machinery and then using that information to analyse how healthy the machines and their components are. While the inner-workings and formulas used to calculate various forms of vibration can get complicated, it all starts with using an accelerometer to measure vibration. Anytime a piece of machinery is running, it is making vibrations. An accelerometer attached to the machine generates a voltage signal that corresponds to the amount of vibration and the frequency of vibration the machine is producing, usually how many times per second or minute the vibration occurs.

All data collected from the accelerometer goes directly into a data collector (software), which records the signal as either amplitude vs. time (known as time waveform), amplitude vs. frequency (known as fast Fourier transform), or both. All of this data is analysed by computer program algorithms, which in turn is analysed by engineers or trained vibration analysts to determine the health of the machine and identify possible impending problems like looseness, unbalance, misalignment, lubrication issues and more (Trout, 2014). Vibration analysis can detect problems such as: 
· Imbalance
·  Bearing failures
·  Mechanical looseness
·  Misalignment
·  Resonance and natural frequencies
·  Electrical motor faults
·  Bent shafts
·  Gearbox failures
·  Empty space or bubbles (cavitation) in pumps
·  Critical speeds

For example on an industrial fan unit a damaged bearing track causing a bearing roller to generate vibration each time it contacts the damaged area. If three bearing rollers hit the damaged area per revolution, you should see a vibration signal of three times the fan's running speed.
[image: Fig. 5: Graph of the power spectrum for sample of vibration data for (a) normal, (b) IRF, (c) BF, and (d) ORF]The following image shows the monitoring of a bearings condition.                                                












(Chebil, 2011)














Oil analysis 
[image: page2image3695715824]Oil analysis is the sampling and laboratory analysis of a lubricant's properties, suspended contaminants, and wear debris. Oil analysis is performed as part of a routine condition monitoring program to provide meaningful and accurate information on the lubricant and overall condition of the machine. Oil analysis provides a view of the condition of the oil along with the machine wear.
(Kiley, 2016)
Oil analysis check the following:
· Recognise How Well Equipment Components are Operating 
· Distinguish Different Causes of Wear 
· Diagnose Fluid Degradation 
· Identify RISKS for Known Conditions 
· Confirm if Corrective Maintenance Actions are Working
 (Kiley, 2016)
One of the purposes of lubrication oil condition monitoring is to determine whether the lubrication oil has deteriorated to such a degree that it no longer fulfils its functions. However, this is not the only purpose. Different lubrication oil condition monitoring techniques can be used to monitor lubrication oil wetted components and detect their degradation rates and possible developing damage. Many moving components are actually lubrication oil wetted parts such as bearings, gear units, or piston/cylinder in reciprocating machines. Viscosity and dielectric constant could be used as the performance parameters to identify the degradation of lubrication oils. Particles, as the result of wear of wetted machinery components, could also be detected and classified to identify the wear rates and health situations of such components (Kiley, 2016).

Furthermore, Wear debris analysis is a technique for analysing the debris, or particles, present in lubrication oil that could indicate wear, particularly mechanical wear. This method provides microscopic examination and analysis of debris/particles found in a lubrication oil. These particles consist of metallic and non-metallic matters. The metallic particles usually indicate a wear condition that separates different sizes and shapes of metallic dust from components like bearings, gears, and generally any components that can be wetted by lubrication oil. Non-metallic particles may consist of dirt, sand, or corroded metallic particle. Analytical ferrography is one of the methods used in wear debris analysis, it’s among the most powerful diagnostic tools for condition monitoring (Almasi, 2014).

























Corrosion monitoring 
Corrosion Monitoring is a process that evaluates and monitors equipment components, structures, process units, and facilities for signs of corrosion. Monitoring programs aim to identify certain conditions in order to extend the life and serviceability of assets while increasing safety and reducing replacement costs. Corrosion monitoring covers all types of corrosion and materials.
 
The key advantage to implementing corrosion monitoring is to detect early warning signs of corrosion and to determine trends and processing parameters that may induce a corrosive environment. Processing parameters that may need to be altered include temperature, pressure, pH, etc. Additionally, corrosion monitoring serves to measure the effectiveness of corrosion prevention methods in order to determine if different inspection and/or monitoring techniques should be utilised (Inspectioneering, No Date).

The importance of corrosion monitoring is to asses ageing equipment as it becomes more susceptible to corrosion and loses its ability to withstand harsh operating environments (e.g. high temperature and pressure). The purpose of a strong corrosion monitoring program is to improve safety, reduce maintenance and inspection costs, and maximise efficiency
(Inspectioneering, No Date).

Inspection techniques include:

· Visual inspections 
· Ultrasonic testing 
· Radiographic testing 
· Magnetic flux leakage   

This techniques offer a lot of benefits to an assets life span, for example it is commonly used in measuring the rate of corrosion inside of pipes and vessels, which is vital to predict the overall lifespan and anticipate when the equipment should be replaced. Using ultrasonic thinness gauging, very accurate measurements can be taken indicating any reduced thickness from the original dimensions suggesting corrosion is taking place. This reducing the chance of equipment failure and leakage. The following image represents UT takes place.
[image: Image ]

(Rosen Group, No Date)


Non-destructive testing 
Many of the methods looked at above are considered Non-destructive Testing (NDT). Furthermore additional NTD methods are covered below. NDT consists of a variety of non-invasive inspection techniques used to evaluate material properties, components, or entire process units. The techniques can also be utilised to detect, characterise, or measure the presence of damaged mechanisms (e.g. corrosion or cracks) (Inspectioneering, No Date).

Conventional NDT techniques:
· Acoustic emission testing
· Infrared testing 
· Leak testing 
· Liquid penetrant testing
· Electromagnetic testing 
· Magnetic particle testing
· Film radiography
· Ultrasonic testing 
· Straight bean 
· Vibration analyses 
· Visual inspection 
Some of these techniques would be considered more specialised testing methods and not necessarily carried out during the operation of the equipment/machinery. 













Rotating machinery example 

The potential for failure within a rotating machinery setup is quite large, thus requiring condition based monitoring to constantly check for any noise/vibration, heat or frequency deviations that may occur during the equipment’s operation. 
Although it is vitally important to note that to ensure optimum running efficiencies, machinery installation is key and needs to be carried out to the highest level of accuracy possible depending on application, this to ensure optimum machine performance for an extended period of operation.  
For example if a motor coupled to a fan with bearing housing there is a number of elements that if not initially correct it will significantly increase the chance of system failure. 
Firstly the motor rotor, should be with balanced to within tolerance generally at G2.5 which is more so important if the motor has be overhaled upon re installation, ensuring documentation is provided. If the rotor is out of balance the motor will initially vibrate on start-up, therefore the potential for failure will start immediately. 
Next the fan being fitted should also be balanced to its required tolerance ensuring documentation provided, additionally installation should be carried out carefully ensuring no damage is sustained as this could potentially alter the fan balance. 
Furthermore, the alignment of the motor shaft coupling to the fan shaft coupling is vital. With the use of modern laser alignment equipment or with the traditional DTI and straight edge set up. This provides the confidence that the equipment is allowed to run efficiently reducing the chance for increased load on motor bearings and wear of seals.
The time spent ensuring everything is in order prior to and during insulation will greatly benefit the equipment’s life span and running efficiencies.
Once the machinery is installed and running, CBM techniques can be applied, continuously or at intervals monitoring for any deviations in performance. 







Conclusion 
The use of condition based monitoring is an extremally useful and cost effective way to mitigate down time and reduce costs associated with the running of plant and machinery. From research carried out on each of the different methods used in CBM, it is clear that each process possesses immediate advantages and disadvantages, whether it being cost of equipment, ease of use or overall practicality. Certain equipment would be designed with CBM in mind such as having vibration transducers incorporated into the design of the bearing housing or motor.  
Furthermore it is important to note that applications would vary depending on the environment of the machines and industry type. It would fair to conclude that different industries such as petrochemical, nuclear and steel, have different risks associated with downtime and any consequences that would be of a direct result of failure. Thus suggesting the type of CMB techniques would vary and subsequently the maintenance strategies would differ. 
The use of vibration analysis and thermography allow for a good basis for condition based monitoring maintenance strategy, these allow for a non-invasive monitoring on the equipment while giving very conclusive results.  Depending of the complexity of the equipment and the companies procedures, more techniques can be implemented to aide in more detailed findings such as the use of oil and corrosion analysis.
Overall the advantages of CBM far outweigh any disadvantages, as implementation can ultimately increase profitability through less downtime from equipment failure and less maintenance through fault finding at an early stage before further damage is caused. Understanding there use and place in industry is paramount to ensure very effective and efficient running assets. 
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